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PREFACE 
This PhD thesis is a compilation thesis composed of a comprehensive summary 

with five appended papers. The thesis describes my research contribution on the 
topic Ionic Liquid Lubricants for Space Applications, conducted during my time 
as a PhD candidate at Luleå University of Technology (LTU), Luleå, Sweden. This 
research was initiated in September 2015 at the Division of Machine Elements 
within the department of Engineering Sciences and Mathematics at LTU, and was 
concluded in January 2021. Apart from the five appended papers, additional 
research contributions such as co-authored or non-reviewed papers may be 
incorporated in the comprehensive summary to a minor extent.  

Although I am responsible for this thesis (including any errors), this work would 
not have been the same without the contributions of many people. I wish to 
acknowledge the support I have received throughout this work.  

First of all, I would like to express my gratitude to my main supervisor, 
Professor Ichiro Minami, for conceiving this project. I am grateful for having had 
an excellent scientific mentor throughout the project. With my background in 
Engineering Mechanics, the topic of ionic liquids and tribochemistry would have 
seemed inaccessible if not for an excellent teacher – in organic chemistry and 
tribochemistry of course – but more importantly in the fundamental principles of 
science and how to conduct it professionally. I am also grateful for the 
contributions of my co-supervisor, Professor Javier Martin-Torres. It has been a 
pleasure and privilege to closely follow the process of developing scientific 
instruments for in-situ research on Mars. To see the process of rapid prototyping 
materialize into “out of this world”-science has been truly inspirational.  

I also wish to thank all collaborators for their work. Many co-authors have 
contributed, and I especially want to thank the external project partners Dr. Nicole 
Dörr and Dr. Lucia Pisarova of AC2T Research in Austria, and Dr. Amaya Igartua 
and Dr. Francesco Pagano of Tekniker in Spain, as well as the complete 
consortiums of i-TRIBOMAT and triboREMEDY. It has been a pleasure to 
collaborate with you, and I look forward to continuing the ongoing collaborations 
in i-TRIBOMAT and triboREMEDY.   

I am also very grateful to my department for the opportunity to enjoy the full 
researcher experience, including teaching, supervision, and especially the complex 
process of establishing new research projects. Taking part in this process – from 
initiating collaborations, through concretization of major research proposals, 
followed by the process of securing funding in competition, to actually executing 
the planned research and disseminating the results – has been very enlightening 
and will no doubt give me important tools required to take responsibility as an 
independent researcher in the future. 

I would like to thank all of my colleagues at the division of Machine Elements, 
especially all the PhD candidates. Also, I thank everyone in the Graduate School 
of Space Technology – both organizers and students – for providing good company 
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with valuable discussions, and a platforms necessary to enable my studies in this 
field through the well-arranged courses and excursions.  

A very special thanks to my dear friend Jonny Hansen of LTU/Scania – it seems 
our joint decadal journey on the path through the higher educational system is 
coming to an end. It’s been one heck of a ride, with memories for life, and I am 
happy to have shared the experience with you.  

Finally, a note in Swedish to my friends and family. Tack till min familj och 
alla vänner för att ni finns. År 2020 har prövat oss hårt, och inga ord kan beskriva 
hur tacksam jag är för alla som funnits där på ett eller annat sätt under den här 
tiden. Viktigast av allt, tack Susanne – mitt livs kärlek – för att du är du! Och till 
vår solstråle Noel vill jag säga, nu är boken färdig.  

  
 
 
 
 

Luleå, January 2021  
Erik Nyberg 
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ABSTRACT 
Lubrication is critical to the efficient and reliable operation of machine elements 

such as gears, bearings, or any other moving mechanical assembly (MMA). On 
Earth, machine designers are accustomed to the access of a wide range of liquid 
lubricants that enable predictable and reliable long-term operations of high 
performance MMA. In space applications on the other hand, engineers are 
constrained to a comparatively limited choice of lubricant candidates that can meet 
the stringent demands of tribosystems operating in a space environment. At the 
same time, repair or maintenance are seldom options that are possible in space, 
and consequently lubricant failures are potentially critical. As international space 
agencies are converging on the goal of establishing a permanently crewed lunar 
Gateway for human presence on the Moon and eventually onwards to Mars, there 
is a need for radical improvements in many aspects of space exploration 
technology, including space tribology and space grade lubricants.   

Liquid lubricants are enablers of high performance. A thin fluid film – even in 
the submicron scale – is often sufficient to separate opposing surface boundaries 
from direct contact, and thereby prevent excessive friction and wear. Liquid 
lubricants are therefore attractive for use in space mechanisms. Unfortunately, 
liquid lubricants must overcome several issues in order to be effective in the space 
environment. Vacuum, microgravity, and low temperatures are all factors that 
oppose the effective supply of liquid lubricants into the tribological contact of 
MMA. If the tribological contact becomes starved of oil, the surfaces enter the 
boundary lubrication regime where seizure is an ever-present threat.  

There are very few types of fluids available that meet the stringent space grade 
lubricant requirements. Perfluoropolyalkylethers (PFPE), or multiply alkylated 
cyclopentanes (MAC) are two fluids with significant heritage in space 
applications. These fluids are currently employed as lubricants in a wide range of 
space applications, as they are rare examples of fluids that meet the high demands 
on resistance to vacuum outgassing. Unfortunately, these compounds are 
susceptible to degradation under boundary lubrication conditions, and unlike 
conventional lubricants employed on Earth, these fluids have poor compatibility 
with the boundary lubrication additives that are commonly employed in 
conventional oils.  

Ionic liquids (ILs) have emerged as potential liquid lubricant candidates in 
space. These synthetic fluids are composed of anions and cations. The resulting 
ionic interaction enables the substance to have low vapor pressure with relatively 
low molecular weight. For this reason, ILs have been advocated as one of the 
candidate lubricants for space applications. When employing ILs as lubricants, the 
ionic charge provides Coulombic interaction with surfaces to enable the formation 
of a boundary lubricating film. This is an important part of the IL lubricating 
mechanism, but successful lubricant performance requires integrating the lubricant 
candidate into the tribosystem, taking into account operating conditions and 
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environment. Therefore, the boundary film formation should be tunable to the 
application at hand. Ionic liquids are designable fluids, with properties dependent 
on the combination of anion and cation as well as incorporated functional groups.  

Based on this background, this work focused on evaluating the feasibility of 
employing ionic liquid lubricants for space applications. In this thesis, the 
molecular design of an IL lubricant was described Paper [1], and the resulting 
hydrocarbon-mimicking ionic liquid (P-SiSO) was evaluated in tribological 
experiments in boundary lubricated conditions. Boundary film formation by neat 
P-SiSO was studied  in Paper [2], and in Paper [3] we describe the use of P-SiSO 
as a multipurpose performance ingredient in MAC. A test methodology was 
devised in Paper [4] in order to evaluate the lubrication performance under 
component scale experiments in space relevant conditions. The designed ionic 
liquid lubricant was evaluated in Paper [5] by the specific methodology. Advanced 
surface analysis was employed to understand the tribo-mechanism of P-SiSO in 
both the model scale experiments as well as the component scale. The lubricated 
surfaces were analyzed in terms of surface topography- and chemistry, and 
mechanisms of lubrication are discussed. A highly effective boundary film based 
on ionic adsorption and formation of silicate was observed by these ionic liquids. 
This thesis demonstrates the feasibility of employing ionic liquids for lubrication 
of moving mechanical assemblies in space applications.  
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ESD Electrostatic discharge 
𝐸𝐸𝑟𝑟  Relative efficiency (𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜/𝑃𝑃𝑖𝑖𝑖𝑖) 

FFL Full film lubrication 
FM Friction modifier 
G Torque gain factor [-] 
GATR Geared Actuator Test Rig 
GMO Glycerol monooleate 
GPa GigaPascal 
HL Hydrodynamic lubrication 
HMIL Hydrocarbon-mimicking ionic liquid 
HMW High molecular weight 
HzD Hertz contact diameter 
I/O  Input/Output 
IL Ionic liquid 
ISECG International Space Exploration Coordination Group 
LEO Low Earth orbit 
MAC Multiply alkylated cyclopentane 
MAC & 
P-SiSO Prototype lubricant: P-SiSO dissolved in MAC 

ML Mixed lubrication 
MMA Moving mechanical assembly 
MVT-2 Multifunction Vacuum Tribometer 
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𝑛𝑛 Temperature-Conductivity coefficient [°C−1] 
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OM Optical microscope 
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PF6 Hexafluorophosphate 
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PSU Power Supply Unit 
PWM Pulse width modulation 
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𝑃𝑃𝑖𝑖𝑖𝑖 Power input 
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RTIL Room-temperature ionic liquid  
SEM Scanning electron microscopy 
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XPS X-ray photoelectron spectroscopy 
µCT Computed tomography in the microscale 
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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 [26].  

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 [27]. In BL, the normal load is 
mainly carried by the solid surface asperities – the small surface protrusions  – 
instead of the liquid film, 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 [28]–[30]. In this manner, the 
surface can be (in-situ) coated with a protective boundary film. The mechanism of 
how boundary films function is still a topic of ongoing debate; it involves 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 [31]–[38], requirements on lubricants are 
evolving. Traditionally, space tribology implies MMAs operating in satellites 
under high vacuum, at relatively steady conditions, and in absence of gravitational 
load [39]–[42]. In contrast, space exploration missions, such as Lunar or Martian 
surface missions, rely heavily on robotic equipment where electromechanical 
actuators are being used extensively [43]–[48]. 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  [49]. These synthetic 
fluids have significantly different chemical structures compared to traditional 
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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 Coulomb 
interaction between anions and cations 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 [50].  

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 
[51]–[53]. 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 Hypothesis and Aims  
Although the research interest regarding ionic liquids as lubricants has been 

increasing sharply over the last 20 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, as opposed to the more common “trial and error” approach traditionally 
used when evaluating lubricants. This work is based on the hypothesis that it is 
feasible to design ionic liquids to meet the specific needs of space grade lubricants, 
as illustrated in Figure 5. The aim is to establish a methodology for the design of 
prototype ionic liquid lubricants for space applications. The required objectives 
involve the design of experiments and analysis to retrieve knowledge about ionic 
liquid lubrication mechanisms, in order to support the molecular design.  
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Figure 5. Strategy for developing prototype space lubricants. 

1.1.2 Scope and Delimitations  
In the scope of this work, the focus is on boundary lubrication performance of 

the prototype ionic liquids. The most important effects of the space environment 
are identified and considered, whereas minor effects are considered out of scope. 
An important delimitation is the surface materials employed. In this work, the 
focus is on conventional bearing grade materials, namely AISI 52100 steel. It is 
acknowledged that aerospace grade materials such as light-weight alloys or 
ceramics are important, and while they are briefly touched upon, they are mostly 
considered out of scope. A boundary lubricated tribosystem is complex, it is a 
dynamic system comprised of tribochemical fluid-solid interaction. Therefore, 
when introducing a novel lubricant, it is reasonable to begin with known materials.  

1.1.3 Thesis Outline  
This thesis consists of a brief introduction of important theory for space 

tribology and ionic liquids in Chapter 2. In Chapter 3, the materials and methods 
are defined, with the focus on non-standard methodologies developed for 
evaluating the prototype lubricant in a space relevant system. Chapter 4 describes 
the Salient Results of Papers [1–5], and Supplementary Results stemming from 
Refs [6–24] are briefly covered in Chapter 5.  Chapter 6 provides a short discussion 
and a hypothesis for future work, and Chapter 7 concludes the work. Five papers 
are appended to the thesis, as listed in the front matter.  
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2 THEORETICAL FRAMEWORK 

2.1 TRIBOLOGY FUNDAMENTALS 
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 6; 
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 [54], [55], 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, 
lubrication 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 6. 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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2.1.1 Historical evolution of 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 7, 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 [54]. 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 [56].  

 

 
Figure 7. 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 [57], 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 [58]. This was explained 
mathematically a few years later by Osbourne Reynolds as he presented his 
fundamental theory of hydrodynamic lubrication [59]. Today, the analogue to a 
person 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’ 
[60]. This curve forms the basis of the concept of lubrication regimes, and 
identifies the importance of adequate lubricant viscosity.  
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In 1922 Hardy and Doubleday [61], [62] 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 [63]. Bowden and Tabor continued the 
scientific study of boundary lubrication in the 1950’s and developed the theory of 
adhesive friction [64], [65].  

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 [66]. 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.  

 

2.1.2 Key definitions in tribology 

2.1.2.1 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 atmosphere, as illustrated in Figure 8. These 
elements must be considered when analyzing any tribological problem. Assuming 
isotropic surfaces with a Gaussian height distribution, the tribosystem can be 
modeled as one rough surface and one flat surface.  

3σ 

0

Body 1

Body 2

Lubricant

Atmosphere

PDF

Not to scale
 

Figure 8. Schematic view of elements in tribological system. 
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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 9 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 9. Important features observed at different length scales in tribosystem. 

2.1.2.2 Definition of friction  
A broad definition of friction states that friction is “the resistance that one 

surface or object encounters when moving over another” [67]. 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 [68]. The friction 
coefficient, µ, is defined as the ratio of the friction force, Ff, to the applied normal 
force, FN, as shown in Equation 2.1:  

 
µ =

𝐹𝐹𝑓𝑓
𝐹𝐹𝑁𝑁

 (2.1) 

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 [69]. 
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 in engineering, as it is a convenient way of 
normalizing the friction force against the often dominant effect of applied normal 
force.  

2.1.2.3 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” [70]. This definition includes many 
types of wear that can be divided into different classes. In this thesis, abrasive, 
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adhesive, and corrosive wear are important classes. Referring to ASTM standard 
terminology, these classes of wear can be defined as [70]:  

• 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 electro-chemical 
reaction with the environment is significant. 

2.1.3 Lubrication concepts 

2.1.3.1 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 10, also known as the Stribeck curve [60]. Originally, the diagram was 
retrieved for a journal bearings (i.e. an axle rotating in a bushing), where it was 
shown that the friction in such a lubricated contact was highly dependent on a 
small number of design and operation parameters. The significance of Stribeck’s 
results was that they clearly showed how friction transitioned between two distinct 
regimes depending on lubricant viscosity, journal speed, and applied load. Hersey 
plotted the data as a function of a non-dimensional parameter, H, defined in 
Equation 2.2, so that an increasing Hersey number correspond to a thicker fluid 
film.  

 
𝐻𝐻 = 𝜂𝜂𝑖𝑖

𝑝𝑝
 , (2.2) 

In the above equation, η is the fluid dynamic viscosity [Pa ∙ s], 𝑛𝑛 is the journal 
rotational speed [s−1] , and 𝑝𝑝  is the average pressure [Pa] . Although initially 
intended for journal bearings, the principle of surface separation by hydrodynamic 
pressure is equally applicable 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 (RMS) roughness of the surfaces so that the amount of 
surface separation can be estimated. The non-dimensional film thickness ratio, 𝛬𝛬, 
is thus defined as: 
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𝛬𝛬 =

ℎ
𝜎𝜎

 (2.3) 

where ℎ is the minimum lubricant film thickness [18], and σ is the RMS roughness 
of surfaces A and B. The ratio 𝛬𝛬 > 3 is normally sufficient to ensure full film 
lubrication, while 𝛬𝛬 < 1 indicates significant solid-solid interaction, as indicated 
in Figure 10.   

 

Figure 10. Schematic diagram describing concept of lubrication regimes, known as 
Stribeck-curve. 

The regimes in the Stribeck curve can be divided into different regiems. The 
most broad definition is simply into Boundary or Full Film Lubrication. However, 
more nuanced definitions are often used, where the regimes boundary, mixed, 
hydrodynamic, and elasto-hydrodynamic lubrication regimes are referred to as BL, 
ML, HL and EHL respectively. 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 this regime, individual asperities may also be 
effected by EHL-effects on the microscale [71].  In the (E)HL regimes, 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.  
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It should be noted that the distinction between ML and BL is somewhat 
arbitrary, and it is often impossible to establish in practice. Real engineering 
surfaces does not typically have a Gaussian topography, at least not after some 
time in contact, and therefore the 3𝜎𝜎  assumption is risky. 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.  

2.1.3.2 Boundary lubrication 
In the analysis of boundary lubricated contacts, it is important to realize the 

complexity of tribological surfaces in contact. Figure 11 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 11. Schematic view of nominally flat metal surfaces in contact. Arbitrary 

dimensions (not to scale). 

2.1.3.2.1 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 2.4.  
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Ff = Arτ + ApP  (2.4) 

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 required to plastically displace 
material. The details can be found in [64]. 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.  

2.1.3.2.2 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 [56]. 
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.   

2.1.3.2.3 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 [72]. 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 to 20. AW 
additives reacts with surfaces, typically forming protective films that reduce wear. 
AWs generally do not reduce friction, in fact they often increase friction. Finally, 
EP additives are used to minimize the risk of seizure at extreme pressure 
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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 12 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 [73].  

 
Figure 12. The reactivity of lubricant towards surface should be balanced to achieve 

optimum rate of boundary film formation depending on operating conditions. 

2.1.3.3 Full film lubrication 
From an engineering mechanics point of view, full film lubrication is a fluid 

structure interaction problem. The fluid dynamics are highly dependent on 
viscosity, whereas the structural part manily depends on elasticity. Depending on 
fluid pressure-viscosity behavior, as well as material elasticity, full film lubrication 
can be classified into four separate cases, with increasing complexity [26]. The 
simplest case is called isoviscous-rigid, i.e., the viscosity is constant, and the 
bodies are rigid. If the viscosity is dependent on pressure, but the pressures are not 
significant in comparison to material elasticity, then the full film lubrication 
problem can be classified as viscous-rigid. Vice versa, if elasticity is influenced 
significantly before pressure-viscosity effects come into play, then the problem is 
classified as isoviscous-elastic. Finally, if both structural elastic deformations, as 
well as pressure-viscosity effects are significant, the problem is classified as 
viscous-elastic. Naturally, many of the most important engineering problems are 
of the fourth case, such as gears or rolling element bearings operating in nominal 
conditions. The minimum film thickness, ℎ𝐴𝐴𝑖𝑖𝑖𝑖 , required to calculate the Λ ratio, is 
given by the equation 2.5, the Dowson-Hamrock equation:  

ℎ𝐴𝐴𝑖𝑖𝑖𝑖 = 𝑅𝑅𝐺𝐺 ∙ 3.63 ∙ 𝑈𝑈0.68𝐺𝐺0.49𝑊𝑊−0.073(1 − 𝑒𝑒−0.68𝑘𝑘) (2.5) 
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where U, G, and W are dimensionless parameters related to the material parameters 
and operating conditions.  

2.2 SPACE TRIBOLOGY 
On Earth, engineers are accustomed to the access of a wide range of liquid 

lubricants that enable predictable and reliable and efficient long-term operations 
of high performance machinery. In space applications on the other hand, engineers 
are constrained to a comparatively limited choice of lubricant candidates that can 
meet the stringent demands of tribosystems operating in a space environment. At 
the same time, maintenance is rarely feasible, and a malfunctioning tribological 
systems may risk an entire mission.  

2.2.1 Space Environment 
As illustrated in Figure 13, the space environment differ greatly depending on 

the type of space application. For tribological considerations, thermal, vacuum, 
and radiation effects are important to consider.  

 

Figure 13. Different space environments. Red bars indicate approximate temperature 
range.  

2.2.1.1 Thermal, vacuum, and microgravity  
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 regeneration of the 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 
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effect on boundary lubrication. 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 [40], [74], [75].  

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 [76], [77], 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 [78]–[80]. 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 [81], and a number of major space missions have 
encountered troubles or close encounters that can be attributed to “troubology” 
[82]–[85]. Lubricants and tribology is therefore a critical topic to reliable space 
missions.  

2.2.1.2 Radiation 
Ionized gases and atomic oxygen can be highly reactive and are frequently 

encountered in low earth orbit (LEO). Regarding radiation, although it is often a 
major issue in spacecraft design, tribological components are often sufficiently 
shielded from ionizing radiaton, and ionizing radiation can therefore mostly be 
considered out of scope in this thesis work. There is however one important 
secondary aspect of radiation, known as spacecraft charging [86]–[88] that can 
cause secondary effects relevant to tribological components. Spacecraft charging 
occurs mainly due to  spacecraft interaction with the surrounding plasma, or by a 
differential photoelectric effect where photoelectrons are emitted from sunlit parts 
of a spacecraft, but not the shaded sections [89]. The result is a differential voltage 
built up between different parts of the spacecraft. If the potential keeps rising, it 
will eventually discharge, and can cause damage by electro static discharge (EDS). 
Satellites in geostationary orbit (GEO) often encounter the most severe effects, but 
on the other hand low Earth orbiting (LEO) satellite applications more often 
involve high-voltage electronics (high power radar, ion thrusters) which may also 
cause spacecraft charging [90]. EDS is a major problem to sensitive electronics, 
and standards are available to mitigate the problem. Ideally, materials employed 
should display a sufficiently low resistivity (inverse conductivity) to conduct 
charge away at a rate equal to the build up of charge. For GEO satellites, material 
resistivities not higher than the order of 1012 Ohm-centimeters are recommended 
to minimize the risk of EDS [91], which is equivalent to conductivities above the 
order of 100 pS/m. An interesting argument relevant to tribology has recently been 
raised by Bialke, where satellite bearing failures have been attributed to spacecraft 
charging, due to EDS damage to bearing raceways [92], [93].  
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2.2.2 Lubricants used in space applications 

2.2.2.1 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  [94], [95]. 
However, it seems difficult to overcome the fundamental limitations inherent to 
this approach [44], [96], [97]. 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 [96].  

2.2.2.2 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) [98]–
[101]. 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 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 [102], and has significant heritage 
in space [103], [104]. PFPE has outstanding thermal stability, and extremely low 
vapor pressure. Despite the heritage, PFPE has some well-known issues. It is 
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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 [105], [106]. 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 [107]. Additives for PFPE to improve BL properties have been researched 
for some time [108], [109], and are still ongoing [110]. 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 [111]. 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 [112]–[114] to improve performance in BL. However, MACs 
also have the inherent problem of de-wetting caused by high surface tension [115].  

2.2.3 Mission specific considerations - Mars example 
There are a number of key differences when comparing tribology for planetary 

landers to satellites or deep space missions. Let us consider Mars as an example. 
From a tribological point of view, the environment of Mars is well known [116]. 
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 
[41]. 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 missions range between approximately -100 and +30 °C [117], and for 
that reason electrical heaters are required when using liquid lubricants [118]. 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 [44], [119]–[121].  

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 [122].  
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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 14 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 14. Relative importance of boundary lubricating performance and vacuum 

performance for lubricating typical MMAs on, Earth, LEO, or Mars. 

2.3 IONIC LIQUID LUBRICANTS  
2.3.1 Introduction to 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 [123], [124]. The first example of a molten salt lubricant 
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can be found from this era, as molten salt mixture was used experimentally in 
hydrodynamic bearings [125]. 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 
[126]. 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 [127]. The broad range 
of intermolecular forces gives ILs very useful properties as solvents. This implies 
the possibility of 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 
[128]–[131].    

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 2.6.  

 
[C–X] + [M–A] → [C–A] + [M–X] (2.6) 

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 [132]. 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 [132]. These cations have are thus 
frequently reported.  

2.3.2 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 [50]. The result showed 
that the IL reduced friction and wear compared to the reference lubricants. 
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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 interest for use as advanced 
lubricants. However, as seen in Figure 15 ionic liquid lubricants is only a tiny 
subset of the ionic liquid research field, and consequently most ILs evaluated were 
designed for other purposes than lubrication.  

 
Figure 15. 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 [133]–[135]. 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 [51], [53]. While 
these fluorine-containing 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 [136]–[138]. As schematically 
described in Figure 16, attempts have been made to use corrosion inhibiting (CI) 
additives in fluorine ILs [139], [140], 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 
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conventional hydrocarbon fluids is generally too high to be acceptable in space 
applications.  

 
Figure 16. High reactivity of common ILs compared to hydrocarbons.  

In order to reduce the corrosiveness of ILs, the fluorine atom(s) can be removed. 
This has been investigated and shown to successfully alleviate corrosive issues, 
however, further improvements in tribological properties are required [141], [142]. 
A molecular design strategy for ILs having a well-balanced lubricant-surface 
reactivity – as illustrated in schematically explained in Figure 17 – appears feasible.  

 
Figure 17. Strategy of balanced lubricant–surface reactivity of hydrocarbon-mimicking 

ILs, compared to existing ILs.  

2.3.3 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, 
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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 [143], [144]. 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 [145]–
[148]. The correlation between chemical structures and lubricant performance is 
still far from complete and is still evolving [149]–[151]. However, the topic of 
tribochemistry has advanced lubricant 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 
[132]. Still, by employing a stepwise approach of molecular design, it has been 
possible to improve the design of lubricant additives [152]–[154] and potentially 
also of ionic liquids. 
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3 MATERIALS AND METHODS 

3.1 LUBRICANTS EMPLOYED  
An alphanumeric code system (shown in Figure 18) 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 being 
attached to them. Therefore, the abbreviation P-SiSO is used hereafter when 
referring to the 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, α denotes the number of carbon atoms in the 
three identical alkyl groups, while β identifies the remaining alkyl group. In the 
case of the anion, χ denotes the three identical alkyl groups (normally methyl), 
while the carbon number of the alkene connecting the Si and S atoms is identified 
by δ. This leads to the alphanumeric code P-SiSO[α-β][χ-δ].  

 
Figure 18. Alphanumeric code system employed for identifying the P-SiSO-type RTILs 
having alkyl chains with differing carbon numbers. 

3.1.1 Lubricant Samples  
In Paper [3], an experimental lubricant, designated `MAC & P-SiSO´, was 

prepared by dissolving 0.4 wt% of the ionic liquid P-SiSO 
(trihexyltetradecylphosphonium 2-(trimethylsilyl)ethane-1-sulfonate) [1], in the 
base fluid MAC, a multiply alkylated cyclopentane (Synthetic Oil 2001a, supplied 
by Nye Lubricants, Inc. (Fairhaven, MA)). The solution was tempered at 70 °C for 
30 minutes, followed by sonication for 30 minutes. Homogenous solution of 
`MAC & P-SiSO´ was confirmed by subjecting samples to centrifuging at >15000 
G acceleration, followed by sampling of top and bottom phase for characterization 
by Fourier-transform infrared spectroscopy (FTIR). The higher viscosity of P-
SiSO compared to MAC was assumed to have no significant influence on the bulk 



Chapter 3: Materials and Methods 

24 

viscosity of the `MAC & P-SiSO´ mixture at the concentrations used in this work. 
This assumption was verified by use of Equation 3.1 which is used to calculate the 
viscosity of the mixture, 𝜈𝜈𝐴𝐴𝑖𝑖𝐺𝐺 [155]. Viscosity data for MAC and P-SiSO at 40 °C 
is denoted as 𝜈𝜈𝑀𝑀𝐴𝐴𝑀𝑀  and 𝜈𝜈𝐼𝐼𝐼𝐼  respectively, and their relative concentrations are 
denoted 𝑋𝑋𝑀𝑀𝐴𝐴𝑀𝑀  and 𝑋𝑋𝐼𝐼𝐼𝐼.  

𝜈𝜈𝐴𝐴𝑖𝑖𝐺𝐺 = exp(exp(𝑋𝑋𝑀𝑀𝐴𝐴𝑀𝑀 log(log(𝜈𝜈𝑀𝑀𝐴𝐴𝑀𝑀 + 0.8)) + 𝑋𝑋𝐼𝐼𝐼𝐼
∗ log(log(𝜈𝜈𝐼𝐼𝐼𝐼 + 0.8)))) − 0.8 

(3.1) 

With the numeric values provided in the Supporting Material of Paper [1,3] the 
viscosity increase is less than < 0.5 % in `MAC & P-SiSO´ compared to neat MAC 
at the temperatures used in the tribology experiments. Even though there is no 
effect on the macro-EHL scale by increased viscosity, the increased viscosity 
should be kept in mind if considering micro-EHL effects. Regarding reference 
lubricants employed, the reader is referred to the corresponding paper. 

3.2 MODEL TRIBOTESTING IN BOUNDARY LUBRICATION  
3.2.1 Model scale tribometers under controlled atmosphere 

An SRV-3 linearly reciprocating ball-on-flat model scale tribometer (Optimol 
Instruments Prüftechnik GmbH, Germany) was employed in Papers [1–3]. SRV 
stands for Schwing-Reib-Verschleiß, which literally means reciprocating friction 
and wear in German. It is one of the most common tribotesters for  boundary 
lubrication research and development. Standardized test protocols are available, 
such as the ASTM D6425 standard, which is suitable for lubricant or materials 
screening under boundary conditions. In the standard test configuration, a 10 mm 
steel ball (AISI 52100) is pressed against a flat steel specimen (AISI 52100) while 
undergoing reciprocating motion at a specified frequency and stroke length. 
Normally, the strokes are in the range 1–2 mm, and a reciprocating frequency of 
50 Hz is prescribed in the standard. This tribometer is not intended to replicate a 
specific component, rather, it is intended to screen lubricant behavior under 
boundary conditions. The relatively small size of the standard material specimen 
make them compatible with analytical tools employed for surface analysis, such 
as scanning electron microscopes, 3D-profilometers, nanoindenters or similar. The 
SRV-3 system at the LTU laboratory was modified with an air filtration system 
and a continuous flow gas supply for testing under controlled atmosphere, such as 
nitrogen or carbon dioxide atmospheres.  

In Paper [3], a MVT-2 vacuum tribometer was employed to evaluate baseline 
lubricant performance in a vacuum environment. A 6.35 mm steel ball and disc 
specimen of AISI 52100 steel was used. The standard specimen used in the MVT-
2 were of significantly lower surface roughness compared to the standard specimen 
used in the SRV-3 experiments, with the MVT-2 specimen having a composite 
RMS roughness (Sq) of only 9 nm compared to 61 nm for the SRV-3 specimen. In 
order to avoid excessive hydrodynamic effects by the smooth surfaces, and to 
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facilitate the comparison with SRV-3 experiments in the boundary lubrication 
regime, the test conditions were chosen so that the minimum lubricant film 
thickness was ensured to be lower than the composite surface roughness as 
described in the previous section. With the conditions stated in Paper [3], the 
minimum film thickness was calculated to be 8 nm based on the Dowson-Hamrock 
equations, thus ensuring that the test was initiated in the boundary lubrication 
regime (Λ < 1). The numerical data for the calculation of the film parameter (Λ) 
is provided in the Supporting Material. An overview of the  model scale 
tribometers is shown in Figure 19.  

 

Figure 19. Model scale tribometers, SRV-3 and MVT-2. 

3.2.2 Surface analytical tools  

3.2.2.1 Digital microscopy for visual inspection  
An important step in any surface analysis is the documented visual inspection. 

The visual inspection serves the important purpose of providing an overall 
assessment of the general condition of the worn sample and lubricant. A Dino-Lite 
AM7915MZTL 5MP digital optical microscope (DOM) (Dino-Lite Europe, 1321 
NN, Almere, The Netherlands) was employed in Papers [3–5] for visual inspection 
of worn samples. The information from the DOM can provide an initial indication 
of the damage phenomena, and is also likely to provide a rough visualization of a 
chemically altered surface. Effects such as corrosion or tribofilm formation tends 
to alter the optical properties of the surface, and can therefore be indicated by 
DOM, and targeted for further analysis by applicable instruments. DOM can also 
be employed for rough wear scar measurements as a quick screening method.  
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3.2.2.2 3D-profiling by scanning white light interferometry  
A Zygo NewView 7300 optical 3D profilometer (3DP) (Zygo Corporation, 

Middlefield, CT, USA) was employed in Papers [1–5] to retrieve detailed surface 
topography by the scanning white light interferometry technique. The surfaces 
were measured using either 2.75x, 10x or 50x Mirau objectives, yielding 
maximum resolutions below 0.5 µm spatially and  below 0.1 nm vertically. The 
surface profilometry data was analyzed using MetroPro 9.1.6 (Zygo Corporation), 
and MountainsMap Premium 7.4 (Digital Surf, France).  

The surface topography information is very important to indicate the type of 
lubrication regime that the contact was operating under, as the topography affects 
the propensity of the surface to generate hydrodynamic lubrication. The downside 
of 3DP is that it does not provide any information about the presence of tribofilms, 
which is necessary to explain lubrication performance in boundary (including 
starved) lubrication conditions. The 3DP can also be employed to simply measure 
the wear scar dimensions, which may be sufficient for screening purposes.  

3.2.2.3 Scanning electron microscopy and energy dispersive X-ray 
spectroscopy  

Chemical elements that exist on rubbed surfaces can be detected by SEM-EDS. 
If the tribofilms are thin (less than 10 nanometers), the analytical depth of the 
SEM-EDS technique may be too deep rendering the tribofilms invisible, and other 
methods such as X-ray photoelectron spectroscopy (XPS) may be required. 
Assuming that the tribofilms are within the information depth obtained by EDS, 
the technique will provide the elemental contents in the film, which again provides 
important evidences of boundary lubrication. 

3.2.2.4 Quantified wear in model tribotest   
The degree of wear was quantified by means of wear scar analyses performed 

using 3D optical surface profiling (3DP). In the modelscale tribotests, wear is 
quantified as a Hertz wear index, 𝑊𝑊𝐻𝐻𝐻𝐻 [156], calculated by the measured wear scar 
diameter (WSD) in relation to the Hertzian contact diameter (HzD) [157]. 
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 𝑊𝑊𝐻𝐻𝐻𝐻 was used to quantify wear: 

 
𝑊𝑊𝐻𝐻𝐻𝐻 =  𝑊𝑊𝑊𝑊𝑊𝑊/𝐻𝐻𝐻𝐻𝑊𝑊 ≥ 1 (3.2) 
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3.3 GEARBOX TEST IN SIMULATED SPACE ENVIRONMENT  
In Paper [4], a test methodology was devised in order to facilitate the avaluation 

of protype lubricants in a component scale experiment under simulated space 
environment  

3.3.1 Design and development of geared actuator test rig (GATR) 
A geared actuator test rig (GATR) was designed in order to evaluate the 

influence of tribological parameters (operating conditions, lubricants, materials) 
on gearbox tribological performance. The main purpose of the GATR is to provide 
a means of investigating the correlation between model scale and component scale 
tribotesting, in tribosystems relevant to space tribology. Also, testing under 
component scale conditions provide important information about the damage 
modes of various interfaces, so that these interfaces can then be investigated in 
detail under model scale conditions. The GATR is intended as a component scale 
tribology test rig. The test environment roughly correspond to a technology 
readiness level (TRL) between 4-5, however, the purpose of the experiments are 
experimental investigations under accelerated conditions, and not component 
performance validation. This prototype test rig is also expected to provide 
information about the most important design features to include in the design of a 
higher TRL level component scale test rig, such as a device operating under 
thermal vacuum.  

An overview of the geared actuator test rig (GATR) concept is shown in Figure 
20. For full details, the reader is referred to Paper [4], however, a brief description 
of salient features are provided below. In this design, the geared actuator – 
including encoder, DC-motor, and the gearbox that is to be evaluated – is installed 
in a simple atmospheric chamber within a refrigerated compartment. The 
temperature can be reduced to -78 °C by dry ice (CO2) augmented cooling, and the 
chamber can be flooded with gas at atmospheric pressure. The output shaft of the 
actuator gearbox is connected via a flexible shaft coupling to the output shaft 
where a dynamometer is installed. The design allows for exchanging actuator 
gearboxes or entire actuators. A simple control and instrumentation system was 
devised based on an open source microcontroller, combined with a separate motor 
controller used for the closed-loop regulation of the DC-motor.  A simplified 
dynamometer was devised by employing a manually adjustable band brake with 
instrumentation to retrieve torque and speed.  
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Figure 20. Schematic displaying general outline and salient sub systems of the Geared 

Actuator Test Rig. 

Two microcontrollers were employed for control and data acquisition; an 
Arduino Mega serves as the main microcontroller, while an ESCON servo 
controller is employed for accurate motor control and encoder communication. 
The details of the controllers and all instrumentation employed is found in Paper 
[4] and an overview of the electronics system layout is provided in Figure 21. Both 
controllers are mounted on the exterior of the test rig and are connected to sensors 
within the refrigerated interior via an interface with a sealed cable feedthrough.   

 
Figure 21. Layout of electronic system. 

The relative power efficiency, Er, of the gearbox can be estimated by comparing 
the power output registered at the dynamometer, Pout, with the power input, Pin, to 
the gearbox that is supplied by the pinion attached to the DC-motor axle,  as shown 
in Equation 3.3.  

𝐸𝐸𝑟𝑟 =
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜
𝑃𝑃𝑖𝑖𝑖𝑖

 
(3.3) 

The input power is readily retrieved by the ESCON-Encoder system, and the 
output power can be retrieved by use of a simplified dynamometer. The friction in 
the band brake results in a load, registered by a load cell, as shown schematically 
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in Figure 22. By employing the Euler-Eytelwein equation, we can retrieve the 
ouput torque. The output speed is simply the input speed reduced by the gear ratio, 
and hence the output power can be retrieved.  

 
Figure 22. Dynamometer based on Euler-Eytelwein theory for band brakes. 

3.3.2 Tribological testing under starved conditions in GATR 
In order to investigate gear tribology under oil starved conditions in these 

actuators, the applied volume of oil should be reduced to a minimum. In order to 
find the lower limit, and to clarify the failure mode under dry conditions, one 
actuator unit was tested without lubricant. As could be expected from the 
discussion above, this unlubricated unit failed by seizure in the planet gear sleeve 
interface at gear stage 3 within one minute of operation under otherwise nominal 
conditions. Clearly, the applied oil need to be sufficient to prevent immediate 
seizure in the stage 3 planet gear sleeves, while limiting the oil supply to the gear 
mesh.  

According to conventional elasto-hydrodynamic lubrication theory, effective 
full film lubrication requires the formation of an oil film having a thickness, ℎ, that 
is at least three times larger than the composite surface roughness, 𝑊𝑊𝑆𝑆, or else the 
lubrication mode transitions towards the boundary regime where the surfaces are 
at risk of direct contact [26]. In oil starved conditions, the restricted oil supply 
hinders the build up of the oil film thickness, which increases the risk of operation 
in boundary conditions. The film parameter, 𝛬𝛬, shown again in Equation 3.4 is 
commonly applied as an indicator of the mode of lubrication. If 𝛬𝛬 < 3, it indicates 
an insufficiently lubricated contact, such as a the starved contact we are striving 
for in this experiment.  

𝛬𝛬 =
ℎ
𝑊𝑊𝑆𝑆

 
(3.4) 

Based on this conventional film parameter, we can set a simple criteria that 
allows us to make a reasonable estimate of the amount of oil to apply in order to 
test the gears under starved conditions, while simultaneously providing the 
maximum oil supply to the sleeve bearings. The applied oil should provide an oil 
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film having a thickness, ℎ𝐺𝐺𝑝𝑝𝑝𝑝𝑎𝑎𝑖𝑖𝐴𝐴𝑎𝑎, that is below the criteria for full film lubrication, 
as expressed in Equation 3.5.  

ℎ𝐺𝐺𝑝𝑝𝑝𝑝𝑎𝑎𝑖𝑖𝐴𝐴𝑎𝑎 < 3𝑊𝑊𝑆𝑆 (3.5) 

Assuming that the applied oil volume, Vapplied, spreads evenly over the total 
surface area to be lubricated, Atot, it will form an oil film of constant film thickness 
determined simply by Equation 3.6.  

ℎ𝐺𝐺𝑝𝑝𝑝𝑝𝑎𝑎𝑖𝑖𝐴𝐴𝑎𝑎 =
𝑉𝑉𝐺𝐺𝑝𝑝𝑝𝑝𝑎𝑎𝑖𝑖𝐴𝐴𝑎𝑎
𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜

 
(3.6) 

By inserting Equation 3.6 into Equation 3.5 and rearranging the terms, we find 
an expression that determines the optimum amount of oil to apply, 𝑉𝑉𝐺𝐺𝑝𝑝𝑝𝑝𝑎𝑎𝑖𝑖𝐴𝐴𝑎𝑎 , as a 
function of the total surface area, 𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜 and the composite surface roughness, 𝑊𝑊𝑆𝑆. 
The volume of oil that should be applied, 𝑉𝑉𝐺𝐺𝑝𝑝𝑝𝑝𝑎𝑎𝑖𝑖𝐴𝐴𝑎𝑎 , is thus described by Equations 
3.7.  

𝑉𝑉𝐺𝐺𝑝𝑝𝑝𝑝𝑎𝑎𝑖𝑖𝐴𝐴𝑎𝑎 < 3 ∙ 𝑊𝑊𝑆𝑆 ∙ 𝐴𝐴𝑇𝑇𝑜𝑜𝑜𝑜 (3.7) 

Numerically, the pinion to planet gear mesh composite surface roughness, 𝑊𝑊𝑆𝑆, 
was measured by 3D-profilometer to 2.5 µm (2.5e-3 mm). The total surface area, 
𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜, of the lubricated interfaces in gear stage 3 – including separator disc, three 
planet gears, pinion gear, ring gear – was measured to approximately 2.5e+3 mm2. 
Equation 2.4 thereby indicates that the applied oil volume should be below 19 mm3 
for gear stage 3 in order to ensure starved conditions. Based on the above 
explanation, 5 mm3 oil was applied to each of the three planet gears, for a total of 
15 mm3. The same amount was also applied to gear stages 1, 2, as well as the 
output ball bearing assembly, for a total oil fill of 60 mm3, or ~50–110 mg (𝜌𝜌𝐴𝐴 =
0.841, 𝜌𝜌𝑃𝑃 = 0.841,𝜌𝜌𝐵𝐵 = 1.85 g/ml), as compared to the standard 1.6 grams of 
grease fill. The range of applicable set points, and the typical output parameters 
are presented in Table 1. 

Table 1. Test rig set points and outputs. 

Set point range 
O2  

[%] 
Tambient  
[°C] 

Mout  
[Nm] 

ωin  
[rpm] 

1–21 −78– +25 0.5– 1.0 0–8800 
Outputs 

𝑃𝑃𝑖𝑖𝑖𝑖  
[W] 

𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜   
[W] 

ωin 
[s-1] 

ωout 
[s-1] 

TGearbox  
[°C] 

TAmbient 
[°C] 

3.4 SUB-SURFACE ANALYSIS BY X-RAY MICRO-
TOMOGRAPHY 

X-ray microtomography (XMT), also known as computed tomography in the 
microscale (µCT), is a 3-dimensional sectional imaging technique for non-
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destructive material microstructure characterization [158]. The technique has 
gained increasing popularity over the last decade for characterization of dense 
engineering materials [159]. In XMT analysis, an X-ray beam is passed through a 
sample that is mounted on a rotary stage, while the attenuated X-ray signal is 
projected onto a detector placed opposite to the beam source. Digital image 
recognition techniques are employed to compute the sample tomography from the 
different projections, and a three-dimensional model of the scanned sample’s 
interior structure is obtained.  

Based on XMT, we devised a methodology suitable for localizing and 
quantifying sub-surface damages in small scale sintered metal gears, as illustrated 
in Figure 23. We hypothesized that the alternating stress cycle combined with high 
friction during lubricant starved conditions could make the planet gears susceptible 
to interior damages such as sub-surface or internal fatigue cracks, and that such 
cracks could be detectable by XMT. Furthermore, we expect lubricants that reduce 
friction under boundary lubrication conditions to also reduce the propensity of 
such crack formations, due to a reduction in near surface shear stress.  

The employed XMT system – the ZEISS Xradia 510 Versa (Carl Zeiss X-ray 
Microscopy, Pleasanton, CA, USA) – is also referred to as a 3D X-ray microscope 
(XRM) as it has multiple detector objectives that enables sample imaging at a 
number of resolution and field of view combinations, in a manner analogous to a 
light microscope. Samples were scanned at an X-ray tube voltage of 140 kV, a tube 
power of 10 W, using a 4x objective with 4 mm field of view.  

The gear samples were scanned either as complete gears, as shown in Figure 
23(a), or as a pair of gear teeth that were cut out by electric discharge machining, 
as was the case in Figure 23(b–d). A minimum voxel (volume pixel) resolution of 
2 µm was achieved over the entire volume of the gear teeth for the samples that 
were cut, which resulted in a 90 gigabyte data set describing the interior structure 
of the two gear teeth. The computed tomography data was handled using the 
software Dragonfly Pro (Object Research Systems, QC, Canada), and cross 
sectional images at every resolved voxel layer was exported to produce a sequence 
of images (tiff-stack), as indicated in Figure 23(b). The stacking direction was 
chosen along the axial coordinate (along gear flanks), for optimum visibility of 
cracks that were expected to form in the direction roughly perpendicular to the 
flank surface. In total, 3525 cross sectional images were exported, corresponding 
to 1 image at every 2µm of the 6 mm wide gear. Each image provided 1963x2021 
pixels at 16 bit resolution, for a total of 30 GB.  

An algorithm was designed using Matlab R2020a (The MathWorks Inc., USA) 
to enable evaluation of extracted cross sectional images in the search for interior 
features, such as sub-surface cracks. The algorithm can be described in five steps. 
In the first step, cross sectional images are sequentially retrieved and pre-processed 
by rotating and cropping each image to a pre-defined area of interest. Usually, the 
area of interest would be the cross section of a complete gear tooth, but other areas 
such as non-worn reference areas can be defined in this step. Secondly, we employ 
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the Canny edge detection method [160] to the processed image to obtain a two-
dimensional binary array (602x542) that describes the edge distribution over the 
cross section of the gear. The detection thresholds in the Canny filter were set to 
0.05 and 0.50, which was sufficient to provide a robust detection of the exterior 
edge, while also capturing the interior features of the gear as shown in Figure 23(c). 
In the third step, horizontal and vertical reference lines are defined in the binary 
array by the intersection of the reference lines with the exterior edge of the gear. 
In the fourth step, circular shifting in the x and y direction is employed to the array 
in order to align with neighboring arrays in the image sequence. Finally, the binary 
2D-arrays representing the cross sections along the gear tooth are summed to 
obtain the total distribution of edges, as shown in Figure 23(d). The processing 
time of the algorithm was on the order of minutes when executed at the highest 
resolution. The algorithm is intended to provide a simple method for processing 
the 30 GB dataset obtained by XMT, in order to retrieve the key interior 
microstructure information relevant to gear tribology.  

 
Figure 23. Method for sub-surface analysis by XMT. 

 

3.5 SUPPLEMENTARY TECHNIQUES  
A number of supplementary techniques have been employed for tribotesting, or 

advanced analysis. Although these tools proved to be highly useful, they were only 
employed in preliminary studies and are therefore considered supplementary.  

3.5.1 Model scale tribometers in additional configurations 
Model scale tribometers can only replicate specific scenarios in a component. 

In order to complement the scenarios investigated by SRV-3 and MVT-2, various 
tribometers have been employed in the supplementary studies. Figure 24 displays 
three different ball-on-flat model scale tribometers that were employed throughout 
the Additional Research Contributions. The leftmost tribometer – the CATRI © – 
was employed in Ref [11]. CATRI is an advanced ultrahigh-vacuum tribometer 
(available at the research institute Tekniker in Eibar, Spain), decsirbed in detail in 



Chapter 3: Materials and Methods 

33 

Ref [161]. The CATRI was employed to study P-SiSO lubrication of aerospace 
metal alloys in Ref [11]. A titanium (Ti6Al4V) ball was pressed (2 GPa) against a 
nickel-alloy steel (C300 maraging) while sliding at low speed (0.015 m/s) under 
high vacuum and various atmospheres. A conventional ionic liquid as well as 
PFPE was employed as references. The WAM (Wedeven Associates Machine) – 
a high performance rolling-sliding tribometer – was employed in Ref [22] in 
collaboration with Hansen et al., In this work, P-SiSO was studied as an additive 
at 1 wt% concentration in a neat hydrocarbon base fluid (squalane) under well-
controlled EHL conditions, and compared to several conventional additives. The 
work was followed up by Hansen and co-workers and an extensive study can be 
found in reference [162]. Finally, the CETR UMT-2 tribometer – a universal 
micro/macro tester – was employed for unidirectional sliding experiments 
involving P-SiSO in Refs [23], [24]. Although these studies were preliminary in 
nature (apart from [162]), they did provide interesting supplementary results and 
are therefore deserving of this short description.  

 
Figure 24. Tribometers employed in supplementary studies. 

 

3.5.2 Surface analytical tools  
In order to characterize thin boundary films in detail, highly surface sensitive 

instruments are required. Figure 25 display two instruments that were employed in 
preliminary experiments included in the Supplementary Results. Boundary films 
formed by neat P-SiSO was investigated by X-ray photoelectron spectroscopy in 
collaboration with AC2T in Ref [17], and probed by nanoindentation in Refs [17], 
[18].   
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Figure 25. Surface sensitive instruments for characterization of thin tribofilms: 

nanoindentation and X-ray photo-electron spectroscopy employed in supplementary 
studies. 
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4 SALIENT RESULTS  

4.1 PAPER [1] – MOLECULAR DESIGN OF P-SISO IONIC 
LIQUID  

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. Since ILs are prepared 
by combining cationic and anionic moieties, each part could be designed 
individually.  

4.1.1 Cation considerations  
Of the three cationic moieties primarily used for ILs (1,3-dialkylimidazolium, 

tetraalkylammonium, and tetraalkylphosphonium) [51], 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 modifiers  
• Metal phosphate boundary film precursor [163]  
• The presence of higher alkyl groups make the molecules hydrophobic 

and increase the hydrocarbon content, in line with the hydrocarbon-
mimicking strategy.  

4.1.2 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 
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functional groups. This was  investigated in 2012 by Minami et al [141]. The 
continuation of this work focused on alkyl oxoacids such as phosphates [164], 
sulfonates [165], and carboxylates. The alkyl group in these acids enables the 
possibility to modify fluid properites by changing the functional group(s). 
Trimethylsilyl-substituted alkyl sulfonates are one recent example [166], [167]. 
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 [168]  

• 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 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 26.  

 

 

 
 

Figure 26. Expected function of each moiety [1]. 
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4.1.3 Performance of neat P-SiSO  
The measured friction coefficient as a function of test duration 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{2.1 GPa /25 °C /60 min} are shown in Figure 27a). 
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 27b), 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) 

 

b) 

 
Figure 27. 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. 
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The effect on friction and wear in response to increasing the applied load from 
100 N to 150 N is shown in Figure 28. 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 28. 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. 

4.2 PAPER [2] – BOUNDARY FILM FORMATION OF NEAT 
AND ADDITIVIZED P-SISO  

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 29. 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 𝑊𝑊𝐻𝐻𝐻𝐻 ≈ 1.75  for the GL-5 
compared to 𝑊𝑊𝐻𝐻𝐻𝐻 ≈ 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 
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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 [171]. Anti-wear additives on the other hand are normally active 
at lower loads, where they prevent wear, but generally increase friction [28]. 
Notably, the P-SiSO in these conditions display a different behavior, with minimal 
wear while maintaining a low and relatively steady friction coefficient.  

 

 
Figure 29. 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 30. Three 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.  
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Figure 30.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 31 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 28 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.  
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Figure 31. Neat P-SiSO performance in terms of friction and wear is excellent at 

conditions V{2.4 GPa /40–80 C /60 min}. 

4.2.1 Effectiveness of additives in P-SiSO  
Figure 32 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 30 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.   

 
 

Figure 32. PNA and OPP additives evaluated at V{3.0 GPa /40–80 °C /60 min} from 
Paper [2]. Amine improved performance of P-SiSO at harsh conditions. 

In Figure 33a, 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 
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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 𝑊𝑊𝐻𝐻𝐻𝐻 = 1.15 for PNA, shown in Figure 33b).  

 
 

 
a) 

 
b) 

Figure 33. 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. 

4.2.1.1 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 34. As emphasized in Figure 34a, the wear scar was barely visible 
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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 34a, When 
magnification was increased (Figure 34b), dark patches could be seen to cover 
parts of the surface. Using low voltage (5 keV) EDS, the dark patches seen in  
Figure 34b was determined to consist of Si and O. Spot analysis of dark and bright 
regions can be seen in Figure 34c, 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 frequently reported as an active element in anti-wear 
films of ionic liquids containing phosphorus [163], [172]–[174]. Instead, elevated 
levels of Si and O were found in the wear track. As seen in  Figure 34b-c, Si and 
O are particularly associated with the dark patches (tribofilm) on the worn surface. 

 

 
a) 

 
b) 
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c) 

Figure 34. 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. 

4.2.1.2 Transition to secondary boundary film  
Figure 35 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 35a) 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 35c). Regarding the more severely worn 
sample (Figure 35b), the boundary film composition found in the disc wear scar 
had changed and P was clearly detected, together with Si, S, and O (Figure 35c).  
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a) 

 
b) 

 
c) 

Figure 35.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. 

4.2.2 Boundary film growth enhanced by amine additive 
SEM images and EDS spectra of the wear track lubricated with P-SiSO + PNA 

added is shown in Figure 36. 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 agreement with the literature on ionic liquids [51]–[53]. 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 
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compared to what was seen in previous tests of neat P-SiSO in the primary 
lubrication state.  

 
a) 

 
b) 

Figure 36. 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.  

4.3 PAPER [3] – P-SISO AS PERFORMANCE INGREDIENT 
IN SPACE LUBRICANTS  

4.3.1 Outgassing analysis 
The results of the ECSS-Q-70-2C outgassing experiment are shown in Figure 

37. As expected, neat MAC performed well, and all of the outgassing quality 
parameters TML (total mass loss), RML (relative mass loss), CVCM (collected 
volatile condensed material) were below the acceptance limits for materials to be 
used in spacecraft [49], [175]. The results of `MAC & P-SiSO´ clearly show that 
the addition of 0.4 wt% P-SiSO to MAC did not adversely affect the outgassing 
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performance, hence `MAC & P-SiSO´ also meets the outgassing requirements for 
space grade materials. For neat P-SiSO, the total mass loss (TML) and collected 
volatile condensed material (CVCM) are above the standard acceptance level, 
while the relative mass loss (RML) is below the acceptance limit. The difference 
between TML and RML is commonly referred to as water vapor regained (WVR) 
in ECSS-Q-70-02C. This result indicate that the outgassed species from neat P-
SiSO is mainly water vapor that was absorbed during the conditioning step. 
Although highly alkylated ILs (including tetraalkylphosphonium) are considered 
hydrophobic, they can display significant water absorption in a humid atmosphere 
[176]. Regarding the relative mass loss of P-SiSO, it indicates that there is 
measurable outgassing, albeit at a rate that is acceptable according to the ECSS-
Q-70-02C standard. It is reasonable to assume that humidity is detrimental to the 
vapor pressure of P-SiSO, as hydrolysis of P-SiSO can produce a neutral ion pair 
with high boiling point via the reaction in Equation 4.1.  

[R4P][TMSC2H4SO3] + H2O ⇌  [R4P][OH] +  TMSC2H4SO3H (4.1) 

Formation of neutral ion pairs are known to increase the vapor pressure of ionic 
liquids [177], and should be avoided if possible. Incorporating anti-oxidants is a 
feasible strategy of mitigation, and in our previous work we successfully employed 
N-Phenyl-1-naphthylamine as an additive in P-SiSO [2].  

The maximum allowable concentration of P-SiSO in MAC can be estimated by 
interpolating the outgassing performance of neat P-SiSO and neat MAC. 
Assuming there are no antagonistic effects, and sufficient solvency, it would be 
possibly to use a concentration of approximately 10 wt% of P-SiSO in MAC 
without compromising the outgassing performance. Our preliminary analysis 
indicate that the maximum allowable concentration of P-SiSO in MAC would be 
limited by solvency before exceeding the acceptable limits of outgassing 
performance.  

 
Figure 37. Thermal vacuum (125 °C and <1E-3 Pa) outgassing test for screening of space 

materials, in accordance to standard ECSS-Q-70-02. The outgassing performance in terms 
of total mass loss (TML), relative mass loss (RML), and collected volatiles condensable 
material (CVCM) is within the acceptance limits for neat MAC, and MAC with 0.4 wt% P-
SiSO (MAC & P-SISO). Neat P-SiSO display TML and CVCM outside the acceptance 
limit, while RML is acceptable.  
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4.3.2 Conductivity analysis 
The conductivity analysis of `MAC & P-SiSO´, containing 0.4 wt% P-SiSO in 

MAC, is summarized in Figure 38. We measured electric conductivity over a range 
of temperature from 25 °C to 100 °C. The conductivity measurements were made 
sequentially, starting at 25 ° and repeated at temperature increments of 25 °C until 
the 100 °C level was reached, before allowing the liquid to cool down to 25 °C to 
measure the conductivity again, as displayed in Figure 38 (a). A strong 
temperature-dependency was expected – mainly due to the influence of viscosity 
– and can be estimated according to ASTM D2624 as described in Equations 2.1–
2.2 in Ref [3]. However, apart from the temperature influence, the measured 
conductivity also displayed an obvious time-dependency at higher temperatures. 
Starting at 75 °C, we observed that conductivity was increasing over time before 
stabilizing within a few minutes, as indicated by the arrow in Figure 38(a). Based 
on this observation of time-dependency, the conductivity was recorded 
continuously at the 100 °C temperature level as shown in Figure 38(b). During this 
measurement, the conductivity continued to increase for ~90 minutes before 
finally reaching a steady state at 382 pS/m. Considering the fact that the 
temperature had stabilized within 5 minutes, the results shown in Figure 38(b) 
clearly show that temperature effects on viscosity is not sufficient to explain the 
observed time-dependent increase in conductivity. The final measurement of the 
sequence displayed in Figure 38(a) was the conductivity re-measured at 25 °C after 
allowing the liquid to cool down from 100 °C. This measurement provides further 
information about factors that influence the conductivity of this system. Clearly, 
the re-measured conductivity at 25 °C is significantly higher than what was 
measured in the initial state at the same temperature. The observed temperature-
hysteresis of conductivity produced an increase in conductivity from 22 to 96 
pS/m, an increase of a factor of almost 4.4 between the initial measurement at 25 
°C and the final (steady) measurement at 25 °C.  

The investigated liquid, `MAC & P-SiSO´, can be modeled as a simple ionic 
electrolyte system with a low concentration of large ions in an apolar solvent. 
Considering classical theory of ion-solvent dynamics, ionic conductivity of such 
an electrolyte depends mainly on the ability of the charge-conducting ions to 
overcome the viscous resistance of the solvent [178]. The increase in conductivity 
should therefore be an effect of (i) a decrease in viscosity, (ii) an increase in the 
ionic mobility, or (iii) an increased number of charge carriers, or a combination 
thereof. Theoretically, decomposition of the base fluid or ionic liquid could 
influence these factors. Therefore, post-experiment FTIR analysis was performed 
and compared to pre-experiment FTIR analysis, and as shown in Figure 38(c) we 
did not observe any sign of degradation, as the ‘Before’ and ‘After’ FTIR-results 
could not be distinguished from each other. This indicates that it is unlikely that 
any permanent degradation – sufficient to explain the 4.4 times increase in 
conductivity – occurred at elevated temperatures, especially considering the high 
chemical stability of the investigated compounds. Based on this analysis, viscosity 
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effects cannot explain the increase in conductivity seen in the initial and final 
measurement at 25 °C, or the time-dependency observed at 100 °C, and thus option 
(i) can be ruled out as an explanation of the increased conductivity. The remaining 
options are (ii) increased ionic mobility, or (iii) an increased density of charge 
carriers. Option (ii), increased ionic mobility, is also theoretically possible by 
decomposition if it causes a reduction of the effective ion radius. The effect on ion 
radius on ion mobility can be estimated by the Stokes-Einstein equation as 
explained in [179]. However, also in this case the decomposition would have to be 
significant to explain the 4.4 times increase in conductivity, and such a 
decomposition should be detectable by FTIR. Consequentially option (ii) is also 
unlikely as an explanation of the increased conductivity. The remaining alternative 
to explain the observation of increasing conductivity at constant temperature is 
option (iii), an increased density of effective charge carriers. The number of charge 
carriers depend on the amount of charge-carrying mobile species, and the presence 
of ionic aggregates or ion pairs form neutral species which cannot be considered 
charge carriers [180]. Furthermore, ionic mobility can be inhibited by adsorption, 
which would also decrease the effective number of charge carriers. This 
mechanism is also in line with reports of time-dependent conductivity for 
lubricating oils with conductivities in the range of 1–500 pS/m, which was 
attributed to ionic mobility factors [181].  Under an alternating electric field – as 
was employed in our experiment – it is reasonable to assume that ions of opposite 
polarity will strive to reposition into an energetically favorable ordered 
distribution, as shown schematically in Figure 32(d). It is also reasonable to 
assume that the rate of this process is increased at higher temperature, due to 
reduced viscosity. This mechanism would explain the conductivity-temperature 
hysteresis that was observed upon cooling the fluid down from 100 °C to 25 °C.  

To estimate the conductivity in a practical application such as a ball bearing at 
operating speeds is complicated by the factors discussed. The effect on 
conductivity by factors such as lubricant confinement, high pressure and shearing 
motion are not obvious. However, it is clear that the magnitude of the conductivity 
is on the order of 100 pS/m, which was the criteria for being considered relevant 
in minimizing the risk of electrostatic discharge damage in a space application.  
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Figure 38. Conductivity analysis of `MAC & P-SiSO´, containing 0.4 wt% P-SiSO in 

MAC. (a) Conductivity measured sequentially from 25 °C to 100 °C in increments of 25 
°C, before cooling down to 25 °C.  Dashed lines represent ASTM D2624 temperature-
conductivity relations estimated for initial and steady state. (b) Detailed view of initial 100 
minutes of conductivity measurement at 100 °C shows time-dependency of conductivity. 
(c) FTIR-analysis before first and after last conductivity measurements confirm chemical 
stability. (d) Schematic illustrtation to explain the observed time-dependency of 
conductivity. 

4.3.3 MVT-2 tribotest in vacuum 
Results from the MVT-2 vacuum tribometer experiments are shown in Figure 

39. These experiments evaluated neat MAC and `MAC & P-SiSO´ under high 
vacuum (HVAC) conditions (<1E-3 Pa), at 40 °C and 40 N load (2.1 GPa) under 
unidirectional sliding conditions. As explained in Ref [3] section 2.4.2 under 
Materials and Methods, these experiments were conducted with the highly 
polished standard MVT-2 samples, having a composite roughness below 10 nm. 
The conditions were adapted to minimize hydrodynamic effects and focus on the 
boundary lubrication performance. The friction traces of neat MAC and `MAC & 
P-SiSO´ over the 30 minute experiment duration are displayed in Figure 39(a). 
Figure 39(b) provide the 3DP topographical data of the ball wear scars, together 
with numeric wear indices (WHz) and wear volumes (Wv). The ball form having a 
radius of 3.175 mm has been removed from the 3DP ball topography data. Figure 
39(c–e) display detailed views of the running-in (c) period, as well as two 
indications of partial seizures observed at the time (d) 1090 seconds and (e) 1540 
seconds into the experiment with neat MAC.  
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As seen in Figure 39(a), and magnified in Figure 39(c), the neat MAC display 
a pronounced running-in behavior with a rapidly rising friction in the initial 10 
seconds. A significantly increased friction coefficient is maintained during the 
initial 4 minutes (240 seconds) before stabilizing around the initial value. It is 
deemed likely that higher friction during the running-in phase was accompanied 
by significant wear. In contrast, `MAC & P-SiSO´ display a relatively steady 
running-in process, with a very slight increase in friction from 30–60 seconds into 
the experiment. However, also with `MAC & P-SiSO´ there was a running-in 
process over the initial ~500 s. In the case of `MAC & P-SiSO´, the friction 
coefficient remains low, but the running-in process is accompanied by slight 
fluctuations in friction before the friction stabilizes. The 3DP data reported in 
Figure 39(b) display wear indices (WHz ) of 1.21 for neat MAC, and 1.05 for ̀ MAC 
& P-SiSO´. The removed volume of material (Wv) was twice as large in the sample 
lubricated by neat MAC as compared to `MAC & P-SiSO´. It is likely that a 
significant part of the wear seen with MAC was produced during the running-in 
phase, as indicated by the significantly higher friction. After such a period of high 
wear, the load bearing contact area increases, which in turn lowers the actual 
contact pressure throughout the remaining test.  

Regarding the indication of partial seizures in neat MAC highlighted in Figure 
39(d–e), this behavior is not surprising considering again that neat MAC does not 
contain any triboimproving additive. As seen from the 3DP data, the wear depth is 
>0.4 µm, indicating that initial oxide layers are likely worn through at this point. 
In oxygen depleted conditions, nascent metal exposed by wear will remain reactive 
for longer than it would in air, leading to an increased risk of severe adhesion. In 
space tribology, this is often referred to as cold welding, and partial seizures are to 
be expected [182]. Under the conditions of this experiment, wear on the rotating 
disc was barely measureable as it was distributed over the entire arc length of the 
wear track. In the case of a longer test duration, it is possible that disc oxide layers 
would also be removed, with ensuing risk of gross seizure by cold welding. In 
contrast to the partial seizures observed in the case of neat MAC, there were no 
such observations in the case of `MAC & P-SiSO´.  
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Figure 39. Results from MVT-2 tribotest in high vacuum comparing neat MAC, and 0.4 

wt% P-SiSO in MAC, `MAC & P-SiSO´. (a) Friction traces over 30 minute test duration. 
(b) Topographical data (3DP) of the ball wear scars, together with numeric wear indices 
(WHz) and wear volumes (Wv). (c) Detailed view of the running-in period. (d-e) detailed 
views of abrupt friction increase interpreted as indication of partial seizures. 

4.3.4 Boundary film analysis of SRV-3 samples 

4.3.4.1 Surface analysis by complementary techniques 
We employed a set of complementary techniques (LOM, 3DP, SEM-EDS) in 

order to gain insight into the boundary films formed by P-SiSO in the neat form or 
as a lubricant additive in MAC at 0.4 wt% concentration. Worn samples from 
SRV-3 experiments were analyzed. The main focus of the study was `MAC & P-
SiSO´, while neat P-SiSO and neat MAC was analyzed as references. Light optical 
microscope (LOM) was used to record the visual appearance and spatial extent of 
the boundary film coverage. The 3D-profilometer (3DP) technique based on 
scanning white light interferometry provides topography information that quantify 
the amount of wear, and 3DP was also employed to provide information about the 
extent of boundary film coverage by analyzing the intensity of the reflected light 
over the analyzed area. Finally, SEM provides details of the surface morphology 
that is necessary to understand mechanisms of wear, while EDS provide elemental 
chemical information that can be used to infer the boundary film composition. The 
EDS signal is normalized against the average background radiation measured 
between 1.0–1.5 keV in the energy spectra.  
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The analysis in Figure 40 is focusing on SRV-3 samples subjected to conditions 
{150 N/ 2.4 GPa/ AIR}, however, a similar analysis was made for all conditions 
and further results can be found in the Supplementary Material of Ref [3]. All 
analyzed samples shown were washed ultrasonically in two steps before the 
analysis; five minutes immersed in heptane followed by five minutes immersed in 
ethanol.  

Figure 40 include surface analysis of neat MAC by LOM, 3DP, and SEM-EDS. 
When studying the worn disc surface lubricated by neat MAC under LOM, as seen 
in Figure 40(a), there is no indication of boundary film present. The surface 
appears brighter than the surrounding unworn material, which is indicative of 
nascent steel exposed by severe wear. The ball wear scar image seen to the left in 
Figure 40(a) was produced by 3DP in intensity mode, and the dark appearance of 
the wear scar is in this case an effect of reduced reflection caused by the significant 
roughness of the surface. Figure 40(b) shows a detailed view of the ball topography 
measured by 3DP. The ball curvature has been subtracted from the data in order to 
discern the depth of wear on the ball (~5 µm). It is clear that most of the wear is 
located at the center of the ball, where the contact pressure is highest. This result 
is in line with the well-established Archard wear model, which predicts that wear 
is proportional to load [183], and therefore wear depth should correspond to the 
pressure distribution. The disc topography measured by 3DP is seen in Figure 
40(c-d) at low and high magnification. It can be clearly seen that lubrication by 
neat MAC under the conditions {150 N /2.4 GPa /AIR} produces a rough surface 
that appears severely abraded. The detailed view in Figure 40(d) show that there 
is a significant amount of adhered material on the disc surface, leading to a high 
area roughness (Sq = 0.317 µm). Figure 40(e) show the same region by SEM, with 
five locations (approximately 1x1 µm) selected for EDS analysis. The EDS-
analyzed regions were selected to search for evidence of chemical reactions, 
although in the case of neat MAC in AIR, no boundary film was expected. As seen 
in Figure 40(f), the detected energy peaks (normalized counts) are associated with 
carbon, oxygen, and iron, and there is no significant difference compared to the 
unworn reference. Also, there is no significant difference between the regions 
marked ‘Film’ or ‘Blank’ (plotted signals are shifted vertically by 4 units to 
improve visibility).  

This analysis shows that the neat reference lubricant MAC behaves as expected 
under these conditions, with high friction and wear. No significant boundary film 
was produced to protect the surfaces from severe adhesion.  



Chapter 4: Salient Results 

54 

 
Figure 40. Surface analysis of SRV-3 steel samples lubricated with neat MAC under 

conditions {150 N /2.4 GPa /AIR}. (a) Overview of ball and disc wear scars. (b) Detailed 
view of ball wear scar topography as seen by 3DP with 10X objective (curvature removed). 
(c) Disc wear scar topography seen by 3DP using 10X objective and (d) detail at 50X 
objective. (e) SEM-EDS analysis of region corresponding to topography in (d). EDS spectra 
of regions of interest. 

The boundary film formed by the lubricant consisting of 0.4 wt% P-SiSO in 
MAC, `MAC & P-SiSO´, is analyzed in Figure 41. When studying the worn 
surfaces under LOM, they appear covered in blue, purple and black patches, 
indicative of boundary film. The detailed 3DP-view of the ball wear scar 
topography shown in Figure 41 (b) indicate that the central load carrying region of 
the ball has been well protected, in contrast to the surface lubricated with neat 
MAC seen in Figure 40(b). Clearly, the wear mechanism when lubricated with 
`MAC & P-SiSO´ no longer follows the simple relation of wear rate proportional 
to load as described by the Archard wear model. From Figure 41(c-d), it is clear 
that the disc surface has experienced little wear, and the roughness was actually 
slightly reduced within the wear scar (Sq = 0.102 µm) compared to the unworn 
surface outside the wear scar (Sq = 0.116 µm). The SEM-EDS analysis in Figure 
41(e-f) indicates a boundary film composed mainly of silicate, which is in line with 
results seen in previous work [2], [22], [162].  
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Figure 41. Surface analysis of SRV-3 steel samples lubricated with `MAC & P-SiSO´ 

under conditions {150 N /2.4 GPa /AIR}. (a) Overview of ball and disc wear scars. (b) 
Detailed view of ball wear scar topography as seen by 3DP with 10X objective (curvature 
removed). (c) Disc wear scar topography seen by 3DP using 10X objective and (d) detail at 
50X objective. (e) SEM-EDS analysis of region corresponding to topography in (d). EDS 
spectra of regions of interest. 

The analysis of the boundary film formed by neat P-SiSO is shown in Figure 
42. The visual appearance of the disc wear scar as seen by LOM in Figure 42(a) 
indicates the presence of boundary film. In comparison to `MAC & P-SiSO´, the 
boundary film formed by neat P-SiSO produce a darker appearance when observed 
by LOM. The topographical analysis by 3DP shows barely detectable wear along 
the edge of the ball wear scar, seen in Figure 42(b), and insignificant wear on the 
disc as seen in Figure 42(c). In the case of neat P-SiSO, the surface roughness 
within the worn region of the disc was significantly reduced (~40%) in comparison 
to the unworn region (Sq = 0.116 µm). The valleys seen in Figure 42(d) are 
attributed to the original surface texture, and were not affected by wear, and 
consequently, the reduction in surface roughness can be attributed to the removal 
of peaks. As shown in the SEM image Figure 42(e), the boundary film was only 
formed on peaks, and no film was observed in the valley region. EDS analysis in 
Figure 42(f) indicate that the boundary film is composed of silicate, similar to the 
boundary film observed in the case of `MAC & P-SiSO´ and again in line with 
previous studies [2], [162].  

Comparing neat P-SiSO to ̀ MAC & P-SiSO´, the detected characteristic energy 
peak signal of Si is weaker, and the observed coverage is significantly lower in the 
case of neat P-SiSO. The fact that a stronger boundary film signal is detected in 
the case of `MAC & P-SiSO´ at 0.4 wt% concentration compared to neat (100 
wt%) P-SiSO is attributed to the low amount of wear in the case of neat P-SiSO. 
A worn surface provides exposure of nascent metal that act as favorable sites of 
boundary film formation, and consequently, if there is very little wear there will 
also be very little boundary film.  
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Figure 42. Surface analysis of SRV-3 steel samples lubricated with neat P-SiSO under 

conditions {150 N /2.4 GPa /AIR}. (a) Overview of ball and disc wear scars. (b) Detailed 
view of ball wear scar topography as seen by 3DP with 10X objective (curvature removed). 
(c) Disc wear scar topography seen by 3DP using 10X objective and (d) detail at 50X 
objective. (e) SEM-EDS analysis of region corresponding to topography in (d). EDS spectra 
of regions of interest. 

4.3.4.2 Influence of atmosphere on boundary film formation 
The boundary film composition was very similar in the case of `MAC & P-

SiSO´ under all atmospheric conditions at 150 N load. Figure 43 provides 
information about the composition of the films formed under various atmospheres, 
along with the spatial coverage of the boundary films as observed by LOM and 
SEM. It is clear that the boundary film mainly consists of Si, O, and S, with P only 
detected under CO2 atmosphere when there is slightly more wear Figure 43(c, g). 
It has been shown in previous work that phosphorous is activated only at very 
harsh conditions when using neat P-SiSO [2], and the same appears true in the case 
of P-SiSO in the additive form (MAC&P-SiSO). As shown in Figure 43(h), the 
boundary film formed by neat P-SiSO also appear to be relatively insensitive to 
the atmospheric conditions, however, there is one major difference under N2, 
where no boundary film could be detected at all. The N2 atmosphere corresponded 
with the most favorable tribological performance, and it is thus likely that the wear 
under this condition was too insignificant to provide the nascent metal sites and 
friction energy required to form a significant solid boundary film. Possibly, 
adsorption of ions is improved under dry N2, leading to a sufficient layer of 
adsorbed ions that provide excellent tribological performance under the conditions 
{150 N/ 2.4 GPa/ N2}. As seen by the corresponding LOM image in Figure 43(e), 
there appear to be a boundary film formed in the wear track, as indicated by the 
black regions in the wear track, but it is likely that the film is too thin to be 
detectable by the EDS analysis even at the lowest feasible accelerating voltage 
used (5 kV). Another interesting observation was that the mechanism of boundary 
film formation under CO2 appear significantly different to the film formation under 
AIR or N2. As shown in Figure 43(c,f), the carbon dioxide atmosphere 
significantly increases the coverage of the P-SiSO boundary film, whether 
observed in LOM or SEM. Formation of boundary film under CO2 was also 
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observed in the case of neat MAC (not shown), which had significantly improved 
tribological performance under CO2 atmosphere in comparison to AIR or N2. 
Apparently, at high concentration of CO2 at atmospheric pressure, the formation 
of boundary film is enhanced. In the case of neat MAC, this is clearly beneficial, 
whereas in the case of neat P-SiSO it slightly shifts the wear mechanism towards 
reduced friction at the expense of slight wear. This observation is in line with 
conventional boundary lubrication theory, where excessive boundary film 
formation can trigger a sacrificial wear mechanism that provides reduced friction 
at the expense of increased wear [184]. It should also be noted that the Si-signal is 
reduced in the case of neat P-SiSO under CO2 conditions, and that there is a 
significant increase in the carbon-signal, which could indicate a change in the 
composition of the boundary film, and not only the amount of coverage.  

 
Figure 43. Boundary film analysis of SRV-3 steel discs. (a-f) Complementary 

microscopic techniques (left part LOM and right part SEM) indicate the boundary films 
coverage in the wear scars lubricated with `MAC & P-SiSO´ (a-c) and neat P-SiSO (d-e) 
under conditions {150 N/ 2.4 GPa/ AIR}, {150 N/ 2.4 GPa/ N2}, {150 N/ 2.4 GPa/ CO2}. 
(g-h) Relative abundance (in relation to unworn Reference) of elements detected in the 
boundary films when lubricated with `MAC & P-SiSO´ (g) or neat P-SiSO (h).  

4.3.5 Proposed model of lubrication by P-SiSO boundary film  
Based on the surface analysis, a model of lubrication with P-SiSO in neat form 

or as additive (MAC&P-SISO) is prosed in Figure 44. In this model, P-SiSO is 
initially adsorbed onto the lubricated surfaces, providing effective lubrication 
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without significant formation of a solid boundary film, as observed with neat P-
SiSO under conditions {150 N / 2.4 GPa / N2}. The mechanism of lubrication by 
the adsorbed P-SiSO cannot be conclusively determined from this study, however, 
three plausible mechanism of lubrication by the adsorbed layer are proposed: (i) 
Adsorbed cations could act analogous to organic friction modifiers, with the 
phosphonium cation resembling a conventional organic friction modifier [29], as 
suggested previously [1]. Another possibility (ii) is that the adsorbed layer consists 
of both anions and cations arranged in ordered layers, providing low friction by 
interlayer shearing [185]. The third option (iii) is that the adsorbed layer increases 
the viscosity in comparison to the base fluid, and thereby provides a hydrodynamic 
lubrication contribution in a manner similar to the mechanism of polymer based 
viscous surface films [186].  

In any case, if the lubrication conditions become harsher, so that the adsorbed 
layer is insufficient to protect the steel surfaces, nascent metal is exposed by wear 
while frictional heating provides activation energy for chemical reactions. At this 
second step, a silicate boundary film is formed by decomposition of the anion. The 
silicate film provides effective surface protection under the investigated boundary 
conditions. Determining the mechanism of friction and wear reduction by the 
silicate film requires further analysis, however, it is clear that the boundary film 
provides a smooth surface and that the film prevents adhesion by passivating the 
nascent metal sites. SEM images indicate that the silicate film is being worn, and 
it is likely that it is continuously reforming in a manner similar to conventional 
anti-wear agents [187]. As shown in the proposed model, the silicate layer may 
also coexist with an adsorbed layer, and in that case the smoothness of the film 
would be an important factor in maintaining low friction.  

The final step of the proposed model is reaction of phosphorous as the 
phosphonium cation decomposes. At this step, it is known from previous work [2] 
that the friction stabilizes at a significantly increased level, and significant wear 
and increase in surface roughness occur in a manner similar to extreme pressure 
lubricant agents.  

The influence of atmospheric conditions on tribological results and the observed 
boundary film formation can be explained based on the proposed model. The 
gaseous atmospheres (N2, CO2) infer dry conditions (<5%RH), whereas AIR 
conditions infer exposure to atmospheric humidity. Comparing AIR and N2, it is 
reasonable to assume that the slightly increase friction and wear seen under AIR 
with neat P-SiSO is due to the adsorption mechanism of P-SiSO being affected by 
competitive adsorption by H2O in the humid environment, which negatively 
affects the lubrication performance and consequentially leads to increased wear. 
As nascent metal is exposed by wear, the formation of silicate film increases, 
which explains the stronger observation of silicate under AIR conditions.  

Regarding the influence of CO2 atmosphere, the results of neat P-SiSO suggest 
that friction is reduced under CO2, while wear increases slightly compared to AIR 
or N2. The observed silicate boundary film coverage was significantly increased 
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under CO2 conditions, indicating increased reactivity under CO2. From the 
outgassing results, in Figure 31, a hygroscopic tendency can be seen for neat P-
SiSO, meaning that samples exposed to humidity during storage is likely to 
provide absorbed H2O. In the presence of CO2, as H2O is combined with CO2, it is 
possible that carbonic acid is formed, leading to a consequent increase of boundary 
film as described in the reaction scheme outlined in Equations 4.2–4.7.   

CO2 +  2H2O ⇌  [H3O][HCO3] (4.2) 

[R4P][TMSC2H4SO3] + [H3O][HCO3] ⇌ [R4P][HCO3]
+ [H3O][TMSC2H4SO3] 

(4.3) 

M → M⊕ + e⊝ (4.4) 

[H3O][TMSC2H4SO3] + M⊕ ⇌ H⊕ + H2O + TMSC2H4SO3M 
⇉  𝐵𝐵𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 

(4.5) 

H⊕ + e⊝ → H∙ (4.6) 

2H∙ → H2 (4.7) 

The influence of CO2 may be of interest for space applications intended for 
exploration of Mars, where the atmosphere is composed of 95 % CO2. However, 
it should be noted that this study was performed at terrestrial atmospheric pressure 
(101 kPa) instead of Mars atmospheric pressure of <1 kPa, and consequentially the 
observed influence of CO2 is expected to be less pronounced in a Martian 
environment than in these experiments.  

 
Figure 44. Proposed model of boundary film formation with P-SiSO, based on surface 

analysis. Ionic adsorption is followed by chemical reactions of silicate and eventually 
phosphate as the energy available for chemical reaction increases. 
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4.4 PAPER [4] – METHODOLOGY FOR GEARBOX 
EVALUATION AND ANALYSIS  

4.4.1 Methodology for tribology analysis – Assembled GATR 
The assembled geared actuator test rig is shown in Figure 45. The photos show 

the geared actuator test rig (GATR) in the idle position, with the interior 
refrigerated chamber open to the ambient atmosphere. When conducting 
experiments at low temperature, the atmospheric chamber was tilted to the vertical 
configuration and the environmental chamber was placed into the interior 
refrigerated compartment.  

 
Figure 45. Assembled geared actuator test rig (GATR). 

4.4.2 Verification and validation of the GATR 
Figure 46 displays results of the geared actuator test rig verification and 

validation experiments, conducted under dry nitrogen atmosphere at -20 °C 
nominal temperature. The actuators were started from the stationary position at 
time zero, and the speed was linearly ramped up to 8000 rpm during the initial 10 
seconds. A pre-set load was applied to the dynamometer, corresponding to a 
nominal output torque of 0.8 Nm. The applied torque corresponds to ~20 % of the 
maximum rated torque for these gearboxes.  

In Figure 46(a-d), the left vertical scale displays the relative efficiency of the 
gearbox of the corresponding actuator unit. The dotted markers display the 
momentaneous power output divided by the power input, 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜/𝑃𝑃𝑖𝑖𝑖𝑖, and the solid 
line display the efficiency, 𝐸𝐸𝑟𝑟 , as filtered by a 10 point Gaussian–weighted moving 
average filter. The right vertical scale displays the temperature as registered by the 
gearbox housing sensor, TG, and as registered in the ambient environment inside 
the atmospheric chamber, TA . The top two graphs (a–b) correspond to two 
individual units (#1 and #5) that were both lubricated with the ‘Heritage Oil A’ 
while the graphs in middle row (c–d) correspond to the two units (#2 and #4) that 
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were both lubricated with the ‘Prototype Oil’. The details of the single actuator 
unit #3, lubricated with ‘Heritage Oil B’, is not shown. For all actuators units (1–
5), a clear rise in gear housing temperature was observed. This effect can be 
explained by the heat dissipation due to friction power loss in the gearboxes. 
During the initial five minutes, the ambient temperature remained unaffected 
despite this experiment being conducted without the use of dry ice, however after 
an extended duration the temperature rose significantly, indicating the importance 
of active cooling. Regarding the efficiency, as seen in Figure 46(c,d), display a 
very steady efficiency, indicating acceptable repeatability.  

The efficiency ranking is was ‘Prototype Oil’ > ‘Heritage Oil A’, which 
corresponds very well to recent experiments conducted in model scale tribotests 
[3]. The fact that there was no qualitative difference on the measured efficiency 
when exchanging the actuator unit demonstrates that the process of exchanging the 
gearbox was repeatable. Regarding the absolute values of the relative efficiency, 
these values should be considered a conservative (low) estimate. The test rig 
bearing friction power loss was omitted from the calculation, as well as the 
influence of the inertial energy in the dynamometer during the initial acceleration.  

The significant increase on gearbox temperature by frictional heating should be 
considered when studying the low temperature influence on oil starvation. In this 
type of accelerated test, the actuator was used at 95% duty cycle, whereas in 
practical space robotic applications, the duty cycle would be significantly lower 
and the gearbox would cool down between cycles. Accelerated life testing could 
possibly underestimate the risk of low temperature oil starvation effects, due to the 
frictional heating. If the nominal amount of oil is employed, forced cooling may 
be required even at low ambient temperatures if the purpose is to investigate effects 
of oil starvation at low temperature. The procedure of applying a reduced oil 
volume should limit the effect of temperature rise, so that starved conditions can 
be investigated even at increased temperatures. Overall, the results in Figure 46 
and the discussion above demonstrates that the method employed is valid for 
qualitatively studying lubrication effects on geared actuator performance.  
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Figure 46. Relative efficiency and temperature measurements to demonstrate the GATR 

functionality. (a-b), Two repeated experiments using actuator units #1 and #5, both 
lubricated with ‘Heritage Oil A’. (c–d). Two repeated experiments using actuator units #2 
and #4, both lubricated with ‘Prototype Oil’.  

4.5 PAPER [5] – P-SISO IN ACTUATOR GEARBOX UNDER 
SIMULATED SPACE CONDITIONS  

4.5.1 Results I –  Efficiency and Temperature 
The actuator efficiency and temperature over a 1 hour test cycle is shown in 

Figure 47. Between the three lubricants, a clear trend in both efficiency and 
temperatures can be distinguished with efficiency ranking of P-
SiSO>MAC>PFPE. Please note that ‘P-SiSO’ in this work designates the concept 
lubricant, consisting of 99.6 wt% MAC and 0.4 wt% P-SiSO. As expected based 
on the results from Paper [4], efficiency and temperature are inversely correlated, 
with high efficiency corresponding to low temperature increase and vice versa. 
This corresponds to previous model scale tribotests where variants of P-SiSO has 
been shown to reduce friction and wear compared to neat PFPEs as well as 
formulated lubricants [2], [162].  
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Figure 47. (a) Measured efficiency of actuator setup when lubricated with MAC, P-SiSO, 

and PFPE respectively. lubricants. (b) Gearbox housing temperature (T1) and chamber 
interior temperature (T2) over 1 h test (500 000 input revolutions). As expected, efficiency 
is inversely related to increasing gear house temperature (T2).  

4.5.2 Results II – Macroscale surface inspection  
The gearboxes were disassembled and inspected after 3h of test. PFPE showed 

evidence of heavy wear, with large amount of wear particles. Therefore we focused 
on MAC and P-SiSO. Inspection of MAC Stage 3, Figure 48(a), revealed dark 
particles and discolouring of the separator disc (B). EDS analysis confirmed a layer 
rich in carbon, indicating indicating decomposition of the hydrocarbon lubricant. 
Microscopy image of the MAC driven gear show a clear wear pattern, with particle 
build up towards the root. Inspection of P-SiSO Stage 3, Figure 48(b), did not show 
any obvious sign of degradation, but microscopy images show a blue and purple 
region above and below the pitch line of the driven gear, indicating tribofilm 
formation. Regardless of MAC or P-SiSO, the driven gear showed more signs of 
wear than the driver gear.  

 
Figure 48. Inspection of Stage 3 components. (a) MAC show visible lubricant 

degradation (confirmed by EDS) on stage 3 separator disc. Microscope image indicate wear 
above and below pitch line. (b) No sign of lubricant degradation in P-SiSO case. Worn area 
color shift indicates formation of boundary film. 

Increasing the magnification provides insight to the active wear and damage 
mechanisms. In Figure 49(a) the MAC surface show signs of scuffing, with 
adhered particles and abrasive marks. In contrast, Figure 49(b) show a surface 
where the original sintered pores remain, but the load bearing patches between 
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pores are very smooth. A surface roughness profile (avoiding pores) reveal that the 
surface parameters are significantly improved compared to the unworn reference, 
as well as the MAC or PFPE (not shown).  

 

Figure 49. Regions I-II of MAC and P-SiSO respectively, with roughness profiles and 
parameters along x profile. (a) MAC surface show evidence of partial seizures (scuffing). 
(b) P-SiSO produce smooth contact patches and retains the porous structure of the unworn 
sintered material.   

4.5.3 Results III – Sub-surface micro scale analysis 
The analysis in Figure 50 is limited to ~1 mm3 of the gear teeth located at the 

x-coordinate corresponding to the position along the flank that displayed the most 
wear. The colormap show the frequency of detected edges in the y-z plane. The 
gray scale refers to the density of the material; bright regions correspond to metal 
(dense) and dark regions to pores (air). Addendum (i) and dedendum (ii) regions 
on the driven (N) and driver (R) side of the gear are chosen for comparison. Figure 
50(a) show adhered metal, confirming scuffing at region (Nii). Interestingly, in the 
same region there are also sub-surface edges detected, which indicates risk of sub-
surface cracks. The subset images show possible crack formations at x-coordinate 
X1–4. Figure 50(b) shows significantly less activity in the colormap produced by 
the edge detection algorithm, indicating lower risk of sub-surface cracks. High 
friction is usually detrimental to sub-surface cracking. In starved lubrication 
conditions, the efficiency improvement of P-SiSO over MAC is likely attributed 
to surface friction, and therefore it is reasonable to assume less sub-surface 
cracking.  
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Figure 50. XMT analysis indicates potential sub-surface cracking. Driven side 
dedendum (Nii) is critical region. (a) MAC show severe scuffing with large particles 
adhered at Nii, and evidence of subsurface cracks in the same region (b) P-SiSO show less 
overall detected edges, and no evidence of scuffing.  
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5 SUPPLEMENTARY RESULTS 
This section provides supplementary results that are previously unpublished. 

These results have been presented at international conferences, and although not 
yet peer reviewed, they are included as they provide some interesting points for 
discussion.  

5.1 SURFACE ANALYSIS BY XPS  
The XPS analysis shown in Figure 51 indicated that Phosphonium was adsorbed 

(not reacted) on the worn surface, and that silicate had formed within the wear 
track. The formed boundary film displayed clear influence of the atmosphere. 
Humid conditions promoted wear as well as higher degree of silicate formation, 
whereas the strongest signal of adsorbed phosphonium cation was found under dry 
conditions.  

 
Figure 51. Adsorbed phosphonium and reacted silicate, slight revision of expected 

moiety functions.  

5.2 MECHANICS OF BOUNDARY FILM PROBED BY 
NANOINDENTATION  

Nanoindentation was employed to probe boundary films produced under SRV-
3 exerpiments. The preliminary results indicate a complex tribofilm, displaying a 
patchy morphology with high degree of variation in color when observed under 
optical microscope. Figure 52 displays a tribofilm patch indented at 10 mN force 
using a Berkovich diamond tip indenter. The largest patches, denoted ‘Coloured 
patches’ were possible to indent and relocate, as showed by the red circle. A visible 
indentation can be seen in the right side of the figure, in comparison to the image 
before the indent seen to the left. The corresponding (red) load-displacement curve 
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indicate clearly that the Coloured patches were softer than the surrounding steel. 
On the other hand, the bright blue tribofilm patches displayed a hardness 
(elasticity) behavior that could not be distinguished from the bare steel (‘Fe in wear 
track’). The steel samples analyzed were tested under dry atmosphere in the SRV-
3, and displayed very little visible boundary film, which complicated the probing.  

 

Figure 52. Nanoindentation of SRV-3 sample lubricated by P-SiSO+PNA.  
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6 HYPOTHESIS AND FUTURE WORK 
Based on the results of this work, a hypothetical tribo-mechanical model can be 

devised to explain the observed phenomena. First of all, it is clear that silicate is 
an important part of the boundary film mechanism, as shown in Papers [2–3] 
mainly. On the other hand, there are several instances where the best performing 
case did not display any clear sign of reacted boundary film, such as silicate, but 
despite the lack of observable tribofilm, the surface indicated very little wear. In 
Paper [3], we observed that P-SiSO, both in the neat form or as an additive, 
displayed superior performance under nitrogen atmosphere. In other studies [18], 
a similar effect was clearly seen in comparisons between dry air and humid air, 
where the tribotest in dry atmosphere provided clearly improved lubrication 
performance. As proposed in Paper [3], a likely explanation is improved 
adsorption due to less competition by humidity or other contaminants. Still, the 
contact pressures that these experiments were operated under are more severe than 
what is usually considered feasible for conventional friction modifier mechanisms 
(>3 GPa). Therefore, we consider alternative hypothesis. Recent work in rough 
surface EHL theory has indicated the importance of elastohydrodynamic effects in 
the microscale [188], [189]. The film parameter (Λ) was calculated in Paper [3], 
and no significant EHL contribution was expected. While this likely remains true, 
the situation is quite different on the microscale. By XPS analysis, we are certain 
that phosphonium cations were adsorbed during the tribotest, and remained 
strongly attached as they were still detected after the cleaning procedure 
(ultrasonic 10 min in heptane and ethanol). The phosphonium cation has a length 
dimension of approximately 2 nm. If we consider, as in Figure 53 “Potential 
asperity scenario A”, that 2 nm of ionic liquid is adsorbed onto an asperity forming 
a microEHL contact. Then it can be seen that the effective concentration of ionic 
liquid in the base oil – IL mixture, 𝑋𝑋𝐼𝐼𝐼𝐼 , will increase as the separation between the 
surfaces is reduced (ℎ𝐺𝐺𝑎𝑎𝑝𝑝 → 0). This appears reasonable since the base oil would 
be assumed to be squeezed out preferentially in comparison to the strongly 
adsorbed ionic liqud. In effect, the smaller the gap, the higher the concentraition 
of IL. It should be noted that there is a very significant difference in viscosity 
between the P-SiSO IL and the MAC base fluid, with P-SiSO displaying 
approximately a factor of 6 times higher viscosity. Therefore, if the asperity 
separation is reduced to 10 nm, and the adsorbed ionic liquid occupies 4 nm of the 
vertical distance, the concentration would increase from the nominal 0.4 % to 40 
%. According to Equation (6.1), that would correspond to a doubling of viscosity 
in comparison to the bulk viscosity,  assuming that the ionic liquid has similar 
pressure viscosity behaviour (𝛼𝛼).  

𝜈𝜈𝐴𝐴𝑖𝑖𝐺𝐺 = exp(exp(𝑋𝑋𝐵𝐵𝐵𝐵 log(log(𝜈𝜈𝐵𝐵𝐵𝐵 + 0.8)) + 𝑋𝑋𝐼𝐼𝐼𝐼
∗ log(log(𝜈𝜈𝐼𝐼𝐼𝐼 + 0.8)))) − 0.8 

(6.1) 
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Regarding the Figure 53 “Potential asperity scenario B”, this is a conventional 
anti-wear analogue description, where tribofilm is continuously being formed and 
removed in the vicinity of the contact. The tribofilm serves to passivate any nascent 
metal surface, to prevent partial seizures between interacting asperities. However, 
again, the micro-EHL theory provides an interesting insight, considering the 
extreme smoothness observed with P-SiSO under high contact pressures. The 
effect of asperity smoothness on tribological performance was recently explored 
in a doctoral thesis by Hansen [190], showing that the increase in average asperity 
radii provided a significant contribution to micro-EHL film formation [191], also 
valid for P-SiSO [162]. However, the shape of those asperities were measured 
using 3DP (scanning white light interferometry), and consequently includes the 
topography of any tribofilm attached onto the asperities as well. Based on what is 
known from mechanical probing by nanoindentation, it would seem reasonable to 
adjust the elasticity parameter as well, in order to capture the likely asperity 
deformation in the ~GPa contact. In total, all these factors described above – local 
viscosity increase, asperity smoothness, and asperity softening – should favor a 
better micro-EHL performance with P-SiSO. These effects could be quantified by 
a combined numerical and experimental approach, and would appear worthy of 
further investigation to the author.  

 
Figure 53. Hypothesis of boundary film asperity mechanics. 
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7 CONCLUSIONS 
In this work, the design of a task specific hydrocarbon-mimicking ionic liquid 

was described in Paper [1]. The ionic liquid was intended to improve boundary 
lubrication performance, applicable to space mechanisms. Excellent boundary 
lubrication performance was indeed observed in Paper [2], although 
serendipitously, a hybrid film composed of silicate and adsorbed phosphonium 
was deemed responsible for the tribological performance in Paper [3], as opposed 
to the expected reaction of phosphates or sulfates as is common in conventional 
tribo-improving additives. In Paper [4], a test methodology – comprised of a 
component level gear tester capable of cryogenic and oxygen derived conditions –
was designed and developed. Furthermore, a specific methodology for the detailed 
analysis of sub-surface damage in gears was designed, in order to support 
accelerated testing. Finally, in Paper [5], the concept lubricant was investigated via 
the previously described gear test methodology, in a setting replicating the 
lubricant starved conditions often faced by geared actuators in space robotics. 

The man conclusions of this work is that it is feasible to employ molecular 
design to develop task specific lubricants. Furthermore, the improved 
understanding of the tribo-mechanisms provide important insight into further 
iterations of molecular design. Boundary lubrication can be expected to become 
increasingly important, as space missions are targeting moving mechanical 
assemblies of increased power density, towards the long term goal of permanent 
human presence on the Moon and Mars.  
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Introduction

ars, bearings, and other moving mechanical assemblies
quire lubrication in order to operate reliably and efficiently.
er the past century, the dominating approach to machinery
brication has been based on hydrocarbons. During the same
e period, extensive research efforts have developed friction-
d wear-reducing additives that improve the tribological
rformance of lubricants.1,2 Conventional hydrocarbon base
ids however, are not able to meet the challenging require-
ents for operations in extreme environments; therefore,
nthetic alternatives are used. However, synthetic uids oen
ve chemical structures that are very different from conven-
nal hydrocarbons. This frequently leads to tribosystem
mpatibility issues. Also, the synthetic uids struggle to take
vantage of existing additive technology. Room temperature
nic liquids (RTILs) are a class of synthetic uids that have
rnered much attention recently. As explained below, their
nic nature leads to many options for molecular design, giving
em high potential as advanced lubricant base uids.
RTILs are composed entirely of cations and anions, forming
lts with melting points lower than room temperature. Since

RTILs are prepa
ties, millions o
possible.3 Owin
their ionic cond
and negligibly lo
of tailoring the
combinations, r
potentially be us
driver for these
suitability for u
tions.4 However
attractive repla
them attractive
tribological eva
there have been
use as lubricant
the topic since 2
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their properties
instance, RTILs
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ne improve the tribological characteristics of P–

ydrocarbon-mimicking RTIL lubricants can exhibit

performances can be improved further by using

ase oil-additive systems.

ed by combining cationic and anionic moie-
combinations with varying properties are
to the desirable properties of RTILs, such as
ctivity, high thermal and chemical stabilities,
vapor pressure, and because of the possibility
properties by using different anion–cation
earch interest in RTILs has soared. RTILs can
d in numerous applications. However, the key
intense research efforts has been the RTILs
e as nonvolatile solvents for catalyzed reac-
several of the properties that make RTILs
ments for conventional solvents also make
advanced lubricants. Thus, in 2001, the rst
ation of an RTIL was reported.5 Since then,
umerous studies that have evaluated RTILs for
, and several reviews have been published on
09.6–11

t of the RTILs investigated were synthesized
ations in mind, research has revealed some of
ake them suitable for use as lubricants. For
are readily adsorbed onto metal surfaces.
ixed- or boundary-lubricated conditions (i.e.
t lm does not fully separate the surfaces and
al contact occurs), the RTILs can react tri-
produce protective tribolms on rubbed

eved that their adsorption is promoted by their
ile their reactivity can be attributed to the
logens (mainly F) that are present in most of
igated in tribology.6–8 However, there is a ne
This journal is © The Royal Society of Chemistry 2017
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e between a reactivity that is just sufficient and one that is
cessively high. The reactivity should be high enough so that
otective tribolms can be formed; on the other hand, an
cessively high reactivity can lead to corrosive wear. The
timum reactivity depends on the specic tribosystem in
estion and the operating conditions.12,13 Fluorine-containing
ILs oen display an excessively high reactivity, leading to an
creased risk of corrosive wear.14–16 Although boundary lms of
n uorides afford physical protection against wear, the
drolysis of the uorides leads to corrosion through the
rmation of iron hydroxides and iron oxides. Furthermore,
n uorides are Lewis acids and can catalyze the degradation
lubricants.17,18

Synthesizing halogen-free RTILs is a step towards reducing
eir corrosiveness and increasing the general tribosystem
mpatibility. However, the tribological properties of such
ILs need to be improved further.19,20 In the case of conven-
nal mineral-based oils, the tribological properties can be
ned by using a base oil that exhibits low reactivity towards
gineering surfaces and by using an additive whose reactivity
tuned to the operating conditions and materials corre-
onding to the particular application. However, in the case of
mmon RTILs, it is not feasible to use this approach, owing to
e high inherent reactivity of the RTILs and given the fact that
ost additives are designed for base oils with a chemical
ructure similar to that of mineral oils and are therefore
nerally not compatible with RTILs.
In this work, RTILs were designed specically for use as base
ids in lubricants. When designing these synthetic lubricants,
strove to ensure a high content of hydrocarbons, as this is

pected to increase the tribosystem compatibility and reduce
e risk of tribo-induced corrosion. The idea was to ensure that
e structure of the RTILs mimicked that of hydrocarbon
bricants while ensuring that the desirable properties of the
ILs remained unaffected. Details of the molecular design
ocess are described in the next section. This is followed by
description of the results of the evaluation of the tribological
operties of the designed RTILs through reciprocating steel-
-steel ball-on-at tribotests.

. Molecular design strategy

nce RTILs are prepared by combining cationic and anionic
oieties, each part could be designed (synthesized) individu-
ly. Of the three cationic moieties primarily used for RTILs (1,3-
alkylimidazolium, tetraalkylammonium, and tetraalkylphos-
onium),6 tetraalkylphosphonium has a number of advan-
ges over the others:
� Higher thermo-oxidative stability
� Availability of higher alkyl substituents through a simple
eparative procedure
� The n-alkyl group has a structure analogous to that of
ction modiers
� Metal phosphate boundary lm precursor21

� The presence of higher alkyl groups make the molecules
drophobic and increase the hydrocarbon content, in line with
e hydrocarbon-mimicking strategy.

As for the an
commonly. Fluo
rated in a mole
molecule and m
substituent effe
other atoms su
thermo-oxidativ
molecule bulky
hydrogen. Owin
based anionic
However, as m
a signicant dis
tions, in that
considering u
charge on mole
we rst inves
groups.19 Then
focused on alky
and carboxylate
modied by ch
trimethylsilyl-su
recently.24,25 The
the following:

� The sulfon
to be adsorbed

� The trialkyl
with quaternar
properties26

� The additi
atom induce ole

In addition,
the molecule bu
of the resultant
RTILs were prep
sodium trimeth
available reage
intended functi

An alphanum
distinguish betw
kylphosphonium
anions. These n
(in cation), Si,

Fig. 1 Expected f

per
is journal is © The Royal Society of Chemistry 2017
nic moiety, uorine-containing ones are used
ine is highly electronegative and if incorpo-
ule, it stabilizes the negative charge on the
akes the molecule hydrophobic through the
. Further, it forms strong covalent bonds with
as those of carbon, thereby improving the

stability of the molecule. It also makes the
as its atomic radius is higher than that of
to these outstanding properties, uorine-

oieties are highly suited for use in RTILs.
ntioned previously, uorine also exhibits
dvantage with respect to tribological applica-
can cause tribo-induced corrosion. When
ine alternatives that can endow a negative
les while also affording tribological benets,
gated various pseudo-halogen functional
in continuation of our previous work, we
oxoacids such as phosphates,22 sulfonates,23

. The alkyl group in these acids could be
nging the functional group(s). For instance,
stituted alkyl sulfonates have been introduced
tructural features of the anion as lubricant are

e can act as an anchor, allowing the molecule
metal surfaces by forming a boundary lm

lyl group has a structure corresponding to one
carbons and results in better rheological

al hydrocarbon units present on the silicon
philic and hydrophobic properties.
e phosphonium and trialkylsilyl units make
y; this lowers the glass transition temperature
salts (RTILs). Based on this strategy, several
red from tetraalkylphosphonium chloride and
lsilylalkylsulfonate, which are commercially
s, by a one-step metathesis process. The
of each moiety is shown in Fig. 1.
ric code system (shown in Fig. 2) is used to
en the different RTILs based on the tetraal-
cation and the trialkylsilylalkylsulfonate
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Table 1 Physical properties of evaluated lubricants ([BMIM][TFSA] data
from ref. 22)

Density
[g cm�3]

Viscosity
[mPa s]

Oleophilic index
� � �

n

es describing the conditions (load, temperature, and
tribotests

Test code

g C{100 N/25 �C/60 min}
C{150 N/25 �C/60 min}

and temperature V{100 N/25–100 �C/180 min}
V{100–300 N/25 �C/150 min}

bility C{100 N/75 �C/60 min}
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ing attached to them. Therefore, the abbreviation P–SiSO is
ed hereaer when referring to these RTILs. This term is
mbined with a numeric system representing the carbon
mbers of the alkyl chains. With respect to the cation, three of
e four alkyl groups are the same. Therefore, a denotes the
mber of carbon atoms in the three identical alkyl groups,
ile b identies the remaining alkyl group. In the case of the
ion, c denotes the three identical alkyl groups (normally
ethyl), while the carbon number of the alkene connecting the
and S atoms is identied by d. This leads to the alphanumeric
de P–SiSO[a-b][c-d].
Finally, an oleophilic index, IO, is introduced, in order to
antify the hydrocarbon content in the lubricants. The oleo-
ilic index, IO, is dened as the ratio of the hydrocarbon
ntent as determined based on the formula weight (see eqn
)) and ranges from 0 to 1. In this equation, fw(H–C) is the
rmula weight of all hydrocarbons in the lubricant molecule(s),
ile fw(tot) is the total formula weight. Further, it was
sumed that the tribosystem compatibility would increase with
increase in its value.

IO ¼ fwðH�CÞ
fwðtotÞ (1)

. Experimental
1 Lubricant properties

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

3.2 Copper str

Polished copper
heated for a set p
properties of th
ASTM D130-12
guide with four
corrosion, with
corrosion (“slig
(“corrosion”). Th
and 200 �C, for
deliberately cho
mally (100 �C
lubricating oils
and PFPE-H we

3.3 Ball-on-a

An Optimol SRV
used to evaluat
with respect to
measuring the
wear scars. In t
top of a at sta
reciprocating m
frequency of 50
steel, in keeping
were conducted
Three paramete
duration, norm
was controlled
a test, a small am
on the disc at th

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

Lubricant ID

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

a Extrapolated. b I

Table 2 Test cod
duration) for the

Test scenario

(I) Initial screenin

(II) Elevated load

(III) Additive suita
66 | RSC Adv., 2017, 7, 6364–6373
corrosion test

trips were immersed in the P–SiSOs and then
riod of time, in order to evaluate the corrosion
P–SiSOs, in keeping with the guidelines of the
opper strip test. This standard uses a visual
categories (1–4) for classifying the degree of
tegory 1 corresponding to the lowest degree of
tarnish”) and category 4 the highest degree
samples were tested at two temperatures, 150

[—]25 C 25 C 60 C

1.4 70a 22b 0.27
1.9 113 — 0
1.9 513 — 0
0.90 2570 208 0.75
0.91 1932 269 0.77

terpolated.
n to be more severe than the ones used nor-
r 3 h) when evaluating hydraulic uids or
in order to mimic harsh conditions. PFPE-L
used as the reference uids.

eciprocating tribotest

ribotester in the ball-on-at conguration was
the lubrication performance of the P–SiSOs
iction and wear. This involved continuously
iction force and analyzing the post-tribotest
s test, a 10 mm ball was pressed against the
nary disc while being subjected to a linearly
tion with an amplitude of 1.0 mm and
z. The ball and disc were made of AISI 52100
ith the ASTM D6425-11 standard. All the tests
air, with the relative humidity being 25–50%.
were varied during the tests in this study: test
load, and test temperature (the temperature
y heating the disc support). Before starting
ount of the lubricant being tested was applied
This journal is © The Royal Society of Chemistry 2017
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Three different test settings were used, in order to evaluate
e tribological properties of the lubricants: (I) initial screening,
) elevated load and temperature, and (III) additive compati-
lity. Depending on the objective of the test, the test conditions
re either held constant or were varied during the test. The
llowing code was used to indicate the conditions used in the
rious cases: C{L/T/D} or V{L1–L2/T1–T2/D}, where L, T, and D
present normal load, test temperature, and test duration
spectively. The subscript 1 indicates the “minimum” value
ile 2 indicates the “maximum” value. The settings used for
e various tribotest scenarios are listed in Table 2, while the
tails are given below.
The initial screening tests (I) were all conducted at constant

ad and room temperature (�25 �C), with the test duration
ing 60 min. The load was held at either 100 N or 150 N and
rresponded to a mean Hertzian pressure of 1.4 or 1.6 GPa,
spectively. Therefore, the test conditions were presented as C
00 N/25 �C/60 min} and C{150 N/25 �C/60 min}, respectively.
In test scenario (II), the lubricants were evaluated by varying
e load or temperature in a stepwise manner. To study the
bricant response at elevated temperatures, the reciprocating
botest was modied to include temperature cycling. The
ration of the temperature cycling test was 180 min. During
is period, the load was held constant at 100 N, as the
mperature was increased in increments of 25 �C at intervals of
min, starting from room temperature. Then, 90–120min into
e test, the temperature was held at the maximum level of
0 �C. Next, the temperature cycle was reversed and the
mperature was decreased in the same increments. Therefore,
e test code for scenario (II) for elevated temperatures was V
00 N/25–100 �C/180 min}. For elevated loads during scenario
), the test duration was 150 min, and the test was conducted
room temperature. During this time, the load was increased
epwise in increments of 50 N at intervals of 30 min over the
urse of the test. During the nal 30 min of the test, the load
s 300 N, which corresponded to a mean Hertzian pressure of
0 GPa. Therefore, the test code for scenario (II) for elevated
ads was V{100–300 N/25 �C/150 min}.
Scenario (III) evaluated the applicability of the various
ditives in P–SiSO. A constant load of 100 N was applied for the
tire test duration of 60 min, and the temperature was held
nstant at 75 �C to provide a slightly increased rate of reac-
ity. Thus, the test conditions for this scenario could be rep-

to the Hertzian
patch attributab
in the ESI.†

4. Result
4.1 Copper str

As can be seen
evaluated could
tarnish) when ex
were classied a
In the second
200 �C, the P
However, at thi
sive amounts of
within the rst
be classied in t
increase in the
should be noted
1a/b and 3a is m
“slight tarnish”
result to focus o
corrosion of the
be classied as
exposed copper

4.2 Tribologica

4.2.1 Initia
[1-2], P–SiSO[4-1
being subjected
shown in Fig. 3
three different
reference PFPEs
cient (approxim
[TFSA], shows a
before its frictio
this is a signi
with the results
performance of
the other hand

per
sented as C{100 N/75 �C/60 min}. distinguished fro
u
d
e
m
r

n classifications as determined by ASTM D130-12
sion test

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

1a 2b 2b
3a Aborted Aborted
4 Quantication of wear volume

e degree of wear was quantied by means of wear scar
alyses performed using optical proling. The wear volume
s calculated from the average wear scar diameter (WSD).
owever, because relatively small wear volumes were expected,
was assumed that the elastic deformation signicantly
uenced the results.28–30 Therefore, the wear volume (W) was
ned as the volume of a spherical cap with a base diameter
ual to the average WSD (VWSD), aer the volume of the
aterial displaced elastically (VHzD) had been subtracted (2).
e latter was determined by a spherical cap with a base equal

traces without 
tion to a greater
the lubrication p
alkyl groups in a
RTILs.3 During

Table 3 Corrosio
copper strip corro

P–SiSO[

150 �C 1b
200 �C 3a
is journal is © The Royal Society of Chemistry 2017
ontact diameter (HzD), which is the contact
to elastic deformation.31 Details can be found

W ¼ VWSD � VHzD (2)

and discussion
corrosion test

rom Table 3, both of the P–SiSO lubricants
e classied as belonging to category 1 (slight
osed to 150 �C for 3 h, while the PFPE samples
belonging to category 2b (moderate tarnish).
se, when the temperature was increased to
iSOs were classied as 3a (dark tarnish).
temperature, owing to the emission of exces-
oke, the tests on the PFPEs had to be aborted
min. Therefore, the PFPE samples could not

e case of elevated temperatures. Regarding the
egree of tarnishing of the P–SiSO samples, it
that the difference between the classications
rginal and that the shi from the classication

RSC Advances
is that none of the evaluated samples caused
opper strips, indicating that the P–SiSOs can
eing noncorrosive to copper. Images of the
trips are given in the ESI.†

evaluation

screening. The friction traces of P–SiSO[4-12]
][1-2], [BMIM][TFSA], PFPE-L, and PFPE-H on
o the conditions C{100 N/25 �C/60 min} are
It can be seen that the friction traces of the
pes of lubricants are distinct; both of the
isplay a high and fairly stable friction coeffi-
ely 0.16). Further, the reference RTIL, [BMIM]
istinct run-in period of approximately 10 min
coefficient stabilizes at approximately 0.12;
nt improvement over the PFPEs and in line
of previous studies that have compared the
midazolium RTILs with those of PFPEs.32 On
the two P–SiSO lubricants can barely be

m each other. Both produce very stable friction
ctuations, indicating that they reduced fric-
egree than did the other lubricants. Possibly,
rformance of P–SiSO is benetted by the long
anner similar to what has been seen for other

epeated testing, P–SiSO[4-16][1-2], which has
RSC Adv., 2017, 7, 6364–6373 | 6367
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longer cation alkyl chain, resulted in lower steady-state fric-
n compared to that in the case of P–SiSO[4-12][1-2]. Further,
th P–SiSOs displayed minimal running-in effects during the
itial 10 min period.
An ideal lubricant should minimize both friction and wear
ultaneously. Fig. 4 shows plots of the ball wear volume

ainst the mean friction coefficient for the ve lubricants
aluated under conditions of C{100 N/25 �C/60 min}. Every
ta point shown represents the average value for a minimum
two tests. As was seen in Fig. 3 too, the P–SiSOs display the
west mean friction coefficient, with the longer-alkyl-chain
tion P–SiSO showing a slight advantage over the shorter-
ain cation one. With respect to the ball wear volumes, there
a large spread in the data; PFPE-L results in signicant wear,
ile the ionic liquids result in a small degree of wear. Further,

that, with respe
excellent perfor

It should be
wear volume ind
ionic liquids tes
with diameters
diameter.

Increasing th
friction coefficie
other hand, the
noticeable. In th
volume at 100 N
N, as can be see
in high wear eve
150 N, although

. 3 Friction traces from initial screening tribotests under conditions C{100 N/25 �C/
nning-in period is shown). It can be seen that the friction traces are clearly separated
haviors.
PE-H results in considerably higher wear than that in the case
the P–SiSOs; however, it is not as high as that in the case of
PE-L, which has a lower viscosity. It can thus be concluded

The P–SiSOs show
increased WSDs i
in friction.

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

Fig. 5 Ball wear v
mined by initial scre
min} and C{150 N/2
to increased loads,

68 | RSC Adv., 2017, 7, 6364–6373
t to friction and wear, the P–SiSOs displayed
ance under the conditions tested.
oted that, at this ball wear scale, a zero ball
cates that the WSD is equal to the HzD. All the
d displayed barely distinguishable wear scars
only a few percent larger than the Hertz

load to 150 N had a negligible effect on the
ts of the PFPE and P–SiSO lubricants. On the
ffects on the wear volume were much more
case of PFPE-H, which resulted in a low wear
the wear volume increased signicantly at 150
in Fig. 5. In the case of PFPE-L, which resulted
at 100 N, the wear volume increased further at
t a slower rate compared to that for PFPE-H.

0 min} (a magnified image corresponding to the
nd indicate distinct differences in the running-in
ed similar behaviors, with both resulting in
n the range 10–20% as well as a slight increase

olume versus mean friction coefficient as deter-
ening tests under conditions of C{100 N/25 �C/60
5 �C/60 min}. The P–SiSOs show stable responses
unlike the evaluated PFPEs.
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Although the wear scar diameters in the case of the P–SiSOs
d not change considerably when the load was increased from
0 N to 150 N, the wear scar characteristics did. Fig. 6 shows
e two different ball wear scars for P–SiSO[4-16][1-2] when
bjected to tests under the conditions C{100 N/25 �C/60 min},

can be seen in F
protected. For a
different. The w
an inner diame
ellipse that ma

. 6 Wear scars for P–SiSO[4-16][1-2] after evaluation at different loads. An increased lo
wever, in both cases, the wear volume is minimal, as indicative by the WSD being very
d C{150 N/25 �C/60 min}. The corresponding surface topog-
phy can be seen in Fig. 7. For a load of 100 N, the wear scar is
ned by a mildly worn surface that includes a few light
ratches along the sliding direction. The diameter of this
ildly worn surface is very close to the Hertzian diameter, as

annular shape is
sliding direction
loads, the long a
modiers, provid
separate the sur

. 7 Surface topography (above) and profilometry (below) of the regions inside the we
erent loads. At low load, surface remains very smooth while higher leads to a change in

is journal is © The Royal Society of Chemistry 2017
. 6a, indicating that the surface was effectively
load of 150 N, the morphology is markedly
r scar is dened by a thin annular groove with
r close to the Hertzian diameter and an outer
s the border of the wear scar. Within this

d leads to a change in the wear scar morphology;
ose to the HzD.
a central section with shallow grooves in the
, indicating abrasive wear. Possibly, at low
lkyl chains in the cation function as friction
ing a sufficient load-carrying capacity to
faces, while at slightly higher loads, the

ar scars for P–SiSO[4-16][1-2] after evaluation at
the wear scar morphology.
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osphonium cation reacts to form metal phosphate boundary
ms.21

4.2.2 Elevated load and temperature. Fig. 8 shows the
sults of the reciprocating tribotest with temperature cycling
rformed under the conditions V{100 N/25–100 �C/180 min}. As
e temperature is increased from one level to the next, the
mple gets heated rapidly, resulting in an overshoot before the
mperature decreases and stabilizes at the programmed level.
e friction response during this period is shown schematically
the lower part of Fig. 8 and provides important clues regarding
e 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
increased, the friction also increases initially; this behavior is
pical for a system operating in the mixed lubrication regime.
e friction increases as the lubricant viscosity decreases with
e temperature, and the asperities increasingly come into
ntact with each other.33 However, aer the overshoot, once
e temperature and friction traces have plateaued at the pro-
ammed level, the friction reduces to a level lower than that

The friction r
shown in Fig. 9.
150 min in a ste
during a recipr
tions V{100–300
a stepwise man
intended load. A
the friction coe
beyond 150 N. T
N, which corres
themixed lubric
to increase the
lubrication reg
number of as
increased conta
viscosity owing
to an increase i
However, increa
tribochemical r

C Advances
easured at the previous temperature step. This irreversible
crease in the friction indicates the formation of a low-friction
undary lm. Thus, elevated temperatures can be expected to
omote boundary lm formation, as a sufficient amount of
tivation energy for the tribochemical reaction is available at
e higher temperatures.

with higher load
friction power is
proportional to a
distance. For thes
SiSO lubricants
bochemical react

. 8 P–SiSO[4-16][1-2] evaluated by temperature cycling (stepwise increase and subse
ciprocating tribotest under the conditions V{100N/25–100 �C/180min}; data shown in (a). T
eversible, indicating the formation of a friction-reducing boundary film, as shown schema

70 | RSC Adv., 2017, 7, 6364–6373
sponse of P–SiSO[4-16][1-2] to elevated loads is
he applied load was increased every 30 min for
wise manner, starting at a room temperature,
cating tribotest performed under the condi-
N/25 �C/150 min}. The load was increased in
er (�5 s); there was no overshoot beyond the
can be seen from the friction trace in Fig. 9a,
cient decreases when the load is increased
e lowest friction coefficient is observed at 300
nds to a mean contact pressure of 2.0 GPa. In
tion regime, an increased load can be expected
iction, owing to a shi towards the boundary
e for two reasons: (i) an increase in the
rities coming in contact because of the
pressure and (ii) a reduction in the lubricant
the increased temperature, which also leads
the number of asperities coming in contact.
ing the load also increases the likelihood of
ctions; the pressure in the contact increase

Paper
, and the higher load also means that more
dissipated as heat in the contact, as this is
pplied load, friction coefficient and sliding
e reasons, the higher load may provide the P–
the activation energy required for the tri-
ions for forming boundary lms, which would

quent decrease in block temperature) during the
he friction response to the temperature increase is
tically 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
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ect the extent of friction. This could explain the observed
duction in friction. A possible mechanism to explain the
served resilience against high loads is that higher loads lead
the initial wear of the native oxide layer, exposing the nascent
etal surface and thereby initiating the tribochemical reactions
the metal with the phosphonium or sulfonate moieties.
rther, as no indicators of seizure were observed during the
st, it can be concluded that the lubricants exhibited high load-
rrying capacities.
4.2.3 Additive suitability. The friction traces from the addi-
e suitability tribotests are shown in Fig. 10, while Fig. 11
splays the m–W diagram. During the low-load-condition tri-
tests, which were performed under the condition C{100 N/75
/60 min}, all three additives evaluated appeared to be effective
reducing the friction in the case of P–SiSO[4-16][1-2] to a similar
tent. However, as seen in Fig. 11, GMO shows a slightly better
rformance in terms of both friction and wear. The effectiveness
the additives, as determined in this test, can be arranged as
llows: GMO > OA > DBDS. It is likely that the friction modiers
O and OA are adsorbed onto the metal surfaces owing to the
larity of their molecules. DBDS, on the other hand, probably

forms boundary
conditions evalu
a positive on fric

Fig. 10 Compat
evaluated by the
of C{100 N/75 �C

nditions V{100–300 N/25 �C/150 min}; data shown in (a). The friction response to the ste
riction-reducing boundary film, as shown schematically in (b).
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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
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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-C6H13)3(n-C14H29)P]·
[(CH3)3SiC2H4SO3]—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 CF3O[–CF(CF3)CF2O–]x(–CF2O–)yCF3, and its molecular weight
is 3300 g/mol.

Five different additives were used, and are referred to as OA, PNA, DMOP, BHT, and OPP,
and their 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
(PNA) (reagent grade, 98%), 5,5-dimethyl-1,3,2-dioxaphosphorinan-2-one (DMOP) (96%), and
2,6-di-tert-butyl-4-methylphenol (BHT) (>99%) were supplied by Sigma-Aldrich (Stockholm, Sweden).
Ortho-phenylene phosphate (OPP) was prepared as described in Reference [25]. These five additives
were used to prepare seven lubricant samples with P-SiSO as the base fluid: five single additive samples,
and two samples where OPP was combined with either of the amines (OA, PNA), as synergistic effects
between OPP and OA have previously been reported in Reference [25]. In all samples, the additives
were added at a concentration of 10 mmol/kg. The chemical structures of the ionic liquid base fluid
and the five additives are depicted in Figure 1. Density and viscosity properties can be found in the
Supplementary Information (SI).
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2.2. Ball-on-Flat Reciprocating Tribotest

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
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
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
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
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 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
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 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
on P-SiSO performance.

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
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
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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
stabilizes around 0.90, which was the lowest friction recorded in the test. However, in contrast to the
GL-5 lubricant, the neat P-SiSO also resulted in very low wear with WHz < 1.15, compared to 1.75
for GL-5. The PFPE reference fluid on the other hand, generated a high friction-coefficient (ca. 0.16)
that deteriorated at the highest load, and the WSD was at the limit of what could be measured with
the setup used, WHz > 2.6. This was also in line with the well-known poor boundary lubrication
performance by PFPE that has often been seen in similar tests [15,29,30].
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Figure 2. Results from tribotests at conditions V{100–300 N/25 ◦C/120 min}. The friction traces are
shown for two repeated tests with neat P-SiSO, compared to one test with PFPE and one test of GL-5.
The wear scars corresponding to the friction traces are shown as color-coded insets in the right part of
the figure.

The results from the tribotest with neat P-SiSO, during conditions V{150 N/40–100 ◦C/80 min},
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 rises
before recovering and stabilizing at a level that is lower than seen before the increased temperature.
The increase in temperature is likely to promote boundary film formation by providing energy for
a chemical reaction between lubricant and surface. The friction coefficient appeared to level out at
around 100 ◦C at 0.83. The wear parameter after the completed test was determined as WHz ≈ 1.15.
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
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films of ionic liquids containing phosphorus [18,31–33]. Instead, elevated levels of Si and O were
found in the wear track. As seen in Figure 4c–e, Si and O are particularly associated with the dark
patches (tribofilm) on the worn surface.
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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 
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Figure 2. However, an abrupt change in friction characteristics was observed at the highest test 
temperature of 80 °C. For tests #1 and #3, a step increase in friction occurred after 50 and 55 min, 
respectively. From the data in Figure 5a, test #2 appeared to maintain the low friction characteristics 
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  = 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 

Figure 4. Disc surface after tribotesting at V{150 N/40–100 ◦C/80 min}, seen from (a) optical
profilometer; and (b) SEM. (a) the roughness inside wear scar can be seen to be of the same order of
magnitude as the original lapped surface; (b) dark patches in the wear track indicate tribofilm; (c) SEM
(scanning electron microscopy) image of a representative area of tribofilm at 5000x magnification;
(d,e) EDS (energy 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
temperatures (averaging 0.89 at 40 ◦C), which was expected considering the results presented in
Figure 2. However, an abrupt change in friction characteristics was observed at the highest test
temperature of 80 ◦C. For tests #1 and #3, a step increase in friction occurred after 50 and 55 min,
respectively. From the data in Figure 5a, test #2 appeared to maintain the low friction characteristics
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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
maintained throughout: these ball surfaces were clearly abraded and showed higher than average
surface roughness compared to P-SiSO ball wear scars shown in Figures 2 and 3. It should be noted
that after the abrupt shift in friction characteristics, the friction coefficient quickly stabilized around
0.125, which indicates that the shift was not a complete loss of lubrication followed by seizure, but
rather a transition to a less efficient, but seemingly stable lubrication mode.
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revealed that the less worn surface, P-SiSO Neat test #2 (Figure 6a) has a composition similar to what 
was previously seen for the test run at V{150 N/40–100 °C/80 min}; Si and O are found in the tribofilm; 
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Figure 5. Results from V{300 N/40–80 ◦C /60 min}. (a) Three repeated tests with neat P-SiSO, where
test #2 appears to pass the 80 ◦C level without step increase in friction; (b) higher resolution data
examined for test #2 in (a) revealed that test #2 also displayed step increases in friction. Insets display
ball wear scars corresponding to tests #1–3, respectively.

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
revealed that the less worn surface, P-SiSO Neat test #2 (Figure 6a) has a composition similar to what
was previously seen for the test run at V{150 N/40–100 ◦C/80 min}; Si and O are found in the tribofilm;
and in this case also S (Figure 6c). Regarding the more severely worn sample (Figure 6b), the boundary
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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Figure 6. Analysis of disc surfaces from V{300 N/40–80 ◦C /60 min}. (a) and (b) display SEM
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).

3.2. Stage 2: Effect of Additives in P-SiSO

The friction traces of P-SiSO, PFPE, and the additivated P-SiSO samples evaluated at the conditions
C{150 N/25 ◦C/30 min} are shown in Figure 7. Two repeated tests are shown for each lubricant sample.
As seen in Figure 7a, the P-SiSO in neat form, as well as with all evaluated additive combinations
performed significantly better than the reference PFPE in terms of friction. In Figure 7b, the vertical
axis has been rescaled to focus on the additives. A trend of additive effectiveness can be discerned;
the Oleylamine (OA) tends to increase friction in the two repeated tests; however, the other additives
produced a slight decrease in average friction over the two repeated tests. The order of average friction
coefficient is listed in the legend of Figure 7b. In Figure 7c, WHz was plotted against the average friction
coefficient. The inset figures (also found in SI) display the wear scars of the balls lubricated with neat
P-SiSO, reference PFPE, and P-SiSO + PNA + OPP, which was the additive combination that produced
the lowest coefficient of friction. By comparing the wear scars, it was also clear that all P-SiSO samples
performed significantly better than the reference PFPE fluid in terms of wear, which was in line with
our previous results using similar RTILs [24]. Although the additives appear to influence the wear
scar morphology (as seen from the change in wear scar light reflection in Figure 7c), it was difficult
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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Figure 7. Results from the experiments at C{150 N/25 °C /30 min}. (a) Friction traces for the reference 
PFPE and P-SiSO with and without additives; (b) magnified friction traces of P-SiSO with and without 
additives; and (c) µ-W chart with insets of ball wear scars for PFPE, neat P-SiSO and P-SiSO with  
PNA + OPP additives, respectively. 
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PFPE and P-SiSO with and without additives; (b) magnified friction traces of P-SiSO with and without
additives; and (c) µ-W chart with insets of ball wear scars for PFPE, neat P-SiSO and P-SiSO with
PNA + OPP additives, respectively.

The results from the tribotests carried out at V{300 N/40–80 ◦C /60 min} and lubricated by the
seven additivated samples are shown in Figure 8. In Figure 8a, all additives except OPP improved
performance at 80 ◦C compared to the neat fluid. Figure 8b, shows repeated tests for best and worst
performers from Figure 8a, i.e., P-SiSO with PNA or OPP. The repeated tests confirmed the poor
performance of OPP and excellent performance of PNA.
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The results from the harshest conditions, C{300 N/80 ◦C /30 min} are shown in Figure 9. As seen
in Figure 9a, The neat P-SiSO generated steady friction traces around 0.125, which was similar to
what could be seen after the wear mode transition of P-SiSO Neat test #1 and #3 at conditions
V{300 N/40–80 ◦C/60 min}. Additionally, after 30 min of operating at this wear mode, WHz = 2.0,
which was almost identical to the measured wear of P-SiSO Neat test #3, which only operated for 5 min
at the higher wear mode. This indicates that there was a high wear related to the transitioning between
these two wear modes, and that the wear rate stabilized at a low rate after the transition. The additive
combination PNA + OPP was not effective at these conditions, as it performed very similarly to the
neat P-SiSO. The amine PNA was expected to reduce the effect of OPP by increasing its solubility [25].
It is possible that at equimolar concentration, the neutralizing effect was too high for the additive to be
effective in this test. Interestingly, OPP, which was the only additive that did not improve performance
at V{300 N/40–80 ◦C/60 min}, performed well in two out of the three repeated tests. However, the only
additive that consistently maintained low friction and wear, was PNA. As seen in Figure 9b, three
repeated tests all generated low friction and WHz = 1.15. Images of all wear tracks can be found
in the SI.
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compared to P-SiSO with additives N-Phenyl-1-naphthylamine (PNA), Ortho-phenylene phosphate
(OPP), and PNA + OPP. (b) Corresponding µ-W chart with insets of ball wear scars.
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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
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. Although PNA obviously affected
the tribological performance in this experiment, we do not believe that it directly interacts to form the
tribofilm. However, in ionic liquids, it is well-known that a change in the cation can have an effect on
the ability of the anion to react and form tribofilms on the rubbed surface [13,18]. For amines such
as PNA, it remains possible that it can modulate the reactivity of the base fluid P-SiSO in a similar
manner. PNA is commonly used as an antioxidant [1], and in the presence of H2O it can protolyze to
become a cationic species. Tentatively, it can increase the adsorption of the P-SiSO anion through an
ion exchange with the phosphonium cation. The fact that the anion seems to be the major contributor
to the boundary film is also in agreement with the literature on ionic liquids [11–13].
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Figure 10. Surface analysis of disc wear scar lubricated with P-SiSO + PNA at conditions
V{300 N/40–80 ◦C/60 min}. (a) SEM image showing the tribofilm on the wear track; (b) wear scars
are mild with peak-to-valley around 2 µm; and (c) SEM image of a representative area of tribofilm
at 5000× magnification; (d,e) EDS maps showing the distribution of the elements in the area shown
in (c); (f) EDS-spectra comparing the composition of the tribofilm between the center and edge of the
wear track.
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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/
7/5/433/s1. Lubricant data regarding P-SiSO and PFPE. Additional tribotest results and surface analysis.
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Abbreviations

RTIL room-temperature ionic liquid
PFPE perfluoropolyether
PNA N-phenyl-1-naphthylamine
BHT 2,6-di-tert-butyl-4-methylphenol
OA oleylamine
DMOP 5,5-dimethyl-1,3,2-dioxaphosphorinan-2-one
OPP ortho-phenylene phosphate
WSD wear scar diameter
HzD hertzian contact diameter
EP extreme pressure
AW anti-wear
SEM scanning electron microscopy
EDS energy dispersive X-ray spectroscopy
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Abstract: Low vapor pressure and several other outstanding properties make room-temperature
ionic liquids attractive candidates as lubricants for machine elements in space applications. Ensuring
sufficient liquid lubricant supply under space conditions is challenging, and consequently, such
tribological systems may operate in boundary lubrication conditions. Under such circumstances,
effective lubrication requires the formation of adsorbed or chemically reacted boundary films to
prevent excessive friction and wear. In this work, we evaluated hydrocarbon-mimicking ionic liquids,
designated P-SiSO, as performance ingredients in multiply alkylated cyclopentane (MAC). The
tribological properties under vacuum or various atmospheres (air, nitrogen, carbon dioxide) were
measured and analyzed. Thermal vacuum outgassing and electric conductivity were meas- ured to
evaluate ‘MAC & P-SiSO’ compatibility to the space environment, including the secondary effects of
radiation. Heritage space lubricants—MAC and perfluoroalkyl polyethers (PFPE)—were employed
as references. The results corroborate the beneficial lubricating performance of incorporating P-SiSO
in MAC, under vacuum as well as under various atmospheres, and demonstrates the feasibility for
use as a multifunctional additive in hydrocarbon base oils, for use in space exploration applications.

Keywords: space-tribology; tribofilm; silicate boundary film; multiply alkylated cyclopentanes
(MAC); anti-wear; friction modifier; lubricant additive; conductivity improver

1. Introduction

On Earth, machine designers are accustomed to the access of a wide range of liquid
lubricants that enable predictable and reliable long-term operations of high-performance
machinery. In space applications on the other hand, engineers are constrained to a com-
paratively limited choice of lubricant candidates that can meet the stringent demands
of tribosystems operating in a space environment. In this paper we discuss challenges
and opportunities relevant to ionic liquids in space tribology, and based on experimental
evidence we provide analysis of how ionic liquids used as multifunctional additives can
contribute in meeting some of those lubricant challenges.

1.1. Ionic Liquid Lubricants

Ionic liquids (ILs) are interesting lubricant candidates for machine elements in space.
These fluids are composed entirely of cations and anions, particles of opposite charge that
display strong polarity and form ionic bonds. Despite these strong bonds, ILs do not solidify
until well below room temperature—they remain mobile because of large and irregular
shapes that sterically hinders crystallization. At the other end of the temperature spectrum,
the strong ionic bonds reduce the fluid rate of evaporation to provide inherently low fluid
vapor pressure. In total, strong ionic bonds and steric effects provide fluidity over a wide
temperature range. The IL polarity also enables affinity and reactivity to a wide range of
engineering materials. The strength of the ionic interaction affects viscosity and other fluid
properties, and can be tuned by adjusting the size and shape of the ions. Furthermore,
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functional groups can be incorporated to provide task-specific fluid characteristics. Ionic
liquids have attracted great research interest over the past two decades because of these
unusual, attractive, and tunable properties, with the majority of research focusing on ILs
as non-volatile solvents for catalysis [1]. As many of the properties that are attractive
for solvents are also attractive for lubricants, tribologists have suggested the use of ionic
liquids as lubricants since 2001 [2]. The concept of ILs as lubricants has been reviewed
thoroughly over the years [3–12], and ILs as space lubricant have been an active field
of research since the start of IL lubricant research [2,13–21]. Although ILs have gained
a strong foothold as lubricant additives in terrestrial applications [22], their potential as
space grade lubricants has not been truly realized yet [18,19]. However, considering the
IL designs which have been evaluated as space grade lubricants so far, it is clear that they
were originally designed for other purposes and were thus not tailored towards the specific
requirements of space-grade lubricants [23–25]. The vast possibilities of molecular design
to tailor ILs as space grade lubricants remains largely unexplored.

1.2. Outlook on Space-Grade Lubricants

As international space agencies are converging on the goal of establishing a per-
manently crewed lunar Gateway for human presence on the Moon and eventually on
Mars [26,27], there is need for radical improvements in many aspects of space exploration
technology, including space tribology [28–30]. As described in Phase 1 and 2 of the interna-
tional space exploration coordination group’s (ISECG) 2020 global exploration roadmap,
landed utility vehicles will require operational capabilities that are far beyond the current
state-of-the art for roving vehicles within the end of the decade [27]. Lubricants are key
performance enablers in the mechanical power transmissions of these vehicles, but the
current lubricant technology is already pushed to the limit to meet the demands of existing
transmissions [31]. Current rover mobility rely on geared actuators that require extensive
preheating to reach their minimum acceptable operating temperatures before use [32–34],
and once in operation the lubricant supply must be ensured as lubricant starvation may
lead to high wear or seizure [35].

Meanwhile in the Earth orbiting space segment, the number of satellite launches are
increasing rapidly to meet the growing demand for satellites for Earth observation, position-
ing systems, and communications [36]. These Earth-orbiting satellites often rely on electro-
mechanical momentum wheels (also commonly referred to as reaction wheels) or control
moment gyroscopes for satellite attitude control. Failures in these wheels and gyroscopes
are not uncommon [37], and it is well known that insufficient oil supply (lubricant starva-
tion) is important to consider also in satellite attitude control systems [38,39]. However,
recent research has highlighted another failure mode that is potentially significant. Rolling
element bearings, critical components in these momentum wheels, might be at risk of catas-
trophic damage by electrostatic discharge (ESD) initiated by space weather or high voltage
onboard equipment if they are lubricated by non-conductive fluids (σ < 1 pS/m) [40,41].
In tribology, it is well known that ESD can occur in bearings under certain conditions, and
although various mitigation techniques exist [42,43], the risk of ESD is still an active con-
cern that must be carefully considered on a case-specific basis in applications such as wind
power [44], electric vehicles [45,46], and industrial rotating machinery [47]. ESD hazards
to satellites, caused by space weather initiated dielectric charging of the spacecraft, are
also well known [48]. There are mitigation techniques described thoroughly in spacecraft
design handbooks and standards [49,50], but these techniques focus almost exclusively on
protecting electronics or exposed external surfaces, without mentioning the risk of ESD in
tribological contacts such as bearings. During validation tests, it is likely that a stationary
pre-loaded bearing meets the minimum conductivity requirements designed to avoid
internal dielectric charging by space weather; however, once in operation the bearings
will develop a thin insulating oil film that makes them susceptible to internal dielectric
charging. If an electric potential is allowed to build up until it overcomes the electric break-
down voltage of the lubricant, it may trigger an ESD that damages the sensitive bearing
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raceway surface. If such ESD damage is indeed responsible for some of the reliability
problems encountered over the years in satellite momentum wheels [51] as suggested by
Bialke [41], it could potentially be mitigated by employing electrically conductive lubricant
technology, such as ionic liquids. It should be noted that even a low electric conductivity
could have a large effect in comparison to a non-conductive fluid; aviation hydrocarbon
fuels are commonly treated with ‘static dissipator additives’ to improve their conductivities
from below 1 pS/m to a range between 50–600 pS/m [52], which is sufficient to prevent
electrostatic discharge that could otherwise cause ignition during fuel transfer. In space
applications, material conductivities on the order of 100 pS/m (1012 Ω cm) is considered
sufficient to prevent spacecraft charging [50]. These values are far below the conductivities
of neat ionic liquids, which are frequently in the order of mS/m [53], which indicates that
even low concentrations of ILs might provide sufficient conductivity to be considered in
ESD mitigation. Excessive electric conductivity may also be detrimental in other aspects,
such as corrosion, and the optimal level of conductivity would certainly require tuning to
the application at hand. In any case, electrically conductive lubricants have a fundamental
advantage over alternative EDS mitigation approaches that are commonly applied in ter-
restrial applications. A conductive fluid provides a ground path that prevents buildup of
electric potential, whereas an electric insulation strategy may protect the bearing without
solving the fundamental issue of accumulating charge, possibly shifting the hazard of ESD
along the path of least resistance to a neighboring component. Furthermore, electrically
conductive fluids combined with applied electric potentials could potentially be used to
improve tribological performance, as discussed in a recent review on triboelectrochem-
istry [54], thereby turning a loss into a gain. Clearly, space-grade lubricants—including
ionic liquid concepts—play an important role in meeting the oncoming challenges in space
tribology, whether in crewed space exploration, robotic planetary landers, or Earth-orbiting
satellites.

1.3. Considerations in Lubricant Design

In order for novel lubricants to improve tribological performance in terms of reliability,
efficiency, and predictability, they should be considered as an integrated part of the target
tribosystem. The successful operation of such a tribosystems require a balanced interaction
between all constituents of the system; the surface materials, the intermediate lubricant, as
well as the surrounding atmosphere [55]. In the ideal state of machinery lubrication, the
rheology of the lubricant works in concert with the elasticity of the surface material in a
dynamic fluid-structure interaction that maintains a separation of the sliding surfaces by a
highly pressurized (~GPa) thin (<1 µm) fluid film. This state of lubrication is ideal for high
performance machinery, as friction is determined by fluid viscosity and surface damage
is limited to cyclic pressure fatigue effects in the solid surfaces. This state of lubrication
is known as the elasto-hydrodynamic lubrication (EHL) regime [56]. Unfortunately, EHL
can only be attained with fluids that display a certain pressure–viscosity relation, and only
under certain operating conditions [57]. If the fluid film thickness is reduced towards the
order of the surface roughness, the surfaces boundaries will gradually come into contact
in the mixed lubrication (ML) regime [58–60] until lubrication is dominated by surface
(boundary) effects in what is known as the boundary lubrication (BL) regime. From ML
to BL, tribochemical effects become increasingly significant, and chemical reactions alter
the physical properties of the materials in the tribosystem. Ideally, these tribochemical
reactions favorably alter the mechanical properties of the surface materials so that friction
and wear are minimized, or at least controlled [61]. However, the tribochemical reactions
depend on the chemistry of both the surfaces and lubricant, as well as their interaction with
the surrounding atmosphere. The chemical reactions must also be tuned to the operating
conditions in order to be effective, and if they are not well controlled they may worsen the
tribological performance by excessive chemical reactions of the lubricant (decomposition)
or surface materials (tribo-corrosion). As can be seen, the in-depth understanding of
tribosystems require consideration of engineering, applied science, as well as fundamental
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science, across disciplines such as fluid dynamics, solid mechanics, material science, physics
and chemistry [62]. The complexity of practically designing such tribosystems has forced
lubricant engineers to rely heavily on empirical research in their design of lubricants.
In practice, lubricants are formulated by incorporating many different additives (up to
20 wt%) into the base oil. These additives tune the lubricant performance to the specific
conditions of a target application [63].

Although the empirical approach of developing base oils and additives has led to
plenty of successful lubricant formulations for industrial applications on Earth, it cannot
be reproduced for space-grade lubricants for several reasons. First of all, generating
empirical data on space applications is cost prohibitive, and the empirical know-how used
to predict terrestrial lubricant performance does not necessarily hold when significant
parts of the tribosystem are altered. In fact, the space conditions may force all parts of the
tribosystem to change relative to terrestrial applications, as vacuum conditions preclude
the use of volatile compounds, mass constrictions promote the use of lightweight materials,
and the atmosphere does not provide oxygen for the tribochemical reactions. In other
words, terrestrial base oils and additives are precluded because of outgassing in a vacuum,
but even if they were available they could be incompatible with the materials used, and
regardless of material compatibility the lubricant tribochemistry would likely be different
under oxygen-free conditions. Apart from these factors that complicate the predictability
of space-grade lubricants, there are plenty of other factors to consider such as temperature,
radiation, lack of maintenance, and others discussed in several excellent publications on the
subject of space tribology throughout the years [64–70]. In any case, predicting tribological
performance in space applications is challenging, and the more deviations there are from a
conventional terrestrial tribosystem, the more uncertain is the prediction of tribological
performance. Because of this poor predictability, spacecraft design standards recommend
engineers to avoid sliding surfaces as far as possible [71], and to make use of materials and
mechanisms with space mission heritage (meaning they are already qualified to work in
space from previous missions) if possible [72–74]. Although this heritage-based approach is
understandable from the point of risk mitigation, it is also further restricting the generation
of empirical tribological data from space applications. As a consequence of these challenges,
there are very few types of lubricant qualified for use in space applications in comparison
with the breadth of options for terrestrial applications.

1.4. Current State of Space-Grade Lubricants

Multiply alkylated cyclopentanes (MAC) [75] and perfluoroalkyl polyethers (PFPE) [76]
are two liquid lubricants with significant space heritage. These fluids display low enough
vapor pressure to ensure they meet the strict performance requirements related to out-
gassing that is required to certify liquid lubricants for use in space applications [77].
Although these fluids display high thermal stability and chemical inertness under static
conditions, both MAC and PFPE are prone to tribochemically induced decomposition un-
der BL conditions. PFPE is known to form iron fluorides under BL which auto-catalytically
decomposes the fluid [78], while MAC is catalytically decomposed by nascent iron surfaces
generated by wear in oxygen-free environments [79]. Lubricant additives, therefore, serve
a dual purpose as they protect the solid surfaces by generating a boundary film, and simul-
taneously protect the base fluid from decomposing by exposure to nascent metal [80,81].
Unfortunately, few additives are available for MAC or PFPE, since any effective additive
needs to (i) overcome the problem of dissolving polar additive in non-polar base oil, (ii)
have a low enough vapor pressure to avoid excessive evaporation under vacuum, (iii)
be effective in an oxygen-free environment. Additive miscibility is significantly worse
in PFPE than MAC, mostly because PFPE has a chemical structure very different from
that of conventional hydrocarbon fluids, which existing additives were designed for. It is
possible to disperse solid lubricants in PFPE [82], but conventional additives are not misci-
ble. There are some additive options available for use with MAC, including conventional
additives [83–86], solid dispersions [86–89], and ionic liquids dissolved in MAC [90,91],
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however, the combination of miscibility, low volatility, and tribological performance re-
mains problematic. To improve additive solvency in conventional synthetic hydrocarbons
like PAO (polyalphaolefin), it is common to blend the base fluid with a polar base fluid
such as an ester [92], but this option is not available to MAC as it would negatively affect
the vapor pressure. Fully oil-miscible ionic liquids are available [22], however, a high de-
gree of alkylation correlates with increased vapor pressure, and such ionic liquids display
pronounced outgassing in vacuum and decreased thermal stability [18,19].

To summarize the state of liquid lubricants in space tribology, there is no silver
bullet found, however, more options are becoming available for space-grade lubricant
formulators, although the state is still far from terrestrial applications. Many conflicting
features need to be balanced against each other. For example, ILs that mimic hydrocarbons
display improved compatibility with existing tribological systems including base oils, but
if the IL is too closely mimicking hydrocarbons, it may lose the benefits of ILs such as low
vapor pressure and high thermal stability. Similarly, boundary film formation requires
reactivity between the additive and the surface material, but too much reactivity may
cause tribo-corrosive wear. The lubricant should also display some electric conductivity in
order to avoid static charge buildup and electric discharge damage, however, excessive
conductivity may promote electrochemical reactions that degrade the tribological system.
The perfect lubricant formulation depends on the exact application at hand, and for this
reason, tribology engineers need to have a range of lubricants and additives at hand, in
order to tailor the lubricant system to the specific problem.

1.5. Contribution of This Work

This work builds upon our previous research, where the principle of molecular de-
sign of lubricants [93,94] was employed to design an ionic liquid specifically for use
in lubrication [95]. The resulting IL, composed of tetraalkylphosphonium cation and a
trimethylsilylalkylsulfonate anion, was designated P-SiSO. This IL attempts a balanced
approach of reactivity to tribomaterials, as well as a balanced oleophilic index that mimics
the hydrocarbon structure while retaining important bulk properties, such as low vapor
pressure. In our previous work, we found excellent tribological performance attributed to
the formation of a silicate boundary film [96]. P-SiSO displayed apparent miscibility at 1%
wt in squalane and excellent tribological effectiveness when evaluated as additive in air
under rolling-sliding conditions [97], as well as under component scale testing of geared
actuators in our ongoing work [98].

In this paper, we specifically investigate the suitability of employing P-SiSO as an
additive in MAC to improve performance in the boundary lubrication regime, while
simultaneously providing a well-balanced degree of electric conductivity of the lubricant.
The experimental investigations in this paper focus on outgassing, conductivity, and
tribological performance. The tribological experiments investigate the friction and wear
sensitivity to atmospheric conditions by testing under air, dry N2, or dry CO2, with
validation in high vacuum. 3D-surface analysis is conducted by scanning white light
interferometry, followed by scanning electron microscopy with energy-dispersive X-ray
spectroscopy (SEM-EDS) for characterization of boundary films.

2. Materials and Methods
2.1. Lubricant Samples

An experimental lubricant, designated ‘MAC &P-SiSO’, was prepared by dissolving
0.4 wt% of the ionic liquid P-SiSO (trihexyltetradecylphosphonium 2-(trimethylsilyl)ethane-
1-sulfonate) [95], in the base fluid MAC, a multiply alkylated cyclopentane (Synthetic Oil
2001a, supplied by Nye Lubricants, Inc. (Fairhaven, MA, USA)). The solution was tempered
at 70 ◦C for 30 min, followed by sonication for 30 min. The homogenous solution of ‘MAC
&P-SiSO’ was confirmed by subjecting samples to centrifuging at >15,000 G acceleration,
followed by sampling of top and bottom phase for characterization by Fourier-transform
infrared spectroscopy (FTIR). The higher viscosity of P-SiSO compared to MAC was
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assumed to have no significant influence on the bulk viscosity of the ‘MAC &P-SiSO’
mixture at the concentrations used in this work. This assumption was verified by use of
Equation (1) which is used to calculate the viscosity of the mixture, νmix [22]. Viscosity data
for MAC and P-SiSO at 40 ◦C is denoted as νMAC and νIL respectively, and their relative
concentrations are denoted XMAC and XIL.

νmix = exp(exp(XMAC log(log(νMAC + 0.8)) + XIL × log(log(νIL + 0.8)))) − 0.8 (1)

With the numeric values provided in the Supporting Material we calculate a negligible
viscosity increase of <0.5% in ‘MAC &P-SiSO’ compared to neat MAC at the temperatures
used in the tribology experiments.

For the tribological experiments, we employed neat MAC, neat P-SiSO, as well as neat
PFPE, a perfluoropolyether lubricant (Fomblin Z25, a supplied by Solway S.A. (Brussels,
Belgium)) as reference lubricants.

2.2. Conductivitiy Experiment

‘MAC &P-SiSO’ (0.4 wt% P-SiSO in MAC) was freshly prepared following the proce-
dure described in Section 2.1 Lubricant Samples to obtain a homogenous solution, which
was used to determine its conductivity value. The dependence of conductivity, together
with relative permittivity on temperature was determined at 25 ◦C, 50 ◦C, 75 ◦C and 100 ◦C
temperature steps. Permittivity describes the material ability to transfer electrical field and
is expressed in Farad per meter. However, in our set-up we measured relative permittivity
as dimensionless value as it compares the measured value to vacuum permittivity. The
measurements were carried out by an in-house developed alternating current (AC) con-
ductivity measurement device consisting of two gold coated electrodes separated by 1 mm
gap of 2100 mm2 surface area. An alternating square wave voltage of ±2.5 V was applied
with frequency of 0.5 Hz during the conductivity measurements. In the case of relative
permittivity measurements, a sin wave voltage of ±2.5 V was applied with a frequency of
2 kHz. The measurement device was calibrated using air, toluene, n-heptane and diethyl
ether.

The purpose of the analysis was to evaluate the feasibility of achieving a relevant
level of electric conductivity by the incorporation of a low concentration of ionic liquid in a
heritage space lubricant. Conductivity levels in the order of 100 pS/m were considered
relevant in this work, based on engineering standards and guidelines applicable to similar
systems and applications [50,52].

The electric conductivity, σ was expected to vary with temperature, T, as the charge-
conducting ions must overcome the viscous resistance that is highly temperature dependent.
This effect is well known for low concentrations of conductive additives employed in
hydrocarbon solvents. The relation of conductivity, σ, to temperature can be described by a
semi-log relationship that is derived by measuring conductivity for at least two different
temperatures (T1, T2) to retrieve a temperature-conductivity coefficient, n [◦C−1] [99],
shown in Equations (2) and (3).

log10 σT1 = n(T1− T2) + log10 σT2 (2)

n =
log10

(
σT1
σT2

)
T1− T2

(3)

2.3. Outgassing Experiment

The outgassing of the lubricants was assessed in accordance with the European
Cooperation for Space Standardization (ECSS) space product assurance standard “thermal
vacuum outgassing test for the screening of space materials”, ECSS-Q-70-2C [77]. This
test quantifies total mass loss (TML), relative mass loss (RML), and collected volatile
condensable material (CVCM) as performance indicators of liquid sample outgassing
under thermal vacuum conditions. TML and RML are directly related to the expected
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useful life of the lubricant in a space application, whereas CVCM is related to risk of
contamination by the outgassed compound. The general acceptance limits are stated as
TML and RML <1.0 %, and CVCM <0.10%. Depending on the exact application, these
limits may be more or less stringent, however these values serve as a useful indicator of
the suitability of applying these fluids as lubricants in space applications. This European
standard is equivalent to the U.S. standard ASTM-E595 [100].

Three lubricants were evaluated; neat MAC (as reference), neat P-SiSO, and the
experimental lubricant ‘MAC &P-SiSO’ which was prepared to contain 0.4 wt% P-SiSO
dissolved in MAC. A total mass of 0.55 g for each sample was evaluated, divided into three
specimen cups with approximately 180 mg of the specimen in each cup. Three empty cups
was also prepared as references, and collector plates were used to measure the collected
volatile condensed material. The outgassing experiment was conducted over 24 h, with
24 h conditioning phases before and after the test. During the conditioning phase before
the test, the samples were maintained for 24 h in high humidity (55 ± 10% RH) at room
temperature (22 ± 3 ◦C) and ambient pressure. After the samples were conditioned, they
were weighed on a precision balance before they were mounted in the vacuum chamber.
In the subsequent outgassing experiment, the test chamber was evacuated to a pressure
below 10−3 Pa, while heating the samples to 125 ◦C. These conditions were reached within
the first hour, and maintained over the remaining time of the 24 h experiment. The samples
and collector plates were then removed from the vacuum chamber and weighed again.
The samples were finally conditioned for 24 h in high humidity (55 ± 10% RH) at room
temperature (22 ± 3 ◦C) and ambient pressure, before being weighed again. Further details
of the method used can be found in the standard ECSS-Q-70-2C [77].

2.4. Tribology Experiments

The influence on friction and wear by the lubricants was evaluated by two types of
sliding point-contact tribometers; (i) The MVT-2 multi-functional vacuum tester (RTEC
instruments, San Jose, CA, USA) was used in unidirectional sliding ball-on-disc configu-
ration under high vacuum (HVAC) conditions to investigate the feasibility of lubrication
under vacuum conditions with the investigated lubricants. Secondly, (ii) the Optimol SRV-3
reciprocating ball-on-flat tribometer (Optimol Instruments Prüftechnik GmbH, München,
Germany) was modified with gas inlet to provide options for control of atmospheric condi-
tions (Air, N2, or CO2), and was employed to study the performance under a wide range of
conditions, and to prepare samples suitable for boundary film analysis.

The tribological performance was quantified based on the friction force continuously
measured by the tribometers, and by a normalized wear index that compares the diameter
of the wear scar on the ball (WSD) with the nominal Hertz contact diameter (HzD), as ex-
plained previously [96,101] and reiterated in the Supplementary Material. Surface analysis
was performed on selected samples by light optical microscopy (LOM), 3D profilometry
(3DP), and SEM-EDS.

In all experiments, the test duration was 30 min, and steel specimen of AISI 52100
were used for both ball and disc. The test conditions were defined by a combination of
applied load, F, the resulting maximum contact pressure, Pmax, and the chosen atmospheric
conditions, ATM, and will be reported in the following format: {F/Pmax/ATM}. Hertzian
contact pressures (Pmax) and diameters (HzD) are calculated by Hertz theory, taking into
account the geometrical and mechanical properties of the steel samples used [102]. Table 1
summarizes important parameters that differed for the experiments with the two different
tribometers. We relied on the film parameter, Λ, to ensure that the lubricant performance
was evaluated in the boundary lubrication (BL) regime (Λ < 1) [57]. The film parameter
was retrieved in two steps. First, the lubricant film thickness, hmin, was calculated by the
Dowson–Hamrock equation that takes into account the effective contact radius (Rx) and
ellipticity (k), as well as dimensionless parameters related to speed (U), materials (G), and
load (W), as shown in Equation (4). Secondly, the film thickness was compared to the root
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mean square surface roughness, Sq, as shown in Equation (5). The numeric values for the
different cases are found in the Supplementary Material.

hmin = Rx · 3.63 · U0.68G0.49W−0.073
(

1− e−0.68k
)

(4)

Λ =
hmin

Sq
(5)

Table 1. Conditions of tribology experiments.

Tribometer Gas
[−]

F
[N] Pmax [GPa] T

[◦C]
S

[m] Sq [µm] ΛMAC a

[−]

MVT-2 HVAC 40 2.1 40 90 0.009 0.97
SRV-3 Air/N2/CO2 150–300 2.4–3.0 25 180 0.061 0.37–0.35 b

a All Λ values calculated using viscosity of multiply alkylated cyclopentanes (MAC) at the test temperature.
b Mean values of Λ over the stroke. The corresponding maximum values of Λ are 0.52–0.50, calculated at
maximum speed (midstroke).

Using this approach, we compensate for the different composite surface roughness
(Sq) of the specimen types used for the two tribometers. The smoother surfaces used in
the MVT-2 experiments was compensated for by adjusting the conditions to lower sliding
speed and slightly elevated temperature in relation to the SRV-3, as seen in Table 1. Further
information of the experiments are given separately for each tribometer in the following
sections.

2.4.1. MVT-2 Tribotest in Vacuum

The MVT-2 vacuum tribometer was used to evaluate baseline lubricant performance
in a vacuum environment. A 6.35 mm steel ball and disc specimen of AISI 52100 steel
was used. The standard specimen used in the MVT-2 were of significantly lower surface
roughness compared to the standard specimen used in the SRV-3 experiments, with the
MVT-2 specimen having a composite roughness (Sq) of only 9 nm compared to 61 nm for the
SRV-3 specimen. In order to avoid excessive hydrodynamic effects by the smooth surfaces,
and to facilitate the comparison with SRV-3 experiments in the boundary lubrication regime,
the test conditions were chosen so that the minimum lubricant film thickness was ensured
to be lower than the composite surface roughness as described in the previous section.
With the conditions stated in Table 1 the minimum film thickness was calculated to be 8
nm based on the Dowson–Hamrock equations, thus ensuring that the test was initiated in
the boundary lubrication regime (Λ < 1). The numerical data for the calculation of the film
parameter (Λ) is provided in the Supporting Material.

The test procedure for the MVT-2 experiments was executed as follows: (I) A sufficient
amount of lubricant (0.3 mL) was applied onto the test disc to ensure that the whole track
around the disc would have similar amount of lubricant supplied. (II) High-vacuum
(HVAC) conditions were set by evacuating the closed test chamber until the indicated
pressure was below 5 × 10−3 Pa. (III) Thermal stabilization and lubricant distribution was
ensured before starting the experiment. The ball was commanded into light contact (1 N)
with the disc at a radius of 8 mm while the disc was rotating (10 rpm), in order to distribute
the lubricant along the track. The thermostat was set to 40 ◦C and the temperature stabilized
within 5 min. (IV) The test was initiated by increasing the speed to 60 rpm (stabilized
within 1 s), which corresponded to 0.05 m/s, while increasing the load to 40 N (stabilized
within 5 s), which corresponded to 2.1 GPa. The test duration was 30 min. (V) after the
test finished, the ball and disc was washed ultrasonically in heptane and ethanol and
characterized by surface analysis.

2.4.2. SRV-3 Tribotest in Controlled Atmosphere

The SRV-3 was used for screening of lubricant performance characteristics over various
atmospheric and contact pressure conditions, and for generating boundary film samples
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suitable to analysis by EDS. Three types of atmospheric conditions were used in this setup,
denoted as AIR, N2, and CO2. AIR is defined as ambient air, having a relative humidity
between 15–50%. N2 conditions is defined as continuous flooding of the test chamber with
dry gaseous nitrogen so that the measured levels of oxygen and relative humidity were
maintained below 5%. Finally, the CO2 condition is defined as continuous flooding of
the test chamber with dry CO2 gas that maintained the measured concentration of CO2
above 90%, while relative humidity remained below 5%. The load conditions were set to
either 150 N load, or 300 N load, which resulted in maximum contact pressures (Pmax) of
2.4 and 3.0 GPa, respectively. All the experiments using SRV-3 was conducted at ambient
temperature (25 ± 2 ◦C).

The experimental procedure was executed as follows: (I) Before each test, we applied
a small amount (30 µL) of the test lubricant into the sliding interface. (II) The atmospheric
conditions were set by flooding the test chamber with AIR, N2, or CO2, as defined previ-
ously. (III) The 10 mm steel ball was pressed against the flat steel disc at the selected applied
load (150 or 300 N), and after ensuring sample alignment the test was initiated. (IV) During
the 30-min test duration, the ball was subjected to reciprocating motion at 50 Hz with a
stroke length of 1 mm while the selected applied load (150 or 300 N) was maintained. (V)
after the test finished, the ball and flat was washed ultrasonically in heptane and ethanol
and characterized by surface analysis. Each test was repeated twice.

The procedure is based on ASTM D6425 and the sample specimen used conforms to
the specification therein [103]. The composite roughness of the surfaces was calculated
to 61 nm based on the specified sample roughness, and the Λ < 0.52, as listed in Table 1.
Furthermore, the conditions used ensured that the relation between Hertz contact diameter
(HzD) and stroke length was sufficient to avoid fretting motion.

2.5. Analysis of Worn Surfaces

A Zygo NewView 7300 optical 3D profilometer (3DP) (Zygo Corporation, Middlefield,
CT, USA) was employed for surface analysis by scanning white light interferometry. The
surfaces were measured using 10× and 50×Mirau objectives, yielding maximum resolu-
tions <0.5 µm spatially and <0.1 nm vertically. The surface profilometry data was analyzed
using MetroPro 9.1.6 (Zygo Corporation, Middlefield, CT, USA), and MountainsMap Pre-
mium 7.4 (Digital Surf, Besançon, France). A Dino-Lite AM7915MZTL 5MP digital light
optical microscope (LOM) (Dino-Lite Europe, 1321 NN, Almere, The Netherlands) was
also employed for surface analysis in the visible spectrum of balls and discs.

The worn regions on the discs were further analyzed by field-emission scanning
electron microscopy (SEM) in low voltage high-contrast detector mode (vCD) at 3 kV, using
a Magellan 400 FEG-SEM (FEI Company, Eindhoven, The Netherlands). Energy-dispersive
X-ray spectroscopy (EDS) was performed using an X-Max 80 mm2 X-ray detector (Oxford
Instruments, Abingdon, UK) operated at 5 kV, which is enough to detect elements of
interest such as P, Si, S, O, C, and Fe, while maintaining a minimal depth of penetration.
The EDS-spectra of boundary films developed in the tribological contacts were compared
to EDS-spectra of unused reference test specimen (AISI 52100 steel). As seen in Figure 1,
the microstructure of the reference steel contains features that are rich in the elements that
are also present in P-SiSO, such as Si, O, and C. These features can be clearly distinguished
from the boundary films formed by P-SiSO by their respective visual appearances under
the scanning electron microscope (SEM), especially when using the vCD solid state detector.
Nonetheless, we prepared two reference spectra representative of the AISI 52100 bulk steel
substrate (Ref) and silicon-carbon containing surface features (SiC) to assist in the analysis
of boundary films. The spectra Ref and SiC shown in Figure 1b are the results of averaging
the spectra at Ref-1–3 and SiC-1–2 respectively. Elemental analysis of the boundary films
are performed by dividing the boundary film spectra with the reference spectra, so that the
relative abundance of elements in the boundary film can be retrieved.
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Figure 1. SEM-EDS characterization of reference AISI 52100 steel sample. (a) SEM image showing locations of analyzed
regions of interest, consisting of three reference regions (Ref-1–3) and two regions rich in silicon-carbon (SiC-1–2). (b) Average
EDS spectra corresponding to the Ref and SiC regions of interest.

3. Results and Discussion
3.1. Outgassing Analysis

The results of the ECSS-Q-70-2C outgassing experiment are shown in Figure 2. As
expected, neat MAC performed well, and all outgassing quality parameters (TML, RML,
CVCM) was below the acceptance limits for materials to be used in spacecraft [77,100].
The results of ‘MAC &P-SiSO’ clearly show that the addition of 0.4 wt% P-SiSO to MAC
did not adversely affect the outgassing performance, hence ‘MAC &P-SiSO’ also meets
the outgassing requirements for space grade materials. For neat P-SiSO, the total mass
loss (TML) and collected volatile condensed material (CVCM) are above the standard
acceptance level, while the relative mass loss (RML) is below the acceptance limit. The
difference between TML and RML is commonly referred to as water vapor regained (WVR)
in ECSS-Q-70-02C. This result indicate that the outgassed species from neat P-SiSO is
mainly water vapor that was absorbed during the conditioning step. Although highly
alkylated ILs (including tetraalkylphosphonium) are considered hydrophobic, they can
display significant water absorption in a humid atmosphere [104]. Regarding the relative
mass loss of P-SiSO, it indicates that there is measurable outgassing, albeit at a rate that
is acceptable according to the ECSS-Q-70-02C standard. It is reasonable to assume that
humidity is detrimental to the vapor pressure of P-SiSO, as hydrolysis of P-SiSO can
produce a neutral ion pair with high boiling point via the reaction in Equation (6).

[R4P][TMSC2H4SO3] + H2O
 [R4P][OH] + TMSC2H4SO3H (6)

Formation of neutral ion pairs are known to increase the vapor pressure of ionic
liquids [105], and should be avoided if possible. Incorporating anti-oxidants is a feasible
strategy of mitigation, and in our previous work we successfully employed N-Phenyl-1-
naphthylamine as an additive in P-SiSO [96].

The maximum allowable concentration of P-SiSO in MAC can be estimated by inter-
polating the outgassing performance of neat P-SiSO and neat MAC. Assuming there are no
antagonistic effects, and sufficient solvency, it would be possibly to use a concentration
of approximately 10 wt% of P-SiSO in MAC without compromising the outgassing per-
formance. Our preliminary analysis indicates that the maximum allowable concentration
of P-SiSO in MAC would be limited by solvency before exceeding the acceptable limits of
outgassing performance.
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Figure 2. Thermal vacuum (125 ◦C and <10−3 Pa) outgassing test for screening of space materials,
in accordance to standard ECSS-Q-70-02. The outgassing performance in terms of total mass loss
(TML), relative mass loss (RML), and collected volatiles condensable material (CVCM) is within the
acceptance limits for neat MAC, and MAC with 0.4 wt% P-SiSO (MAC and P-SISO). Neat P-SiSO
display TML and CVCM outside the acceptance limit, while RML is acceptable.

3.2. Conductivity Analysis

The conductivity analysis of ‘MAC &P-SiSO’, containing 0.4 wt% P-SiSO in MAC, is
summarized in Figure 3. We measured electric conductivity over a range of temperature
from 25 ◦C to 100 ◦C. The conductivity measurements were made sequentially, starting at
25 ◦C and repeated at temperature increments of 25 ◦C until the 100 ◦C level was reached,
before allowing the liquid to cool down to 25 ◦C to measure the conductivity again, as
displayed in Figure 3a. A strong temperature-dependency was expected—mainly due to
the influence of viscosity—and can be estimated according to ASTM D2624 as described
in Equations (2) and (3). However, apart from the temperature influence, the measured
conductivity also displayed an obvious time-dependency at higher temperatures. Starting
at 75 ◦C, we observed that conductivity was increasing over time before stabilizing within
a few minutes, as indicated by the arrow in Figure 3a. Based on this observation of time-
dependency, the conductivity was recorded continuously at the 100 ◦C temperature level
as shown in Figure 3b. During this measurement, the conductivity continued to increase
for ~90 min before finally reaching a steady state at 382 pS/m. Considering the fact that the
temperature had stabilized within 5 min, the results shown in Figure 3b clearly show that
temperature effects on viscosity is not sufficient to explain the observed time-dependent
increase in conductivity. The final measurement of the sequence displayed in Figure 3a
was the conductivity re-measured at 25 ◦C after allowing the liquid to cool down from
100 ◦C. This measurement provides further information about factors that influence the
conductivity of this system. Clearly, the re-measured conductivity at 25 ◦C is significantly
higher than what was measured in the initial state at the same temperature. The observed
temperature-hysteresis of conductivity produced an increase in conductivity from 22 to
96 pS/m, an increase of a factor of almost 4.4 between the initial measurement at 25 ◦C and
the final (steady) measurement at 25 ◦C.

The investigated liquid, ‘MAC &P-SiSO’, can be modeled as a simple ionic electrolyte
system with a low concentration of large ions in an apolar solvent. Considering classical
theory of ion-solvent dynamics, ionic conductivity of such an electrolyte depends mainly
on the ability of the charge-conducting ions to overcome the viscous resistance of the
solvent [106]. The increase in conductivity should therefore be an effect of (i) a decrease
in viscosity, (ii) an increase in the ionic mobility, or (iii) an increased number of charge
carriers, or a combination thereof. Theoretically, decomposition of the base fluid or ionic
liquid could influence these factors. Therefore, post-experiment FTIR analysis was per-
formed and compared to pre-experiment FTIR analysis and, as shown in Figure 3c, we
did not observe any sign of degradation, as the ‘Before’ and ‘After’ FTIR-results could not
be distinguished from each other. This indicates that it is unlikely that any permanent
degradation—sufficient to explain the 4.4 times increase in conductivity—occurred at
elevated temperatures, especially considering the high chemical stability of the investi-
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gated compounds. Based on this analysis, viscosity effects cannot explain the increase in
conductivity seen in the initial and final measurement at 25 ◦C, or the time-dependency
observed at 100 ◦C, and thus option (i) can be ruled out as an explanation of the increased
conductivity. The remaining options are (ii) increased ionic mobility, or (iii) an increased
density of charge carriers. Option (ii), increased ionic mobility, is also theoretically possible
by decomposition if it causes a reduction of the effective ion radius. The effect on ion radius
on ion mobility can be estimated by the Stokes–Einstein equation as explained in [53].
However, also in this case the decomposition would have to be significant to explain the
4.4 times increase in conductivity, and such a decomposition should be detectable by FTIR.
Consequentially, option (ii) is also unlikely as an explanation of the increased conductivity.
The remaining alternative to explain the observation of increasing conductivity at constant
temperature is option (iii), an increased density of effective charge carriers. The number of
charge carriers depend on the amount of charge-carrying mobile species, and the presence
of ionic aggregates or ion pairs form neutral species which cannot be considered charge
carriers [107]. Furthermore, ionic mobility can be inhibited by adsorption, which would
also decrease the effective number of charge carriers. This mechanism is also in line with
reports of time-dependent conductivity for lubricating oils with conductivities in the range
of 1–500 pS/m, which was attributed to ionic mobility factors [108]. Under an alternating
electric field—as was employed in our experiment—it is reasonable to assume that ions of
opposite polarity will strive to reposition into an energetically favorable ordered distribu-
tion, as shown schematically in Figure 3d. It is also reasonable to assume that the rate of
this process is increased at higher temperature, due to reduced viscosity. This mechanism
would explain the conductivity-temperature hysteresis that was observed upon cooling
the fluid down from 100 ◦C to 25 ◦C.

Figure 3. Conductivity analysis of ‘MAC &P-SiSO’, containing 0.4 wt% P-SiSO in MAC. (a) Conductivity measured
sequentially from 25 ◦C to 100 ◦C in increments of 25 ◦C, before cooling down to 25 ◦C. Dashed lines represent ASTM D2624
temperature-conductivity relations estimated for initial and steady state. (b) Detailed view of initial 100 min of conductivity
measurement at 100 ◦C shows time-dependency of conductivity. (c) Fourier transform infrared spectroscopy (FTIR) analysis
before first and after last conductivity measurements confirm chemical stability. (d) Schematic illustration to explain the
observed time-dependency of conductivity.



Molecules 2021, 26, 1013 13 of 28

To estimate the conductivity in a practical application such as a ball bearing at op-
erating speeds is complicated by the factors discussed. The effect on conductivity by
factors such as lubricant confinement, high pressure and shearing motion are not obvious.
However, it is clear that the magnitude of the conductivity is in the order of 100 pS/m,
which was the criteria for being considered relevant in minimizing the risk of electrostatic
discharge damage in a space application.

3.3. Friction and Wear Analysis
3.3.1. MVT-2 Tribotest in Vacuum

Results from the MVT-2 vacuum tribometer experiments are shown in Figure 4. These
experiments evaluated neat MAC and ‘MAC &P-SiSO’ under high vacuum (HVAC) condi-
tions (<10−3 Pa), at 40 ◦C and 40 N load (2.1 GPa) under unidirectional sliding conditions.
As explained in Section 2.4.2 under Materials and Methods, these experiments were con-
ducted with the highly polished standard MVT-2 samples, having a composite roughness
below 10 nm. The conditions were adapted to minimize hydrodynamic effects and focus on
the boundary lubrication performance. The friction traces of neat MAC and ‘MAC &P-SiSO’
over the 30-min experiment duration are displayed in Figure 4a. Figure 4b provides the
3DP topographical data of the ball wear scars, together with numeric wear indices (WHz)
and wear volumes (Wv). The ball form having a radius of 3.175 mm has been removed
from the 3DP ball topography data. Figure 4c–e display detailed views of the running-in
(c) period, as well as two indications of partial seizures observed at the time (d) 1090 s and
(e) 1540 s into the experiment with neat MAC.

Figure 4. Results from MVT-2 tribotest in high vacuum comparing neat MAC, and 0.4 wt% P-SiSO in MAC, ‘MAC &P-SiSO’.
(a) Friction traces over 30 min test duration. (b) Topographical data (optical 3D-profilometer, 3DP) of the ball wear scars,
together with numeric wear indices (WHz) and wear volumes (Wv). (c) Detailed view of the running-in period. (d,e) detailed
views of abrupt friction increase interpreted as indication of partial seizures.
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As seen in Figure 4a, and magnified in Figure 4c, the neat MAC displays a pronounced
running-in behavior with a rapidly rising friction in the initial 10 s. A significantly increased
friction coefficient is maintained during the initial 4 min (240 s) before stabilizing around
the initial value. It is deemed likely that higher friction during the running-in phase was
accompanied by significant wear. In contrast, ‘MAC &P-SiSO’ display a relatively steady
running-in process, with a very slight increase in friction from 30–60 s into the experiment.
However, also with ‘MAC &P-SiSO’ there was a running-in process over the initial ~500 s.
In the case of ‘MAC &P-SiSO’, the friction coefficient remains low, but the running-in
process is accompanied by slight fluctuations in friction before the friction stabilizes. The
3DP data reported in Figure 4b display wear indices (WHz) of 1.21 for neat MAC, and 1.05
for ‘MAC &P-SiSO’. The removed volume of material (Wv) was twice as large in the sample
lubricated by neat MAC as compared to ‘MAC &P-SiSO’. It is likely that a significant part
of the wear seen with MAC was produced during the running-in phase, as indicated by the
significantly higher friction. After such a period of high wear, the load-bearing contact area
increases, which in turn lowers the actual contact pressure throughout the remaining test.

Regarding the indication of partial seizures in neat MAC highlighted in Figure 4d–e,
this behavior is not surprising considering again that neat MAC does not contain any
triboimproving additive. As seen from the 3DP data, the wear depth is >0.4 µm, indicating
that initial oxide layers are likely worn through at this point. In oxygen-depleted conditions,
nascent metal exposed by wear will remain reactive for longer than it would in air, leading
to an increased risk of severe adhesion. In space tribology, this is often referred to as
cold welding, and partial seizures are to be expected [109]. Under the conditions of this
experiment, wear on the rotating disc was barely measureable as it was distributed over
the entire arc length of the wear track. In the case of a longer test duration, it is possible
that disc oxide layers would also be removed, with ensuing risk of gross seizure by cold
welding. In contrast to the partial seizures observed in the case of neat MAC, there were
no such observations in the case of ‘MAC &P-SiSO’.

3.3.2. SRV-3 Tribotest in Controlled Atmosphere

Figure 5 summarizes the SRV-3 tribological results in terms of friction coefficient
(µ) and wear index (WHz), with the wear index being defined as the wear scar diameter
divided by the Hertz contact diameter (WHz = WSD/HzD). Figure 5a display the friction
traces recorded for neat MAC, neat PFPE, ‘MAC &P-SiSO’, and neat P-SiSO at conditions of
{150 N/2.4 GPa/N2}. Every data point is the average friction coefficient over 1 s, and every
test was repeated at least twice. Friction traces for all six conditions evaluated (loads 150
or 300 N, atmospheric conditions AIR/N2/CO2) are available in the Supporting Material.
Figure 5b include pairs of ball and disc wear scars for neat MAC, ‘MAC &P-SiSO’, and neat
P-SiSO, as seen with an optical 3D-profilometer (3DP). Color-coded topography data is
overlaid on 3DP intensity charts to provide representative images of the morphology and
severity of wear encountered on both ball (upper part of image) and disc (lower part). The
5 mm ball radius has been removed from the 3DP ball topography data. Further images can
be found in the Supporting Material. Figure 5c–h provide the average friction coefficient
(µavg) over the full test duration, plotted against the average wear index (WHz). The dashed
line represent the theoretical minimum wear index (WHz ≥ 1), and seizure is defined as
sustained friction force above 100 N (µ above ~0.33 at 300 N).

The results show that the addition of 0.4 wt% P-SiSO in MAC has a significant im-
provement on both friction and wear performance in all the conditions evaluated. As seen
in Figure 5a, neat MAC display poor friction characteristics under these harsh boundary
lubricated conditions, with a severe increase in friction during the running-in period fol-
lowed by high and unsteady friction throughout the test. Under the same conditions {150
N/2.4 GPa/N2}, neat P-SiSO performs well, with very smooth friction characteristics and
low wear, similar to the results seen in previous studies of neat P-SiSO under air condi-
tions [95,96]. ‘MAC &P-SiSO’, containing 0.4 wt% P-SiSO in MAC, prevents the abrupt
friction increase seen with neat MAC during the running-in phase, and reduces friction and
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wear significantly during the test. In fact, as seen in Figure 5c–h, ‘MAC &P-SiSO’ reduces
friction and wear significantly under all the evaluated conditions in comparison to neat
MAC as well as the reference lubricant PFPE.

Figure 5. (a) Friction traces recorded for neat MAC, ‘MAC &P-SiSO’, neat P-SiSO, and neat PFPE at conditions of
{150 N/2.4 GPa/N2}. (b) Pairs of ball and disc wear scars for neat MAC, ‘MAC &P-SiSO’, and neat P-SiSO, as seen
with optical 3D-profilometer (3DP). Color-coded topography data is overlaid on intensity charts to provide representative
images of the morphology and severity of wear encountered on both ball (upper part of image) and disc (lower part). (c–h)
Average wear index (WHz) plotted against the average friction coefficient (µavg) at 150 and 300 N load in AIR, N2, and CO2

atmospheres.
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The wear scars displayed in Figure 5b indicate abrasive wear along the direction of
sliding in the case of neat MAC, which is likely initiated by adhesive damage already
in the running-in phase. In contrast, the wear scar topography produced with ‘MAC
&P-SiSO’ resembles that of neat P-SiSO, with a very smooth surface remaining at the end
of the test. As seen in the 3DP intensity charts, the dark color indicating boundary film
is slightly more evident in the case of ‘MAC &P-SiSO’ in comparison with neat P-SiSO.
Comparing Figure 5c–d, the effects of AIR or N2 conditions are minor. All lubricants
display comparable performance in AIR conditions as in N2, however, the performance of
neat MAC was significantly improved in the CO2 conditions as seen in Figure 5e, which
indicates effective boundary film formation by neat MAC in CO2 atmosphere. The results
under higher load (300 N) seen in Figure 5f–h, show that the performance increase by CO2
was not enough to prevent immediate seizure, which was observed for neat MAC in all
atmospheric conditions under high load (300 N). Nonetheless, the effect on tribological
performance with MAC under CO2 might be of interest in the search for triboimproving
concepts for MAC.

The results at higher loads shown in Figure 5f–h display that the addition of 0.4 wt%
P-SiSO in MAC also prevents the immediate seizures observed with neat MAC, although
seizures and partial seizures was observed under N2 and CO2 atmosphere respectively
with ‘MAC &P-SiSO’. Neat P-SiSO performed well in all conditions evaluated, maintaining
a low friction coefficient as well as a low wear index under all evaluated conditions. Partial
seizures were observed also with PFPE under AIR and CO2 conditions, whereas the friction
was more stable under N2 conditions. PFPE under boundary lubrication is known to react
with exposed (nascent) Fe, forming iron fluorides that can act as extreme pressure agents
that reduce friction at the expense of high wear. Under AIR and CO2 conditions, it is likely
that the formation of iron fluorides is competing with formation of iron oxides as nascent
Fe is exposed. In any case, FeF3 is problematic as a boundary film compound as it is acidic
and can catalytically decomposes the PFPE into low molecular weight volatiles [78], as
well as corrode the metal in the presence of humidity [110].

It is clear that atmospheric conditions also influence the performance of P-SiSO. Neat
P-SiSO displayed slightly improved tribological performance under N2 compared to AIR,
whereas ‘MAC &P-SiSO’ displayed an opposite trend with better performance in AIR
compared to in N2 conditions. The best overall lubricating performance was observed with
neat P-SiSO under N2 conditions.

3.4. Boundary Film Analysis of SRV-3 Samples
3.4.1. Surface Analysis by Complementary Techniques

We employed a set of complementary techniques (LOM, 3DP, SEM-EDS) in order to
gain insight into the boundary films formed by P-SiSO in the neat form or as a lubricant
additive in MAC at 0.4 wt% concentration. Worn samples from SRV-3 experiments were
analyzed. The main focus of the study was ‘MAC &P-SiSO’, while neat P-SiSO and neat
MAC was analyzed as references. LOM was used to record the visual appearance and
spatial extent of the boundary film coverage. The 3DP technique based on scanning
white light interferometry provides topography information that quantify the amount of
wear, and 3DP was also employed to provide information about the extent of boundary
film coverage by analyzing the intensity of the reflected light over the analyzed area.
Finally, SEM provided details of the surface morphology that were necessary to understand
mechanisms of wear, while EDS provided elemental chemical information that could be
used to infer the boundary film composition. The EDS signal is normalized against the
average background radiation measured between 1.0–1.5 keV in the energy spectra.

The analysis in Figures 6–8 focuses on SRV-3 samples subjected to conditions {150
N/2.4 GPa/AIR}, however, a similar analysis was made for all conditions and further
results can be found in the Supplementary Material. All analyzed samples shown were
washed ultrasonically in two steps before the analysis; five minutes immersed in heptane
followed by five minutes immersed in ethanol.
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Figure 6. Surface analysis of SRV-3 steel samples lubricated with neat MAC under conditions {150 N/2.4 GPa/AIR}.
(a) Overview of ball and disc wear scars. (b) Detailed view of ball wear scar topography as seen by 3DP with 10× objective
(curvature removed). (c) Disc wear scar topography seen by 3DP using 10× objective and (d) detail at 50× objective.
(e) scanning electron microscopy with energy-dispersive X-ray spectroscopy (SEM-EDS) analysis of region corresponding to
topography in (d). (f) EDS spectra of regions of interest.

Figure 7. Surface analysis of SRV-3 steel samples lubricated with ‘MAC &P-SiSO’ under conditions {150 N/2.4 GPa/AIR}.
(a) Overview of ball and disc wear scars. (b) Detailed view of ball wear scar topography as seen by 3DP with 10× objective
(curvature removed). (c) Disc wear scar topography seen by 3DP using 10× objective and (d) detail at 50× objective.
(e) SEM-EDS analysis of region corresponding to topography in (d). (f) EDS spectra of regions of interest.

Figure 8. Surface analysis of SRV-3 steel samples lubricated with neat P-SiSO under conditions {150 N/2.4 GPa/AIR}.
(a) Overview of ball and disc wear scars. (b) Detailed view of ball wear scar topography as seen by 3DP with 10× objective
(curvature removed). (c) Disc wear scar topography seen by 3DP using 10× objective and (d) detail at 50× objective.
(e) SEM-EDS analysis of region corresponding to topography in (d). (f) EDS spectra of regions of interest.
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Figure 6 include surface analysis of neat MAC by LOM, 3DP, and SEM-EDS. When
studying the worn disc surface lubricated by neat MAC under LOM, as seen in Figure 6a,
there is no indication of boundary film present. The surface appears brighter than the
surrounding unworn material, which is indicative of nascent steel exposed by severe wear.
The ball wear scar image seen to the left in Figure 6a was produced by 3DP in intensity
mode, and the dark appearance of the wear scar is in this case an effect of reduced reflection
caused by the significant roughness of the surface. Figure 6b shows a detailed view of the
ball topography measured by 3DP. The ball curvature has been subtracted from the data in
order to discern the depth of wear on the ball (~5 µm). It is clear that most of the wear is
located at the center of the ball, where the contact pressure is highest. This result is in line
with the well-established Archard wear model, which predicts that wear is proportional to
load [111] and, therefore, wear depth should correspond to the pressure distribution. The
disc topography measured by 3DP is seen in Figure 6c–d at low and high magnification. It
can be clearly seen that lubrication by neat MAC under the conditions {150 N/2.4 GPa/AIR}
produces a rough surface that appears severely abraded. The detailed view in Figure 6d
show that there is a significant amount of adhered material on the disc surface, leading to a
high area roughness (Sq = 0.317 µm). Figure 6e show the same region by SEM, with five
locations (approximately 1 × 1 µm) selected for EDS analysis. The EDS-analyzed regions
were selected to search for evidence of chemical reactions, although in the case of neat
MAC in AIR, no boundary film was expected. As seen in Figure 6f, the detected energy
peaks (normalized counts) are associated with carbon, oxygen, and iron, and there is no
significant difference compared to the unworn reference shown in Figure 1. Also, there is
no significant difference between the regions marked ‘Film’ or ‘Blank’ (plotted signals are
shifted vertically by 4 units to improve visibility).

This analysis shows that the neat reference lubricant MAC behaves as expected under
these conditions, with high friction and wear. No significant boundary film was produced
to protect the surfaces from severe adhesion.

The boundary film formed by the lubricant consisting of 0.4 wt% P-SiSO in MAC,
‘MAC &P-SiSO’, is analyzed in Figure 7. When studying the worn surfaces under LOM,
they appear covered in blue, purple and black patches, indicative of boundary film. The
detailed 3DP-view of the ball wear scar topography shown in Figure 7b indicate that the
central load carrying region of the ball has been well protected, in contrast to the surface
lubricated with neat MAC seen in Figure 6b. Clearly, the wear mechanism when lubricated
with ‘MAC &P-SiSO’ no longer follows the simple relation of wear rate proportional to
load as described by the Archard wear model. From Figure 7c–d, it is clear that the disc
surface has experienced little wear, and the roughness was actually slightly reduced within
the wear scar (Sq = 0.102 µm) compared to the unworn surface outside the wear scar
(Sq = 0.116 µm). The SEM-EDS analysis in Figure 7e–f indicates a boundary film composed
mainly of silicate, which is in line with results seen in previous work [96,97].

The analysis of the boundary film formed by neat P-SiSO is shown in Figure 8. The
visual appearance of the disc wear scar as seen by LOM in Figure 8a indicates the presence
of boundary film. In comparison to ‘MAC &P-SiSO’, the boundary film formed by neat
P-SiSO produced a darker appearance when observed by LOM. The topographical analysis
by 3DP shows barely detectable wear along the edge of the ball wear scar, seen in Figure 8b,
and insignificant wear on the disc as seen in Figure 8c. In the case of neat P-SiSO, the
surface roughness within the worn region of the disc was significantly reduced (~40%)
in comparison to the unworn region (Sq = 0.116 µm). The valleys seen in Figure 8d are
attributed to the original surface texture, and were not affected by wear and, consequently,
the reduction in surface roughness can be attributed to the removal of peaks. As shown in
the SEM image Figure 8e, the boundary film was only formed on peaks, and no film was
observed in the valley region. EDS analysis in Figure 8f indicates that the boundary film is
composed of silicate, similar to the boundary film observed in the case of ‘MAC &P-SiSO’
and again in line with previous studies [96,97].
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Comparing neat P-SiSO to ‘MAC &P-SiSO’, the detected characteristic energy peak
signal of Si is weaker, and the observed coverage is significantly lower in the case of neat
P-SiSO. The fact that a stronger boundary film signal is detected in the case of ‘MAC
&P-SiSO’ at 0.4 wt% concentration compared to neat (100 wt%) P-SiSO is attributed to
the low amount of wear in the case of neat P-SiSO. A worn surface provides exposure of
nascent metal that act as favorable sites of boundary film formation, and consequently, if
there is very little wear there will also be very little boundary film.

3.4.2. Influence of Atmosphere on Boundary Film Formation

The tribological performance was clearly affected by the atmospheric conditions, as
shown in Figure 5 In order to study the effect of atmospheric conditions on the boundary
film formation, surface analysis by the complementary technique described in Figures 6–8
was applied and further extended. Figure 9 shows the principle of the extended analysis
for ‘MAC &P-SiSO’ under 150 N load conditions. The analyzed region can be seen in
Figure 9a–b, with the corresponding EDS spectra in Figure 9c. Each EDS-signal is normal-
ized against the average background radiation as described previously, and the curves are
shifted in the vertical scale by 4 units in order to distinguish the separate spectra. Figure 9d
is produced by dividing the Film spectra retrieved under different atmospheres with the
reference spectrum. The relative counts (divided by the reference and shown in log-scale)
shows the detected X-ray photons over the energy spectra covering the elements of interest
in the boundary films that were produced. For each condition (AIR, N2, CO2), several
film regions were analyzed and combined in order to produce representative signals of
the relative counts over the energy spectrum observed in the boundary film. As can be
seen in Figure 9d, the composition of the boundary film appears to be insensitive to the
atmospheric conditions in the case of ‘MAC &P-SiSO’ under these conditions.

The boundary film composition was very similar in the case of ‘MAC &P-SiSO’ under
all atmospheric conditions at 150 N load. Figure 10 provides information about the com-
position of the films formed under various atmospheres, along with the spatial coverage
of the boundary films as observed by LOM and SEM. It is clear that the boundary film
mainly consists of Si, O, and S, with P only detected under CO2 atmosphere when there is
slightly more wear Figure 10c,g. It has been shown in previous work that phosphorous is
activated only at very harsh conditions when using neat P-SiSO [96], and the same appears
true in the case of P-SiSO in the additive form (‘MAC &P-SiSO’). As shown in Figure 10h,
the boundary film formed by neat P-SiSO also appear to be relatively insensitive to the
atmospheric conditions, however, there is one major difference under N2, where no bound-
ary film could be detected at all. The N2 atmosphere corresponded to the most favorable
tribological performance, and it is thus likely that the wear under this condition was too
insignificant to provide the nascent metal sites and friction energy required to form a
significant solid boundary film. It is possible that adsorption of ions is improved under
dry N2, leading to a sufficient layer of adsorbed ions that provide excellent tribological
performance under the conditions {150 N/2.4 GPa/N2}. As seen by the corresponding
LOM image in Figure 10e, there appear to be a boundary film formed in the wear track, as
indicated by the black regions in the wear track, but it is likely that the film is too thin to be
detectable by the EDS analysis even at the lowest feasible accelerating voltage used (5 kV).
Another interesting observation was that the mechanism of boundary film formation under
CO2 appear significantly different to the film formation under AIR or N2. As shown in
Figure 10c,f, the carbon dioxide atmosphere significantly increases the coverage of the
P-SiSO boundary film, whether observed in LOM or SEM. Formation of boundary film
under CO2 was also observed in the case of neat MAC (not shown), which had significantly
improved tribological performance under CO2 atmosphere in comparison to AIR or N2.
Apparently, at high concentration of CO2 at atmospheric pressure, the formation of bound-
ary film is enhanced. In the case of neat MAC, this is clearly beneficial, whereas in the
case of neat P-SiSO it slightly shifts the wear mechanism towards reduced friction at the
expense of slight wear. This observation is in line with conventional boundary lubrication
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theory, where excessive boundary film formation can trigger a sacrificial wear mechanism
that provides reduced friction at the expense of increased wear [61]. It should also be noted
that the Si signal is reduced in the case of neat P-SiSO under CO2 conditions, and that
there is a significant increase in the carbon signal, which could indicate a change in the
composition of the boundary film, and not only the amount of coverage.

Figure 9. SEM-EDS analysis of SRV-3 steel disc sample lubricated with neat ‘MAC &P-SiSO’ under conditions
{150 N/2.4 GPa/AIR}. (a) Low magnification SEM image of wear scar with locations of analyzed region and unworn
reference. (b) High magnification SEM image showing wear scar region analyzed by EDS. (c) EDS spectra for unworn
region (reference), boundary film region (Film), and worn region without visible film (Blank). (d) Relative counts (in relation
to reference) in log-scale shows detected X-ray photons over the energy spectra covering the elements of interest in the
boundary films that were produced under conditions {150 N/2.4 GPa/AIR}, {150 N/2.4 GPa/N2}, {150 N/2.4 GPa/CO2}.
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Figure 10. Boundary film analysis of SRV-3 steel discs. (a–f) Complementary microscopic techniques (left part light optical
microscopy (LOM) and right part SEM) indicate the boundary films coverage in the wear scars lubricated with ‘MAC
&P-SiSO’ (a–c) and neat P-SiSO (d–e) under conditions {150 N/2.4 GPa/AIR}, {150 N/2.4 GPa/N2}, {150 N/2.4 GPa/CO2}.
(g–h) Relative abundance (in relation to unworn Reference) of elements detected in the boundary films when lubricated
with ‘MAC &P-SiSO’ (g) or neat P-SiSO (h).

3.4.3. Proposed Model of Lubrication by P-SiSO Boundary Film

Based on the surface analysis, a model of lubrication with P-SiSO in neat form or
as additive (‘MAC &P-SiSO’) is proposed in Figure 11. In this model, P-SiSO is initially
adsorbed onto the lubricated surfaces, providing effective lubrication without signifi-
cant formation of a solid boundary film, as observed with neat P-SiSO under conditions
{150 N/2.4 GPa/N2}. The mechanism of lubrication by the adsorbed P-SiSO cannot be con-
clusively determined from this study, however, three plausible mechanism of lubrication
by the adsorbed layer are proposed: (i) adsorbed cations could act analogous to organic
friction modifiers, with the phosphonium cation resembling a conventional organic friction
modifier [112], as suggested previously [95]. Another possibility (ii) is that the adsorbed
layer consists of both anions and cations arranged in ordered layers, providing low friction
by interlayer shearing [113]. The third option (iii) is that the adsorbed layer increases the
viscosity in comparison to the base fluid, and thereby provides a hydrodynamic lubrica-
tion contribution in a manner similar to the mechanism of polymer-based viscous surface
films [114].

In any case, if the lubrication conditions become harsher, so that the adsorbed layer is
insufficient to protect the steel surfaces, nascent metal is exposed by wear while frictional
heating provides activation energy for chemical reactions. At this second step, a silicate
boundary film is formed by decomposition of the anion. The silicate film provides effective
surface protection under the investigated boundary conditions. Determining the mecha-
nism of friction and wear reduction by the silicate film requires further analysis, however,
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it is clear that the boundary film provides a smooth surface and that the film prevents
adhesion by passivating the nascent metal sites. SEM images indicate that the silicate
film is being worn, and it is likely that it is continuously reforming in a manner similar to
conventional anti-wear agents [115]. As shown in the proposed model, the silicate layer
may also coexist with an adsorbed layer, and in that case the smoothness of the film would
be an important factor in maintaining low friction.

Figure 11. Proposed model of boundary film formation with P-SiSO, based on surface analysis. Ionic adsorption is followed
by chemical reactions of silicate and eventually phosphate as the energy available for chemical reactions increases.

The final step of the proposed model is reaction of phosphorous as the phosphonium
cation decomposes under harsh tribological conditions. At this step, it is known from
previous work [96] that the composition of the boundary film shifts from Si towards P. At
the same time, the friction stabilizes at a significantly increased level, and significant wear
and increase in surface roughness occur in a manner similar to extreme pressure lubricant
agents.

The influence of atmospheric conditions on tribological results and the observed
boundary film formation can be explained based on the proposed model. The gaseous
atmospheres (N2, CO2) infer dry conditions (<5%RH), whereas AIR conditions infer expo-
sure to atmospheric humidity. Comparing AIR and N2, it is reasonable to assume that the
slightly increase friction and wear seen under AIR with neat P-SiSO is due to the adsorp-
tion mechanism of P-SiSO being affected by competitive adsorption by H2O in the humid
environment, which negatively affects the lubrication performance and consequentially
leads to increased wear. As nascent metal is exposed by wear, the formation of silicate film
increases, which explains the stronger observation of silicate under AIR conditions.

Regarding the influence of CO2 atmosphere, the results of neat P-SiSO suggest that
friction is reduced under CO2, while wear increases slightly compared to AIR or N2. The
observed silicate boundary film coverage was significantly increased when rubbed under
CO2 conditions, indicating increased reactivity under CO2. From the outgassing results,
in Figure 2, a hygroscopic tendency can be seen for neat P-SiSO, meaning that samples
exposed to humidity during storage are likely to provide absorbed H2O. In the presence of
CO2, as H2O is combined with CO2, it is possible that carbonic acid is formed, leading to
a consequent increase of boundary film as described in the hypothetical reaction scheme
outlined in Equations (7)–(12).

CO2 + 2H2O
 [H3O][HCO3] (7)
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[R4P][TMSC2H4SO3] + [H3O][HCO3] 
 [R4P][HCO3] + [H3O][TMSC2H4SO3] (8)

M→ M⊕ + e� (9)

[H3O][TMSC2H4SO3] + M⊕ 
 H⊕ + H2O + TMSC2H4SO3M ⇒ Boundary f ilm (10)

H⊕ + e� → H· (11)

2H· → H2 (12)

The influence of CO2 may be of interest for space applications intended for exploration
of Mars, where the atmosphere is composed of 95% CO2. However, it should be noted that
this study was performed at terrestrial atmospheric pressure (101 kPa) instead of Mars
atmospheric pressure of <1 kPa, and consequentially the observed influence of CO2 is
expected to be less pronounced in a Martian environment than in these experiments.

4. Conclusions

This work shows the feasibility of employing the ionic liquid P-SiSO as a performance
ingredient in multiply alkylated cyclopentane (MAC) space grade lubricants. No attempt
was made to optimize the concentration of P-SiSO in MAC, and the lubricant outgassing
performance was not adversely affected by the incorporation of 0.4 wt% P-SiSO in MAC, in-
dicating a possibility of adjusting the concentration in order to tune lubricant performance.
At 0.4 wt% concentration of P-SiSO in MAC, several effects of interest to space grade
lubricants were observed, including improved electric conductivity, reduced friction, and
improved anti-wear performance. The main conclusions can be summarized as follows:

1. The addition of 0.4 wt% P-SiSO in MAC did not adversely influence the outgassing
performance of the fluid under the conditions of the thermal vacuum outgassing
experiments that were conducted in accordance with ECSS-Q-70-02. The outgassing
performance of neat P-SiSO indicate that up to 10 wt% P-SiSO could be incorporated in
MAC without exceeding the acceptance limits for screening of space grade materials.

2. Incorporating P-SiSO in MAC increased the electric conductivity of the fluid to
a level that can be considered relevant for avoiding electrostatic discharge under
spacecraft charging conditions (~100 pS/m). The fluid conductivity was attributed to
ion mobility, which is time- and temperature-dependent.

3. The tribological performance of the lubricant ‘MAC &P-SiSO’, consisting of 0.4 wt%
P-SiSO in MAC was significantly improved in comparison to neat MAC. The effect
was observed under high vacuum as well as under atmospheric pressure conditions
in air-, nitrogen-, and carbon dioxide-rich atmospheres.

4. The tribological performance was mainly attributed to improved boundary lubricating
performance due to ionic adsorption followed by formation of silicate boundary film.

5. The atmospheric conditions have a strong influence on the boundary film forma-
tion. Although no major difference was detected in the chemical composition of
the boundary film, it was evident that the amount of boundary film coverage was
significantly influenced by the atmospheric conditions. Furthermore, under dry ni-
trogen conditions, effective lubrication by neat P-SiSO was achieved even without
evidence of significant reacted boundary film, indicating that ionic adsorption may
be an important component of the boundary lubrication performance.

This work shows that ionic liquids of the type P-SiSO display several characteristics
that make them useful candidates as performance ingredients in space lubricants. This
ionic liquid could also be of interest in terrestrial lubricant applications, where alternatives
to the conventional ZDDP triboimprovers are in high demand.

Supplementary Materials: The Supplementary Materials are available online. Material data, Nor-
malized wear index, Numeric data for Film Parameter, Friction Data for µavg-WHz charts, Wear Data
for µavg-WHz charts, EDS results at 300 N.
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Abbreviations

IL Ionic Liquid
ISECG International Space Exploration Coordination Group
ESD Electrostatic discharge
EHL Elastohydrodynamic lubrication
ML Mixed lubrication
BL Boundary lubrication
MAC Multiply alkylated cyclopentane
PFPE Perfluoroalkyl polyethers
PAO Polyalphaolefin
P-SiSO Trihexyltetradecylphosphonium 2-(trimethylsilyl)ethane-1-sulfonate [95]
σ Electric conductivity [pS/m]
n Temperature-Conductivity coefficient [◦C−1]
MAC &P-SiSO Experimental lubricant: 0.4 wt% P-SiSO dissolved in MAC
3DP Optical 3D profilometer by scanning white light interferometry
ECSS European Cooperation for Space Standardization
TML Total Mass Loss
RML Relative Mass Loss
CVCM Collected Volatile Condensable Material
MVT-2 Multifunction Vacuum Tribometer
SRV-3 Schwing-Reib-Verschleiß Tribometer
ESD Electrostatic discharge
HzD Hertz contact diameter
WSD Wear Scar Diameter
WHz Wear index: WSD/HzD
WV Wear volume
Sq Root mean square surface texture parameter (ISO 25178)
µavg Average friction coefficient [-]
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Abstract: Liquid lubricants are critical to enable long-life operation of high-performance machinery,
such as geared actuators employed in robotics. In space applications, actuator gearboxes must operate
in low temperatures, where liquid lubricants face inherent problems related to low temperature
rheology. Heaters are relied upon to provide acceptable gearbox temperatures. Unfortunately,
heating is energy-intense and does not scale well with increasing mechanism mass and performance.
Effective boundary lubrication (BL), on the other hand, can minimize problems of low temperature
rheology. BL relies on tribofilm formation over conventional fluid film separation. Effective space
grade boundary lubricants can potentially allow for drastically reduced amounts of oil and the
accompanying rheological problems. In this work, we describe the design of a methodology to
evaluate and analyze tribology of actuator gearboxes operated under cryogenic oil-starved conditions
in N2 atmosphere. The devised methodology enables research pertinent to space actuator tribology
by accelerated testing and advanced analysis, as demonstrated by a lubricant candidate case study.
Complementary microscopy techniques are discussed, and a novel methodology devised for gear
internal microstructure analysis by X-ray microtomography (XMT) is presented.

Keywords: tribotesting; starved lubrication; cryogenic lubrication; space-tribology; COTS; X-ray
microtomography; computed tomography; XMT; CT-scan; lab-to-field upscaling

1. Introduction

Past, current, and future space exploration—whether conducted remotely,
autonomously, or crewed—rely heavily on robotics [1–4]. Geared actuators are critical
robotic subsystems that provide accurate, efficient, and reliable rotary motion that enables
mobility of the robot. The dominant type of geared actuators employed in space robotics
consist of an electric motor coupled to a multistage geared transmission [5–7]. On Earth,
fluid lubrication (oil or grease) is commonly employed to ensure acceptable performance
in terms of tribology (friction and wear) in geared transmissions. While liquid lubricants
are preferred also in space applications, the constraints of the environment leave only a
limited choice of liquid lubricants available, and the tribological performance of these lubri-
cants with space heritage is not yet on par with their terrestrial counterparts [8,9]. Liquid
lubricants, such as perfluoroalkyl polyethers (PFPE) or multiply alkylated cyclopentanes
(MAC) have been successfully employed since the initial lunar rover [10] and are still to this
day [11]; however, they depend—and have always depended—on heaters and auxiliary
systems to provide an acceptable operating environment for the lubricants.

Space tribology is becoming increasingly important [12]. The operating conditions
faced by mechanisms in lunar or Martian mobility systems will become radically more
severe, as recently pointed out by the NASA Office of the Chief Technologist [13]. As
an example, current rover traverse speeds and ranges are in the order of 0.1 km/h and
tenths of km over the life of the system. Crewed surface transport, on the other hand, will
obviously require order-of-magnitude improvements in this regard, and, consequently, the
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topics of lubricants or lubrication systems are listed as critical technology for future space
exploration [14].

Fundamental research efforts are ongoing to improve space-grade lubricants [15–21],
materials [22,23], or lubrication systems [24]. Both fundamental and applied research is
required. Model-scale laboratory screening studies under idealized conditions—such as
the common ball-on-disc tribotest—is not sufficient for predicting tribology performance in
complex mechanisms. One promising approach is the combination of extensive tribotesting
in the model scale [21,25] with component level experiments [26,27]. Such an approach
could be augmented by modelling and statistics in line with a lab-to-field upscaling con-
cept [28]. For this purpose, tailor-made component level test rigs are required. Ideally, the
complexity of such test rigs should be reduced as much as possible, while still replicating
essential features of the field system.

In this work, we describe the design of a geared actuator test rig (GATR) and a
detailed experimental methodology for tribology research pertinent to lubricated powder
metal gears, such as those applied in space tribology. We specifically describe testing
under oil-starved conditions, and we demonstrate the capability of the methodology by a
case study that evaluates the influence on gear tribology by two space-grade lubricants.
Further results have recently been published using this methodology [26]. The lubricant
influence on relative energy efficiency of the geared actuators was measured in the GATR
by comparing electrical power input to mechanical power output. After testing, we confirm
the validity of the oil starvation methodology and describe a surface analysis procedure for
inspecting the gears by a set of complementary techniques; the case study analysis include
3D-profilometry (3DP) combined with scanning electron microscopy (SEM), and the gear
interior was analyzed by a novel methodology employing X-ray microtomography (XMT)
combined with an edge-detection algorithm.

2. Materials and Methods
2.1. Design and Development of Geared Actuator Test Rig

A geared actuator test rig (GATR) was designed in order to evaluate the influence of
tribological parameters (operating conditions, lubricants, materials) on gearbox tribological
performance. The main purpose of the GATR is to provide a means of investigating the
correlation between model scale and component scale tribotesting in tribosystems relevant
to space tribology. Additionally, testing under component scale conditions provide impor-
tant information about the damage modes of various interfaces, so that these interfaces can
then be investigated in detail under model scale conditions. The GATR is intended as a
component scale tribology test rig. The test environment roughly corresponded to a tech-
nology readiness level (TRL) between 4 and 5; however, the purpose of the experiments are
experimental investigations under accelerated conditions and not component performance
validation. This prototype test rig is also expected to provide information about the most
important design features to include in the design of a higher TRL level component scale
test rig, such as a device operating under thermal vacuum.

An overview of the geared actuator test rig (GATR) concept is shown in Figure 1,
and details of salient features are discussed in the following sections. In this design, the
geared actuator—including encoder, DC-motor, and the gearbox that is to be evaluated—is
installed in a simple atmospheric chamber within a refrigerated compartment. The output
shaft of the actuator gearbox is connected via a flexible shaft coupling to the output shaft
where a dynamometer is installed. The design allows for exchanging actuator gearboxes
or entire actuators. A simple control and instrumentation system was devised based on
an open-source microcontroller, combined with a separate motor controller used for the
closed-loop regulation of the DC-motor. A simple dynamometer was devised by employing
a manually adjustable band brake with instrumentation to retrieve torque and speed.
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Figure 1. Schematic displaying general outline and salient sub systems of the geared actuator test rig (GATR).

2.1.1. Atmospheric Chamber of GATR

The interior compartment is refrigerated by a conventional Joule–Thomson type
heat exchanger found in commercially available refrigerators. The nominal minimum
temperature of the refrigerator is −25 ◦C; however, augmented refrigeration by dry ice
can be employed to maintain atmospheric chamber temperatures down to −78 ◦C. The
atmospheric chamber can be flooded with nitrogen gas to mimic the vacuum environment,
where hypoxic conditions are encountered in space applications. Optionally, the chamber
can be flooded with a different gas, such as carbon dioxide, for investigating effects relevant
to a Mars atmosphere [29]. Before entering the atmospheric chamber, the gas is passed
through a precooler to ensure that the low temperature in the chamber is maintained. The
chamber was sealed by use of membrane-type cable feedthroughs and a rotary seal at
the output shaft; however, a low flow rate (< 0.1 L/min) was required to maintain an
oxygen-free environment.

2.1.2. Actuator Gearbox

The GATR is designed for tribological evaluation of gearbox interfaces, and the GATR
employs commercially available gearboxes. Geared actuators of different dimensions can
be installed by use of different adaptors, and housing outer diameters between 22 and
36 mm can be accommodated. The baseline design uses a 60 w 24 V RE30 DC-motor in
combination with a 51:1 gear ratio GP32A gearbox, both supplied from maxon (maxon
motor ag, Sachseln, Switzerland). These geared actuators are well suited to tribological
analysis, as they are manufactured to high quality tolerances and are relatively easy to
disassemble and reassemble, as shown in Figure 2a. Similar geared actuators are employed
in space missions, such as the recent Mars 2020 mission by NASA [30], where operations
under starved conditions have received a lot of research interest, lately [27,31].

In order to evaluate the tribological performance and to facilitate comparisons to
model scale experiments, it is important to understand the operating conditions in the gear-
box. The GP32A unit is a three-stage planetary gearbox, with each gear stage consisting of a
sun gear (pinion) that drives three planetary gears that are mounted on planet carrier shafts
via integrated sleeve bearings. The gears—including their integrated journal bearings,
referred to as sleeves—are manufactured from steel by a powder metal process, and the
planet carrier shafts are machined from solid steel. In tribology, powder metallurgy is
commonly applied to produce sintered sleeve bearings, where the porosity has the benefit
of acting as lubricant reservoirs; however, a porous material also provides an increased
number of sites where cracks can be initiated, and surface pores may inhibit hydrodynamic
pressure. Although studies are emerging on powder metal gear material under model scale
tribology experiments [32], there is little published data available on the use of powder
metallurgical manufactured gears [33,34].
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Figure 2. (a) Disassembled gearbox with numerous tribological interfaces. (b) Model of planet gear,
indicating three different tribological interfaces.

As shown in Figure 2, this type of gearbox has numerous tribological interfaces that
needs to be lubricated. The area of lubricated interfaces is an important parameter when
considering the risk of lubricant failure. In Figure 2b, three examples of areas are shown: a
gear tooth flank surface, the front that interfaces to the separator disc, and the sleeve that
interfaces to the carrier shaft. The total area to be lubricated in gear stage 3 is approximately
2500 mm2.

The various interfaces operate under different conditions in terms of sliding speed,
contact pressure, temperature, etc., which means that the lubricant must be effective under
an extremely wide range of conditions. The gear reduction of 51:1 (exactly 17576/343)
means that the output carrier operates at 51 times the torque, and 1/51 times the speed,
in comparison to the input motor pinion. Consequently, the input stage will encounter
the most number of cycles, while the output stage will encounter the highest torque. The
input stage is likely to have a more favorable state of lubrication, as high speeds promote
hydrodynamic fluid pressure so that a lubricant film can be generated in the contact.
Apart from the speed and torque differences between the gear stages, each gear stage
also contains a number of tribological interfaces that operate under completely different
conditions. In Figure 2b, three distinct planet gear contact surfaces are shown. The tooth
actually has two different contacts, as one side is driven by the sun gear from the previous
stage, and the other side of the tooth is driving against the ring gear. The gears are subjected
to rolling–sliding conditions, under contact stress (pressure) around the 109 Pa order of
magnitude (GPa). The sleeve bearing, on the other hand, is operating under pure sliding,
at moderate contact pressures around 106 Pa (MPa). Finally, the front side of the gear is
sliding in contact against the separator disk, and the back side against the planet carrier
assembly. In contrast to the sleeve bearings, the front and back sliding contacts do not have
any converging gap that can generate hydrodynamic pressure. On the other hand, the
contact pressures are very mild, as there are no axial loads in nominal conditions. Apart
from the gear interfaces discussed, there are also integrated roller bearings (not shown)
in both the DC motor and the gearbox housing output. In summary, there are numerous
tribological interfaces in a multistage planetary gearbox, and these interfaces are subjected
to a very wide range of operating conditions.

2.1.3. Control System, Data Acquisition, and Instrumentation

Two microcontrollers are employed for control and data acquisition: an Arduino
Mega serves as the main microcontroller, while an ESCON servo controller is employed for
accurate motor control and encoder communication. The details of the controllers and all



Aerospace 2021, 8, 75 5 of 20

instrumentation employed is found in Table 1, and an overview of the electronics system
layout is provided in Figure 3. Both controllers are mounted on the exterior of the test rig
and are connected to sensors within the refrigerated interior via an interface with a sealed
cable feedthrough.

Table 1. Items composing the electronic control system and instrumentation.

Reference Item (Supplier) Main Functions Key Specifications

Arduino Arduino Mega 2560, (Arduino LLC,
Boston, MA, USA)

Microcontroller for main data
acquisition and control. Communicates
with ESCON, ADCs, and SD Shield.

Digital input/outputs: 54.
Clock speed 16 MHz.
Flash memory 128 kb.
SRAM 8 kb.

SD Shield Arduino Ethernet shield R3
(Arduino LLC, Boston, MA, USA)

Data storage by SD memory card, and
network communication by Ethernet. Data storage at 10 Hz.

ESCON ESCON 36/2,
(maxon motor ag, Sachseln, CH) DC servo PWM controller

Motor control by closed loop PWM at 53.6
kHz.
Output current: 2/4 A
(continuous/intermittent).

Encoder
HEDL 5540 Encoder
(maxon motor ag, Sachseln,
Switzerland)

Communicate motor speed, Nin, and
motor current, Iin to ESCON.

Resolution: 500 counts per turn
Frequency: 100 kHz

TC
Type-K TC with MAX 31,855 ADC
(Adafruit Industries, LLC, New York,
NY, USA)

Thermocouple (TC) and analog–digital
converter (ADC) for recording gearbox
housing temperature, TGearbox.

Tmp. range and accuracy (◦C):
(−200–+200), ±2
Frequency: 10 Hz

TA
DHT22
(Adafruit Industries, LLC, New York,
NY, USA)

Interior sensor for recording chamber
ambient temperature (Tmp) and
relative humidity (Hum), integrated
ADC.

Tmp. range, and accuracy:
(−40–+125), ±0.2 ◦C
Hum. range, and accuracy:
range: (0–100), ±2 (%RH)
Frequency: 0.5 (Hz)

Load cell
Load cell TAL220 and HX711 ADC
(SparkFun Electronics Inc., Boulded,
CO, USA)

Load cell (Straight bar strain
gauge) with

Full scale load range (FS):
(0–98) (N)
Combined error: ±0.05 (%FS) Creep: ±0.05
(%FS/3 min)

Hall Sensor SS441A (Honeywell International Inc.,
Charlotte, NC, USA)

Communicate dynamometer speed,
Nout to Arduino

Resolution: 2 counts per turn
Frequency: 10 Hz
(limited by control scheme)

O2 monitor AJX-N2,
(AS ONE Corp., Osaka, Japan) Monitor oxygen level O2 range: 0–30%

Accuracy: ±0.5%

The ESCON communicates with the motor encoder (maxon HEDL 5540) to provide
motor control in a closed loop, PID-regulated, pulse width modulation (PWM)-scheme
(configured using the software ESCON studio). The ESCON controller communicates
encoder data to the Arduino for logging at 10 Hz and receives motor speed set points
from the Arduino Mega based on predefined test schemes. Optionally, the ESCON can be
connected to a PC by USB to directly retrieve the high frequency data. Arduino data is
stored using the SD card or directly retrieved via USB connection to a PC. All electronics
are powered using two RND-320-KD3305P bench top power supply units (PSUs). The
PSUs provide a total of four channels at 30 V 5 A, as well as two signal channels (5 V).
The limiting factor for motor current supply is the ESCON 36/2, which is rated at max 2
ampere continuous current, with peak capacity of 4 A.

The exterior sensors refer to the sensors required to retrieve the mechanical output
power produced at the band brake. A simple dynamometer was designed by employing
a digital Hall-effect sensor (SS441A, Honeywell International Inc., Charlotte, NC, USA)
that measures the rotational speed of a magnet attached to the output disc of the band
brake, together with a load cell (TAL220) that measures the tension in the band of the
band brake. The Hall-effect sensor is mostly redundant, since the motor encoder provides
accurate speed data at the input (motor). With the fixed speed coupling, the Hall-effect
sensor should produce a speed measurement that is inversely proportional to the gear ratio
when compared to the motor encoder speed. The Hall-effect sensor can, thereby, provide a
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means of redundancy, ensuring that any slip or seizure in the transmission is detected so
that the test can be immediately stopped. The load cell was used in connection with an
amplifier (HX711), which was calibrated in increments of 5 N by applying known weights
within the measuring range of 0–10 kg force.
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The interior sensors refer to the sensors connected to the geared actuator or within the
atmospheric chamber. The most important sensor is the motor encoder (HEDL 5540), which
provides accurate rotational speed and input current of the DC-motor. Those parameters
are necessary for the closed loop PWM control of the DC-motor but also to calculate
the efficiency of the geared actuator. The encoder data is passed to the ESCON, which
communicates to the Arduino Mega for logging the data. Apart from the encoder, salient
interior sensors include the temperature and humidity sensor (type DHT22), that measure
the ambient conditions inside the atmospheric chamber, and the thermocouples attached
to the gearbox housing. The GATR baseline design uses a single type-K thermocouple
attached to the gearbox housing; however, additional thermocouples can be employed at
the expense of reduced data acquisition frequency. Finally, the oxygen detector is attached
when testing under N2 conditions. An overview of the electronic control system and
instrumentation layout is shown in Figure 3, and key specifications are listed in Table 1.

2.1.4. Dynamometer to Estimate Efficiency

The relative power efficiency, Er, of the gearbox can be estimated by comparing the
power output registered at the dynamometer, Pout, with the power input, Pin, to the gearbox
that is supplied by the pinion attached to the DC-motor axle, as shown in Equation (1).

Er =
Pout

Pin
(1)

The mechanical power, P, produced by a rotary system is given by torque, T, times
the rotational speed, ω. In the case of the gearbox power input, the rotational speed is
registered directly by the motor encoder and can be readily retrieved. The torque produced
by the DC-motor depends on the supplied current, Iin, and a motor-specific torque constant,
k, and the input power can thus be expressed as in Equation (2).

Pin = ωin·k·Iin (2)

In order to retrieve the mechanical power output, Pout, we need to determine the
output speed, ωout, and torque, Mout. The speed is readily retrieved by the Hall-effect
sensors mounted at the output or by simply reading the encoder speed after compensating
for the gear reduction ratio. The output torque is given by the difference in forces acting on
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the disk radius of the band brake, and the output power is thus given by Equation (3). The
brake radius is denoted R, while F denotes the forces acting on the band, with F2 being the
force registered by the load cell, as shown in Figure 4. Although F1 is preset by the applied
tension, it varies during operation, depending on the friction force acting on the band and
must be estimated in order to retrieve the power output.

Pout = ωout·R·(F2 − F1) (3)
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The Euler–Eytelwein equation describes the dependency on friction of the band forces.
The friction coefficient between band and brake drum is denoted µ, and the contact angle
between band and brake drum is denoted by α. The force acting on the load cell, F2, is
known, and the remaining force F1 is given by Equation (4):

F1 = F2·e−µα (4)

Inserting Equation (4) into Equation (3) provides the output torque. Assuming con-
stant friction coefficient, the expression can be simplified, and the torque can be retrieved
from the force measured by the load cell multiplied with the speed and a gain factor, G,
that incorporates all constants, as shown in Equations (5)–(7).

Pout = ωout·R·F2
(
1 − e−µα

)
(5)

G = R·
(
1 − e−µα

)
(6)

Pout = ωout·F2·G (7)

The friction coefficient, µ, was determined to 0.5 by calibrating the dynamometer with
a torque sensor.

2.2. Methodology for Tribology Analysis
2.2.1. Analysis of Worn Surfaces by Complementary Technique

The complementary technique for surface analysis described in this section is based
on combining data from digital light optical microscopy (LOM), 3D-profilometry (3DP),
and scanning electron microscopy (SEM), including energy dispersive X-ray spectroscopy
(EDS). The purpose was to employ a set of techniques that complement each other and
is necessary for this type of tribological research, since neither technique on its own can
resolve the details that are important. The light optical microscope (LOM) provides a visual
overview of the surface, including the general surface morphology. The visual information
from the LOM can provide an initial indication of the damage phenomena and is also likely
to provide a rough visualization of a chemically altered surface. Effects, such as corrosion
or tribofilm formation, tend to alter the optical properties of the surface and can, therefore,
be indicated by LOM. The light optical microscope, however, cannot accurately quantify the
amount of wear or quantify the surface topography. For this purpose, the 3D-profilometer
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(3DP) provides surface topography with nm height resolution and can quantify wear
accurately by comparing topography before and after the test. The surface topography
information is also very important to indicate the type of lubrication regime that the contact
is operating within, as the topography affects the propensity of the surface to generate
hydrodynamic lubrication. The downside of 3DP is that it does not provide any cues
about the presence of tribofilms, which is necessary to explain lubrication performance
in boundary (including starved) lubrication conditions. Chemical elements that exist
on rubbed surfaces can be detected by SEM–EDS. If the tribofilms are thin (less than
10 nanometers), the analytical depth of the SEM–EDS technique may be too deep, rendering
the tribofilms invisible, and other methods, such as X-ray photoelectron spectroscopy (XPS),
may be required. Assuming that the tribofilms are within the information depth obtained
by EDS, the technique will provide the elemental contents in the film, which, again,
provide important evidence of boundary lubrication. An example of this complementary
technique can be found in our previous work, and further information can be found
in references [21,35]. This type of analysis is nondestructive and well-suited to flat or
convex surfaces that are easily accessible, such as the planet gear teeth, separator discs, or
planet carrier shafts. Concave surfaces, such as the sleeve surface or the ring gear, require
destructive analysis to gain access to the surface.

2.2.2. Subsurface Analysis by X-ray Microtomography

X-ray microtomography (XMT), also known as computed tomography in the mi-
croscale (µCT), is a three-dimensional sectional imaging technique for nondestructive
material microstructure characterization [36]. The technique has gained increasing pop-
ularity over the last decade for characterization of dense engineering materials [37]. In
XMT analysis, an X-ray beam is passed through a sample that is mounted on a rotary
stage, while the attenuated X-ray signal is projected onto a detector placed opposite to the
beam source. Digital image recognition techniques are employed to compute the sample
tomography from the different projections, and a three-dimensional model of the scanned
sample’s interior structure is obtained.

Based on XMT, we devised a methodology suitable for localizing and quantifying
subsurface damages in small scale sintered metal gears, as illustrated Figure 5. We hypothe-
sized that the alternating stress cycle combined with high friction during lubricant-starved
conditions could make the planet gears susceptible to interior damages, such as subsurface
or internal fatigue cracks, and that such cracks could be detectable by XMT. Further-
more, we expect lubricants that reduce friction under boundary lubrication conditions to
also reduce the propensity of such crack formations, due to a reduction in near surface
shear stress.

The employed XMT system—the ZEISS Xradia 510 Versa (Carl Zeiss X-ray Microscopy,
Pleasanton, CA, USA)—is also referred to as a 3D X-ray microscope (XRM), as it has
multiple detector objectives that enable sample imaging at a number of resolutions and
field of view combinations, in a manner analogous to a light microscope. Samples were
scanned at an X-ray tube voltage of 140 kV, a tube power of 10 W, using a 4x objective
with 4 mm field of view for a good balance of resolution and field of view. Optionally, a
submicron resolution could be achieved by use of the 20x objective, at the expense of a
smaller field of view.

The gear samples were scanned either as complete gears, as shown Figure 5a, or as
a pair of gear teeth that were cut out by electric discharge machining (to enable surface
analysis by 3DP and SEM–EDS), as was the case in Figure 5b–d. A minimum voxel (volume
pixel) resolution of 2 µm was achieved over the entire volume of the gear teeth for the
samples that were cut, which resulted in a 90 GB data set describing the interior structure
of the two gear teeth. The computed tomography data was handled using the software
Dragonfly Pro (Object Research Systems, QC, Canada), and cross-sectional images at every
resolved voxel layer was exported to produce a sequence of images (tiff-stack), as indicated
in Figure 5b. The stacking direction was chosen along the axial coordinate (along gear
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flanks) for optimum visibility of cracks that were expected to form in the direction roughly
perpendicular to the flank surface. In total, 3525 cross-sectional images were exported,
corresponding to 1 image at every 2 µm of the 6 mm wide gear. Each image provided 1963
× 2021 pixels at 16-bit resolution, for a total of 30 GB.
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An algorithm was designed using Matlab R2020a (The MathWorks Inc., Natick, MA,
USA) to enable evaluation of extracted cross-sectional images in the search for interior
features, such as subsurface cracks. The algorithm can be described in five steps. In the first
step, cross-sectional images are sequentially retrieved and preprocessed by rotating and
cropping each image to a predefined area of interest. Usually, the area of interest would be
the cross-section of a complete gear tooth, but other areas, such as nonworn reference areas,
can be defined in this step. Secondly, we employ the Canny edge detection method [38] to
the processed image to obtain a two-dimensional binary array (602 × 542) that describes the
edge distribution over the cross-section of the gear. The detection thresholds in the Canny
filter were set to 0.05 and 0.50, which was sufficient to provide a robust detection of the
exterior edge, while also capturing the interior features of the gear, as shown in Figure 5c.
In the third step, horizontal and vertical reference lines are defined in the binary array by
the intersection of the reference lines with the exterior edge of the gear. In the fourth step,
circular shifting in the x and y direction is employed to the array, in order to align with
neighboring arrays in the image sequence. Finally, the binary 2D-arrays, representing the
cross-sections along the gear tooth, are summed to obtain the total distribution of edges, as
shown in Figure 5d. The processing time of the algorithm was a matter of minutes when
executed at the highest resolution. The algorithm is intended to provide a simple method
for processing the 30 GB dataset obtained by XMT, in order to retrieve the key interior
microstructure information relevant to gear tribology.

2.3. Verification and Validation—Space-Grade Oils under Starved Conditions

A case study was conducted to demonstrate the utility of the geared actuator test
rig (GATR) for evaluating and analyzing the lubrication performances. The test geared
actuators (RE30, 24 V 60 W, GP32A 51:1) were obtained from maxon (maxon motor ag,
Sachseln, Switzerland). Six (6) actuator units were evaluated by accelerated testing under
oil-starved conditions. The received actuators were disassembled and subjected to a
meticulous cleaning process, in order to remove the standard grease. The gears were rinsed
in heptane followed by sequential ultrasonic cleaning in heptane and ethanol. The cleaning
process was repeated several times, and the gearboxes were carefully inspected to ensure
a clean interior. Finally, the gearboxes were dried for 1 h at 80 ◦C, in order to evaporate
ethanol absorbed into the porous gears, before supplying the test lubricants.
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Apart from verification and validation, the objective of the study was to investigate
planetary gears subjected to oil-starved conditions. It was not immediately obvious to
focus the study on the gears, as they are not considered to be the element most likely to fail
catastrophically in actuator gearboxes. Sleeve or rolling element bearings are both sensitive
to effects of oil starvation and are at risk of catastrophic failure if operated at very low
temperatures, such as those encountered in robotic space missions [27,31]. The issue with
sleeve tribology has recently been addressed when employing commercially off-the-shelf
(COTS) actuators in space, and it is possible to design actuator gearboxes with needle
bearings instead of sleeves so that the issue is circumvented [30]; therefore, this study did
not consider sleeve damages. Regarding rolling element bearings, one of the main factors
of reduced lifetime is particulate contaminants in the oil, since a hard contaminant particle
can damage bearing raceways if it is over-rolled. If the dimensions of the particle are larger
than the bearing oil film thickness that separates the rolling element from the raceway, the
particle will cause an indent into the bearing raceway that can initiate the chain of events
leading to bearing seizure [39]. Under oil-starved conditions, particulate contaminants in
the oil are even more problematic, as the oil film thickness is reduced by the restricted oil
supply. In starved conditions, it, therefore, makes sense to investigate the source of wear
particles, especially in a small-scale actuator gearbox, where it is not feasible to circulate
and filter the oil from wear particles, as could be done in larger industrial gearboxes. In
contrast to bearings, gears are usually subjected to a gradual wear process that inevitably
produces wear particles. Consequentially, even though this methodology mainly addresses
gear tribology, the implications should be valuable to the overall life of geared actuators as
improved gear tribology improves the overall condition of the lubricant in the gearbox.

In order to investigate gear tribology under oil-starved conditions in these actuators,
the applied volume of oil should be reduced to a minimum. In order to find the lower limit
and to clarify the failure mode under dry conditions, one actuator unit was tested without
lubricant. As could be expected from the discussion above, this unlubricated unit failed by
seizure in the planet gear sleeve interface at gear stage 3 within one minute of operation
under otherwise nominal conditions. Clearly, the applied oil needs to be sufficient to
prevent immediate seizure in the stage 3 planet gear sleeves, while limiting the oil supply
to the gear mesh.

According to conventional elasto-hydrodynamic lubrication theory, effective full
film lubrication requires the formation of an oil film having a thickness, h, that is at
least three times larger than the composite surface roughness, Sq, or else the lubrication
mode transitions toward the boundary regime where the surfaces are at risk of direct
contact [40]. In oil-starved conditions, the restricted oil supply hinders the buildup of the
oil film thickness, which increases the risk of operation in boundary conditions. The film
parameter, Λ, shown in Equation (8) is commonly applied as an indicator of the mode of
lubrication. If Λ < 3, it indicates an insufficiently lubricated contact, such as the starved
contact we are striving for in this experiment.

Λ =
h

Sq
(8)

Based on this conventional film parameter, we can set a simple criterion that allows
us to make a reasonable estimate of the amount of oil to apply in order to test the gears
under starved conditions, while simultaneously providing the maximum oil supply to the
sleeve bearings. The applied oil should provide an oil film having a thickness, happlied, that
is below the criteria for full film lubrication, as expressed in Equation (9).

happlied < 3Sq (9)

Assuming that the applied oil volume, Vapplied, spreads evenly over the total surface
area to be lubricated, Atot, it will form an oil film of constant film thickness, determined
simply by Equation (10).
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happlied =
Vapplied

Atot
(10)

By inserting Equation (10) into Equation (9) and rearranging the terms, we find an
expression that determines the optimum amount of oil to apply, Vapplied, as a function of
the total surface area, Atot and the composite surface roughness, Sq. The volume of oil that
should be applied, Vapplied, is thus described by Equation (11).

Vapplied < 3·Sq·ATot (11)

Numerically, the pinion to planet gear mesh composite surface roughness, Sq, was
measured by 3D-profilometer to 2.5 µm (2.5 × 10−3 mm). The total surface area, Atot, of the
lubricated interfaces in gear stage 3—including separator disc, three planet gears, pinion
gear, ring gear—was measured to approximately 2.5 ×103 mm2. Equation (4) thereby
indicates that the applied oil volume should be below 19 mm3 for gear stage 3, in order
to ensure starved conditions. Based on the above explanation, 5 mm3 oil was applied to
each of the three planet gears, for a total of 15 mm3. The same amount was also applied to
gear stages 1 and 2, as well as the output ball bearing assembly, for a total oil fill of 60 mm3,
or ~50–110 mg (ρA = 0.841, ρP = 0.841, ρB = 1.85 g/cm3), as compared to the standard
1.6 grams of grease fill.

Three different oil samples were included in the study. The selection of oils was based
on the suitability of the oils to validate the methodology of accelerated testing under oil-
starved conditions. Two of the oils employed have significant space heritage and were
included as references. These heritage lubricants have markedly different oil chemistry
from each other—a multiply alkylated cyclopentane (MAC) and a perfluoroalkyl polyether
(PFPE) oil—and can thus be expected to display different performance characteristics when
evaluated in the geared actuator experiment. These heritage oils are referred to in this work
as “Heritage Oil A” and “Heritage Oil B,” representing MAC and PFPE, respectively. The
third oil sample was an experimental vacuum oil candidate that has been investigated in
various model scale experiments [21,35,41] and also recently, by use of the methodology
described herein [26]. This oil is referred to as “Prototype Oil,” and, importantly, it consists
of the same base oil as “Heritage Oil A,” so that their rheological properties are effectively
equivalent. The difference between these samples is the incorporation of a low concentration
of ionic liquid (IL) [42] in the “Prototype Oil,” which is expected to significantly alter the
performance under conditions of insufficient lubricant film thickness. The prepared actuator
units were assigned unique unit identfiers, as listed in Table 2, and the test sequence of
lubricants was chosen in order to assist in verifying the repeatability of the method.

Table 2. Test samples and order of test sequence.

Test Number Actuator Unit Identifier Oil

1 #1 Heritage Oil A

2 #2 Prototype Oil

3 #3 Heritage Oil B

4 #4 Prototype Oil

5 #5 Heritage Oil A

The conditions of the geared actuator test rig (GATR) experiment are presented in
Table 3. The experiments were conducted in sequence. Each gearbox was cleaned and
prepared with the test lubricant as described previously in this section, and the gearbox
was manually rotated to distribute the oil. Before the gearbox was connected to the motor,
each motor was tested, and the current draw was measured to ensure the repeatability
of the motors. The deviation in current supply was approximately ±1% between the
individual motors, which was deemed negligible in this experiment. After assembling the
gearbox to the motor, the actuator current draw was again measured. No difference could
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be detected between the units lubricated with Heritage Oil A and the Prototype Oil, which
had equivalent viscosity, whereas Heritage Oil B displayed 8% higher current draw. The
higher current draw under no load conditions was thus attributed to the higher viscosity
of Heritage Oil B. After inspection, the test actuator was mounted in the GATR and left
overnight for thermal stabilization in the refrigerated chamber. The test was manually
initiated when the chamber temperature had reached below −17.5 ◦C and the oxygen
concentration had dropped to below 1%. The tests were conducted for 60 min, divided into
12 cycles of 5 min (300 s) each. During the cycle, the motor was started from standstill and
accelerated to 8050 rpm at a rate of 1000 rpm/s. After the maximum speed was reached,
the speed was maintained at 8050 for the remainder of the cycle to provide unidirectional
motion. A constant brake torque of 0.9 Nm was applied and maintained for the entire
duration of the test, corresponding to a maximum gear contact stress of ~0.25 GPa [43]. The
data acquisition system recorded motor input current, Iin; motor speed, ωin; dynamometer
force, F2; chamber temperatures, TA; and gearbox housing temperature, TGearbox, at 10 Hz
during the duration of the test.

Table 3. Test rig set points and outputs.

Set Points

O2
(%)

Tambient
(◦C)

Mout
(Nm)

ωin
(rpm)

Duration
(s)

< 1 −20 ± 2.5 0.9 ± 0.1 8050 12 × 300

Outputs

Pin
(W)

Pout
(W)

ωin
(s−1)

ωout
(s−1)

TGearbox
(◦C)

TAmbient
(◦C)

3. Results and Discussion
3.1. Methodology for Tribology Analysis—Assembled GATR

The assembled geared actuator test rig is shown in Figure 6. The photos show the
GATR in the idle position, with the interior refrigerated chamber open to the ambient
atmosphere. When conducting experiments at low temperature, the atmospheric chamber
was tilted to the vertical configuration, and the environmental chamber was placed into
the interior refrigerated compartment.

3.2. Verification and Validation of the GATR

Figure 7 displays results of the geared actuator test rig verification and validation
experiments, conducted under dry nitrogen atmosphere at −20 ◦C nominal temperature.
The actuators were started from the stationary position at time zero, and the speed was
linearly ramped up to 8000 rpm during the initial 10 seconds. A preset load was applied
to the dynamometer, corresponding to a nominal output torque of 0.8 Nm. The applied
torque corresponds to ~20% of the maximum rated torque for these gearboxes.

In Figure 7a–d, the left vertical scale displays the relative efficiency of the gearbox of
the corresponding actuator unit. The dotted markers display the momentaneous power
output divided by the power input, Pout/Pin, and the solid line display the efficiency, Er,
as filtered by a 10-point Gaussian-weighted moving average filter. The right vertical scale
displays the temperature as registered by the gearbox housing sensor, TG, and as registered
in the ambient environment inside the atmospheric chamber, TA. The top two graphs
(Figure 7a,b) correspond to two individual units (#1 and #5) that were both lubricated with
the Heritage Oil A, while the graphs in middle row (Figure 7c,d) correspond to the two
units (#2 and #4) that were both lubricated with the Prototype Oil. The details of the single
actuator unit #3, lubricated with Heritage Oil B, is not shown. For all actuators units (#1–5),
a clear rise in gear housing temperature was observed. This effect can be explained by
the heat dissipation, due to friction power loss in the gearboxes. During the initial 5 min,
the ambient temperature remained unaffected, despite this experiment being conducted
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without the use of dry ice; however, after an extended duration, the temperature rose
significantly, indicating the importance of active cooling. Regarding the efficiency, as seen
in Figure 7a–d the efficiency is highest during the initial 10-second period during startup,
likely due to the DC-motor operating less efficiently at high speeds. The actuators units
lubricated with the Prototype Oil, shown in Figure 7c,d, display a very steady efficiency,
while the actuators lubricated with the heritage oils display an efficiency curve with a
slightly increasing trend.

Aerospace 
 

 

Outputs 𝑃  
(W) 

𝑃   
(W) 

ω  
(s−1) 

ω  
(s−1) 

T   
(°C) 

T  
(°C) 

3. Results and Discussion 
3.1. Methodology for Tribology Analysis—Assembled GATR 

The assembled geared actuator test rig is shown in Figure 6. The photos show the 
GATR in the idle position, with the interior refrigerated chamber open to the ambient 
atmosphere. When conducting experiments at low temperature, the atmospheric chamber 
was tilted to the vertical configuration, and the environmental chamber was placed into 
the interior refrigerated compartment. 

 
Figure 6. Assembled geared actuator test rig in open position. (a) Details of refrigerated interior side. (b) Side view . 

3.2. Verification and Validation of the GATR 
Figure 7 displays results of the geared actuator test rig verification and validation 

experiments, conducted under dry nitrogen atmosphere at −20 °C nominal temperature. 
The actuators were started from the stationary position at time zero, and the speed was 
linearly ramped up to 8000 rpm during the initial 10 seconds. A preset load was applied 
to the dynamometer, corresponding to a nominal output torque of 0.8 Nm. The applied 
torque corresponds to ~20% of the maximum rated torque for these gearboxes. 

In Figure 7a–d, the left vertical scale displays the relative efficiency of the gearbox of 
the corresponding actuator unit. The dotted markers display the momentaneous power 
output divided by the power input, 𝑃 /𝑃 , and the solid line display the efficiency, 𝐸 , 
as filtered by a 10-point Gaussian-weighted moving average filter. The right vertical scale 
displays the temperature as registered by the gearbox housing sensor, T , and as regis-
tered in the ambient environment inside the atmospheric chamber, T . The top two 
graphs (Figure 7a,b) correspond to two individual units (#1 and #5) that were both lubri-
cated with the Heritage Oil A, while the graphs in middle row (Figure 7c,d) correspond 
to the two units (#2 and #4) that were both lubricated with the Prototype Oil. The details 
of the single actuator unit #3, lubricated with Heritage Oil B, is not shown. For all actuators 
units (#1–5), a clear rise in gear housing temperature was observed. This effect can be 
explained by the heat dissipation, due to friction power loss in the gearboxes. During the 
initial 5 min, the ambient temperature remained unaffected, despite this experiment being 
conducted without the use of dry ice; however, after an extended duration, the tempera-

Figure 6. Assembled geared actuator test rig in open position. (a) Details of refrigerated interior side. (b) Side view.

The repeatability of the experiment when exchanging the actuator unit can be assessed
by Figure 7e–f. As can be seen in Figure 7e, the two actuator units lubricated with the
Prototype Oil display the highest efficiency, followed by the two units lubricated with
Heritage Oil A, and the single unit lubricated by Heritage Oil B displays the lowest
efficiency. The efficiency ranking is thus: Prototype Oil > Heritage Oil A > Heritage Oil B,
which corresponds very well to recent experiments conducted in model scale tribotests [21].
There is no obvious correlation between efficiency and unit number, with the efficiency
ranking being #2 > #4 > #1 > #5 > #3. The unit number also corresponds to the test number,
so that unit #1 was the first to be tested, and unit #5 was last. The fact that there was
no qualitative difference on the measured efficiency when exchanging the actuator unit
demonstrates that the process of exchanging the gearbox was repeatable. When studying
the gearbox temperature evolution, as shown in Figure 7f, it is clear that the relation
to efficiency is inverted. This inverted relation serves as a verification of the measured
efficiency, as it can be expected that the gearbox frictional power loss is dissipated as heat.
Regarding the absolute values of the relative efficiency, these values should be considered
a conservative (low) estimate. The test rig bearing friction power loss was omitted from
the calculation, as well as the influence of the inertial energy in the dynamometer during
the initial acceleration.

The significant increase on gearbox temperature by frictional heating should be con-
sidered when studying the low temperature influence on oil starvation. In this type of
accelerated test, the actuator was used at 95% duty cycle, whereas, in practical space robotic
applications, the duty cycle would be significantly lower, and the gearbox would cool
down between cycles. Accelerated life testing could possibly underestimate the risk of
low temperature oil starvation effects, due to the frictional heating. If the nominal amount
of oil is employed, forced cooling may be required, even at low ambient temperatures, if
the purpose is to investigate effects of oil starvation at low temperature. The procedure of
applying a reduced oil volume should limit the effect of temperature rise, so that starved
conditions can be investigated, even at increased temperatures. Overall, the results in
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Figure 7 and the discussion above demonstrate that the method employed is valid for
qualitatively studying lubrication effects on geared actuator performance.
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experiments using actuator units #2 and #4, both lubricated with Prototype Oil. (e) Comparison of gearbox units #1–5
efficiency over test duration (filtered and edge effects omitted). (f) Comparison of gearbox temperature for units #1–5 over
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After completing 60 min of testing in the GATR, the gearboxes were disassembled, and
the complementary surface analysis techniques were employed, to investigate the gears for
signs of surface damage attributable to oil starvation. Figure 8 displays a small subset of
the surface analysis, composed of a 3DP topography map overlaid on a SEM image. For
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analysis of gear damages by complementary techniques, readers are referred to our recent
work [26], whereas this analysis is limited to validating the methodology for provoking
oil starvation effects. The analysis shown focuses on the gears lubricated by Heritage Oil
A, in comparison to the gears lubricated by the Prototype Oil. The two lubricants display
the same rheological properties and are only differentiated by the addition of a surface-
active additive in the Prototype Oil. The heritage oil used does not contain additives,
and, therefore, any difference in performance should be mainly attributed to the tribofilm
formation. The surface lubricated by Heritage Oil A, shown in Figure 8a, displays clear
signs of scuffing, with wear particles adhered onto the gear flank. There are also clear
signs of oil decomposition, which is known to occur under boundary-lubricated conditions
with the oil in question [44]. The observation of this type of damage indicates insufficient
lubrication, which supports the validity of the oil starvation method employed. In contrast
to the Heritage Oil A, the surface lubricated by the Prototype Oil, shown in Figure 8b, did
not display excessive surface damage, and the original pores of the sintered steel surface
remain visible after the test, as clearly seen by 3DP. The absence of damage was further
explored in [26], and the result was attributed to the formation of an effective tribofilm,
which also supports the validity of the oil starvation method employed, by indicating that
the gear was operating under insufficiently lubricated conditions.
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3.3. Validation of XMT-Methodology for Interior Analysis of Gear Tooth

Figure 9 displays results of the XMT analysis employed to a gear tooth lubricated by
Heritage Oil B while subjected to testing in the GATR experiment. The analyzed gear tooth
was part of a section physically separated from a stage 3 planet gear by means of electric
discharge machining (EDM). Figure 9a presents the main output of the XMT algorithm
devised in this work. The color scale in the image describes the intensity of detected edges
per pixel of the gear cross-section. The colors are linearly scaled to the number of analyzed
cross-sections, and the scale is capped at 2.5%. The detailed regions shown in Figure 9b–d
correspond to Figure 9b, the driven flank addendum; Figure 9c, the driving side dedendum;
and Figure 9d, the driven flank dedendum. As marked in the images, several features of
interest were observed. Regions of subsurface edge accumulation—interpreted as an early
sign of crack formation—was prevalent in the driven side dedendum. Due to the kinematics
of the gear mesh, the driven side dedendum is subjected to a sliding motion that counteracts
the rolling motion of the gear, with increased risk of oil film collapse. It is likely that the
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starved conditions amplified this effect to cause significant damage in the relatively short
test duration. As seen in Figure 9d, surface adhesions could be resolved by the employed
method, and this observation was confirmed by the complementary technique surface
analysis (3DP, SEM, LOM). Extensive edge accumulations were observed underneath
the surface adhesions, and the region of subsurface edge accumulations extended to
a significant depth below the surface. The results clearly demonstrate that the XMT
methodology enables observations that are highly useful to gear materials and lubricant
design. Furthermore, the method may provide a means of early detection of interior
damage. The duration of accelerated lifetime experiments could potentially be significantly
reduced, while still retrieving information necessary to make lifetime predictions.
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4. Conclusions

The following conclusions were inferred from this work:

• An experimental methodology—based on a laboratory test rig in combination with
a specific analytical procedure—was developed for conducting tribological research
using actual gearboxes for actuators in space applications.

• A case study was conducted on space grade liquid lubricants under simulated space
environment (−20 ◦C and nitrogen atmosphere) and oil-starved conditions to evaluate
the lubrication performances of various lubricants. The Prototype Oil showed the
ability to significantly improve performance in comparison to the references.

• The observed results from the component scale case study correlate well with experi-
ments at model scale. The results support the feasibility using the methodology for
lab-to-field upscaling.

• The methodology is applicable for evaluation and analysis of liquid lubricants and
materials including functional coatings for use in space robotic actuators.

• The developed protocol is also beneficial to study failure mechanisms on the com-
ponent level, in order to better design model scale experiments. In addition, it can
also utilize upscaling from the results in model scale studies. The XMT information is
well-suited for correlations with numerical models, which can further assist upscaling.

• Early diagnosis (detection) of subsurface damage (micropitting, cyclic fatigue) in
gear teeth was possible with this test rig in combination with the devised XMT-
methodology.

The designed test rig provides options for upgraded instrumentation and additional
sensors as required. Improved capabilities in terms of vacuum chamber, forced cooling,
high precision dynamometer, and increased motor controller current capacity are installable
for task specific purposes.
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Abbreviations

µCT Computed tomography in the microscale
3DP 3D-profilometer (scanning white light interferometry)
ADC Analog-to-digital converter
COTS Commercially off-the-shelf
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Er Relative efficiency (P_out/P_in)
EDM Electric discharge machining
EDS Energy dispersive X-ray spectroscopy
ESCON Servo controller (maxon)
G Torque gain factor (-)
GATR Geared actuator test rig
GPa GigaPascal
I/O Input/output
IL Ionic liquid
LOM Digital light optical microscope
MAC Multiply alkylated cyclopentane
ωin Motor speed (rad/s)
ωout Dynamometer speed (ωin × 51.2−1)
PFPE Perfluoroalkyl polyether
PID Proportional–integral–derivative
Pin Power input
Pout Power output
PSU Power supply unit
PWM Pulse width modulation
SEM Scanning electron microscope
TAmbient Temperature in atmospheric chamber
TGearbox Temperature on gearbox housing
TRL Technology readiness level
XMT X-ray microtomography
XPS X-ray photoelectron spectroscopy
ρA Density of “Heritage Oil A” (MAC): 0.841 g/mL
ρB Density of “Heritage Oil B” (PFPE): 1.85 g/mL
ρP Density of “Prototype Oil” (MAC + IL): 0.841 g/mL
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Lubrication concept evaluated for geared actuators under starved conditions  
 

Erik Nyberg*, Jonny Hansen*+, Ichiro Minami* 
 
 

Abstract 
 
Lubricant starvation leads to the risk of a shift in the lubrication regime from (elasto)hydrodynamic towards 
boundary conditons. Effective tribofilm formation is essential to limit surface damages in these conditions, 
but additive technology for space grade lubricants is lacking. This work evaluates the feasibility of a novel 
type of multifunctional ionic liquid lubricant, for use with multiply alkylated cyclopentane (MAC). Actuator 
gearboxes are operated under starved conditions in nitrogen atmosphere to evaluate the effectiveness of 
the tribofilm forming lubricant (designated P-SiSO). The effectiveness of P-SiSO was evaluated from macro 
to micro scale in both surface and sub-surface analysis by use of microscopy (optical, interferometric, SEM) 
and X-ray microtomography (XMT), and mechanisms of effective lubrication are discussed.  
 

Introduction 
 
Conditions faced in robotic space exploration missions pose significant challenges to lubrication of complex 
mechanisms. Geared actuators operated in low temperatures require extensive preheating before startup 
[1], but once in operation they may suffer from lubricant starvation due to limited resupply of lubricant to the 
contact [2]. In vacuum conditions, native oxide layers quickly wear out and if the lubricant does not form a 
protective tribofilm, there is high risk of seizure. Perfluoropolyethers (PFPE) and multiply alkylated 
cyclopentanes (MAC) are heritage lubricants used in space applications. They both have benefits and 
drawbacks; the main benefit being outstanding resistance to outgassing, but their tribofilm forming 
properties are problematic. PFPE forms iron fluourides in tribocontacts, which prevents seizure but 
eventually degrades the system autocatalytically [3]. MAC on the other hand is a neat hydrocarbon, and is 
not generally tribochemically active. Additives are possible, but finding effective additives that are miscible 
and non-volatile is challenging, and few options are currently available. As space exploration missions are 
demanding increasing performance of mechanisms, new solutions are urgently required. This paper aims 
to establish the feasibility of using hydrocarbon-mimicking silicate forming ionic liquid (P-SiSO) as tribo-
improving additive in MAC.  
 
Recent work on P-SiSO  
In our previous work [4], we described the molecular design of a hydrocarbon-mimicking synthetic lubricant 
composed of a tetraalkylphosphonium cation and trimethylsilalkylsulfonate anion, and found that it provides 
excellent lubricating performance under boundary lubrication conditions [5] as well as elastohydrodynamic 
conditions [6]. The hydrocarbon-mimicking structure enables miscibility with a range of hydrocarbon base 
fluids, while the ionic structure of P-SiSO enables reduced volatility. Surface analysis has shown that the 
excellent performance correlates with formation of a novel type of tribofilm, mainly based on silicate. 
Preliminary studies in vacuum tribometers and outgassing tests [7] have produced positive results and 
therefore the next step is to evaluate the lubricant under increasingly realistic configurations.  
 

Materials and Methods  
 
In this work, P-SiSO was evaluated in commercial off-the-shelf (COTS) geared actuators. Sintered metal 
gears, reduced lubricant fill, and reduced temperatures was employed to provoke lubricant starved 
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conditions and accelerate damages. The main focus of the experiment is on the lubricants ability to limit 
surface and subsurface damage in the gears operated in lubricant starved conditions.  
 
Concept lubricant  
A concept lubricant was prepared by dissolving 0.4 wt% of a hydrocarbon-mimicking ionic liquid 
(tetraalkylphosphonium trimethylsilaalkylsulfonate) [4] in multiply alkylated cyclopentane. Adequate 
performance with regards to thermal vacuum outgassing and solubility was recently demonstrated by the 
this lubricant [8], which we hereafter designate as P-SiSO. Two reference lubricants were employed during 
this work; Synthetic Oil 2001a, a multiply alkylated cyclopentane supplied by Nye Lubricants, Inc. 
(Fairhaven, MA), and Fomblin Z25, a perfluoropolyether supplied by Solway S.A. (Brussels, Belgium). The 
reference lubricants are designated as MAC and PFPE respectively. Neat tetraalkylphosphonium 
trimethylsilaalkylsulfonate was synthesized by Nisshinbo Holdings Inc. (Tokyo, Japan).  
 
Actuator Gearbox Lubrication 
The geared actuators consist of a planetary gearbox (GP32) and a DC-motor (RE30) with encoder and 
servo controller (ESCON 36/2), all acquired from Maxon Motor AG, (Sachseln, Switzerland). The gearboxes 
are 3-stage planetary gearboxes with 51:1 gear ratio, with max continous torque rating of 4.5 Nm. The 
servo controller can provide a maximum continous current of 2 A at 25 V, which corresponds to a max 
continous torque of 2.6 Nm, ensuring that the sintered steel gears are not mechanically overloaded. The 
gearboxes are dissasembled and cleaned, before relubricated with the test lubricants, as shown in Figure 
1(a-b). The amount of lubricant applied is significantly reduced in order to provoke starved conditions; the 
original grease fill of 1.6 g is replaced with 0.060 g of test lubricant (5 µl to each planet gear and 15 µl to 
output bearing). After applying the test lubricant the gearbox is rotated under zero load at low speed (5 min 
at 800 rpm followed by 5 min at 4000 rpm) to achieve a consistent lubricant distribution within the gearbox.  
 
Geared Actuator Test Rig (GATR) 
A custom made geared actuator test rig (GATR), shown in Figure 1(c-d), was designed and manufactured 
for the purpose of evaluating the lubricants in a component scale experiment. In this setup, the actuator is 
mounted in a refrigerated chamber filled with N2 gas. The main purpose is to subject the actuator gearboxes 
to operation in lubricant-starved and oxygen-reduced conditions in order to perform post test damage 
evaluation and boundary film analysis. The GATR is equipped with a dynamometer and temperature 
sensors in order to monitor effects on gearbox efficicency and temperature evolution while running the 
actuator against a braking torque. The efficiency is defined as the ratio of electrical power input, 𝑃𝑃𝑖𝑖𝑖𝑖, to 
mechanical power output, 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜. The power input can be determined by motor speed, current, and torque 
constant, while power ouput is determined by output speed and applied brake torque.  

 
Figure 1. (a) Dissasembled 3-stage planetary gearbox. (b) Procedure of applying lubricant to planet gear. 
(c) Atmospheric chamber enclosing actuator and sensors. (d) Overview of Geared Actuator Test Rig. 
 
GATR test conditions  
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The GATR experiments are started at –20°C in >99% N2 and run for a duration of 1h at 8050 rpm at a 
nominal braking torque of 0.8 Nm. Every 5 minutes, the motor is stopped for 10 seconds before ramping 
the speed back up to 8050 rpm at 1000 rpm/s. This test is repeated twice with the second repetition at 1.0 
Nm braking torque, giving a total of 1.5 M input pinion revolutions (~30 000 at output). In total, five actuator 
units are evaluated: 2 units are lubricated with MAC, 2 with P-SiSO, and 1 with PFPE. Units number 2 are 
used for repetition of the first test with MAC and P-SiSO.  
 
Post test damage analysis 
After subjecting the gearbox to 1.5 million input cycles, post test damage analysis is performed in three 
scales; (1) surface macro scale by optical inspection and digital microscopy, (2) surface micro scale by 3d 
surface profilometry and scanning electron microscopy with electron dispersive x-ray spectroscopy (SEM-
EDS), and finally (3) sub-surface microscale analysis by x-ray micro tomography (XMT). After initial 
inspection of MAC and P-SiSO lubricated gears, two gear teeth are cut out of a Stage 3 (S3) planet gear 
using electric spark erosion to be further analyzed. The thin tribofilms are analyzed by SEM in low voltage 
high contrast detector mode (vCD) at 3 kV, using a Magellan 400 FEG-SEM (FEI Company, Eindhoven, 
The Netherlands). EDS was performed using an X-Max 80 mm2 X-ray detector (Oxford Instruments, 
Abingdon, UK) operated at 3-5 kV, which is just enough to detect the elements C, O, Fe, and Si. Finally the 
gear teeth are scanned with XMT using a Zeiss Xradia 510 Versa (Carl Zeiss X-ray Microscopy, Pleasanton, 
CA, USA), with a resolution of 4 µm per voxel (volume pixel). Tiff stacking and a Canny method edge-
detection algorithm was employed to quantify sub surface damage from XMT data.  
 

Results and Discussion 
 
Results I –  Efficiency and Temperature 
The actuator efficiency and temperature over a 1 hour test cycle is shown in Figure 1. Between the three 
lubricants, a clear trend in both efficiency and temperatures can be distinguished with efficiency ranking of 
P-SiSO>MAC>PFPE. As expected, efficiency and temperature are inversely correlated, with high efficiency 
corresponding to low temperature increase and vice versa. This corresponds to previous model scale 
tribotests where variants of P-SiSO has been shown to reduce friction and wear compared to neat PFPEs 
as well as formulated lubricants [5], [6].  
 
 

 
Figure 2. (a) Measured efficiency of actuator setup when lubricated with MAC, P-SiSO, and PFPE 
respectively. lubricants. (b) Gearbox housing temperature (T1) and chamber interior temperature (T2) over 
1 h test (500 000 input revolutions). As expected, efficiency is inversely related to increasing gear house 
temperature (T2).  
 
Results II – Macroscale surface inspection  
The gearboxes were disassembled and inspected after 3h of test. PFPE showed evidence of heavy wear, 
with large amount of wear particles. Therefore we focused on MAC and P-SiSO. Inspection of MAC Stage 
3, Figure 3(a), revealed dark particles and discolouring of the separator disc (B). EDS analysis confirmed 
a layer rich in carbon, indicating indicating decomposition of the hydrocarbon lubricant. Microscopy image 
of the MAC driven gear show a clear wear pattern, with particle build up towards the root. Inspection of P-
SiSO Stage 3,  Figure 3(b), did not show any obvious sign of degradation., but microscopy images show a 
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blue and purple region above and below the pitch line of the driven gear, indicating tribofilm formation. 
Regardless of MAC or P-SiSO, the driven gear showed more signs of wear than the driver gear.  
  

 
Figure 3. Inspection of Stage 3 components. (a) MAC show visible lubricant degradation (confirmed by 
EDS) on stage 3 separator disc. Microscope image indicate wear above and below pitch line. (b) No sign 
of lubricant degradation in P-SiSO case. Worn area color shift indicates formation of boundary film.    
 
Results III – Surface micro scale and elemental analysis 
Figure 4 displays the surface topography of the driven gears seen in Figure 3, together with a topography 
map of an unworn tooth. In the case of MAC and P-SiSO, the measurement was made after cutting the 
teeth so that the full size of the gear could be scanned. Despite this, very little data is recorded below the 
pitch line. Above the pitch line, the MAC shows an elliptic region that covers about 1/3 of the gear, whereas 
the case of P-SiSO is limited to the edges of the gear. The MAC topography has likely also been severly 
worn below the pitch line, but the large height differential over the gear profile makes it difficult to capture 
the effect on surface roughness in this area.   

 
Figure 4.Gear surfaces as seen by 3d profilometry in 10x objective. Wear patterns of MAC and P-SiSO are 
compared with New (unworn) surface. Dedendum is mostly out of range because of gear involute profile, 
but tendency of high wear by MACis seen. Regions I and II are selected for 50x objective evaluation.  
 
Increasing the magnification provides insight to the active wear and damage mechanisms. In Figure 5(a) 
the MAC surface show signs of scuffing, with adhered particles and abrasive marks. In contrast, Figure 5(b) 
show a surface where the original sintered pores remain, but the load bearing patches between pores are 
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very smooth. A surface roughness profile (avoiding pores) reveal that the surface parameters are 
significantly improved compared to the unworn reference, as well as the MAC or PFPE (not shown).  

 
Figure 5. Regions I-II of MAC and P-SiSO respectively, with roughness profiles and parameters along x 
profile. (a) MAC surface show evidence of partial seizures (scuffing). (b) P-SiSO produce smooth contact 
patches and retains the porous structure of the unworn sintered material.   
 
Region II (P-SiSO) was analysed by SEM-EDS investigate the lubrication mechanism. A patchy tribofilm is 
clearly visible when using the low voltage high current detector (vCD). However, the EDS analysis could 
not confirm the presence of silicate. When comparing to a SRV model tribotest, shown in the top right inset 
of Figure 6(b), it is clear that the tribofilms have a similar visible appearance. The EDS spectra also show 
similarities in terms of Fe/O/C proportions, but Si is lacking in the analysed gear surface. Possibly, the gear 
tribofilm is too thin to be detectable by EDS, even at the low accelerating voltages of 3-5 keV used. 

 
Figure 6. SEM-EDS analysis of P-SiSO driven gear Region II. (a) Overview indicate gear surface is covered 
with tribofilm. (b) Gear tribofilm compared to P-SiSO tribofilm generated in ball-on-flat SRV tribotest.  
 
Results IV – Sub-surface micro scale analysis 
The analysis is limited to ~1 mm3 of the gear teeth located at the x-coordinate corresponding to the center 
of the worn region in Figure 4. The colormap show the frequency of detected edges in the y-z plane. The 
gray scale refers to the density of the material; bright regions correspond to metal (dense) and dark regions 
to pores (air). Addendum (i) and dedendum (ii) regions on the driven (N) and driver (R) side of the gear are 
chosen for comparison. Figure 7(a) show adhered metal, confirming scuffing at region (Nii). Interstingly, in 
the same region there are also sub-surface edges detected, which indicates risk of sub-surface cracks. The 
subset images show possible crack formations at x-coordinate X1–4. Figure 7(b) shows significantly less 
activity in the colormap produced by the edge detection algorithm, indicating lower risk of sub-surface 
cracks. High friction is usually detrimental to sub-surface cracking. In starved lubrication conditions, the 



6 

efficiency improvement of P-SiSO over MAC is likely attributed to surface friction, and therefore it is 
reasonalbe to assume less sub-surface cracking.  

 
Figure 7. XMT analysis indicates potential sub-surface cracking. Driven side dedendum (Nii) is critical 
region. (a) MAC show severe scuffing with large particles adhered at Nii, and evidence of subsurface cracks 
in the same region (b) P-SiSO show less overall detected edges, and no evidence of scuffing.  
 

Conclusions 
 

• A hydrocarbon mimicking ionic liquid combined with multiply alkylated cyclopentane (P-SiSO) was 
evaluated in geared actuators under starved lubrication conditions in N2 atmosphere.  

• P-SiSO significantly reduced surface and sub-surface damage, while increasing gearbox efficiency.  
• P-SiSO covered the gear with a thin tribofilm, comparison with model tribotest indicates silicate. 
• Surface roughness was clearly improved by P-SiSO, which likely improves (micro-)EHL conditions.  
• XMT is well suited for damage analysis of sintered metal gears. The porous structure is susceptible 

to sub-surface cracking, which can be distinguished by XMT over the entire gear volume.  
 

Acknowledgements  
 
The "Austrian COMET-Program" in the frame of K2 XTribology (project no. 849109) and The Taiho Kogyo 
Research Foundation (TTRF) through the 2019 First Research Grant provided funding of this work.  
 

References 
 
[1] K. S. Novak, Y. Liu, C.-J. Lee, and S. Hendricks, “Mars Science Laboratory Rover Actuator Thermal 

Design,” in 40th International Conference on Environmental Systems, 2010, pp. 1–11. 
[2] D. Suffern and J. Parker, “Developmental Bearing and Bushing Testing for Mars Gearboxes,” 

Aerosp. Mech. Symp., vol. 44, pp. 529–541, 2018. 
[3] D. J. Carré, “Perfluoropolyalkylether Oil Degradation: Inference of FeF3 Formation on Steel 

Surfaces under Boundary Conditions,” ASLE Trans., vol. 29, no. 2, pp. 121–125, 1986. 
[4] E. Nyberg, C. Y. Respatiningsih, and I. Minami, “Molecular design of advanced lubricant base fluids: 

hydrocarbon-mimicking ionic liquids,” RSC Adv., vol. 7, no. 11, pp. 6364–6373, 2017. 
[5] E. Nyberg, J. Mouzon, M. Grahn, and I. Minami, “Formation of Boundary Film from Ionic Liquids 

Enhanced by Additives,” Appl. Sci., vol. 7, no. 5, p. 433, 2017. 
[6] J. Hansen, M. Björling, I. Minami, and R. Larsson, “Performance and mechanisms of silicate tribofilm 

in heavily loaded rolling/sliding non-conformal contacts,” Tribol. Int., vol. 123, pp. 130–141, 2018. 
[7] ECSS, “Thermal vacuum outgassing test for the screening of space materials (ECSS-Q-ST-70-

02C),” 2008. 
[8] E. Nyberg, L. Pisarova, N. Dörr, F. Pagano, A. Igartua, and I. Minami, “Silicate-Forming 

Triboimprovers for Multiply Alkylated Cyclopentane Base Fluids,” in 22nd International Colloquium 
Tribology, 2020, p. 1. 

 



 





DOCTORA L  T H E S I S

E
rik N

yberg   Ionic Liquid Lubricants for Space A
pplications  

Department of Engineering Sciences and Mathematics
Division of Machine Elements

ISSN 1402-1544
ISBN 978-91-7790-747-3 (print)
ISBN 978-91-7790-748-0 (pdf)

Luleå University of Technology 2021

Ionic Liquid Lubricants for Space 
Applications

Erik Nyberg

Machine Elements

134295-LTU_Nyberg.indd   Alla sidor134295-LTU_Nyberg.indd   Alla sidor 2021-02-03   08:132021-02-03   08:13


	136452_inl_LTU_Nyberg-med_papers.pdf
	Doc_ENY_0326_G5
	1 Introduction
	1.1 Background and motivation of research
	1.1.1 Hypothesis and Aims
	1.1.2 Scope and Delimitations
	1.1.3 Thesis Outline


	2 Theoretical Framework
	2.1 Tribology Fundamentals
	2.1.1 Historical evolution of tribology
	2.1.2 Key definitions in tribology
	2.1.2.1 Definition of tribosystem
	2.1.2.2 Definition of friction
	2.1.2.3 Definition of wear

	2.1.3 Lubrication concepts
	2.1.3.1 Lubrication regimes
	2.1.3.2 Boundary lubrication
	2.1.3.2.1 Real area of contact
	2.1.3.2.2 Surface inhomogeneity
	2.1.3.2.3 Role of lubricant

	2.1.3.3 Full film lubrication


	2.2 Space Tribology
	2.2.1 Space Environment
	2.2.1.1 Thermal, vacuum, and microgravity
	2.2.1.2 Radiation

	2.2.2 Lubricants used in space applications
	2.2.2.1 Solid lubricants
	2.2.2.2 Liquid lubricants

	2.2.3 Mission specific considerations - Mars example

	2.3 Ionic liquid lubricants
	2.3.1 Introduction to ionic liquids
	2.3.2 Ionic Liquids in Tribology
	2.3.3 Potential of designing IL as lubricant


	3 Materials and Methods
	3.1 Lubricants employed
	3.1.1 Lubricant Samples

	3.2 Model tribotesting in boundary lubrication
	3.2.1 Model scale tribometers under controlled atmosphere
	3.2.2 Surface analytical tools
	3.2.2.1 Digital microscopy for visual inspection
	3.2.2.2 3D-profiling by scanning white light interferometry
	3.2.2.3 Scanning electron microscopy and energy dispersive X-ray spectroscopy
	3.2.2.4 Quantified wear in model tribotest


	3.3 Gearbox test in simulated space environment
	3.3.1 Design and development of geared actuator test rig (GATR)
	3.3.2 Tribological testing under starved conditions in GATR

	3.4 Sub-surface analysis by X-ray micro-tomography
	3.5 Supplementary techniques
	3.5.1 Model scale tribometers in additional configurations
	3.5.2 Surface analytical tools


	4 Salient Results
	4.1 Paper [1] – Molecular design of P-SiSO ionic liquid
	4.1.1 Cation considerations
	4.1.2 Anion considerations
	4.1.3 Performance of neat P-SiSO

	4.2 Paper [2] – Boundary film formation of neat and additivized P-SISO
	4.2.1 Effectiveness of additives in P-SiSO
	4.2.1.1 Primary boundary film of P-SiSO
	4.2.1.2 Transition to secondary boundary film

	4.2.2 Boundary film growth enhanced by amine additive

	4.3 Paper [3] – P-SiSO as performance ingredient in space lubricants
	4.3.1 Outgassing analysis
	4.3.2 Conductivity analysis
	4.3.3 MVT-2 tribotest in vacuum
	4.3.4 Boundary film analysis of SRV-3 samples
	4.3.4.1 Surface analysis by complementary techniques
	4.3.4.2 Influence of atmosphere on boundary film formation

	4.3.5 Proposed model of lubrication by P-SiSO boundary film

	4.4 Paper [4] – methodology for gearbox evaluation and analysis
	4.4.1 Methodology for tribology analysis – Assembled GATR
	4.4.2 Verification and validation of the GATR

	4.5 Paper [5] – P-SiSO in actuator gearbox under simulated space conditions
	4.5.1 Results I –  Efficiency and Temperature
	4.5.2 Results II – Macroscale surface inspection
	4.5.3 Results III – Sub-surface micro scale analysis


	5 Supplementary Results
	5.1 Surface analysis by XPS
	5.2 Mechanics of boundary film probed by nanoindentation

	6 Hypothesis and future work
	7 Conclusions
	8 References
	Appended Papers

	Paper1
	Paper 1

	Paper[1]-P
	Molecular design of advanced lubricant base fluids: hydrocarbon-mimicking ionic liquidsElectronic supplementary information (ESI) available:...
	Molecular design of advanced lubricant base fluids: hydrocarbon-mimicking ionic liquidsElectronic supplementary information (ESI) available:...
	Molecular design of advanced lubricant base fluids: hydrocarbon-mimicking ionic liquidsElectronic supplementary information (ESI) available:...
	Molecular design of advanced lubricant base fluids: hydrocarbon-mimicking ionic liquidsElectronic supplementary information (ESI) available:...
	Molecular design of advanced lubricant base fluids: hydrocarbon-mimicking ionic liquidsElectronic supplementary information (ESI) available:...
	Molecular design of advanced lubricant base fluids: hydrocarbon-mimicking ionic liquidsElectronic supplementary information (ESI) available:...
	Molecular design of advanced lubricant base fluids: hydrocarbon-mimicking ionic liquidsElectronic supplementary information (ESI) available:...
	Molecular design of advanced lubricant base fluids: hydrocarbon-mimicking ionic liquidsElectronic supplementary information (ESI) available:...

	Molecular design of advanced lubricant base fluids: hydrocarbon-mimicking ionic liquidsElectronic supplementary information (ESI) available:...
	Molecular design of advanced lubricant base fluids: hydrocarbon-mimicking ionic liquidsElectronic supplementary information (ESI) available:...
	Molecular design of advanced lubricant base fluids: hydrocarbon-mimicking ionic liquidsElectronic supplementary information (ESI) available:...
	Molecular design of advanced lubricant base fluids: hydrocarbon-mimicking ionic liquidsElectronic supplementary information (ESI) available:...
	Molecular design of advanced lubricant base fluids: hydrocarbon-mimicking ionic liquidsElectronic supplementary information (ESI) available:...
	Molecular design of advanced lubricant base fluids: hydrocarbon-mimicking ionic liquidsElectronic supplementary information (ESI) available:...

	Molecular design of advanced lubricant base fluids: hydrocarbon-mimicking ionic liquidsElectronic supplementary information (ESI) available:...
	Molecular design of advanced lubricant base fluids: hydrocarbon-mimicking ionic liquidsElectronic supplementary information (ESI) available:...
	Molecular design of advanced lubricant base fluids: hydrocarbon-mimicking ionic liquidsElectronic supplementary information (ESI) available:...
	Molecular design of advanced lubricant base fluids: hydrocarbon-mimicking ionic liquidsElectronic supplementary information (ESI) available:...
	Molecular design of advanced lubricant base fluids: hydrocarbon-mimicking ionic liquidsElectronic supplementary information (ESI) available:...


	Paper2 
	Paper 2

	Paper[2]-P
	Introduction 
	Materials and Methods 
	Lubricant Properties 
	Ball-on-Flat Reciprocating Tribotest 
	Surface Analysis 
	Quantification of Wear 
	SEM-EDS 


	Results and Discussion 
	Stage 1: Limits of Operational Envelope of Neat P-SiSO 
	Stage 2: Effect of Additives in P-SiSO 

	Conclusions 

	Paper3
	Paper 3

	Paper[3]-P
	Introduction 
	Ionic Liquid Lubricants 
	Outlook on Space-Grade Lubricants 
	Considerations in Lubricant Design 
	Current State of Space-Grade Lubricants 
	Contribution of This Work 

	Materials and Methods 
	Lubricant Samples 
	Conductivitiy Experiment 
	Outgassing Experiment 
	Tribology Experiments 
	MVT-2 Tribotest in Vacuum 
	SRV-3 Tribotest in Controlled Atmosphere 

	Analysis of Worn Surfaces 

	Results and Discussion 
	Outgassing Analysis 
	Conductivity Analysis 
	Friction and Wear Analysis 
	MVT-2 Tribotest in Vacuum 
	SRV-3 Tribotest in Controlled Atmosphere 

	Boundary Film Analysis of SRV-3 Samples 
	Surface Analysis by Complementary Techniques 
	Influence of Atmosphere on Boundary Film Formation 
	Proposed Model of Lubrication by P-SiSO Boundary Film 


	Conclusions 
	References

	Paper4
	Paper 4

	Paper[4]-P
	Introduction 
	Materials and Methods 
	Design and Development of Geared Actuator Test Rig 
	Atmospheric Chamber of GATR 
	Actuator Gearbox 
	Control System, Data Acquisition, and Instrumentation 
	Dynamometer to Estimate Efficiency 

	Methodology for Tribology Analysis 
	Analysis of Worn Surfaces by Complementary Technique 
	Subsurface Analysis by X-ray Microtomography 

	Verification and Validation—Space-Grade Oils under Starved Conditions 

	Results and Discussion 
	Methodology for Tribology Analysis—Assembled GATR 
	Verification and Validation of the GATR 
	Validation of XMT-Methodology for Interior Analysis of Gear Tooth 

	Conclusions 
	References

	Paper5
	Paper 5

	Paper[5]-P
	2020 - Nyberg, Hansen, Minami - Lubrication Concept Evaluated for Geared Actuators under Starved Conditions
	45_AMS_preface__contents
	2020


	Blank
	AMS_Erik_Nyberg_Submitted_Paper_published
	Lubrication concept evaluated for geared actuators under starved conditions
	Abstract
	Introduction
	Recent work on P-SiSO

	Materials and Methods
	Concept lubricant
	Actuator Gearbox Lubrication
	Geared Actuator Test Rig (GATR)
	GATR test conditions
	Post test damage analysis

	Results and Discussion
	Results I –  Efficiency and Temperature
	Results II – Macroscale surface inspection
	Results III – Surface micro scale and elemental analysis
	Results IV – Sub-surface micro scale analysis

	Conclusions
	Acknowledgements
	References



	Blank
	Tom sida


	Click for updates and to verify authenticity: 


