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Abstract

The trend in lubrication nowadays is towards low viscosity lubricants. Low viscosity lubricants flow
more easily, increasing the lubricant volume circulation thus improving the cooling performance and
cleaning ability of the lubricants. In addition, low viscosity lubricants reduce the viscous drag thus
lowering the frictional energy losses and increasing the efficiency of components. Moreover, low
viscosity lubricants are the best candidates for lubricating electric vehicles (EVs) due to the presence
of more torque transfer components (transmission) than in internal combustion engine vehicles.
Therefore, the application of low viscosity lubricants will increase the performance and extend the
lifetime of EVs. While low viscosity lubricants offer many advantages, there are also challenges that
go with them. Firstly, there will be more pair contact at the beginning of the operation. Secondly, the
low viscosity of the lubricant will result in a higher friction at the boundary and mixed lubrication
regimes. Lastly, the low viscosity the lubricant will result in longer running-in times at the boundary
and mixed lubrication regimes. To overcome these challenges, one of the proposed strategies is
developing multifunctional additives which simultaneously will work as anti-wear and friction
reduction at the same time. To tackle these issues, this Ph.D. thesis investigates the potential use of

ionic liquids (ILs) as additives in low viscosity lubricants.

Firstly, preliminary studies of six ILs with different anion, cation, and alkyl chain length as additives
were performed. The selected ILs were 1,3-dimethylimidazolium dimethylphosphate (IM), (2-
hydroxyethyl)  trimethylammonium  dimethylphosphate  (AM), tributylmethylphosphonium
dimethylphosphate (PP), 1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl) trifluorophosphate
(BMP), trihexyltetradecylphosphonium  bis(2,4,4-trimethylpentyl)phosphinate  (PB), and
trihexyltetradecylphosphonium decanoate (PC). The ILs were mixed individually in low viscosity
lubricants (polar and non-polar), i.e., four water-glycol mixtures (as polar base lubricant) and two
polyalphaolefins (as non-polar base lubricant). The water-glycol base lubricants were water-
monoethylene glycol (WMEG), water-diethylene glycol (WDEG), water-monopropylene glycol
(WMPG), and water-dipropylene glycol (WDPG). The polyalphaolefin base lubricants were
polyalphaolefin 2 ¢St and 8 cSt. All lubricants combinations were analyzed in terms of mixture
stability and solubility and tribological performances of the ionic liquids as lubricant additives. The
results showed that long alkyl chain ILs, PB and PC, resulted in high turbidity numbers and poor
stability. The tribological performances of short alkyl chain ILs, IM, AM, PP, and BMP, showed no
improvement in wear protection. In the case of friction, only WDPG-ILs and PAO8-IL combinations
brought lower friction evolution than the corresponding base lubricant.
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Secondly, the effect of the additives’ concentration was investigated in terms of tribological
performances (friction and wear). Five different concentrations of ILs were studied 0.25, 0.5, 1, 2,
and 4 wt.%. The results obtained from preliminary studies led to the selection of short alkyl chain ILs
(IM, AM, PP, and BMP) and WDPG and PAOS as the base lubricants. For simplicity, WDPG and
PAO8 will be called only WG and PAO, respectively. A comprehensive analysis of the influence of
ILs and their concentration on friction and wear were conducted using a Two-way ANOVA. The
results showed that an increase in the ILs’ concentration raised both the coefficient of friction (COF)
and specific wear rate (SWR) for WG lubricants however, it reduced COF and SWR for PAO
lubricants depending on the IL type and concentration. From this study, PP and BMP were selected

for further studies with the concentration of 1 wt.%.

Thirdly, the adsorption behavior of the selected ILs, PP and BMP, were investigated in both polar
(WG) and non-polar (PAO) media. The adsorption behavior of the ILs was compared with a well-
known organic friction modifier additive, i.e., carboxylic acid (dodecanoic acid, C12). The adsorption
studies were performed using a quartz crystal microbalance with dissipation (QCM-D). The
adsorption behaviors of the additives were investigated on two surfaces, namely iron and stainless
steel surfaces by using iron (Fe)-coated sensor and stainless steel (SS)-coated sensor. The results
showed that PP and BMP formed thicker multi-layer structures in non-polar media compared to polar
media. In the case of C12, the results showed that C12 formed a thicker, more viscous, and more rigid
adsorbed layer in polar media than in non-polar media. For WG lubricants, there was no significant
difference in the adsorption behavior of the additives between Fe and SS coated sensors. However,
for PAO lubricants, only PP and BMP showed higher adsorption kinetics and initially adsorbed layer
on the SS surface than the Fe surface, whereas C12 showed no significant differences in the

adsorption behaviour.

Lastly, the tribological performances of PP and BMP as additives in polar (WG) and non-polar (PAO)
base lubricants were investigated on two types of steel, namely AISI 52100 bearing steel and AISI
316L stainless steel. The tribological performances of ILs were compared with C12. Intensive surface
analyses using several advanced techniques were performed, such as scanning electron microscopy
equipped with focused ion beam (FIB-SEM), scanning-transmission electron microscopy equipped with
X-ray energy dispersive spectroscopy (STEM-EDS), and X-ray photoelectron spectroscopy (XPS). The
results from adsorption studies by QCM-D were used to correlate the adsorption behavior with the
tribological performance. In the case of the polar lubricants, the tribological performance of ILs was
controlled by the presence of thick tribofilms which lowered the wear yet increasing the friction for AlISI
52100 steel. On the other hand, thick tribofilms could not be formed due to the tribocorrosion process

taking place on AISI 316L steel, thus the tribological performance of the ILs was controlled by

viii



the tribocorrosion process. In the case of non-polar lubricants, the tribological performance of the ILs was
controlled by the presence of thick tribofilms which increased both wear and friction for AISI 52100 steel.
In the case of AISI 316L, the tribological performance of the ILs was controlled by both tribofilm
durability and the properties of the adsorbed layer.
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Chapter 1

Introduction and overview

1.1. Background

The production of electric vehicles (EVs) has grown in recent years due to the need for greener
technologies that can reduce CO2 emissions. EVs are powered either by battery electric vehicles
(BEVSs), plug-in hybrid electric vehicles (PHEVS), or hybrid electric vehicles (HEVS). In 1997, only
two electric vehicle models were available, compared to 98 models introduced to the market in 2019
and predicted to nearly triple by 2025 [1,2]. Electric vehicles are considered a feasible solution to
reduce CO: emissions (global warming) and air pollutants (NOx, carbon monoxide, unburnt
hydrocarbons, and soot particles) which are characteristic of exhaust gases produced by internal
combustion engine vehicles (ICEVSs). According to the European Environment Agency data,
changing from ICEVs to BEVs reduces the CO, emissions by 140 gCO./km (from 210 to 70
gCO2/km) [3]. In addition, EVs use 77% of the total electric energy from the grid to move the vehicle,
and the remaining 23% accounts for the energy losses, compared to ICEVS, which use about 21% of
total fuel energy to move the vehicle and 79% for the energy losses [4]. It is known that EVs are
about 3.7 times more efficient than ICEVs. Despite that, they can further be improved by reducing
the energy losses produced by friction which account for 4% of all energy losses (1% due to motor

friction and 3% loss in power transmission).

Similar to ICEVs, EV components need lubricants; however, to operate effectively, they require other
characteristics due to the different tribological conditions. To develop lubricants for EVs, three
essential aspects need to be considered, i.e., corrosion towards copper components or wirings,
compatibility with polymers and resins, and improvement of their electrical and thermal properties.
Moreover, lubricants in EVs will be exposed to higher speeds than those in ICEVs, shifting the high
load-bearing function found in ICEVs towards torque transferring function in EVs [5]. Because of
this, the development of new lubricants suitable for EVs should move towards low viscosity
lubricants. Moreover, low viscosity lubricants are preferable due to better cooling performance and
higher temperature stability [6]. However, the development of low viscosity lubricants will face new
challenges. Firstly, there will be more tribological pair contact at the beginning of operation (start-

up, time 0 seconds) due to the lower viscosity. This lower viscosity lubricant will result in a higher
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initial coefficient of friction (COF) at the start-up condition. According to the Hamrock-Dowson
formula for EHL contacts, lower viscosity will lead to thinner lubricant film thickness and lower A
value. The A value is a parameter that relates the local film variation as a function of roughness, in
which the lower the A value implies a thinner lubricant film thickness. As the system speed increases,
the film thickness will increase and at some point, the lubrication regime will change from boundary
lubrication (very thin lubricant film thickness) to mixed lubrication regime and then to hydrodynamic
lubrication regime (thick lubricant film thickness). Due to the lower initial A value, the boundary and
mixed lubrication regime will be longer, leading to longer running-in distance with higher friction.
To overcome these challenges, several strategies for lubricant formulation have been proposed, i.e.,
new antiwear and friction reduction additives such as ionic liquids, nanotechnology-based antiwear
and friction reduction additives such as MoS; and WS and other types of nanoparticles, and low

friction coatings such as DLC coatings [7-10].

This Ph.D. thesis focuses on ionic liquids as a potential new multifunctional solution (friction
reduction and antiwear properties) in environmentally friendly low viscosity base lubricants (water-
glycol and short-chain polyalphaolefin) to overcome the challenges in the development of functional
low viscosity lubricants for EVs and other applications where low viscosity lubricants can represent

a step forward sustainability.

1.2. Motivation

lonic liquids (ILs) are organic salts consisting of positive ions (cations) and negative ions (anions)
that are liquid at low temperature (< 100 °C). ILs are very attractive substances due to their physical
and chemical properties that can be altered by changing the cation or anion parts to meet specific
requirements in different applications. ILs are considered “green” substances due to their low
volatility, which is not emit hazardous volatile compounds to the environment [11-13]. In addition,
ILs are considered excellent lubricants due to their extreme polarity, making them highly surface-
active with a tendency to adsorb on metallic surfaces easily [14]. To replace traditional lubricants
with more environmentally friendly alternatives, the cost of the new lubricants should also be
considered. In the case of ILs, their price is higher than mineral base lubricants or synthetic base
lubricants; moreover, they are produced in small quantities; therefore, the use of ILs as neat lubricants
is limited to applications where money is not an issue, such as aerospace lubrication, or where only
small amounts are required, such as micro-electromechanical systems [14]. Therefore, this Ph.D.

thesis focuses on ILs as a lubricant additive and not as neat lubricants.



ILs as lubricant additives have been studied since 2003. P. Iglesias et al. studied 1 wt.% of n-
dodecylammonium chloride and compared it with two liquid crystals (4,4'-dibutylazobenzene,
cholesteryl linoleate) as additives in a high viscosity mineral oil beyond their oil solubility limit [15].
In 2012, Qu et al. reported phosphonium-based ILs to be soluble in non-polar hydrocarbon oils. Since
then, the number of oil miscible ILs being synthesized and tested has significantly increased [16].
Most of these ILs have long alkyl chains since they improve the solubility in non-polar lubricants;
however, this strategy is not suitable for polar lubricants [17,18]. Moreover, the toxicity increases
with the alkyl chain length [19]. In this Ph.D., two groups of ILs (short alkyl chain length and long
alkyl chain length) and two types of base lubricants (polar and non-polar) have been selected to study

the effect of the chemical structure on solubility and tribological behavior.

In addition, the lubricating mechanisms of ILs as lubricant additives are still unclear, which is
probably due to a large number of IL combinations available, each one with its properties. This is
expected due to the large variety of chemistries and structures; however, a systematic approach in
which a mechanism can be predicted based on the chemical structure or other characteristics is not
found in the literature. There are two mechanisms typically reported in the literature. Firstly, the
positively charged metal surface attracts the ILs’ anion to form a mono- or multi- adsorbed layer on
the surface, eventually reducing friction. Secondly, the ILs’ cation or/and anion reacts with the metal
surface to form a protective layer (tribofilm) on the metal surface, eventually increasing wear
resistance and reducing friction [20]. Therefore, it is necessary to investigate the lubricating
mechanism of selected ILs by studying and correlating the adsorption processes and tribofilm
formation with their chemical structure and the base oil-1L mixture properties (e.g., mixture stability,

pH, electrical conductivity).

1.3. Objectives

This Ph.D. thesis’s main purpose is to obtain a deep understanding of the role of ILs as friction
reduction and antiwear additives in low viscosity lubricants for their potential use in EV applications
and other applications where low viscosity lubricants can represent a step forward sustainability. In
this Ph.D. thesis, the work has been focused on performing a comprehensive study of the tribological
behavior and surface adsorption mechanisms of different ILs as additives in two types of base
lubricants (polar and non-polar) and using two different surface chemistries (austenitic stainless steel
and bearing steel). Through this research, several objectives are to be reached:

e To study the effect of the chemical structures on the ILs’ solubility in polar and non-polar base

lubricants.



e To evaluate the effect of the ILs’ chemical structures on their tribological performance when used
as additives in polar and non-polar lubricants.

o Toidentify the role of the base lubricant’s polarity in the performance of ILs as additives.

e To study the effect of the lubricant’s pH and electrical conductivity on their tribological
performance.

e To study the tribofilm formation and properties (thickness, chemical composition, and chemical
structure) on the surface of stainless and bearing steels.

e To study the adsorption mechanisms of ILs as additives in both polar and non-polar lubricants on
stainless and bearing steel surfaces.

e To assess the correlation between the lubricant’s polarity, pH, electrical conductivity, tribofilm
formation, subsurface microstructure, and additive’s adsorption on their frictional and antiwear

performance.

1.4. Scope

To obtain a deep knowledge of the ILs’ role as a lubricant additives, it is important to understand the
lubricating mechanisms of ILs and their influence on friction and wear on metal surfaces. Therefore,
a comprehensive study of the tribological behavior and surface adsorption mechanisms of ILs as
additives must be performed on different surface chemistries and base lubricant polarities. To reveal
the effect of the ILs’ structure, six ILs with different anion, cation, and alkyl length were selected:
1,3-dimethylimidazolium  dimethylphosphate  (IM), (2-hydroxyethyl) trimethylammonium
dimethylphosphate (AM), tributylmethylphosphonium dimethylphosphate (PP), 1-butyl-1-
methylpyrrolidinium tris(pentafluoroethyl) trifluorophosphate (BMP),
trihexyltetradecylphosphonium bis(2,4,4-trimethylpentyl)phosphinate (PB), and
trihexyltetradecylphosphonium decanoate (PC). Two types of low viscosity base lubricants (polar
and non-polar) were used to study the effect of the lubricants’ polarity, pH, and electrical conductivity
on their tribological performance. The base lubricants were four water-glycol mixtures and two
polyalphaolefins (PAO’s). To investigate the effect of the mechanical properties and chemistry of the
metal surfaces, two different disk materials were used for the tribological tests, i.e., AISI 316L
stainless steel and AISI 52100 bearing steel. The solubility and stability of the ILs in both the polar
and non-polar lubricants were examined using a turbidity meter. The friction tests were performed
using an alumina ball on a pin-on-disc sliding tribometer followed by an Infinite Focus Microscope
(IFM) examination to measure the wear rate. Advanced surface characterization techniques were used

to study the surface and subsurface microstructure transformation, crack formation, surface
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chemistry, and tribofilm formation. These advanced characterization techniques include Scanning
Electron Microscope equipped with Focused lon Beam (SEM-FIB), X-ray Photoelectron
Spectroscopy (XPS), and Scanning Transmission Electron Microscope equipped with Energy
Dispersive X-ray (STEM-EDS).

For the surface adsorption studies, Quartz Crystal Microbalance with dissipation mode (QCM-D) was
used to study the adsorption kinetics of the ILs, bonding strength between the IL layer and the sensor
surface, and also the viscoelastic properties of the adsorbed ILs. Similar to the tribological tests, two
types of solvents (water-glycol and PAO) and two coated quartz sensors (stainless steel SS304 and
iron) were used during the QCM testing. Dodecanoic acid (C12) was selected as the reference additive

for all studies.

1.5. Structure of the thesis

This thesis consists of nine chapters. An outline and summary of each chapter are presented here:

Chapter 1 Introduction and overview
This chapter provides a background to the field of interest of this research work, i.e., ILs as additives
in low viscosity lubricants. This chapter also includes the motivation, objectives, and scope of the

thesis.

Chapter 2 Literature review and state of the art

This chapter provides a detailed literature review explaining tribology and lubrication, which also
covers the tribofilm formation. Further, a thorough review of low viscosity lubricants is explored, and
the challenges of using them are described. Lastly, the role of friction modifiers and antiwear

additives is explained, and ILs that could have both functions simultaneously are presented.

Chapter 3 Experimental
This chapter is dedicated to explaining the test apparatuses and characterization methods. This chapter
also includes the types of lubricants, ILs, and materials used during the research work. It starts with

lubricants preparation, followed by testing procedures and characterization methods.

Chapter 4 Preliminary studies of ionic liquids as lubricant additives in water-glycol and
polyalphaolefin base lubricants

This chapter focuses on polar and non-polar base lubricant selection. For polar base lubricants, six

different water-glycol media were prepared and examined based on their pH. Base lubricants having

a pH value below 6.5 were disregarded. In the case of non-polar base lubricants, polyalphaolefin



2 cSt and 8 cSt were selected. The remaining base lubricants were additivated with ILs and tested for
their mixture solubility and stability, friction, and wear performance. In the end, one polar base
lubricant, one non-polar base lubricant, and four ILs were selected based on their mixture stability

and solubility and tribological performance for further study.

Chapter 5 Influence of ionic liquid concentration on the tribological performance

In this chapter, the selected base lubricants and ILs from the previous chapter were further studied.
The ILs concentration was varied and individually mixed with each base lubricant. The selected
concentrations were 0.25, 0.5, 1, 2, and 4 wt.%. Two-way ANOVA was used to analyze the friction
and wear data to determine the influence of concentration and IL type on the tribological performance.
In the end, one concentration and two ILs were selected based on their tribological performance for

further study.

Chapter 6 Adsorption study of ionic liquids additives in polar and non-polar media on iron and
stainless steel coated sensors using Quartz Crystal Microbalance technique

To fully understand the lubricating mechanism of ILs, a study of the adsorption mechanisms was

conducted using Quartz Crystal Microbalance with Dissipation (QCM-D). The adsorption

mechanism of ILs has been compared with a dodecanoic acid additive. Based on the frequency and

dissipation shift, the adsorbed layer can be quantified for its thickness, shear viscosity, and shear

elasticity modulus. The adsorption studies were performed using two surfaces, i.e., iron and stainless

steel coated sensors as they were used in the tribological study.

Chapter 7 A tribological study of ionic liquids as boundary additives in a polar base lubricant

In this chapter, the performance of ILs as lubricant additives in water-glycol is explained in detail and
compared with dodecanoic acid. The first part of the chapter discusses the tribological performance
of ILs tested on AISI 52100 steel and AISI 316L stainless steel. In the second part of the chapter, the
surface and subsurface of the worn area are analyzed in detail using SEM-FIB, XPS, and STEM-
EDS. In addition, the QCM-D result from chapter 6 was used to further analyze the influence of the

adsorbed layer properties on the tribological performance.

Chapter 8 A tribological study of ionic liquids as boundary additives in a non-polar base lubricant
In this chapter, the tribological performance of ILs as lubricant additives in polyalphaolefin is
examined thoroughly and compared with dodecanoic acid. Similar to the previous chapter, the
tribological performance of ILs was tested on AlISI 52100 steel and AISI 316L stainless steel. SEM-
FIB, XPS, and STEM-EDS are used to analyze the worn surface and tribofilm formation. The
adsorption study by QCM-D from chapter 6 was used to investigate the influence of the adsorbed

layer on the tribological performance.
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Chapter 9 Conclusions and future work
This chapter concludes all the work performed during this Ph.D. thesis. Based on the results obtained,

future work is proposed as a continuation of this research.

Chapter 10 Reference

This chapter consists of all the references used in this Ph.D. thesis.

1.6. List of papers

During this Ph.D. thesis, three peer-reviewed journal papers were produced and published. The lists

of the journal papers are:

Paper |

W. Wijanarko, H. Khanmohammadi, and N. Espallargas

lonic liquids as boundary additives in water-based and PAO lubricants
Friction 2021

Paper 11

W. Wijanarko, H. Khanmohammadi, and N. Espallargas

lonic Liquid Additives in Water-Based Lubricants for Bearing Steel — Effect of Electrical Conductivity
and pH on Surface Chemistry, Friction and Wear

Frontiers in Mechanical Engineering 2022, Vol. 7

Paper 111

W. Wijanarko, H. Khanmohammadi, and N. Espallargas

Effect of steel hardness and composition on the boundary lubricating behavior of low viscosity PAO
formulated with dodecanoic acid and ionic liquid additives

Langmuir 2022, Vol. 38, 2777-2792

For all papers, the author and co-author’s contribution in the papers are following:

e Wahyu Wijanarko has prepared all the contents including tests and analysis of data as well as
the full text of all papers.

e Hamid Khanmohammadi has contributed with intellectual discussions of results and
conclusions, editing, and advice on all papers.

o Nuria Espallargas has contributed with experimental work supervision and discussion,

intellectual discussions of results and conclusions, editing, and advice on all papers.
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Chapter 2

Literature review and state of the art

2.1. Tribology and lubrication

Tribology is the science and engineering to study the interaction between surfaces that move relative
to each other. The term “tribology” was first introduced by Peter Jost in his report in 1966, in which
the cost of tribology to the United Kingdom’s economy was highlighted [21]. Despite the fact that
the term tribology has been only used since 1966, humanity has faced tribological problems and has
used tribology as a solution to many challenges since thousands of years ago. For example, in 2400
BC, Egyptians used water, vegetable oil, and mud as lubricants to facilitate the transport of large
stone statues [22]. In addition, basic tribological concepts like friction have been a topic of study
since Leonardo da Vinci (1452-1519), and it is still far from being fully understood. Tribology is an
interdisciplinary subject studied by multi-academic fields, including physics, chemistry, biology,
mathematics, materials science, and engineering. Although many studies have already existed in this
field over the years, there are still many aspects of tribology to explore today and in the future. This
is due to the fact that tribology is fully dependent on the system conditions, i.e., contact materials,

speed, temperature, environment, etc.

In tribology, three aspects are at play, i.e., friction, wear, and lubrication [23]. Low friction means
low energy loss due to heat, while low wear means a long lifetime of the components. Lubrication is
achieved by applying lubricants to reduce friction between the surfaces and prevent the surfaces from
suffering wear. In general, there are two main types of lubrication, i.e., dry (solid) and wet lubrication
[24]. In dry lubrication, solid materials are used to reduce friction due to low surface energy or easy
shear plane. In the case of wet lubrication, lubricating liquids or greases are applied to create a thin
lubricant film layer that separates two mating surfaces.

In wet lubrication, the correlation between lubricant film thickness and the combined roughness of
the two mating surfaces defines the lubrication condition, and this is generally referred to as lambda
(2) ratio (A = h/o, where h = lubricant film thickness and ¢ = combined surface roughness) [22]. If the
lubricant film thickness is much larger than the surface roughness (generally 1 > 3), there will be no

surface contact, and this condition is called hydrodynamic lubrication. In this condition, the lubricant
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Figure 2-1. Stribeck curve illustrating the different lubrication regimes.

fully supports the applied load, and the lubricant’s viscosity will influence the friction, and as a result,
the friction is very low. As the lubricant film thickness decreases, it may not sufficiently support the
hydrodynamic pressure. At some points, there will be solid (asperity) contact between the surfaces.
The applied load will be supported with both the contact asperities and the lubricant film, resulting
in the increase of friction. This condition is termed as mixed lubrication. In this condition, the average
lubricant film thickness is still larger than the combined surface roughness, and the A ratio is 1 < 1 <
3. As the lubricant film thickness further decreases and becomes equal or less than the combined
surface roughness, the A ratio is < 1, and this condition is known as boundary lubrication. In boundary
lubrication, the applied load is mainly supported by the asperity contacts of the mating surfaces, which
collide during the rubbing action and undergo elastic and/or plastic deformation, resulting in high

friction.

The so-called Stribeck curve is a fundamental well-known concept in lubrication. This curve proves
that the lubricant film thickness is proportional with the relative sliding speed of surfaces (v) and the
viscosity of the lubricant (5), and inversely proportional with the normal load (Fn). The relation of
these parameters and friction can be plotted as shown in Figure 2-1 [25]. Early in the 20" century,
Richard Stribeck along with Mayo Hersey pioneered this concept while working within the railway
industry however, the results of their research were in line with previous researchers publishing
similar results. This curve is very useful since it allows identifying different lubricating regimes in a

tribosystem depending on the operating conditions.

In the hydrodynamic lubrication regime, as shown in Figure 2-1, the friction increases at a higher

relative speed because the lubricant’s shear force increases, which is related to its viscosity.
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For components working mostly in the hydrodynamic lubrication regime, the recent industrial trend
is using lower viscosity lubricants, leading to lower friction, thus increasing the efficiency. In
addition, the new electrification trends in the automotive industry (and probably others) will force the
development of lower viscosity lubricants simply because the needs for their components will be
moved from a load-bearing function to a torque transfer function. Tribosystems are exposed to
start/stop periods, shock loads, direction changes, and slow to intermediate speeds, where the system
goes into boundary lubrication conditions. Thus, even though a lubricant is meant to work at the
hydrodynamic regime (load-bearing) or as a torque transfer, it still faces all regimes during operation.
Thus, the challenges low viscosity lubricants will face in each lubrication regime can be summarized

as follows:

a. Starting periods and boundary lubrication regime
The lubricant film thickness is proportional to the lubricant’s viscosity so that a lower viscosity
lubricant will have lower initial film thickness than a high viscosity lubricant. Hence the initial 1
value of a low viscosity lubricant will be lower than the one of a high viscosity lubricant (Aiow , <
Znigh ). The lubricant regime transition value for boundary lubrication regime to mixed lubricant
regime is 4 = 1. Thus, a higher increment of A would be required for a low viscosity lubricant to
reach a value of 1, which implies a higher speed increment. At the same acceleration, a low
viscosity lubricant in boundary lubrication will take longer to reach the mixed or hydrodynamic
lubrication regime than a high viscosity lubricant.

b. Mixed lubrication regime
A 4 increment of 2 is needed in the mixed lubrication regime to reach the hydrodynamic
lubrication. Again, a higher speed increment is required for a low viscosity lubricant to reach the
hydrodynamic lubrication regime compared to a high viscosity lubricant. At the mixed lubrication
regime, the friction will decrease as the speed increases. A low viscosity lubricant will lead to
slower friction reduction compared to a high viscosity lubricant. In addition, the pressure-
viscosity effect plays a significant role in this lubrication regime, in which the viscosity increases
under high load. Low viscosity lubricants tend to increase their viscosity less than high viscosity
lubricants under pressure, resulting in slower friction reduction. As a result, a low viscosity
lubricant will experience higher friction for a longer time.

¢. Hydrodynamic lubrication regime
As the speed increases further to reach the hydrodynamic lubrication regime, a low viscosity
lubricant has an advantage over a high viscosity lubricant due to the lower friction value expected
due to its lower fluid shear. In addition, the pressure-viscosity effect of low viscosity lubricant

gives lower viscosity increment, leading to lower friction due to the fluid shear.
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2.2. Lubricants

Depending on the application and use, current lubricating oils’ formulations consists of about 70-99%
base lubricant and 30-1% lubricant additives. Base lubricants can come from biological or non-
biological sources. In the case of biological sources, these can comprise animal fat (hard or soft fats)
to vegetables (based on palm, rapeseed, soybean, corn, castor). In the case of the non-biological
sources, they comprise mostly mineral or synthetic oils derived from the distillation of crude oil. In
general, animal oils, vegetable oils, and mineral oils are non-polar. On the other hand, due to a wide
variety of synthesis processes, synthetic oils can be non-polar (e.g., polyalphaolefin - PAO) or polar
(e.g., glycols). Polar synthetic oils can be mixed with water, leading to new lubricants, e.g., hydraulic
fluids that typically contain a 1:1 mixture of water and a polar synthetic oil. Water-based lubricants
can be used where fire safety is an issue. In water-based lubricants, the main purpose of mixing water
with synthetic oils is to increase the viscosity of water and decrease the freezing/pour point so they
can be used at low temperatures. Moreover, some synthetic oils like glycols are biodegradable, so

mixing with water can result in environmentally acceptable lubricants.

Lubricant additives are chemical compounds added to base lubricants to increase the lubricant’s
performance for specific applications. Additives radically change the properties of lubricants.
Additives are a mixture of many different chemicals covering several functional categories such as
friction modifiers, antiwear and/or extreme-pressure additives, antioxidants, dispersants, viscosity
modifiers, anti-corrosion, anti-foaming, pourpoint depressants, etc [26,27]. Every function of a
lubricant additive is fulfilled by single chemicals carefully designed to avoid competition with each
other. Lubricant additives can be classified into three main function areas: surface protective
additives, performance additives, and lubricant protective additives [28]. Surface protective additives
are friction modifiers, antiwear additives, extreme pressure additives, corrosion inhibitors, detergents,
and dispersant additives. Performance additives are pour-point depressants and viscosity index
improvers, and lubricant protective additives are antioxidants and antifoam additives. Each additive,
or group of additives, serves a purpose in one or more lubrication regimes (i.e., boundary, mixed, and
hydrodynamic). In boundary or mixed lubrication regimes, extreme pressure, antiwear, and friction
modifier additives are most important, especially in their role with tribofilm formation to protect the

surface from high friction and excessive wear.

Generally, lubricants could be classified into low viscosity and high viscosity lubricants. Nowadays,
the trend is moving towards using low viscosity lubricants as one of the routes to increase fuel
efficiency. The change towards low viscosity lubricants will face several challenges that need to be

solved. Low viscosity lubricants result in low load-bearing capacity of the lubricant, which will
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Table 2-1. Physical properties of commercial low viscosity PAOs [29]

Parameter* PAO 2 PAO 4 PAO 6 PAO 8 PAO 10
KV at 100 °C, cSt 1.80 3.84 5.98 7.74 9.87
KV at 40 °C, cSt 5.54 16.68 30.89 46.30 64.50
KV at —40 °C, cSt 306 2390 7830 18,200 34,600
Viscosity index — 124 143 136 137
Pour point, °C -63 =72 -64 -57 -53
Flash point, °C 165 213 235 258 270
Parameter* PAO 2 PAO 4 PAO 6 PAO 8 PAO 10

*KV is kinematic viscosity

Table 2-2. Physical properties of commercial glycol-based lubricants [30-33]

Parameter* Monoethylene Glycol Diethylene Glycol Monopropylene Glycol Dipropylene Glycol
DV at 60 °C, cP — — 8.42 10.9

DV at 40 °C, cP 10.35 13.44 — —

DV at 25 °C, cP — — 48.6 75.0

DV at 20 °C, cP 19.83 35.7 — —

Pour point, °C — — <-57 -39
Freezing point, °C -11.2 -6.5 Supercools Supercools
Flash point, °C 111 138 104 124

*DV is dynamic viscosity

increase the wear and friction of the components, especially at the boundary or mixed lubrication
regime. To overcome these problems, low viscosity lubricants need to be carefully designed. The
selection of high-quality base lubricants and additives to improve their tribological performance is
therefore necessary. According to Rudnick, PAOs up to PAO 10 are considered to be low viscosity
lubricants [29]. The low viscosity PAOs are synthetically produced either from 1-decene or 1-
dodecane precursors. The physical properties of commercially low viscosity PAOs are shown in
Table 2-1. In the case of polar lubricants, commercially available low viscosity glycol-based
lubricants are monoethylene glycol, diethylene glycol, monopropylene glycol, and dipropylene
glycol. The physical properties of these commercial glycol-based lubricants are presented in Table
2-2. These synthetic base lubricants have several advantages over mineral base lubricants, such as
better oxidation properties, higher thermal stability, higher viscosity index, and better low-
temperature properties. These advantages will keep the viscosity of synthetic lubricants stable over a
wide range of temperatures.

As mentioned earlier, it is obvious that low viscosity lubricants have disadvantages during the starting
and stopping periods where the lubricant undergoes boundary and mixed lubrication regimes. In these
conditions, the lubricant film is not thick enough to separate the mating surfaces thus, allowing
contact between the surface asperities. Because ideal smooth surfaces are difficult to achieve during

preparation, a surface consists of many asperities. As two solid surfaces are in contact, the real contact
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area is much smaller than the nominal contact area. For dry contacts, the real contact area is
proportional to the normal load and inversely proportional to the material’s hardness. For wet or oil
lubricated contacts, the real contact area also depends on the lubricant properties in addition to the
normal load and the hardness of the material [25]. During the rubbing action, these surface asperities
collide with each other. The surface asperities are deformed elastically and/or plastically or are
removed due to high shear stresses. The collision produces stresses that create friction and changes
the surface topography that subsequently creates wear. The friction produces heat, raising the local
temperature at the contact asperities [34]. In addition, a nascent highly reactive surface is created after
asperities” removal. In the presence of a lubricant, and with the assistance of localized high
temperature due to the mechanical action, there will be chemical or/and physical interactions between
lubricant molecules and the nascent surface (tribochemical reactions). As a result, tribofilms can be

formed on the surface [35].

The tribofilm formed on the surface possesses a microstructure and properties different from the
lubricant and the rubbing solid materials. Tribofilms have been intensively studied in terms of their
formation mechanisms, chemical composition, and mechanical properties. Despite many years of
research, the tribofilm formation and its properties are still not well understood. This is due to the fact
that tribofilm formation is a unique phenomenon that depends on the lubricant composition,
(mechanical) contact conditions, environment, and the rubbing materials’ composition [35-37]. The
presence of tribofilms plays an essential role in reducing friction and protecting the surface from more
severe wear. In general, decent tribofilms cannot be achieved only using a base lubricant alone;

however, additives are necessary to be added into lubricants to facilitate tribofilm formation.

The tribofilm formation is affected not only by the lubricant composition and contact conditions but
also the chemical composition and microstructure of the rubbing materials (for example, different
tribofilms are expected in steel, stainless steel, cast iron, or copper). The interaction between the
lubricant additives and the rubbing material composition and microstructure in the boundary
lubrication regime has received little attention in the field of tribology, which tends to focus more on
additives rather than on the complete system. The effectiveness of the tribofilm to improve the
tribological performance depends on its composition and structure. As the tribofilm is composed of
compounds originally coming from the chemical reaction between lubricant additives and the rubbing
materials, it is obvious that the chemical composition and microstructure of the rubbing materials
play an important role in the tribofilm formation and its properties. Specific alloying elements or
microstructural features will have a tendency to react with specific additives to form effective

tribofilms. This gap has been thoroughly studied in this Ph.D. thesis for low viscosity lubricants.
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2.3. Lubricant additives for boundary lubrication conditions

2.3.1. Friction modifiers

The main purpose of friction modifier additives (FMs) is to reduce the friction on the contacting
surfaces at the boundary and mixed lubrication regimes. The basic principle of the boundary
lubrication condition implies that materials with low shear strength and high hardness are needed in
order to obtain low friction. Materials with such combination of properties are difficult to produce.
However, low friction can be obtained if a low shear strength layer is deposited on a hard substrate.
These low shear strength layers can be obtained either by adsorption films or chemical reaction films.

Adsorption films form monomolecular or multimolecular layers that separate the contacting surfaces,
providing a low shear strength interface between two mating surfaces. These monomolecular or
multimolecular layers are formed by the adsorption of chemical substances (lubricant additives) on
the worn surface. Organic compounds with amphiphilic structures (a polar head and a non-polar
hydrocarbon tail) are commonly used for this purpose. They are commonly known as organic friction
modifiers (OFMs). One example of OFMs is fatty acids which have been used for over a century.
The structure of a fatty acid consists of a polar head (carboxyl group -COOH) and a non-polar tail
(alkyl chain R-CH2-CHs). The polar head allows the molecules to attach to the tribosurface, while the
non-polar hydrocarbon tail stretches out to the lubricant to repel other molecules, providing a low
shear strength interface. The effectiveness of OFMs to reduce friction depends on the type of

adsorption, molecular structure, and concentration.

Tribosurfaces are typically covered with oxides and organic contamination. During the rubbing action
in boundary lubricating conditions, these oxides, surface contamination, and some surface materials
are removed, leaving a positively charged nascent surface exposed to the lubricant. This positively
charged nascent surface is highly reactive towards oxygen and organic molecules, in this case, the
polar head of OFMs. Depending on the reactivity of the nascent surface, the adsorption of lubricant
additives onto the surface can take place through either physical or chemical adsorption. Physical
adsorption occurs through weak Van der Waals forces between the polar head of OFMs and the metal
surface, which is a temperature-dependent reversible mechanism. Since most metals (e.g., iron) are
reactive, OFMs like fatty acids will chemically adsorb on them forming metal carboxylates under
monodentate forms (one oxygen atom binds to the metal surface leaving the C=0 bond free) or
bidentate (two oxygen carboxylate atoms bind to the metal surface in a symmetric way) [38]. The
schematic of these two adsorption mechanisms is shown in Figure 2-2. These mechanisms have a

significant impact in practical applications due to their effectiveness in reducing friction.
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Figure 2-2. Two mechanisms for the fatty acids’ adsorption onto the metal surface. Figure adapted from [38].
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The molecular structure of the adsorbate has a strong influence on friction reduction effectiveness.
For example, fatty acid molecules can have linear or branch alkyl chains. It was found that the ability
of fatty acids to form close-packed adsorbate structures on the metal surface influences lubrication
effectiveness [39]. Close-packed adsorbate structures can only be obtained if the molecular shape is
linear, i.e., more bonding between CH> groups of adjacent fatty acids happens compared to branched
molecular shapes. As a result, durable films are formed, ensuring their resistance against shear forces
producing low shear strength interfaces resulting in low friction [25]. Another molecular feature that
influences the lubrication effectiveness of fatty acids is the alkyl chain length. For linear fatty acids,
it was found that a minimum alkyl chain length of n = 9 is required to obtain effective lubrication
[25]. This can be explained by the weak Van der Waal forces between the alkyl chains. A minimum

number of adjacent -CH.- groups are required to obtain a strong bonding.

The shear stress generated during the rubbing action can remove the adsorbate layer from the
contacting surfaces. In this case, the ability of FMs to replenish the contact region of a tribopair is an
important property. This is mainly controlled by the concentration of the FMs in the base lubricant
and the chain length. A minimum concentration is needed to ensure the balance between adsorption
and removal rate by the shear stress. It was found that there is a transition concentration where the
decrease in friction decelerates with increasing concentration. And also, the transition concentration
shifts towards lower values with increasing the chain length [40]. Another interesting feature of fatty
acids is micelle formation which is highly influenced by the base lubricant and concentration.
Micelles are aggregates of fatty acid molecules dispersed in a liquid forming a colloidal suspension.
They are formed when the concentration exceeds the critical micelle concentration (CMC).
Depending on the polarity of the media, micelles can form normal micelles in polar media (with the
hydrophilic head in contact with the surrounding media) or reverse micelles in non-polar media (with

the hydrophobic phase in contact with the surrounding media), as shown in Figure 2-3 [28].
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Normal micelle in polar media Reverse micelle in non-polar media
Figure 2-3. The formation of normal micelle and reverse micelle as function of polarity of the medium. Figure adapted
from [28].
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Critical micelle concentration is shifted towards lower concentrations in aqueous media with
increasing the chain length [41]. Micelles can have a greater effect on friction than FMs alone. In a
study of a water-glycol lubricant containing different concentrations and chain lengths of fatty acids,
the lowest friction was found for the fatty acid concentrations above CMC regardless of the alkyl
chain length [42].

FMs working with the chemisorption mechanism are typically oil-soluble organomolybdenum
compounds. Three families of organomolybdenum friction modifiers are molybdenum
dialkyldithiophosphate (MoDTP), molybdenum dialkyldithiocarbamate (MoDTC), and molybdate
ester [43]. The chemical structure of three organomolybdenum FMs is shown in Figure 2-4. MoDTP
is a sulfur- and phosphorus-containing compound, MoDTC is a sulfur-containing and phosphorus-
free compound, and molybdate ester is a sulfur- and phosphorus-free compound. Organomolybdenum
compounds react with the sliding surface during the rubbing action, forming a layer-lattice structure
of molybdenum disulfide (MoS.) on the rubbing asperities. The low shear strength between the layers
of the MoS; structure results in friction reduction. MoDTP and MoDTC already contain sulfur in their
composition, which provides the source of sulfur to form MoS,. However, molybdate ester needs
other sources of sulfur to be effective as a friction modifier. The other sources could be other additives
such as antiwear additives, extreme pressure additives, or detergents [44]. An important feature of
MoS; formation is that it only forms at severe contact stresses when the contact between the asperities
of two surfaces takes place. Therefore, they are very effective in reducing friction in boundary or
mixed lubrication regimes [45,46]. MoS; acts as a sacrificial film. Therefore, if the supply of
organomolybdenum is stopped, loss of MoS: or oxidation to MoOs will occur, resulting in increased
friction [44]. Another example of the chemisorption mechanism is the formation of amorphous films
on the rubbing surfaces. Due to the fact that additives forming amorphous films also can act as

antiwear additives, this will be discussed in detail in the next section.
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Figure 2-4. Three organomolybdenum FMs and the R is alkyl group. Figure adapted from [43].

2.3.2. Antiwear additives

In the boundary lubrication regime, surface contamination and oxides will be removed during the
rubbing action leaving a nascent highly active surface. This highly active surface has a higher affinity
towards chemicals in the lubricant, especially from lubricant additives. The adsorbed layer formed
on the surface during the first action is a prerequisite for subsequent chemical reactions. Depending
on some lubricant characteristics (chemical composition, conductivity, pH, etc.) and some surface
material characteristics (microstructure, chemical composition), the chemical reaction product can be
beneficial or detrimental in terms of wear. A protective layer on the surface is an example of beneficial
reaction products, while a corrosion or degradation layer is an example of a detrimental reaction

product.

Antiwear additives (AWs) facilitate the formation of protective films on the tribosurfaces preventing
excessive wear, especially in the boundary or mixed lubrication regions. Sulfur and phosphorus are
the main chemical elements usually used in AWs [28]. During the rubbing action, the frictional heat
between surface asperities provides energy for the chemical reaction between the sulfur or phosphorus
from the AWs and the tribosurface to form a protective tribofilm. This tribofilm may consist of metal

sulfides, metal phosphates, or organometallic compounds [28].

Similar to FMs, the general structure of AWSs consists of a polar functional head group and a non-
polar hydrocarbon tail. The non-polar hydrocarbon chain length will define the solubility in the
lubricant. Longer chains have better solubility in non-polar lubricant media, while shorter chains have
better solubility in polar lubricant media. The polar head group contains the main elements (sulfur or
phosphorus), which adsorbs on the tribosurface (forming an adsorbed film) and subsequently reacts
(tribochemical reaction) to form a protective tribofilm with the assistance of the frictional heat. Three

parameters influence the effectiveness of AWSs during the adsorption process, i.e., the adsorption
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Table 2-3. Antiwear additives [48]

Metal Phosphorus Sulfur ~ Examples

v v v Metal dialkyldithiophosphate

Metal dialkylphosphates
Metal dithiocarbamates
Thiophosphates, thiophosphonates
Phosphates, phosphonates, amine phosphates
Organosulphides, S-containing heterocyclics, ashless dithiocarbamates
Organoboron compounds, N-based heterocyclic compounds

o o o o
o o X\ \ o X
o o \ \o

kinetics, the rigidity of the adsorbed film, and the bonding strength with the surface [47]. The ability
of AWs to adsorb on the tribosurface depends on their polarity (the higher the polarity, the higher the
adsorption Kinetics). During the rubbing action, the removal of the adsorbed film will take place, and

higher adsorption Kinetics are desirable to provide continuous additive supply to the surface.

The adsorbed film reacts with the surface to form a tribofilm. The mechanism of tribofilm formation
to protect the substrate can be explained by sacrificial wear protection. The tribofilm provides a low
shear strength layer that is easily removed by the mechanical action, not only protecting the substrate
but also giving low friction. Due to this sacrificial mechanism, the tribofilm formation rate has to be
greater than the tribofilm removal rate. To be effective, the tribofilm formed on the worn surface
should have a greater thickness than the roughness of the surface. The durability of the tribofilm to
withstand the shear force also plays a significant role in which a durable tribofilm leads to a lower
wear rate. The durability of the tribofilm is determined by the chemical composition and the structure
of the tribofilm.

Antiwear additives can be classified into three groups, i.e., organo-metallic compounds, phosphorus-
containing and/or sulfur-containing compounds, and phosphorus-free and sulfur-free compounds.
Typical antiwear additives are shown in Table 2-3 [48]. Metal dialkyldithiophosphate (MDDP)
compounds have been extensively used as lubricant additives due to not only their antiwear properties
but also due to other properties, for example, friction modifying, anti-oxidant, and anti-corrosion.
Metals that have been used in MDDP are zinc [49], molybdenum [50], titanium [51], copper [52],
and gadolinium [53]. Among all MDDPs, Zinc dialkyldithiophosphate (ZDDP) is the most commonly

used.

Indeed, ZDDP weas first introduced in lubricants as an anti-oxidant in 1941. The antiwear properties
of ZDDP remained unknown for the next 14 years. In 1955, it was found on cam and follower systems
that ZDDP-containing lubricants generated less wear than those without it [49]. Since then, ZDDP
has been extensively used and studied for its antiwear behavior, nature, and the properties of the
tribofilms that forms on tribosurfaces. The tribofilm formation consists of three process steps: (1)

adsorption of ZDDP on the worn surface, (2) decomposition of ZDDP at the asperity contacts
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Figure 2-5. The structure of zinc dithiophosphate and the R group dictates whether it is an alky- or aryl-
dithiophosphate. Figure adapted from [54].

activated by frictional heat, and (3) tribochemical reaction between the ZDDP decomposition

products and the worn surface.

The ZDDP chemical structure consists of a polar organometallic head (one zinc atom bonded to two
dithiophosphate esters) and an alkyl tail. The antiwear effectiveness of ZDDP depends on the
structure of the alkyl group, with the order of secondary alkyl, primary alkyl, and aryl [49]. The
chemical structure of ZDDP is shown in Figure 2-5. The polar head adsorbs to the metal surface via
the sulfur atom of the P=S bond [55]. Due to the rubbing process, a tribofilm forms on the worn
surface with thicknesses in the range of 50 to 200 nm. The tribofilm has a pad-like structure with
deep valleys in between. The tribofilm consists mainly of amorphous zinc/iron phosphates with a thin
outer layer of zinc polyphosphate (~ 10 nm thick) [49]. The tribofilm acts as a barrier providing wear
protection. It was also suggested that the sulfur reacts with abrasive iron oxide wear particles
transforming into less abrasive iron sulfide [56]. Two important features making ZDDP such an
effective antiwear additive are (1) the fast tribochemical reaction to form a protective tribofilm and
(2) the low content of iron in the tribofilm implying minimum tribocorrosion of the substrate during

the film removal and rebuilding.

Besides the excellent antiwear properties, ZDDP also has other functionalities such as antioxidant
and corrosion inhibition making ZDDP a widely used lubricant additive over the past 80 years.
However, ZDDP has detrimental effects for the environment due to the volatility of Zn, P, and S,
which leads to the formation of sulfated ashes, phosphorus oxide, and sulfur oxide [48]. In addition,
ZDDP is an aquatoxic compound, and this can be a problem in applications like forestry and marine
[57]. To reduce gas emissions coming from ICEVs, several governments have decreased the limits
on ash-forming compounds (i.e., phosphorus, sulfur) in the lubricant additives since ashes block the
catalytic exhaust converters in cars impeding their emission-reducing function. This influences the
use of ZDDP, which may require complete replacement by other additives in the future [58]. This has
also influenced the reputation of phosphorus and sulfur in lubricant additives when, in most cases,
they are not directly responsible for gas emissions whereas, their full combustion might be the main
issue. Additives containing P and S might not be that harmful in applications outside ICEs. However,

the need to find new and environmentally friendly antiwear additives becomes crucial.
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2.4. lonic liquids

lonic liquids (ILs) are low melting point (< 100 °C) organic salts consisting of cations and anions.
Some ILs have a melting point below room temperature and are called room temperature ILs (RT-
ILs). Due to the delocalized charges of the cation or the anion and the asymmetry of the molecules,
ILs have poor lattice coordinated structures, preventing them from forming solid crystals. Hence, IL
compounds are liquid at a temperature below 100 °C or even at room temperature [14,59]. Due to the
number of cation and anion precursors for ILs, their statically predicted number of structures can
reach over 1 million possible cation/anion combinations. The amount of commonly used ILs are

around 300 - 400 [60,61]. This gives a broad range of potential applications in many fields.

2.4.1. ILs as neat lubricants

The first IL ever synthetized was ethylammonium nitrate (EAN). Synthesized by Paul Walden in
1914, itis believed to be the earliest room-temperature ionic liquid with a melting point of 12 °C [62].
EAN is used as an electrically conductive solvent in electrochemistry, a protein crystallization agent,
and it can form micelles and hydrogen bonds. In 1982, the first imidazolium-based IL was studied
for its electrochemical behavior, which has potential applications for electrolytes in batteries,
photoelectrochemical cells, and electroplating [63]. Years later, ILs were found to be effective
solvents for both organic and inorganic compounds [13]. In 2001, ILs were first investigated as neat
lubricants [64]. Since then, the tribological performance of ILs has been compared with conventional
hydrocarbon base lubricants, for example, perfluoropolyether (PEPE) [64-68], polyalphaolefin
(PAO) [68,69], and some mineral oils [69-71]. The studies propose ILs as a green alternative for
conventional liquid lubricants due to the low-temperature fluidity, high-temperature stability, low

vapor pressure, and excellent lubricity.

Typically, the cations are organic compounds having a large and asymmetric structure with a lengthy
alkyl chain. The anions can be organic or inorganic compounds with smaller sizes and more
symmetrical structures [14]. Selecting the cation and anion structure and elements are vital in
designing ILs for lubricant applications. ILs need to be designed to adsorb and react with the surface
to give a desirable tribological performance. In addition, ILs can be designed to be miscible in base
lubricants, either polar or non-polar. Studies from friction modifiers and antiwear additives show that
elements such as sulfur, phosphorus, boron, or fluorine can adsorb and react with tribosurfaces to
form protective tribofilms. So ILs that have been used as neat lubricants typically consist of those

elements. The typical cations and anions structures used as neat lubricants are shown
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in Figure 2-6 [14]. The type of cation and anion as well as the alkyl chain length will influence the

tribological performance of ILs.

Early studies of ILs in tribology started with investigating the tribological performance of
imidazolium-based ILs on steel on steel [64-67] and steel on aluminum tribo pairs [64,65,71-76].
These studies show better friction-reducing and antiwear abilities for ILs containing longer cations
alkyl chains than the ones containing shorter alkyl chains [67,73,74,76]. It was believed that longer
alkyl chains prevent the direct surface to surface contact due to the formation of thick, low-shear
strength layers beneficial for friction and wear reduction, especially in the boundary lubrication

condition. This mechanism is similar to the one provided by friction modifiers.

Functionalization of the cation by changing the hydrocarbon alkyl chain with other groups can
improve the tribological properties of ILs. Phosphorus, one of the most common antiwear elements,
can be used as a functional group for imidazolium cation in the form of phosphate. By changing the
alkyl chain with a functional group, it is expected that the adsorption behavior would be increased.
In a study performed on steel on aluminum tribopair, it was successfully shown that imidazolium
functionalized with a phosphate group significantly improved friction and wear behavior compared

to regular imidazolium [73,76].

As the availability of cation chemistries increases, the number of cations used in ILs for lubricants
increases as well. The quaternary ammonium [68,70,77-80], quaternary phosphonium [80-87], and
pyrrolidinium [84,86,88,89] based cations were studied as alternative to imidazolium cations. The
research of the different types of cations concluded that ammonium-, phosphonium-, and
pyrrolidinium-based ILs had better tribological properties than imidazolium-based ILs. It was found
that increasing the alkyl chain length of ammonium, phosphonium, and pyrrolidinium cations also
resulted in reducing friction and wear [70,82,86]. It seems that the influence of chain length on the

tribological behavior apply to most IL systems.

In the early years of ILs’ research as neat lubricants, tetrafluoroborate (BFs”) and
hexafluorophosphate (PFs") were frequently used as the anion part due to commercial availability at
a reasonable price [20,90]. When tested individually, BF4+~ and PFs~ combined with imidazolium
cation showed lower friction and wear than the traditional lubricants phosphazene and
perfluoropolyether [64,65]. BF4s~ and PFe are hydrophilic, which can lead to the formation of
hydrogen fluoride (HF) in the presence of water contamination leading to an increase in friction
[71,74,88,91]. To overcome this situation, other more hydrophobic fluorine-containing anions have
been synthesized, ie., bis(trifluoromethylsulfonyl)amide (NTf2) and
trifluorotris(pentafluoroethyl)phosphate (FAP) [66,88]. The tribological tests showed that NTf>™ has
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Figure 2-6. Typical ionic liquid cations and anions molecular structures. Figure adapted from [14].

better wear resistance but higher friction than BF4~ [66]. When the cation is the same, ILs composed
of FAP are superior to NTf,™ in friction reduction and wear resistance for both steel on steel and steel

on aluminum tribo pairs due to formation of metallic fluoride tribofilm on the worn surface [86,88].

It has been found that ILs in tribopairs form boron oxides, metallic fluorides, and metallic phosphates
on the worn surfaces indicating that the anion part is the key in the mechanism of tribofilm formation
[64,65,73,75]. To mimic the performance of classical antiwear additives like ZDDP, phosphate anions
with hydrocarbon alkyl chains have been synthesized, i.e., dimethyl phosphate [83], diethyl phosphate
[92], dibutyl phosphate [87], bisethylhexyl phosphate [87,93], diphenyl phosphate [86,87], in
combination with imidazolium [92,93], or phosphonium cations [83,86,87]. It has been found that the
tribological performance of phosphate anions is better than those anions containing fluor and boron

due to the formation of metal phosphates on the tribosurfaces [83,86,87,92].

Although so much evidence suggests the important role of anions in tribofilm formation, the role of
cations cannot be neglected. For example, aluminum lubricated with imidazolium cation
functionalized with phosphate coupled to a BF4~ anion showed traces of boron oxide and —P—O-Al

species on the worn surface which originated from the cation and anion part of the IL [73,76].
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Therefore, both cation and anion decompose due to the localized high frictional temperature and

eventually react with the nascent surface to form a protective tribofilm.

2.4.2. ILs as lubricant additives

Although the proven tribological efficiency, the use of ILs as base lubricant fluids is still limited due
to the high production costs [14,20,59]. In most real applications, large volumes of lubricant are
needed, and ILs as neat lubricants are unacceptable for most consumers. For that reason, research is
being conducted to investigate the tribological behavior of ILs as lubricant additives in base lubricants
such as mineral oils [70,75,94], synthetic oils [16,95,96], glycerol [10,97,98], and water-based
lubricants [99,100]. Used as additives, ILs could be added to base lubricants up to 10 wt.% [70].

They can be used as antiwear and friction modifier additives for many reasons: (1) ILs can be tailored
and tuned to meet certain properties; for example, longer alkyl chains are more soluble in oils,
whereas shorter alkyl chains are more soluble in water [101]; (2) ILs have a double polar structure in
which they can adsorb to tribosurfaces and form alternating anions-cations layers. This adsorption
film can give similar behavior as graphite or MoS: layered structure [81]; (3) ILs can contain active
elements such as fluorine, chlorine, sulfur, phosphorus, and boron, that with the assistance of
localized high temperature, can decompose and react with the worn surface to form protective
tribofilms [14]; (4) most ILs have a thermal decomposition temperature higher than conventional

additives, and they can thus be used in higher temperature applications [80].

The first IL used as a lubricant additive can be traced back to 2003, in which P. Iglesias et al. studied
1 wt.% of n-dodecylammonium chloride (C12H2sNH3*Cl) as an additive in a mineral oil [15]. Early
studies of ILs as lubricant additives involve the use of non-polar hydrocarbon oils. Designing ILs as
lubricant additives in non-polar hydrocarbon oils was challenging due to solubility, i.e., ions and non-
polar molecules are typically immiscible. Although early research of ILs involved non-soluble ILs in
non-polar oils, the results showed that the ILs could reduce friction and improve the tribological
performance [70,74,75,94,102-104]. XPS analysis on the worn surfaces confirmed the presence of
tribofilms containing different compounds depending on the active elements in ILs, for example,
FeFs, B20s, P20s, or PO4>". The results also showed that phosphorus containing-ILs gave better
friction and wear reduction.

ILs have also been investigated as lubricant additives in polar oils such as polyethylene glycol
[96,105-109], glycerol [10,89,97,98,110], and ester oils [111-113]. The purpose of using these polar
oils was to increase the solubility of ILs. For example, using polyethylene glycol as base lubricant

increased the solubility of ILs having PFs~, NTf2", and BF4~ as anions in more than 40 % (in the best
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Figure 2-7. Chemical structure of trihexyltetradecylphosphonium bis(2-ethylhexyl) phosphate.

case) resulting in the best friction and wear results [105]. Surface analysis revealed the presence of
tribofilms, being iron phosphate the predominant compound however, fluorine or other active
elements were not commonly detected. It was deduced that physisorption rather than chemisorption
played the most important role in the tribological performance. Another study performed using the
same ILs but varying the cations as lubricant additive in polyethylene glycol showed a larger increase
in solubility, more than 50 % in the best case [96]. The tribological performance was again very good,
and the surface analysis showed fluorine on the worn steel surface. For the IL containing both
phosphorus and fluorine, it was revealed that the worn surface also consisted of organic phosphine

compounds and was the one with the best tribological performance [96].

Research of ILs focusing on their solubility in non-polar lubricant oils began in 2012, when Qui et al.
synthetized for the first time a phosphonium cationic based IL, i.e., trihexyltetradecylphosphonium
bis(2-ethylhexyl) phosphate, as shown in Figure 2-7, which is soluble with various hydrocarbon oils
[16]. It was hypothesized that its high solubility is due to its 3D quaternary structure and long
hydrocarbon chains. It was later revealed that six carbons are the critical minimum of each alkyl chain
length to achieve high solubility of phosphonium cationic base ILs in polyalphaolefin 4 ¢St base oils,
regardless if the cation structure is symmetric or asymmetric [18]. However, a study by Minjin et al.
shows conflicting results on the effect of cation symmetricity on the solubility of ILs. Minjin et al.
studied several different chain lengths of ammonium-based cationic ILs coupled with the same anion.
They found that the solubility limit of these ILs in PAO10 increases with increasing the carbon chain
length. The role of the 3D quaternary structures with high steric hindrance (long hydrocarbon chains)
on the solubility of ILs in non-polar base oils can be explained by: (1) strong interionic interaction
between cation and anion, which decreases the effective polarity of the IL thus leading to lower
coordination of the molecules, and (2) increase of intermolecular London dispersion forces between
hydrophobic moieties of the cations and the base oil molecules [16,18,114,115]. The tribological
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performance of oil-soluble IL additives in non-polar base oils showed a lower coefficient of friction
and wear rate of the tribomaterials [16,18,69,114-122]. Moreover, their antiwear and anti-scuffing
properties were better compared to ZDDP [118,120,122]. In addition, oil-soluble phosphonium-based
ILs showed a synergy effect with existing additives in fully formulated engine oils, enhancing the

wear performance of the lubricants [16,114].

Nowadays, environmental issues receive greater attention in lubricant formulation. The UN
sustainable goals for 2030 and the new green policies around the world are pushing the development
of environmentally acceptable lubricants. Not only the base lubricants should be environmentally
acceptable, but the additives as well. Therefore, developing environmentally friendly ILs free of
halogen, phosphorus, and sulfur atoms are emerging [101]. Imidazolium and quaternary ammonium
are chosen as the cation couple with ibuprofen, ricinoleic acid, and succinate [99,123,124]. Typical
environmentally acceptable base oils are polar like synthetic esters, oils derived from vegetables, and
water-based lubricants (containing glycols as organic phase). However, some non-polar short chain
polyalphaolefins are also considered environmentally acceptable base lubricants. Water-based
lubricants have several drawbacks that limit their use, such as low viscosity, high pour point, high
corrosion, and poor tribological performance. To overcome this, ILs have been developed [101]: (1)
shorter alkyl chain cation moieties coupled with a small anion, such as hexafluorophosphate [BF47]
and tetrafluoroborate [PFe] [125,126]; (2) ILs using non-halogen anions, such as dialkyl phosphate,
dialkyl phosphite, acesulfame, and gluconate, coupled with quaternary ammonium or phosphorous-
nitrogen cations [100,127,128]. The results showed that these ILs as additives for water-based
lubricants have good solubility and anticorrosion properties as well as improved friction reduction

and antiwear performance [100,127,128].

2.5. Viscoelastic layers in a bulk liquid: Continuum mechanics

approach

Formulated lubricants contain additives to improve the tribological behavior of tribosystems by firstly
forming adsorbed layers on the tribosurfaces. Therefore, the analysis of the viscoelastic behavior of
the adsorbed layer becomes an important study in tribology because it can give a hint about the
friction reduction function of additives and also its influence on the eventual tribofilm formation. The
mechanical properties of an adsorbed layer can be determined from the frequency response of an
oscillating quartz crystal in which these layers are deposited. This technique is known as the quartz

crystal microbalance (QCM) technique [129].
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Quartz crystal

(pas KQ)

Figure 2-8. Quartz crystal covered by a viscoelastic adsorbed layer.

The QCM was first introduced by Gunter Sauerbrey in 1959 to measure adsorbed mass on a quartz
sensor surface in a vacuum or gas medium [130]. Firstly, the quartz is oscillated at a defined frequency
by applying an appropriate voltage, and any mass loading on the quartz surface changes its resonant
frequency. The adsorption in vacuum or gas medium results in a rigid adsorbed layer that fully
couples with the quartz oscillation; therefore, the change in adsorbed mass is linearly related to the
change in the oscillation frequency. The relation between the frequency shift of the QCM sensor and
the mass change was firstly proposed by Sauerbrey in the Sauerbrey equation:

af = - Lo (22) (2-1)

Po-dq \Aq

where Af and Am are frequency shift (Hz) and mass change (kg). Whereas fo, pg, do, and Ag are the
fundamental frequency in vacuum or gas medium (Hz), density (kg/m?), thickness (m), and area of

the quartz plate (m?), respectively.

In a liquid medium, the bulk liquid influences the adsorbed layer as an additional dynamic mass via
direct hydration or entrapment within the adsorbed layer; as a result, the adsorbed layer possesses a
viscoelastic behavior [131]. The resulting viscoelastic layer is not fully coupled with the quartz
oscillation leading to dampening and energy loss of the oscillation. The energy loss in a QCM
experiment can be obtained by measuring the dissipation factor (D), which is inversely proportional

with the decay time constant [132]:

D=-—+ (2-2)
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where f is the resonant frequency and 7 is the decay time constant. The viscoelastic layer mass cannot
be determined by the frequency shift alone as in the Saurbrey equation. Instead, both frequency shift

and dissipation factors are needed in order to be able to quantify the adsorbed layer.

There are two theoretical approaches used to analyze the viscoelastic response of the adsorbed layer,
i.e., the electrical circuit approach and the continuum mechanics approach [132,133]. The continuum
mechanics approach has advantages over the electrical circuit approach due to its direct link with the
physical parameters of the adsorbed layer. In the continuum mechanics approach, the mechanical
properties of the viscoelastic layer are related to the energy storage and energy dissipation of the
oscillating quartz. The Voigt model is used to describe the viscoelastic properties of the adsorbed
layer, in which parallel arrangements of a spring and a dashpot are applied to represent the storage
modulus (related with the shear elasticity modulus, x) and loss modulus (related with the shear

viscosity coefficient, 7).

The model of the continuum mechanics approach is shown in Figure 2-8, where a quartz crystal is
covered by a viscoelastic adsorbed layer in a liquid medium. Hence do, pg, and uq are the thickness,
density, and shear elasticity modulus of the quartz crystal, respectively. Whereas da, pa, 7a, and ua
are thickness, density, shear viscosity coefficient, and shear elasticity modulus of the adsorbed layer.

And pg and #g are the density and shear viscosity coefficient of the bulk liquid.

According to Voinova, the general solution for the wave function of the model in Figure 2-8 oscillates

at the fundamental frequency (f) is as follows [133]:

w=2mnf (2-3)
Kl = w and Kz = nB (2'4)
_ [C_pawr = |jeBe -
(1= ationa and ¢, e (2-5)
_ k1.81+K2.05 i

T K11 K2.02 (2-6)

1—a,e(2-<1-dA)

B =Ki.41. (2-7)

1+a.e(291da)

The imaginary part of the g-function corresponds to resonance frequency shift (Af), whereas the real

part of the S-function corresponds to dissipation factor shift (AD) [132]:

_ B _ 2.8 )
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The frequency shift (Af) and dissipation factor shift (AD) in Equation 2-8 are measured with respect
to the frequency and dissipation factors in vacuum or gas media, meaning the QCM experiment starts
measuring the frequency and dissipation factor in air, followed by the introduction of bulk liquid
containing the adsorbates. This kind of experiment is not practical in real situations. Normally, the
experiment starts with a reference liquid (no adsorbates) followed by a bulk liquid containing
adsorbates, so the frequency and dissipation factor shift is with respect to a reference liquid. Thus,

the contribution of the reference liquid should be included in the equation as follows:

Kp =g (2-9)
(r= [i2RZ (2-10)
MR
Br = Kgr-Cr (2-11)
_ B—Br - _ B—Br _
Af = Im (—zlnpo.dQ) and AD = —Re (n. f.pc.dq) (2-12)

By monitoring the real-time change in frequency, QCM can provide information regarding the
amount of mass deposited on the quartz sensor and the rate of deposition (or removal) of adsorbed
layers. Moreover, by monitoring both the frequency and dissipation factor shift, additional
viscoelastic information, such as shear elasticity modulus and shear viscosity coefficient, can be

obtained. This technique is called quartz crystal microbalance with dissipation (QCM-D).
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Chapter 3

Experimental

3.1. Materials and preparation

3.1.1. Lubricants

Four different types of glycols were used in this Ph.D., i.e., monoethylene glycol, diethylene glycol,
monopropylene glycol, and dipropylene glycol. Glycols were purchased from Acros Organics
(Netherland) with >99% purity. These glycols were mixed with water in a 1:1 proportion, and the
following base lubricants were prepared: water-monoethylene glycol (WMEG), water-diethylene
glycol (WDEG), water-monopropylene glycol (WMPG), and water-dipropylene glycol (WDPG). The
water-glycol base lubricants were designed to study the behavior of ILs in polar media. For the study
of ILs in non-polar media, polyalphaolefin 2 ¢St and 8 cSt (PAO2 and PAO8) were used as the base
lubricants. The PAOs were supplied by Chevron Phillips Chemical (Belgium) with 100% purity. The
chemical formula, density, and chemical structure of all base lubricants used in this Ph.D. thesis are

shown in Table 3-1.

The ILs used in this study were 1,3-dimethylimidazolium dimethylphosphate (IM), (2-hydroxyethyl)
trimethylammonium dimethylphosphate (AM), tributylmethylphosphonium dimethylphosphate (PP),
1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl) trifluorophosphate (BMP),
trihexyltetradecylphosphonium bis(2,4,4-trimethylpentyl)phosphinate (PB), and
trihexyltetradecylphosphonium decanoate (PC). The tribological behavior was compared with an
organic friction modifier, i.e., dodecanoic acid (C12). PP (=97 purity) was purchased from
Fluorochem (UK). IM (>98), AM (=98), BMP(>98), PB (=90 purity), PC (=95 purity), and C12 (>99)
were purchased from Sigma-Aldrich (Germany). All chemicals were used as received. The chemical
formula, density, and chemical structure of all additives used in this Ph.D. thesis are shown in Table
3-2. When formulating the lubricants, the base lubricants and additives were mixed using a magnetic

stirrer for 4 hours at 50 °C and 70 °C for polar and non-polar media, respectively.
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Table 3-1. Chemical formula, density, and chemical structure of all base lubricants

Densit Chemical Molecular
Abbr. Chemical Name 3y Weight Chemical Structure
(g/cm3) Formula
(g/mol)
OH
MEG  Monoethylene glycol ~ 1.115 C2Hs0> 62.07 HO/\/
DEG  Diethylene glycol ~ 1.118 CaH100s 106.12 MO~
MPG  Monopropylene glycol  1.032 C3HsO2 76.1 Ho/\(
OH
OH OH
. /I\/O\/J\
DPG Dipropylene glycol 1.022 CsH1403 134.2
HO S~ 0 S~ OH
PAO2 Polyalphaolefin2 ¢St  0.798 CaooHaz 282.5 /\A/\/\H\/\/\/\/
sekok
T T
PAO8 Polyalphaolefin8cSt  0.833 uvcB* 596**

decane.

*k

UVCB (unknown variable composition or biological substance) due to PAO8 results from polymerization of 1-

This is calculated average molecular weight based on measurement using gas chromatography [29].

*** Molecular structure illustration after polymerization.

Table 3-2. Chemical formula, density, and chemical structure of all additives

Densit Chemical Molecular
Abbr. Chemical Name 3y Weight Chemical Structure
(g/cm3) Formula
(g/mol)
/CH,
M 1,3-dimethylimidazolium ; oo CHisNOuP 29218 /7_'& ot oo
dimethylphosphate : : N \
L!HJ OCH,8
(2-hydroxyethyl) ik It
AM trimethylammonium 1.186 C7H20NOsP 229.21 CHs N (G0 O_T_OCHJ
dimethylphosphate CH, OCH,
(ICHZ)SCHJ ﬁ
PP Trlbut_ylmethylphosphonlum 1.004 CasHs504P2 342 40 CHy(CHy)s — Pr—CH, ©—p_OCH,
dimethylphosphate | |
(CHZ):CH; OCH;
1-butyl-1-methylpyrrolidinium G, (CHXCH, F\T‘F;‘EF’
BMP tris(pentafluoroethyl) 1.647 CisHaoF1sNP 587.27 @ 2
trifluorophosphate CFCF F CFCFs
Trihexyltetradecylphosphonium (‘CH”SCH’ 'ﬁ
PB bis(2,4,4- 0.895 CagH10202P2 773.27 CHE”“Z’S*T'*“JHZ"JCW © —'I’—C”ZC”(G””CHZ“‘C”*)ZC”S
trimethylpentyl)phosphinate (CH)sCH, CH,CH(CH,)CH,C(CH,),CH,
(ICHZ)SCHa o
PC Trihexyltetradecylphosphonium 0.880 CaoHarOP 655.11 CHy(CHyJs — P*— (CHa):aCHa roy(CHz)ECH”
decanoate |
(CH,)sCH;
o)
C12 Dodecanoic acid 1.007 CH3(CH2)10COOH  200.32 HOY (CHz)1iCHs
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Table 3-3. Chemical composition, microstructure, and hardness of AlSI 52100 steel and AISI 316L stainless steel

Chemical Composition (wt.%) Microstructure Equivalent
Fe Cr Ni Mo Mn Si C P S Hardness
AISIS2I00 giance 1306 - - 0.25-0.450.15-0.30 0.98-L10 <0.025 <0025 |cmperedmartensite 0,
steel chromium carbide
AISI 316L .
Balance 16-18 10-14 2.0-3.0 <2.0 <1.0 <0.030 <0.045 <0.030 Austenite 217 HV

stainless steel

3.1.2. Steel specimens

Depending on the application, different types of steel were used with varied chemical composition,
microstructure, and mechanical properties. Two steels were selected for this Ph.D. thesis, i.e., AISI
52100 bearing steel and AISI 316L stainless steel. Both steels were purchased from Smith Stal
(Trondheim, Norway). The chemical composition, microstructure, and mechanical properties of these
two steels are shown in Table 3-3. AIS1 52100 steel is a high carbon and low alloyed chromium steel
with a tempered martensite microstructure and chromium carbide precipitates leading to high
hardness (60 HRC — Hardness Rockwell C scale, equivalent to 746 HV - Hardness Vickers). It can
be hardened via the heat treatment process, i.e., quenching-tempering. AISI 52100 steel is mostly
used in bearings, mill rolls, and vehicle parts thanks to its combination of strength, hardness, and
workability. AISI 316L stainless steel is an austenitic stainless steel with low carbon content, high
chromium, and contains molybdenum, making it more corrosion resistant than AISI 304 or 310
stainless steels. The high nickel content stabilizes the austenite at room temperature leading to high
ductility and low hardness (217 HB — Hardness Brinell scale, equivalent to 217 HV — Hardness
Vickers). AISI 316L has applications in pulp and paper equipment, heat exchangers, dyeing
equipment, film processing equipment, pipelines, materials for exterior construction in coastal areas,
food industry, biomedical industry, and many others. The elastic modulus and poison ratio of both
steels are 210 GPa and 0.29, respectively. These two steels were selected due to their wide
applicability in tribological components, and to investigate the effect of chemical composition and
mechanical properties on the lubricating mechanisms in polar and non-polar media. Tests on these
steels were performed on disk specimens prepared from 30 mm diameter rods cut to a thickness of 6
mm. Surface preparation was done by following the procedure in the metalog guide provided by
Struers for each material until it reached the surface finish of Ra = 0.090 + 0.003 um [134]. After
surface preparation, the sample disks were ultrasonically cleaned in distilled water-ethanol mixture

(ca. 1:1) for 5 minutes, then rinsed with fresh ethanol and dried with pressurized air.
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Figure 3-1. Dynamic viscosity measurement procedure.

3.2. Testing, statistical analysis and characterization

3.2.1. Density, conductivity, pH, and OCP

The density of the lubricants was measured by the constant fluid volume weighing method. The
electrical conductivity of the lubricants was measured using a conductivity meter (Hanna Instruments
HI1-2300). The pH of the lubricants was measured using a pH meter (Radiometer analytical PHM220
or Hanna Instruments HI-2210). The open-circuit potential (OCP) was measured using a Gamry
Interface 1000 Potentiostat with Ag/AgCI KClI saturated reference electrode for 4 hours.

3.2.2. Dynamic viscosity

The dynamic viscosity of the lubricants at 23 °C in humid air was measured by a rheometer (Haake
Mars Rotational Rheometer with a CC27 cylinder measuring system, with the built-in Peltier
element). Each measurement was performed by the procedure as shown in Figure 3-1. For the first
step, the shear rate was increased from 0.01 to 500 s with a ramp time of 180 s. For the second step,
the shear rate was held at a constant value of 500 s for 30 seconds. For the last step, the shear rate
was decreased from 500 to 0.01 s with a ramp time of 180 seconds. The dynamic viscosity was

calculated from the average value of 30 measurements taken during the second step.

3.2.3. Lubricant stability study

The stability of the lubricant mixtures was examined by a turbidity meter (Hanna Instruments HI-
88713). Turbidity measures the appearance of lubricants by the degree of the light that has been
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Figure 3-2. The principle of turbidity measurement [135].

scattered by the dispersed particles in the lubricant, as shown in Figure 3-2. With increasing in
scattered light, the turbidity will be higher; thus, the turbidity unit (FNU) will be higher. The
lubricants were put on a magnetic stirrer for 2 hours prior to the test. The reported FNU was measured
by calculating the average value of 12 measurements taken from 2 hours test. High turbidity numbers
indicate the mixture is not homogenous, representing a no fully soluble additive in the lubricant. By
monitoring real-time turbidity evolution over a period of time, information about the stability of the

lubricant mixture can be obtained.

3.2.4. Adsorption study

The adsorption studies were performed using a quartz crystal microbalance with dissipation (QCM-
D) from Biolin Scientific. Iron (Fe) and stainless steel (SS) coated quartz crystals were used as
sensors. The sensors were cleaned by the cleaning procedure provided by Biolin Scientific prior to
the experiments. The experiment procedure is illustrated in Figure 3-3 and consists of three steps.
Real-time monitoring of frequency shift (Af) and dissipation shift (AD) at multiple harmonics was
conducted during the experiments. For the first step, the reference (base) lubricant was injected into
the sensor by a peristaltic pump for at least 30 minutes to obtain a steady baseline. For the second
step, the reference lubricant was changed with a formulated lubricant (base lubricant and additives).
During this step, the formulated lubricant was injected for 2 hours to observe the adsorption behavior
of the additives on the sensor surface to form adsorbed layers. For the last step, the formulated
lubricant was changed back to the reference lubricant for 1 hour to remove the adsorbed layers from
the sensor surface. In this way, the weakly bonded adsorbed layer will be removed entirely from the
sensor surface, and on the other hand, the strongly bonded adsorbed layers will remain on the sensor

surface. The peristaltic pump flow rate was set to 50 ul/min during the experiment.
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Figure 3-3. Measurement of frequency shift and dissipation shift at multiple harmonics.

From the frequency shift and dissipation shift at multiple harmonics, the adsorbed layer properties,
such as thickness (da), shear elasticity modulus (ua), and shear viscosity coefficient (»4), can be
analyzed using MATLAB fminsearch function based on the Voigt-viscoelastic model by Voinova et
al. [133]. A schematic illustration of the model and the detailed formulas are provided in Figure 3-4.
In this model, the initial value of the adsorbed layer parameters (da, Ha, and ) is given in the
beginning; then, the program will calculate Af,® and ADn® (c for calculated) from the selected
overtones for each measurement time (minimum 3 overtones are required for the modeling). The
MATLAB fminsearch function will find the minimum of the sum of squares of the scaled error (y?)
between calculated (Af:® and ADn%) and measured (Af,™ and AD,™) (m for measured) frequency and
dissipation values by changing the initial value of the layer parameters (da, fa, and 7a). The opf m
and o,p,m Vvalues correspond to the standard deviations of the measured frequency and dissipation
at the baseline, n denotes the number of overtone and k is the highest overtone number. To run the
program, fixed parameters are needed, i.e., fundamental frequency (fo), density (pq), and shear
elasticity modulus (o) of the quartz crystal sensor, density (ps) and shear viscosity coefficient (s)
of the formulated lubricant, density (pr) and shear viscosity coefficient (yr) of the reference lubricant,
and density of the adsorbed film (pa). Assumptions used for the film are rigidly attached (no slip),

evenly distributed, and homogenous thickness, density, viscosity, and elasticity properties.
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Quartz Crystal properties : Formulated lubricant properties: Adsorb film properties:

fo = fundamental frequency (s) pe = density (kg.m?) pa = density (kg.m?) (fixed)

pq = 2648 kg.m 118 = viscosity (kg.m™.s™) 7a = shear viscosity (kg.ms) (initial value)

Ho = 2.947x10% kg.m1.s? a = shear elastic modulus (kg.m.s?) (initial value)
Reference lubricant properties: da = thickness (m) (initial value)

pr = density (kg.m)
7R = viscosity (kg.m.s?)
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Figure 3-4. Schematic illustration of the viscoelastic model and formulae used in modelling.

3.2.5. Tribological tests

The tribological tests were performed using a unidirectional sliding ball-on-disk tribometer (Anton
Paar with Phoenix tribology software) to evaluate the tribological performance of each lubricant on
the steel samples. The tests were conducted by pushing a stationary alumina ball against a rotating
disk sample under boundary lubricating conditions. The alumina ball (fused ceramic) was purchased

from Precision Ball and Gauge Co. Ltd with an elastic modulus of 300 GPa and a poison ratio of 0.21.
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Figure 3-5. Illustration of tribological test setup.

The roughness of the alumina ball was 0.025 pm. Alumina was chosen since this is an inert material

with respect to the water base lubricant. It is important to avoid any electrical contact between the

tribopair since the lubricants formulated with water and ILs are electrically conductive. The

tribological tests are illustrated in Figure 3-5, and the test parameters are shown in Table 3-4. Two

type of tests were performed, i.e., preliminary test and long-run test. At least two experiments were

performed to verify the repeatability of the results for each condition. All reported friction values are

referred to the testing materials pair (alumina on steel), and all the figures and tables captions avoid

mentioning alumina for simplicity.

Table 3-4. Tribological test parameters

Rotating ball-on-disk

Preliminary test

Disk Steel
Ball Alumina @ 6 mm
Force (N) 20
Maximum Hertzian contact pressure (GPa) 1.96
Rotational speed (rpm) 40
Track diameter (mm) 10
Sliding speed (m/s) 0.021
Sliding distance (m) 30
Number of cycles (n) 955
Experiment duration (h) ~0.5
Experimental temperature (°C) RT

Long-run test
Steel
Alumina @ 6 mm
20
1.96
40
10
0.021
300
9550

RT
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The lubrication conditions at the start of the test were defined for both water-glycol and PAO base
lubricants by calculating the lambda (1) value which is the ratio between the minimum film thickness
and the combined surface roughness of the two mating materials [22]:

ho

(@pan?+oqisk?)

(3-1)

where ho is the minimum film thickness (m), and ovan and auisk are the surface roughness of the ball
and disk, respectively. The minimum film thickness (ho) was calculated using the EHL Hamrock-

Dowson formula [25]:

h U 0.68 ; w —-0.073 _
R_i — 363 (E_:?;;) (@B (E,sz) (1 — e—068k) (3-2)
where:

k is the ellipticity parameter which the approximate value can be calculated using:

k = 1.0339 (?)0'636 (3-3)

X

Rx is the reduced radius of curvature in the sliding direction (m), i.e.:
1

= 42 (3-4)

Ry  Rpaitx  Rdiskx

where Rbaix and Ruaiskx are the radius of curvature in the sliding direction for the ball and disk,
respectively.

Ry is the reduced radius of curvature perpendicular to the sliding direction (m), i.e.:
1 1 1

L= + (3-5)

Ry Rpawy Raisky

where Rpaiy and Ruisky are the radius of curvature perpendicular to the sliding direction for the
ball and disk, respectively.

E” is the reduced modulus of elasticity (Pa), i.e.:

_1 [1—Vba112 " 1_Vdisk2] (3-6)

1

E° 2Ll Epau Eqisk

where Epan and Egisk are the modulus of elasticity of the ball and disk, respectively. Whereas
voall and visk are the Poisson’s ratio of the ball and disk, respectively.

U s the entraining surface velocity (m/s). i.e:

U= Uball‘;'udisk (3-7)

where Upan and Uygisk refer to the velocities of ball and disk, respectively.
no is the viscosity at atmospheric pressure of the lubricant (Pa.s).
is the pressure-viscosity coefficient of the lubricant (Pa™t).
W s the contact load (N).

=]
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Table 3-5. Lambda value calculation

Parameter WMEG WDEG WMPG  WDPG PAO2 PAOS8
Alumina Ball
Radius in x direction (mm) 3
Radius in y direction (mm) 3
Modulus of elasticity (MPa) 300
Poisson’s ratio 0.21
Surface roughness (um) 0.025
Velocity (m/s) 0
Disk
Radius in x direction (mm) o)
Radius in y direction (mm) )
Modulus of elasticity (MPa) 210
Poisson’s ratio 0.29
Surface roughness (um) 0.090
Velocity (m/s) 0.021
Load (N) 20
Lubricant
Pressure-viscosity coefficient (GPa) 45 11.49 13.00
Viscosity (mPa.s) 3.81 5.85 8.11 13.99 9.51 81.29
Lambda value 0.004 0.005 0.007 0.010 0.012 0.054

The lambda value of water-glycol and PAO base lubricants are shown in Table 3-5 along with all
needed parameters for calculation. The pressure-viscosity coefficient values for water-glycol, PAO2
and PAOS are obtained from references [29,136,137]. The highest calculated lambda value is 0.054
for PAOS, and therefore the boundary lubrication condition is met for all lubricants. The addition of
an additive to the base lubricant slightly changes the viscosity values, thus the lambda value still

meets the boundary lubrication condition.

3.2.6. Wear analysis

The wear volume was quantified using an optical 3D microscope (Alicona Infinite Focus Microscope,
IFM), followed by surface image analysis using MountainsMap software. For alumina ball, no wear
or significant roughness changes were noticeable. In addition, no material transfer was observed. In
the case of the steel, wear was observed. The wear area measurement of the steel was taken from four
wind directions of the wear tracks, and the average wear area value was then calculated, as shown in

Figure 3-6. After that, the specific wear rate was calculated by Archard’s equation [138]:

m.d.A
SWR = NS

(3-8)

SWR is the specific wear rate (mm®Nm), d is the wear track (mm), A4 is the average wear area (mm?),
N is the normal load (N), and S is the sliding distance (m). The average SWR value and the standard

deviation were reported.
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Figure 3-6. Illustration top surface of the sample and specific wear rate calculation.

In addition to SWR calculation, a detailed analysis of the wear cross-section profile was performed.
An illustration of the wear cross-section profile is shown in Figure 3-7. During the test, not all the
material is removed from the wear track (groove). Instead, some of the material is pushed to the
track’s side, forming ridges. As shown in Figure 3-7, Agroove iS the cross-section area of a valley, and
Avridges IS the cross-section area of side ridges; thus, Agroove — Aridges COrresponds to the actual wear loss.
Then the degree of material loss () could be calculated using the following formula [139]:

B — Agroove_Aridges %100 (3_9)

Agroove

/3 becomes zero when the material loss is due to plastic deformation only (Agroove = Avridges), and

becomes unity when the material loss is due to abrasive wear only (Aridges = 0).

Figure 3-7. lllustration of wear cross-section profile.
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3.2.7. Statistical analysis

3.2.7.1. Two-way ANOVA analysis

The friction and wear data were analyzed using Two-way ANOVA with replication to determine the
effect of two independent variables on friction and wear. OriginPro 2018b software was used to
perform the Two-way ANOVA Analysis. In Two-way ANOVA, the null hypothesis is defined as the
hypothesis where there is no significant difference in the result due to the independent variables. The
output of Two-way ANOVA is the P-value for each variable. The P-value is the probability that the
null hypothesis is true. To determine whether each independent variable is significant, the P-value for
each variable is compared with the significant level to access the null hypothesis. The selected
significant level used in this thesis is 0.05 (5%). The significant level is the tolerance limit for
accepting the null hypothesis. If the P-value is smaller than the significant level, the null hypothesis

is rejected, meaning that the effect of the variable is significant, and vice versa.

The steps for the Two-way ANOVA analysis are explained below, in which two independent
variables (A and B) affect one dependent variable (Y) with three replications for each condition.
Lubricant as a variable A with 3 number of levels (so a = 3 with i = 1, 2, and 3), concentration as a
variable B with 3 number of levels (b = 3 with j = 1, 2, and 3), and the number of replication is
assigned as n (n = 3 with k = 1, 2, and 3 for three measurements). The dependent variable for each

condition and measurement, for example COF value, is assigned as Yijk.

1. A matrix was set up with rows for variable A and columns for variable B. Table 3-6 shows
the matrix for the Two-way ANOVA with three replication.

2. The mean value was calculated. There were several mean values calculated, i.e., mean value
for each cell (Yjj), mean value each row (Y ai), mean value each column (Ysi), and total mean
value (YT). The mean values calculation is shown in Table 3-7.

3. The degrees of freedom (DF) were calculated for each variable, their interaction, the error
(within), and the total using the following equations [140]:

DFy=a-1 (3-10)
DFg=b—1 (3-11)
DE;g=(a—1)(b-1) (3-12)
DFg = ab(n—1) (3-13)
DFy =abn—1 (3-14)

where DFa, DFg, DFag, DFg, and DFr are the degrees of freedom of variable A, variable B,

Interaction between variable A and B, the error, and the total, respectively.
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Table 3-6. Example of a Two-way ANOVA matrix

Concentration (B)
Concentration 1 | Concentration 2 | Concentration 3

j=1 j=2 j=3

Y Y1 Y131

Additive1 |i=1 Y112 Y122 Y132
Y113 Y123 Y133

You Y21 Ya31

Lubricant (A) | Additive 2 | i=2 Y12 Y20 Y32
Yo13 Y223 Y233

Yaur Y321 Y331

Additive3|i=3 Y312 Y322 Y332
Ya13 Y323 Yas3

Table 3-7. Two-way ANOVA matrix with all the mean values calculation

Concentration (B)
Concentration 1 | Concentration 2 | Concentration 3 Row
(B1) (B2) (B3) mean value
j =1 J =2 J =3
Y Y Y.
Additive1 |, . Ym Ym Ym
(Al) - 112 122 132
Y113 Y123 Y133
Cell mean value Yu Y12 Y13 Ya1
. Y. Y. Y.
Addltlve 2 I _ 2 Y211 Y221 Y231
Lubricant (A A2 - 22 2 o
) (A2) Ya13 Y223 Ya33
Cell mean value Yz Y22 Y23 Ya
Y. Y. Y.
Additive3 |, _, Y3“ Y“ Y331
(A3) - 312 322 332
Y313 Y323 Y333
Cell mean value a1 V2 V33 Ya3
Column mean value ¥B1 Ye2 Y83
Total mean value T

4. The sum of squares (SS) was calculated for each variable, their interaction, the error (within),

and the total using the following equations [140]:

— — \2
S8y =bn Z?:l(YAi - YT) (3-15)
— — (2
SSp=an¥b_,(Yp; —Yr) (3-16)
a b (v v v - \2
SSup=nXi X0 (Yij = Ya — Vg +Yr) (3-17)
— 2
SSp =21 Xhey iea (Vi = Vi) (3-18)
— (2
SSp =Xty 20 Xk (Y = Yr) (3-19)

where SSa, SSg, SSas, SSk, and SSt are the sum of squares of variable A, variable B, Interaction

between variable A and B, the error, and the total, respectively.
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Figure 3-8. The F distribution showing the P-value.

5. The mean square (MS) was calculated for each variable, their interaction, and the error

(within) using the following equations [140]:

MS, = % (3-20)
MSg = A;—;E (3-21)
MSyp =52 (3-22)
MS; = ’;’—j‘; (3-23)

where MSp, MSg, MSag, and MSg are the degrees of freedom of variable A, variable B,

Interaction between variable A and B, and the error, respectively.

. The F-value was calculated for each variable and their interaction using the following

equations [140]:

MS
Fy= ot (3-24)
MS
Fy = s (3-25)
MS
Fap = 22 (3-26)

where Fa, Fgs, and Fag are the F-value of variable A, variable B, and Interaction between

variable A and B, respectively.
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Figure 3-9. The t distribution showing the P-value.

7. P-value is defined as the probability of the F distribution to be above the F-value as illustrated
in Figure 3-8 and indicated by the following equation [141]:
P-value = P(F > F-value) (3-27)
8. The obtained P-value was compared with significant level (0.05) to access the null hypothesis.
If the P-value is smaller than the significant level, the null hypothesis is rejected, meaning that

the effect of the variable is significant, and vice versa.

3.2.7.2. Post-Hoc test

A mean comparison test was performed to examine the differences between each level in one variable
by comparing their mean value. The mean comparison test is performed as a continuation of the Two-
way ANOVA test if there is a significant difference in the variable. The mean comparison test used
in this thesis is the Fisher Least Significant Difference (LSD) test. The steps for the LSD test are
explained below, in which mean comparison between lubricant with additive 1 (A1) and 2 (A2) is

taken as an example.

1. The mean different (MD) between each lubricant was calculated using the following equation
[140]:

MD = YAl - ?AZ (3'28)
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2. The standard error of mean different (SEMD) was calculated using the following equation
[140]:

_ 2MSE -
SEMD = |25 (3-29)

3. The t-value was calculated using the following equation [140]:

MD
SEMD

t —value = (3-30)

4. P-value is defined as the probability of the t distribution to be above the t-value as illustrated
in Figure 3-9 and indicated by the following equation [141]:
P-value = P(t > t-value/2, t < — t-value/2) (3-31)
5. Similar to Two-way ANOVA, the obtained P-value was compared with significant level
(0.05) to access the null hypothesis. If the P-value is smaller than the significant level, the null
hypothesis is rejected, meaning that the mean difference between each level is significant

(significant number is 1), and vice versa (significant number is 0).

3.2.8. Surface topography and cross-section analysis

Surface imaging was performed using scanning electron microscopy (SEM). The principle of SEM
is shown in Figure 3-10. The SEM components are electron source, anode, electromagnetic lenses,
scanning coils, secondary electron (SE) detector, back-scattered electron (BSE) detector, and x-ray
detector. The primary electrons generated by the electron gun are accelerated by the anode and
focused by the lenses for hitting one point on the sample. Scanning coils are used for directing the
primary beam for scanning the sample surface. These primary electrons interact with the atoms in the
sample and create secondary electrons, back-scattered electrons, and x-rays collected by the sensors
for image or chemical analysis. In this PhD thesis, the wear track morphology was observed using
FEI Quanta FEG 650 Scanning Electron Microscopy. The wear track images were taken using the
Everhart-Thornley secondary electron detector (ETD) at various magnifications.

The wear track cross-section was studied using FEI Helios Nanolab DualBeam scanning electron
microscopy and focused ion beam (SEM-FIB). The cross-section was prepared at the center of the
wear track and perpendicular to the sliding direction. A gallium liquid metal ion source was used for
preparing the cross-section by deposition, regular cross-section, and cleaning cross-section
procedure. The principle of SEM-FIB is illustrated in Figure 3-11.
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Figure 3-10. A working principle of SEM [142].
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Figure 3-11. Imaging is performed by SEM, while milling and deposition are carried out by FIB (A). The high-energy
ion beam collides with the surface atoms and causes the atoms to be ejected from the surface (B). Protective layer
deposition using either electron or ion beam (C) [143].
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To protect the wear track surface from damage, double layers of platinum or carbon were deposited
in sequence prior to regular cross-section and cleaning cross-section processes. The first protective
layer was deposited using an electron beam with a voltage of 3 kV and a current of 3.2 nA with a
dimension of 25 um x 1.5 pm and thickness of 0.5 um. While the second protective layer was
deposited using an ion beam with a voltage of 30 kV and a current of 0.26 nA with a dimension of
25 um x 1.5 um and thickness of 3 um. The regular cross-section was carried out using the ion beam
with a voltage of 30 kV and a current of 20 nA with a dimension of 30 um x 30 pm with the depth of
36 um in front of the protective layer and with a dimension of 30 um x 24 pm with the depth of 24
pm in behind the protective layer. The cleaning cross-section procedure was done in two steps using
the ion beam with a voltage of 30 kV and a current of 9.1 nA and 0.75 nA. The lower current was
applied to minimize curtaining artifacts and maximum grain contrast. The secondary electron images
of the cross-section were taken using the through lens detector (TLD). The images during first and
second layer deposition, regular and cleaning cross-section processes were shown in Figure 3-12

along with the example cross-section image.

3.2.9. Tribo- and oxide film analysis

3.2.9.1. Scanning-transmission electron microscopy equipped with an x-ray energy dispersive
spectroscopy (STEM/EDS)

Scanning-transmission electron microscopy (STEM) is a type of transmission electron microscopy
(TEM) in which the image is formed by electrons passing through a thin sample. Unlike standard
TEM, in STEM, the electron beam is focused to a single point which is then scanned over the sample
to make a complete image. The principle of STEM is illustrated in Figure 3-13. STEM is equipped
with several detectors for imaging, such as secondary electron (SE), back-scattered electron (BSE),
annular dark-field (ADF), high-angle annular dark-field (HAADF), and bright-field (BF). As in SEM,
the SE detector collects secondary electrons that had been ejected from the sample when the incident
electrons hit the sample. BSE detector collects incident electrons that had been scattered back by the
strong Coulomb interaction with the atom nucleus. Dark-field detectors, ADF and HAADF, collect
the scattered electrons in which HAADF collects larger angle scattered electrons, while ADF collects
smaller angle scattered electrons. BF detector collects unscattered incident electrons from a point on

the sample.
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Figure 3-12. Images were taken during first layer deposition (A), second layer deposition (B), and regular and cleaning

cross-section processes (C). Example of the cross-section image taken using TLD detector (D).
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Figure 3-13. A working principle of STEM [144].
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In addition to imaging detectors, STEM can be equipped with an x-ray detector to collect emitted X-
ray generated from the sample for chemical analysis. This technique is called energy-dispersive X-
ray spectroscopy (EDS). The principle of EDS is illustrated in Figure 3-14. External stimulation,
which is incident electrons, hits the inner shell electrons and ejects them from the atom. Removing
these electrons will leave an empty hole that higher-energy electrons could fill. The transition from
M to L or L to K shell is described as L, and K, while a transition from M to K shell is described as
Kp. Upon the transition from a higher energy state to a lower energy state, the electrons will release
radiation energy, X-ray. The emitted energy of the X-ray can be measured by an energy-dispersive
spectrometer. Due to the unique X-ray energy for each element on the periodic table, the measured
X-ray energy can be used to identify what elements are present in the sample along with their

proportion.

As mentioned before, STEM requires a very thin sample (lamella) to let electrons pass through the
sample. Lamellae were U-cut after cross-section FIB imaging (see section 3.2.5) using an ion beam
with a voltage of 30 kV and a current of 2.4 nA as shown in Figure 3-15A. Lamellae were then lifted
and mounted on a TEM grid; subsequently, they were thinned in three steps using a current of 0.75
nA, 90 pA, and 41 pA with a voltage of 30 kV as shown in Figure 3-15B. Afterwards, the lamellae
were cleaned using an ion beam with a current of 44 pA and a voltage of 2 kV. The resulted thin
lamellae were transparent to the electron beam at a voltage of 3 kV and a current of 0.10 nA using an
lon Conversion and Electron (ICE) detector, as shown in Figure 3-15C. The volume interaction
simulation using Casino software revealed that transparent steel lamellae at electron beam with a
voltage of 3 kV and a current of 0.10 nA have a thickness of 40 nm. Here, the STEM lamellae sample

preparation was complete.
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Figure 3-15. Images were taken during thin lamella preparation: lamella U-cut (A), lamella mounting and thinning
(B), and electron transparent lamella after thinning (C). Example of the cross-section TEM bright-field image (D),
EDS elemental mapping of the cross-section (E), and EDS chemical point analysis of the tribofilm (F).

The thin lamellae were examined by the scanning-transmission electron microscope (STEM, Hitachi
SU9000) equipped with an X-ray energy dispersive spectroscopy (EDS) detector (Ultim Extreme,
Oxford Instruments) to analyze the tribo- or oxide films formed on the wear tracks after tribotests.
An example of a STEM bright-field image is shown in Figure 3-15D. EDS was applied to obtain
elemental mapping of the lamellae and to elemental point analyze the tribo- or oxide film as shown
in Figure 3-15E and Figure 3-15F, respectively.
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Figure 3-16. A schematic diagram of an XPS system using a monochromatized X-ray source [146].

3.2.9.2. X-ray photoelectron spectroscopy (XPS)

The principle of the XPS technique is illustrated in Figure 3-16 [146]. An electron gun accelerates
electrons which hit an aluminum (Al) anode that will emit X-rays. The emitted X-rays will be
collected by a monochromator that directs the X-rays onto the sample surface. When the photons
from the X-rays bombard the surface, some of the electrons will be excited and ejected from the
surface. The emitted electrons are photoelectrons, and they only escape from a few nanometer depth
from the surface. The kinetic energy of the photoelectrons will be measured, and the number of
photoelectrons will be counted by an energy analyzer and a detector. The Kinetic energy will be
converted into binding energy using the following equation [146]:

BE=hv—KE—® (3-32)
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Figure 3-17. Survey scan of stainless steel and correspond regional scan for Fe 2p.

where BE is the binding energy of the photoelectrons, h.v is the energy of the X-ray photons, KE is
the Kinetic energy of the photoelectrons, and @ is the work function of the spectrometer. The
photoelectrons intensity versus binding energy is then plotted in XPS spectral lines. The peaks on the
XPS spectral lines plot indicates from which shell the electron is ejected (1s, 2s, 2p, etc.), which
provides information of the elemental and chemical state of the elements from the analyzed material
[146].

In this PhD thesis, the inside and outside of the wear track were examined by XPS (Kratos Axis Ultra
DLD) with monochromatic Al Ka as the X-ray source with 10 kV accelerating voltage and 10 mA
current. The sample analysis chamber was set to vacuum with a pressure of 9 x 10 Torr during the
acquisition. The electrostatic lens and hybrid lens were used for AISI 52100 steel and AISI 316L

stainless steel samples, respectively.

Two different acquisitions were performed, i.e., survey scan and regional scan. A survey scan was
performed first to collect elemental mapping of the surface by acquiring data over the whole binding
energy spectra (from 1200 to 0 eV). A survey scan was performed with a pass energy of 160 eV and
a step size of 1 eV. The pass energy is the potential applied in the energy analyzer, and it is related to
resolution (the higher the pass energy, the lower the resolution). Using a pass energy of 160 eV, the
survey scan has low resolution. An example of a survey scan for stainless steel is shown in Figure 3-
17A. Afterwards, a regional scan was performed to obtain more detailed information about the
chemical composition for selected elements by acquiring over a small range of binding energy spectra
around the selected element peak. The regional scan was performed with a pass energy of 20 eV and
a step size of 0.1 eV. Using small pass energy, the regional scan has high resolution. The lists of
selected elements for the regional scan from higher to lower binding energy were nickel (Ni), iron
(Fe), fluorine (F), chromium (Cr), oxygen (O), molybdenum (Mo), carbon (C) and phosphorus (P).
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Table 3-8. Detailed curve-fitting modeling parameters used for XPS evaluation and quantification

Signal Binding Energy FWHM Line Shape Component Reference
*0.1eV) *0.1eV)
855.9 18 GL(30) Ni(OH);
Ni 2p 853.7 18 GL(30) NiO [147,148]
852.7 0.9 GL(30) Ni 2psn
7144 2.9 GL(30) FeFs
712.8 2.9 GL(30) Fe™
712.6 2.9 GL(30) FePO,
Fe2p 711.0 2.9 GL(30) FesOu [104.149.150]
709.5 2.9 GL(30) FeO
706.8 0.9 LF(0.8,2,20,0) Fe 2pan
Fls 684.9 16 GL(30) F [104,151]
578.7 15 GL(30) Cr0s
577.3 15 GL(30) Cr(OH)s
Crzp 576.1 15 GL(30) Cr,0s [149.150]
573.9 12 LF(0.8,2,8,0) Cr 2pan
5333 18 GL(30) 0-C,0=C
o1ls 5316 18 GL(30) O-H [150,152]
530.5 11 GL(30) o-M
235.6 1.3 GL(30) Mo®*®) 3da,
232.4 13 GL(30) Mo+ 3ds,
234.2 16 GL(30) Mo* ™) 3y,
231.0 16 GL(30) Mo* ™) 3/,
Mo 3d 232.3 0.9 GL(30) Mo* 3y, [153]
229.1 0.9 GL(30) Mo* 3ds,
230.6 0.7 LF(1.1,2.3,2,0) Mo 3dsp
227.6 0.7 LF(1.1,2.3,2,0) Mo 3ds,
289.3 13 GL(30) 0-Cc=0
288.2 13 GL(30) c=0
C1s 286.5 13 GL(30) C-OH,C-O-C  [154-156]
285.4 1.0 GL(30) CN
285.0 1.0 GL(30) ccC
P 2p 1337 16 GL(30) (PO

CasaXPS software was used for the evaluation and quantification of the survey and regional scans.
Curve-fitting modeling deconvoluted each major peak obtained from the regional scan into many sub-
peaks. Detail curve-fitting modeling parameters for different elements and chemical states are shown
in Table 3-8. An example of a regional scan for Fe 2p of stainless steel from 717 eV to 704 eV is
shown in Figure 3-17B, along with the deconvolution of the peaks, which shows the percentage of

each component.

As mentioned before, XPS only obtains data from a few nanometers depth from the surface; thus,
surface milling by argon ion sputtering is needed for XPS analysis far below the surface. Argon ion
sputtering was performed at a pressure of 4.4 x 107 Torr, an energy of 4 kV, and a raster size of 2.5

x 2.5 mm. The sputtering rate was calibrated using tantalum oxide (Ta20s) of known thickness,
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resulting in a 2 nm/min sputtering rate. For the selected samples, the sputtering times were 5, 15, 35,
85, 185, 685, and 1685 seconds. After each sputtering time, the survey and regional scans were
performed, and the element composition change versus depth was obtained and plotted. In addition,

detailed chemical compositions were obtained from each depth.
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Chapter 4
Preliminary studies of ionic liquids as lubricant additives

in water-glycol and polyalphaolefin base lubricants

The preliminary studies of six ILs (IM, AM, PP, BMP, PB, and PC) as additives in water-glycol and
PAO base lubricants were performed. The ILs were individually added to the water-glycol and PAO
base lubricant with a concentration of 1 wt.%. The stability of the mixtures together with the
tribological behavior of them were investigated. The solubility and stability of the lubricants were
studied by turbidity test. The tribological tests were carried out on AISI 316L stainless steel disk
against an alumina ball under boundary lubricating conditions. The rotation of the disk was set to 40
rpm with a track diameter of 10 mm. The tests were performed for 955 cycles giving a sliding distance
of 30 m. The tribological performance of the lubricants was analyzed based on friction and specific
wear rate. The main purpose of this preliminary study is to select the polar and non-polar base

lubricants for the further tribological study of ionic liquids at longer sliding distances.

4.1. Mixture solubility and stability study

4.1.1. Mixture solubility and stability of ionic liquids in water-glycol

In this study, four water-glycol mixtures were used as the base lubricants, i.e., WMEG, WDEG,
WMPG, and WDPG. The mixture stability of ILs in all base lubricants was examined by turbidity
meter, and the results are shown in Figure 4-1. All base lubricants indicate a low and stable turbidity
numbers during the test. It is worth mentioning that all base lubricants are transparent, colorless, and
without phase separation. The turbidity number of long-chain alkyl, i.e., PB and PC, show high
turbidity values in several base lubricants, indicating phase separation. Moreover, the mixture of base
lubricant and PB or PC has poor stability, as shown by the drop of turbidity numbers during the 2
hours test. In the case of short alkyl chain ILs, i.e., IM, AM, PP, and BMP, the turbidity numbers
show low values similar to their base lubricants, indicating no phase separation. In addition, the

mixture of base lubricant and short alkyl chain ILs shows high stability during the 2 hours test.
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Figure 4-1. The turbidity measurement of ILs in WMEG, WDEG, WMPG, and WDPG base lubricants.

4.1.2. Mixture solubility and stability of ionic liquids in PAO

In this study, two polyalphaolefins were used as the base lubricants, i.e., PAO2 and PAO8. The results
of mixture stability of ILs in all base lubricants are shown in Figure 4-2. PAO2 and PAOS8 base
lubricants show low and stable turbidity numbers during the test indicating the lubricants are
transparent, colorless, and without phase separation. The turbidity numbers of long alkyl chain PC
show higher values in all base lubricants, indicating phase separation, however the mixture of base
lubricant and PC has good stability during the 2 hours test. On the other hand, the turbidity of long
alkyl chain PB shows a low value in PAO2 and PAOS8, indicating no phase separation. In the case of
short alkyl chain ILs, i.e., IM, AM, PP, and BMP, the turbidity numbers show low values similar to

their base lubricants, indicating no phase separation. In addition, the mixture of base lubricant and

short alkyl chain ILs shows high stability during the 2 hours test, except for PP in PAO2.
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Figure 4-2. The turbidity measurement of ILs in PAO2 and PAQOS base lubricants.

4.2. Tribological behavior study

The effectiveness of ILs as lubricant additives were studied both in polar and non-polar media. Based
on the turbidity results, long alkyl chain ILs, PB and PC, were discarded from this study due the high
turbidity numbers and the poor stability in the comparative study performed in polar and non-polar
media. WMEG, WDEG, WMPG, and WDPG were selected as the base lubricants for polar media,

while PAO2 and PAO8 were selected as the base lubricants for non-polar media.

4.2.1. Tribological performance of ionic liquids in water-glycol

The friction evolution of the AISI 316L stainless steel sliding against an alumina ball in the presence
of all polar lubricants is presented in Figure 4-3. The friction evolution of WMEG, WDEG, WMPG,
and WDPG base lubricants alone shows high friction at the start of the test, decreasing to a minimum
value at 3 meters before it increases again and stabilizes. The addition of 1 wt.% ILs results in
different friction behavior depending on the type of IL. From Figure 4-3, the influence of ILs in

friction can be grouped into two categories.

The first category belongs to IM, AM, and PP, where they have similar high friction evolution during
the running-in period. After the running-in period, the friction increases and stabilizes until the end
of the test. Figure 3-2 shows that IM, AM, and PP have the same anion moiety but are different in

cations; thus, it seems that the anion controls the friction behavior of these ILs in water-glycol.
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Figure 4-3. Friction evolution of AISI 316L stainless steel tested with different ILs in WMEG, WDEG, WMPG, and
WDPG base lubricants.

The second category belongs to BMP, where lower friction than IM, AM, and PP during the running-
in period is observed. After the running-in period, the friction evolution depends on the base lubricant,
i.e., WMEG leads to continuous increase in friction, WDEG and WMPG show fluctuations in friction,
and WDPG shows repeated decreases and increases in friction. Figure 3-2 shows that BMP has

different cation and anion moieties compared to IM, AM, and PP.

The influence of ILs on SWR of AISI 316L stainless steel is presented in Figure 4-4 for all water-
glycol lubricants. All short alkyl chain ILs (IM, AM, PP, and BMP) increase AISI 316L stainless
steel SWR for all base lubricants.

4.2.2. Tribological performance of ionic liquids in PAO

The friction evolution of the AISI 316L stainless steel sliding against an alumina ball in the presence
of all non-polar lubricants is presented in Figure 4-5. Different friction evolution was observed for
ILs as additives in PAO2 and PAO8. The friction evolution of PAO?2 is characterized by a high COF
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Figure 4-4. The specific wear rate (SWR) of AISI 316L stainless steel tested with different ILs in WMEG, WDEG,
WMPG, and WDPG base lubricants.

of 0.50 at the beginning of the test and then decreases during the running-in period to 0.34 after 10
sliding meters. Afterwards, the friction fluctuates at around 0.34 for the rest of the test. The addition
of 1 wt.% of ILs in the PAO2 base lubricant results in similar friction evolution but with higher value.
The friction evolution of PAO8 alone shows a high COF of 0.45 at the beginning of the test and then
decreases during the running-in period to 0.36 after 8 meters. After the running-in, the COF increases
slightly, then it continuously decreases for the rest of the test. Similar friction evolution is also
observed for PAO8 additivated with IM, AM, PP, and BMP, where ILs give slightly lower friction.

Figure 4-6 shows the influence of ILs on the SWR of AISI 316L stainless steel both in PAO2 and
PAOS base lubricants. The SWR of PAO2 base lubricant alone is 6.47 x 10> mm3/Nm. The addition
of individual ILs to the PAO2 base lubricant increases the SWR for all ILs, where BMP gives the
highest SWR of 1.06 x 10* mm3/Nm. In the case of PAOS alone, the SWR is 6.20 x 10> mm®/Nm,
which is similar to PAO2 alone. The addition of the individual ILs to PAOS8 base lubricant does not

significantly change the SWR except for AM, where it increases by ca. 70%.
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This chapter focused on preliminary studies of ILs as lubricant additives in several polar and non-

polar base lubricants. These studies included mixture solubility and stability and tribological

performance of ILs as lubricant additives. Six ILs with different cation, anion, and alkyl chain length

were chosen during this study. The turbidity study shows that long alkyl chain ILs (PB and PC) result

in high turbidity numbers and poor stability in several base lubricants thus, they were discarded from

the tribological study. All four remaining ILs show wear increase compared to their respective base

lubricant in both polar and non-polar base lubricant. In the case of friction, only WDPG-ILs and

PAOS8-ILs were able to bring lower friction evolution than the base lubricant. Therefore, the

subsequent studies focused on the short alkyl chain ILs in WDPG and PAO8 base lubricants.
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Chapter 5
Influence of ionic liquid concentration on the tribological

performance

An investigation of the influence of ILs’ concentration on the tribological performance of water-
glycol and polyalphaolefin on AISI 316L stainless steel was performed to choose the optimal additive
concentration for further tests and analysis. The results obtained in chapter 4 led to the selection of
WDPG and PAOS as base lubricants for further study. For simplicity, they will be called only WG
and PAO, respectively. Also, from the results in chapter 4, the selected ILs were IM, AM, PP, and
BMP. In this chapter, the optimal concentration of the additives will be established in WG and PAO.
In some cases, the choice might not seem straight forward or justified, because a compromise between
the two base fluids had to be made. Five different concentrations of ILs were studied 0.25, 0.5, 1, 2,
and 4 wt.%. The tribological tests were performed at a disk rotation of 40 rpm with a track diameter

of 10 mm. The tests were performed for 9550 cycles, giving a sliding distance of 300 m.

5.1. Study of ionic liquid concentration on the tribological

performance in WG

Table 5-1 shows the coefficient of friction (COF) values of AISI 316L stainless steel sliding against
alumina ball lubricated by WG with and without ILs at different concentrations, while Table 5-2
shows the resulting specific wear rate (SWR). Three repetitions are shown in each table (tests 1 to 3)

for each condition.

The friction and wear values from Table 5-1 and Table 5-2 are analyzed using Two-way ANOVA.
Two-way ANOVA is used to analyze the influence of two independent variables (type of lubricant
and concentration) on friction and wear. Lubricant variables consist of five levels, i.e., WG, WG-IM,
WG-AM, WG-PP, and WG-BMP, whereas the concentration variables consist of six levels, i.e., 0,
0.25, 0.5, 1, 2, and 4 wt.%. Here the COF value for Two-way ANOVA analysis is taken from the
average COF from the start until the end of the test, whereas the wear value is taken from the SWR

value, which represents the average specific wear rate during the test.
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Table 5-1. The COF for all WG lubricants and concentrations

Test WG WG-025IM  WG-0.5IM WG-1IM WG-2IM WG-41M
1 0171 0.201 0.229 0.209 0.216 0.206
2 0.175 0.194 0.224 0213 0215 0.186
3 0.174 0.195 0.212 0.216 0.200 0.206
Test WG WG-0.25AM  WG-0.5AM WG-1AM WG-2AM WG-4AM
1 0171 0214 0.200 0.218 0.224 0.217
2 0.175 0.204 0211 0.217 0.226 0.198
3 0.174 0.195 0.216 0.213 0212 0.199
Test WG WG-0.25PP WG-0.5PP WG-1PP WG-2PP WG-4PP
1 0171 0.207 0.221 0.228 0.214 0.196
2 0.175 0.191 0.224 0.228 0.218 0.188
3 0.174 0.214 0.222 0.210 0213 0.194
Test WG WG-025BMP ~ WG-0.5BMP  WG-1BMP WG-2BMP WG-4BMP
1 0171 0.166 0173 0.173 0.175 0.173
2 0.175 0.174 0.174 0.179 0.163 0.174
3 0.174 0.164 0.168 0173 0.168 0.173
Table 5-2. The SWR for all WG lubricants and concentrations
Test WG WG-0.25IM  WG-0.5IM WG-1IM WG-2IM WG-4IM
1 9.02E-06 1.01E-05 1.24E-05 1.26E-05 1.25E-05 1.58E-05
2 7.06E-06 9.38E-06 2.06E-05 1.19E-05 1.23E-05 1.37E-05
3 7.40E-06 1.06E-05 1.19E-05 9.49E-06 1.04E-05 1.52E-05
Test WG WG-0.25AM WG-0.5AM WG-1AM WG-2AM WG-4AM
1 9.02E-06 1.02E-05 1.20E-05 1.28E-05 1.15E-05 1.20E-05
2 7.06E-06 8.28E-06 1.14E-05 1.25E-05 1.11E-05 1.18E-05
3 7.40E-06 8.65E-06 1.23E-05 1.25E-05 9.87E-06 1.19E-05
Test WG WG-0.25PP WG-0.5PP WG-1PP WG-2PP WG-4PP
1 9.02E-06 1.05E-05 8.84E-06 1.52E-05 141E-05 1.58E-05
2 7.06E-06 8.68E-06 1.45E-05 1.18E-05 1.48E-05 1.51E-05
3 7.40E-06 9.48E-06 1.56E-05 L.07E-05 1.39E-05 1.53E-05
Test WG WG-0.25BMP ~ WG-05BMP  WG-1BMP WG-2BMP WG-4BMP
1 9.02E-06 8.38E-06 8.28E-06 7.89E-06 7.96E-06 8.52E-06
2 7.06E-06 7.99E-06 8.12E-06 7.07E-06 7.62E-06 8.14E-06
3 7.40E-06 7.56E-06 7.80E-06 7.89E-06 8.35E-06 7.66E-06
5.1.1. The Two-way ANOVA analysis for the friction of WG lubricants

The results of the Two-way ANOVA test for the influence of the type of IL and concentration on

friction are shown in Table 5-3. The results show that the P-value of the lubricant and concentration

is less than 0.05, meaning that both lubricant type and concentration influence friction. In addition,
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Table 5-3. Overall ANOVA results of friction for all WG lubricants and concentrations

DF SS MS F-Value P-value
Lubricant 4 0.02146  5.37E-03  152.5517 1.02E-30
Concentration 5 0.00772  1.54E-03 43.9089 8.28E-19
Interaction 20 0.00635 3.17E-04 9.0259 1.44E-11
Error 60 0.00211  3.52E-05 -- -

Corrected Total 89 0.03764 -- -- -
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Figure 5-1. The friction of AISI 316L stainless steel influenced by WG lubricants and IL concentrations variables.

the P-value of interaction is less than 0.05, indicating the interaction effect between lubricant and

concentration on friction are statistically significant.

The Two-way ANOVA analysis also generates a correlation graph on the friction value of each
variable, as shown in Figure 5-1. The graph shows that WG gives low friction, and the addition of
BMP does not influence the friction of the base lubricant. On the other hand, IM, AM, and PP increase
friction. In the case of concentration, it shows that the addition of ILs increases the friction of WG
base lubricant at any concentration, in which 0.5, 1, and 2 wt.% give the highest friction, whereas

0.25 and 4 wt.% of IL give lower friction.

A Fisher’s LSD test was performed to evaluate the differences between each level in the lubricants
and the concentrations in Figure 5-1. The result is shown in Table 5-4 and Table 5-5 for the mean
test on lubricant and concentration, respectively. Table 5-4 shows that WG-BMP and WG have a
significant value of 0, indicating that WG-BMP and WG have similar friction values. The significant
value between WG-IM, WG-AM, and WG-PP is also 0, meaning that WG-IM, WG-AM, and WG-
PP have similar friction. In the case of concentration, Table 5-5 shows that 0.5, 1, and 2 wt.% yields

equal friction values, and 0.25 and 4 wt.% have similar friction values.
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Table 5-4. Mean comparisons (LSD test) of friction between WG-IL lubricants

Lubricant Lubricant MD SEMD t-Value P-Value Alpha Sig.
WG-IM WG 0.02897 0.00198 14.6526 1.74E-21 0.050 1
WG-AM WG 0.03128 0.00198 15.8239 4.40E-23 0.050 1
WG-PP WG 0.03167 0.00198 16.0220 2.40E-23 0.050 1
WG-BMP WG -0.00161 0.00198 -0.8168 0.417 0.050 0
WG-AM WG-IM 0.00232 0.00198 1.1713 0.246 0.050 0
WG-PP WG-IM 0.00271 0.00198 1.3694 0.176 0.050 0
WG-BMP WG-IM -0.03058 0.00198 -15.4694 1.32E-22 0.050 1
WG-PP WG-AM 0.00039 0.00198 0.1981 0.844 0.050 0
WG-BMP WG-AM -0.03290 0.00198 -16.6407 3.72E-24 0.050 1
WG-BMP WG-PP -0.03329 0.00198 -16.8388 2.07E-24 0.050 1
Table 5-5. Mean comparisons (LSD test) of friction between WG-IL concentrations
Concentration Concentration MD SEMD t-Value P-Value Alpha Sig.
0.25 wt.% 0 wt.% 0.01596 0.00217 7.3720 5.80E-10 0.050 1
0.5 wt.% 0 wt.% 0.02622 0.00217 12.1067 9.44E-18 0.050 1
1 wt.% 0 wt.% 0.02652 0.00217 12.2449 5.80E-18 0.050 1
2 wt.% 0 wt.% 0.02430 0.00217 11.2209 2.28E-16 0.050 1
4 wt.% 0 wt.% 0.01537 0.00217 7.0974 1.71E-09 0.050 1
0.5 wt.% 0.25 wt.% 0.01025 0.00217 4.7347 1.38E-05 0.050 1
1wt.% 0.25 wt.% 0.01055 0.00217 4.8729 8.40E-06 0.050 1
2 wt.% 0.25 wt.% 0.00834 0.00217 3.8490 2.90E-04 0.050 1
4 wt.% 0.25 wt.% -0.00059 0.00217 -0.2745 0.785 0.050 0
1wt.% 0.5 wt.% 0.00030 0.00217 0.1382 0.891 0.050 0
2 wt.% 0.5 wt.% -0.00192 0.00217 -0.8858 0.379 0.050 0
4 wt.% 0.5 wt.% -0.01085 0.00217 -5.0092 5.11E-06 0.050 1
2 wt.% 1wt.% -0.00222 0.00217 -1.0240 0.310 0.050 0
4 wt.% 1wt.% -0.01115 0.00217 -5.1475 3.08E-06 0.050 1
4 wt.% 2 wt.% -0.00893 0.00217 -4.1235 1.17E-04 0.050 1
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Figure 5-2. The Two-way ANOVA result of friction for the interaction between lubricant and concentration.
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Table 5-6. Overall ANOVA results of wear for all WG lubricants and concentrations

DF SS MS F-Value P-value
Lubricant 4 3.07E-10  7.68E-11 36.6442 1.74E-15
Concentration 5 1.55E-10 3.10E-11 14.7758 1.96E-09
Interaction 20 1.39E-10 6.93E-12 3.3067 1.77E-04
Error 60 1.26E-10 2.10E-12 - -

Corrected Total 89 7.27E-10 -- -- -
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Figure 5-3. The wear of AlISI 316L stainless steel influenced by WG lubricants and IL concentration variables.

As shown in the overall ANOVA results in Table 5-3, the interaction effect between lubricant and
concentration on friction is statistically significant and it should therefore be considered. The Two-
way ANOVA results for interaction between lubricant and concentration is shown in Figure 5-2. The
results show that WG-BMP has a similar friction value with WG base lubricant at any concentration.
On the other hand, IM, AM, and PP increase the friction of WG base lubricant, in which 0.5 wt.% of
IM and PP and 2 wt.% of AM yield the highest friction.

5.1.2. The Two-way ANOVA analysis for the wear of WG lubricants

The results of the Two-way ANOVA test for the influence of the type of IL and concentration on
wear are shown in Table 5-6. The results show that the P-value of the lubricant and concentration is
less than 0.05, meaning that the lubricant and concentration influence the wear. In addition, the P-
value of interaction is less than 0.05, indicating the interaction effect between lubricant and

concentration on wear are statistically significant.

The Two-way ANOVA correlation graph between each variable on wear is shown in Figure 5-3. The

graph shows that WG gives low wear, and the addition of BMP does not influence the wear of
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Table 5-7. Mean comparisons (LSD test) of wear between WG-IL lubricants

Lubricant Lubricant MD SEMD t-Value P-Value Alpha Sig.
WG-IM WG 3.97E-06  4.83E-07 8.2252 2.02E-11 0.050 1
WG-AM WG 2.84E-06  4.83E-07 5.8910 1.87E-07 0.050 1
WG-PP WG 427E-06  4.83E-07 8.8493 1.77E-12 0.050 1
WG-BMP WG 1.02E-07  4.83E-07 0.2104 0.834 0.050 0
WG-AM WG-IM -1.13E-06  4.83E-07 -2.3342 0.023 0.050 1
WG-PP WG-IM 3.01E-07  4.83E-07 0.6241 0.535 0.050 0
WG-BMP WG-IM -3.87E-06  4.83E-07 -8.0149 4.62E-11 0.050 1
WG-PP WG-AM 1.43E-06  4.83E-07 2.9584 0.004 0.050 1
WG-BMP WG-AM -2.74E-06  4.83E-07 -5.6806 4.17E-07 0.050 1
WG-BMP WG-PP -4.17E-06  4.83E-07 -8.6390 4.02E-12 0.050 1
Table 5-8. Mean comparisons (LSD test) of wear between WG-IL concentrations
Concentration Concentration MD SEMD t-Value P-Value Alpha Sig.
0.25 wt.% 0 wt.% 1.05E-06  5.29E-07 1.9947 0.051 0.050 0
0.5 wt.% 0 wt.% 3.32E-06  5.29E-07 6.2804 4.16E-08 0.050 1
1 wt.% 0 wt.% 2.55E-06  5.29E-07 4.8226 1.01E-05 0.050 1
2 wt.% 0 wt.% 2.70E-06  5.29E-07 5.1061 3.58E-06 0.050 1
4 wt.% 0 wt.% 3.80E-06  5.29E-07 7.1842 1.21E-09 0.050 1
0.5 wt.% 0.25 wt.% 2.27E-06  5.29E-07 4.2858 6.70E-05 0.050 1
1wt.% 0.25 wt.% 1.50E-06  5.29E-07 2.8279 0.006 0.050 1
2 wt.% 0.25 wt.% 1.64E-06  5.29E-07 3.1115 0.003 0.050 1
4 wt.% 0.25 wt.% 2.74E-06  5.29E-07 5.1895 2.63E-06 0.050 1
1wt.% 0.5 wt.% -7.71E-07  5.29E-07 -1.4579 0.150 0.050 0
2 wt.% 0.5 wt.% -6.21E-07  5.29E-07 -1.1743 0.245 0.050 0
4 wt.% 0.5 wt.% 4.78E-07  5.29E-07 0.9037 0.370 0.050 0
2 wt.% 1wt.% 1.50E-07  5.29E-07 0.2836 0.778 0.050 0
4 wt.% 1wt.% 1.25E-06  5.29E-07 2.3616 0.021 0.050 1
4 wt.% 2 wt.% 1.10E-06  5.29E-07 2.0780 0.042 0.050 1
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Figure 5-4. The Two-way ANOVA result of wear for the interaction between lubricant and concentration.
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the base lubricant. On the other hand, IM, AM, and PP increase wear. In the case of concentration, it
shows that the addition of ILs increases the wear of WG base lubricants at any concentration, where

higher concentration gives higher wear.

A Fisher’s LSD test was performed to evaluate the differences between each level in lubricants and
concentrations in Figure 5-3. The result is shown in Table 5-7 and Table 5-8 for the mean test on
lubricant and concentration, respectively. Table 5-7 shows that WG-BMP and WG have a significant
value of 0, indicating that WG-BMP and WG have similar wear values. The significant value between
WG-IM and WG-PP is also 0, meaning that WG-IM and WG-PP have similar wear. In the case of
concentration, Table 5-8 shows that 0.5, 1, and 2 wt.% yields equal wear value, and 0 and 0.25 wt.%

have similar wear values.

As shown in the overall ANOVA results in Table 5-6, the interaction between lubricant and
concentration is statistically significant and it should therefore be considered. The Two-way ANOVA
results for the interaction between lubricant and concentration is shown in Figure 5-4. The results
show that WG-BMP has a similar wear value with WG base lubricant at any concentration. On the
other hand, IM, AM, and PP increase the wear of WG base lubricant, where 0.5 wt.% of IM, 1 wt.%
of AM, and 4 wt.% of PP yield the highest wear.

5.2. Study of ionic liquid concentration on the tribological

performance in PAO

Table 5-9 shows the coefficient of friction (COF) values of AISI 316L stainless steel sliding against
alumina ball lubricated by PAO with and without ILs at different concentrations. Table 5-10 shows
the resulting wear as specific wear rate (SWR). Three repetitions are shown in each table (tests 1 to

3) for each condition.

Two-way ANOVA was used to analyze the influence of two independent variables (type of lubricant
and concentration) on friction and wear. Because the PAO-4AM data cannot be obtained due to its
low solubility and symmetrical data is required for the Two-way ANOVA analysis, the Two-way
ANOVA analysis is performed without all 4 wt.% data. Therefore, in this analysis, lubricant variables
consist of five levels, i.e., WG, WG-IM, WG-AM, WG-PP, and WG-BMP, whereas the concentration

variables consist of five levels, i.e., 0, 0.25, 0.5, 1, and 2 wt.%.
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Table 5-9. The COF for all PAO lubricants and concentrations

Test PAO PAO-025IM  PAO-05IM PAO-1IM PAO-2IM PAO-4IM
1 0.143 0.148 0.139 0.124 0.127 0.150
2 0.146 0.136 0.160 0.125 0.134 0.152
3 0.159 0.188 0.156 0.119 0.125 0.137
Test PAO PAO-025AM  PAO-05AM  PAO-1AM PAO-2AM PAO-4AM
1 0.143 0.174 0.139 0.128 0.125 -
2 0.146 0.195 0.134 0.129 0.131 -

3 0.159 0.198 0.123 0.130 0.126 -
Test PAO PAO-025PP  PAO-05PP PAO-1PP PAO-2PP PAO-4PP
1 0.143 0.142 0.116 0.116 0.120 0.082
2 0.146 0.127 0.117 0.114 0.117 0.077
3 0.159 0.130 0.117 0.112 0.102 0.093
Test PAO PAO-025BMP PAO-05BMP  PAO-1BMP  PAO-2BMP  PAO-4BMP
1 0.143 0.119 0118 0113 0.116 0.117
2 0.146 0.110 0.112 0.113 0.115 0.118
3 0.159 0.115 0.108 0.109 0.120 0.113

Table 5-10. The SWR for all PAO lubricants and concentrations
Test PAO PAO-025IM  PAO-05IM PAO-1IM PAO-2IM PAO-4IM
1 1.60E-05 2.09E-05 L77E-05 1.30E-05 1.49E-05 2.28E-05
2 1.68E-05 1.77E-05 2.36E-05 1.99E-05 L.77E-05 2.23E-05
3 1.76E-05 2.21E-05 2.35E-05 1.01E-05 1.46E-05 1.48E-05
Test PAO PAO-025AM  PAO-05AM  PAO-1AM PAO-2AM PAO-4AM
1 1.60E-05 2.13E-05 1.93E-05 1.59E-05 1.64E-05 -
2 1.68E-05 1.80E-05 1.68E-05 2.01E-05 1.57E-05 -
3 1.76E-05 3.03E-05 1.31E-05 1.78E-05 1.55E-05 -
Test PAO PAO-025PP  PAO-05PP PAO-1PP PAO-2PP PAO-4PP
1 1.60E-05 1.90E-05 1.07E-05 1.29E-05 L17E-05 1.02E-05
2 1.68E-05 1.88E-05 1.20E-05 1.31E-05 1.25E-05 9.35E-06
3 1.76E-05 1.39E-05 1.08E-05 9.48E-06 9.66E-06 1.19E-05
Test PAO PAO-025BMP PAO-05BMP  PAO-1BMP  PAO-2BMP  PAO-4BMP
1 1.60E-05 6.70E-06 3.98E-06 3.61E-06 4.29E-06 3.88E-06
2 1.68E-05 5.67E-06 3.48E-06 3.45E-06 3.67E-06 4.09E-06
3 1.76E-05 8.28E-06 3.52E-06 1.92E-06 4.01E-06 5.66E-06
5.2.1. The Two-way ANOVA analysis for the friction of PAO lubricants

The results of the Two-way ANOVA test for the influence of IL type and concentration on friction

are shown in Table 5-11. The results show that the P-value of the lubricant and concentration is less

than 0.05, meaning that the type of lubricant and concentration influence friction. In addition,
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Table 5-11. Overall ANOVA results of friction for all PAO lubricants and concentrations

DF SS MS F-Value P-value
Lubricant 4 0.00956  2.39E-03 29.2093 1.53E-12
Concentration 4 0.00814  2.04E-03 24.8806 2.25E-11
Interaction 16 0.00880  5.50E-04 6.7242 9.11E-08
Error 50 0.00409  8.18E-05 -- --

Corrected Total 74 0.03060 -- -- --
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(A) Friction as a function of lubricant (B) Friction as a function of concentration

Figure 5-5. The friction of AISI 316L stainless steel influenced by PAO lubricants and IL concentrations variables.

the P-value of interaction is less than 0.05, indicating the interaction effect between lubricant and

concentration on friction are statistically significant.

The Two-way ANOVA correlation graph between each variable on the friction value is shown in
Figure 5-5. The graph shows that PAO has the highest friction, and the addition of ILs decreases the
friction. In the case of concentration, it shows that the addition of ILs decreases the friction of PAO

base lubricant.

A Fisher’s LSD test was performed to evaluate the differences between each level in lubricants and
concentrations in Figure 5-5. The result is shown in Table 5-12 and Table 5-13 for the mean test on
lubricant and concentration, respectively. Table 5-12 shows that PAO-AM yields similar friction as
PAO and PAO-IM, and PAO-PP yields similar friction as PAO-BMP. Table 5-13 shows that 0.25
wt.% has a similar friction value with 0 wt.% (PAO base lubricant). In addition, 2 wt.% gives similar
friction as 0.5 wt.% and 1 wt.%.

As shown in the overall ANOVA results in Table 5-11, the interaction between lubricant and
concentration is statistically significant and should therefore be considered. The Two-way ANOVA
results for interaction between lubricant and concentration are shown in Figure 5-6. The results show
that IM and AM lower the friction of PAO base lubricant at higher concentrations only, while PP and

BMP give lower friction at any concentration.
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Table 5-12. Mean comparisons (LSD test) of friction between PAO-IL lubricants

Lubricant Lubricant MD SEMD t-Value P-Value Alpha Sig.
PAO-IM PAO -0.00756 0.00330 -2.2877 0.026 0.050 1
PAO-AM PAO -0.00425 0.00330 -1.2872 0.204 0.050 0
PAO-PP PAO -0.02431 0.00330 -7.3606 1.64E-09 0.050 1
PAO-BMP PAO -0.02831 0.00330 -8.5697 2.21E-11 0.050 1
PAO-AM PAO-IM 0.00330 0.00330 1.0005 0.322 0.050 0
PAO-PP PAO-IM -0.01676 0.00330 -5.0729 5.78E-06 0.050 1
PAO-BMP PAO-IM -0.02075 0.00330 -6.2820 7.96E-08 0.050 1
PAO-PP PAO-AM -0.02006 0.00330 -6.0734 1.68E-07 0.050 1
PAO-BMP PAO-AM -0.02405 0.00330 -7.2826 2.17E-09 0.050 1
PAO-BMP PAO-PP -0.00399 0.00330 -1.2091 0.232 0.050 0
Table 5-13. Mean comparisons (LSD test) of friction between PAO-IL concentrations
Concentration Concentration MD SEMD t-Value P-Value Alpha Sig.
0.25 wt.% 0 wt.% -0.00092 0.00330 -0.2783 0.782 0.050 0
0.5 wt.% 0 wt.% -0.01701 0.00330 -5.1484 4.44E-06 0.050 1
1wt.% 0 wt.% -0.02420 0.00330 -7.3275 1.85E-09 0.050 1
2 wt.% 0 wt.% -0.02230 0.00330 -6.7510 1.47E-08 0.050 1
0.5 wt.% 0.25 wt.% -0.01609 0.00330 -4.8701 1.16E-05 0.050 1
1wt% 0.25 wt.% -0.02328 0.00330 -7.0492 5.03E-09 0.050 1
2 wt.% 0.25 wt.% -0.02138 0.00330 -6.4727 4.01E-08 0.050 1
1wt.% 0.5wt.% -0.00720 0.00330 -2.1791 0.034 0.050 1
2 wt.% 0.5 wt.% -0.00529 0.00330 -1.6026 0.115 0.050 0
2 wt.% 1wt.% 0.00190 0.00330 0.5765 0.567 0.050 0
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Figure 5-6. The Two-way ANOVA result of friction for the interaction between lubricant and concentration.

5.2.2. The Two-way ANOVA analysis for the wear of PAO lubricants

The results of the Two-way ANOVA test for the influence of IL and concentration on wear are shown
in Table 5-14. The results show that the P-value of the type of lubricant and concentration is less than

0.05, meaning that the type of lubricant and concentration influence the wear. In addition, the P-value
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Table 5-14. Overall ANOVA results of wear for all PAO lubricants and concentrations

DF SS MS F-Value P-value
Lubricant 4 1.31E-09 3.27E-10 66.6327 2.03E-19
Concentration 4 2.58E-10 6.46E-11 13.1675 2.13E-07
Interaction 16  4.71E-10 2.94E-11 5.9993 4.81E-07
Error 50 245E-10 4.91E-12 - -

Corrected Total 74 2.28E-09 -- -- -
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Figure 5-7. The wear of AISI 316L stainless steel influenced by PAO lubricants and IL concentrations variables.

of interaction is less than 0.05, indicating the interaction effect between lubricant and concentration
on wear are statistically significant.

The Two-way ANOVA correlation graph between each variable on wear is shown in Figure 5-7. The
graph shows that IM and AM increase the wear of PAO base lubricant; meanwhile, PP and BMP
decrease it. In the case of concentration, it shows that the addition of 0.25 wt.% of IL does not
influence the wear of PAO base lubricant. On the other hand, 0.5, 1, and 2 wt.% of IL decrease the
wear of PAO base lubricant.

A Fisher’s LSD test was performed to evaluate the differences between each level in lubricants and
concentrations in Figure 5-7. The result is shown in Table 5-15 and Table 5-16 for the mean test on
lubricant and concentration, respectively. Table 5-15 shows that PAO, PAO-IM, and PAO-AM yield
similar wear. In the case of concentration, Table 5-16 shows that 0.25 wt.% has a similar friction
value with 0 wt.% (PAO base lubricant), and 0.5, 1, and 2 wt.% gives similar wear.

As shown in the overall ANOVA results in Table 5-14, the interaction between lubricant and
concentration is statistically significant and should therefore be considered. The Two-way ANOVA
results for the interaction between lubricant and concentration are shown in Figure 5-8. The results
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Table 5-15. Mean comparisons (LSD test) of wear between PAO-IL lubricants

Lubricant Lubricant MD SEMD t-Value P-Value Alpha Sig.
PAO-IM PAO 9.52E-07  8.09E-07 1.1769 0.245 0.050 0
PAO-AM PAO 1.25E-06  8.09E-07 1.5401 0.130 0.050 0
PAO-PP PAO -3.12E-06  8.09E-07 -3.8598 3.26E-04 0.050 1
PAO-BMP PAO -9.93E-06  8.09E-07 -12.2720 1.06E-16 0.050 1
PAO-AM PAO-IM 2.94E-07  8.09E-07 0.3632 0.718 0.050 0
PAO-PP PAO-IM -4.07E-06  8.09E-07 -5.0367 6.55E-06 0.050 1
PAO-BMP PAO-IM -1.09E-05  8.09E-07 -13.4489 3.10E-18 0.050 1
PAO-PP PAO-AM -4.37E-06  8.09E-07 -5.3999 1.84E-06 0.050 1
PAO-BMP PAO-AM -1.12E-05  8.09E-07 -13.8121 1.08E-18 0.050 1
PAO-BMP PAO-PP -6.80E-06  8.09E-07 -8.4122 3.86E-11 0.050 1
Table 5-16. Mean comparisons (LSD test) of wear between PAO-IL concentrations
Concentration Concentration MD SEMD t-Value P-Value Alpha Sig.
0.25 wt.% 0 wt.% 8.34E-08  8.09E-07 0.1032 0.918 0.050 0
0.5 wt.% 0 wt.% -2.86E-06  8.09E-07 -3.5387 8.79E-04 0.050 1
1wt.% 0 wt.% -4.02E-06  8.09E-07 -4.9674 8.32E-06 0.050 1
2 wt.% 0 wt.% -4.05E-06  8.09E-07 -5.0118 7.14E-06 0.050 1
0.5 wt.% 0.25 wt.% -2.95E-06  8.09E-07 -3.6418 6.42E-04 0.050 1
1wt.% 0.25 wt.% -4.10E-06  8.09E-07 -5.0705 5.82E-06 0.050 1
2 wt.% 0.25 wt.% -4.14E-06  8.09E-07 -5.1150 4.99E-06 0.050 1
1wt.% 0.5 wt.% -1.16E-06  8.09E-07 -1.4287 0.159 0.050 0
2 wt.% 0.5 wt.% -1.19E-06  8.09E-07 -1.4731 0.147 0.050 0
2 wt.% 1wt.% -3.60E-08  8.09E-07 -0.0445 0.965 0.050 0
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Figure 5-8. The Two-way ANOVA result of wear for the interaction between lubricant and concentration.

show that the concentration of IM and AM randomly influences wear. For PP, the concentration of
0.5 wt.% and higher decrease the wear of PAO base lubricant, while BMP gives lower wear than

PAO base lubricant at any concentration, where 1 wt.% results in the lowest wear.
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Figure 5-9. Summary of all ANOVA results.

5.3. Summary

Figure 5-9 shows a summary all ANOVA results obtained in this study. In WG base lubricant, IM,
AM, and PP increase both friction and wear; however, BMP gives similar friction and wear as the
WG base lubricant. For the effect of ILs concentration in WG lubricant, it shows that 0.5, 1, and 2
wt.% give the highest friction. Increasing the concentration further to 4 wt.% decreases friction even
more. In the case of wear, an increase in concentration leads also to an increase of wear. However,
according to interaction result in Figure 5-2 and Figure 5-4, these trends only occur for IM, AM, and

PP. for BMP, similar friction and wear is obtained regardless of its concentration.

For PAO base lubricant, IM and AM slightly reduce the friction but slightly increase the wear. On
the other hand, PP and BMP give lower friction and wear than the PAO base lubricant, where PP and
BMP have similar friction values, but BMP gives much lower wear than PP. In the case of
concentration, 0.25 wt.% gives similar friction and wear as PAO base lubricant, while 0.5 wt.% lower
the friction and wear. The highest friction and wear reduction are achieved for 1 wt.% and 2 wt.%

(both concentrations yield similar friction and wear values).

75



5.4. Conclusion

In this chapter, the influence of ILs and their concentration as lubricant additives in WG and PAO
base lubricants on AISI 316L stainless steel was studied based on a statistical analysis of the friction
and wear results. In the case of WG, both the type of ILs and their concentration increase the COF
and wear of WG base lubricant, except for BMP. In the case of PAO, PP and BMP give lower COF
and wear compared to PAO base lubricant. Similar trend is also obtained for 1 wt.% and 2 wt.%,
where both concentrations give lower COF and wear compared to PAO base lubricant. These results

were used as a basis for selecting the type of ILs and concentration for further studies.

For the selection of the type of ILs, it was obvious that BMP gives the best COF and wear results
among all ILs, thus BMP was selected for further study. Due to the fact that IM, AM, and PP give
similar COF and wear in WG lubricants, the selection of these ILs was based on their behavior in
PAO. From Figure 5-9, PP lowers more efficiently the COF and wear of PAO, thus PP was selected
for further study. Therefore, PP and BMP were the selected ILs for further study in WG and PAO.

For the concentration selection, a compromise was taken because opposite results were obtained in
WG and PAO. An increase in concentration raises the COF and wear for WG lubricants but reduces
the COF and wear for PAO lubricants. Since PAO was used as the criteria for choosing the type of

IL, 1 wt.% was selected for further study because it was the optimal concentration in PAO.
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Chapter 6
Adsorption study of ionic liquids additives in polar and
non-polar media on iron and stainless steel coated

sensors using Quartz Crystal Microbalance technique
(Parts of this chapter are published in paper 3)

Chapter 6 is dedicated to study the adsorption behavior of the additives in polar (WG) and non-polar
(PAO) media. The adsorption study is performed using two surfaces, i.e., Fe and SS, which are
deposited on quartz crystal sensors. QCM-D is used to perform the adsorption study by measuring
the frequency shift and dissipation shift in real time. Based on the results obtained from chapter 5, PP
and BMP were selected as additives and were individually mixed with WG and PAO base media with
1 wt.% concentration. The adsorption behavior of ionic liquids will be compared with a well-known
organic friction modifier additive, i.e., carboxylic acid (C12). The C12 concentration used in this
study is 0.1 wt.% based on a previous study performed in our group [42]. If 1 wt.% was chosen as
concentration for C12, micelles will form when added to WG [42]. Therefore, the optimal
concentration in WG was chosen for this additive despite the fact that this is lower than the
concentration chosen for ILs and that it might not be the optimal one in PAO [42]. Again, a
compromise had to be made for choosing the concentration of this additive. Table 6-1 summarizes
the dynamic viscosity, density, electrical conductivity, and pH of all solutions used in this study, as
well as the OCP of the AISI 52100 steel and AISI 316L stainless steel in all solutions.

Table 6-1. Physical and electrical properties of all lubricants

. . OCP vs. Ag/AgCl
Dynamic Electrical Vs AGIAG

. o Density S (mV)
Lubricants viscosity (kg/m?) Conductivity pH AISI 52100 AISI 3160
(mPa.s) (uS/cm) -
steel stainless steel

WG 13.99 1040 25 7.3 -537 20
WG-C12 13.53 1041 43 4.7 -396 30
WG-PP 13.76 1039 211.2 34 -588 70
WG-BMP 14.02 1045 109.3 7.0 -522 0
PAO 81.29 831.8 n.d. n.d. n.d. n.d.
PAO-C12 83.13 840.8 n.d. n.d. n.d. n.d.
PAO-PP 87.27 840.9 n.d. n.d. n.d. n.d.
PAO-BMP 85.23 853.6 n.d. n.d. n.d. n.d.

* For comparison, the conductivity of tap water is ca 500 uS/cm and for seawater is ca 5000 puS/cm

77



T WG WG - Additive WG B T WG WG - Additive WG
10 F {10 0k 110
s is
] ) ! L F
g o o S g
& % o ‘ &
9 s il 9
-10
Bras LA
-0 L L L L L L -20 20 L L L L L L 20
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)
(A) WG-C12 on Fe coated sensor (B) WG-C12 on SS coated sensor
15 — 15 15 — 15
WG WG - Additive WG WG WG - Additive WG
10 F ."'-"": kg i,mwr,;v;l‘\l,‘ 10 0k 110
st MJ 1s
0 B g0 = =
ig ¥ el 4 4] 5 )
st —m, 15§ 3
— AD,
-0 F 4-10
Af3
BEAY — AR5 {15
-0 L L L I L L -20 20 L L L L L L 20
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)
(C) WG-PP on Fe coated sensor (D) WG-PP on SS coated sensor
15 — 15 15 — 15
WG WG - Additive WG WG WG - Additive WG
10 F {10 0k 110
s 1s
@ f | , F
=0 b feriiisminniend O 5
| |
= Es —4; 15 a
: o ek L4 il —AD;
0 f A EET)
Af3
15 F — AR5 4-15
-0 L L L L L L -20 20 L L L L L L 20
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)
(E) WG-BMP on Fe coated sensor (F) WG-BMP on SS coated sensor

Figure 6-1. The frequency and dissipation evolution during QCM testing using Fe and SS coated sensors for additivated
WG lubricants at room temperature.

6.1. Adsorption study of ionic liquids additives in polar media (WG)

Figure 6-1 shows the frequency and dissipation evolution obtained from QCM-D for C12, PP, and
BMP as additives in WG. Only 3", 5", and 7" overtones are shown in each figure whereas the first
overtone is discarded due to high edge effect of the sensor. Three steps were performed during the

tests: (1) introduction of WG base for the first 30 minutes (only last 10 minutes are shown in
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Figure 6-2. Pourbaix diagram of iron and chromium at 25 °C [157]. The studied lubricants are located in the diagram
based on their measured OCP and pH from Table 6-1.

the figure), (2) introduction of additivated WG for the next 1 hour, and (3) rinsing using the same
WG base for the last 1 hour.

Form Figure 6-1, the first 10 minutes are the reference for the frequency and dissipation evolution.
For all solutions, there is a frequency drop during the introduction of the additivated solution
indicating there is an adsorption of the additive onto the sensor surface. In addition, the dissipation is
increasing as the frequency decreases indicating that the adsorbed layer is not fully rigid and has
viscoelastic properties. Among all solutions and surface combinations, WG-PP on Fe coated sensor
behaves differently from the others, where the frequency continuously increases with time during the
introduction of WG-PP on the sensor surface. Moreover, the final frequency during the third step
(after rinsing with WG) increases above the zero-reference point, indicating weight loss during the
experiment. This weight loss is due to the low pH and high electrical conductivity of WG-PP (Table
6-1) that corrodes the Fe coated sensor. No corrosion is observed for WG-PP on the SS coated sensor
meaning that the passive film on the stainless steel prevented the corrosion attack. No corrosion is
observed for WG-BMP both on Fe and SS coated sensors.

The corrosion behavior of the solutions towards the sensor surface can be explained by the Pourbaix
diagram, as shown in Figure 6-2. The solutions are plotted in the Pourbaix diagram based on their
measured OCP and pH from Table 6-1. From the Pourbaix diagram of iron, iron dissolution (Fe?*) is
expected to occur for WG-PP and WG-C12, however as shown in the QCM result, only WG-PP
causes corrosion on the Fe coated sensor. This could be explained by the higher electrical conductivity
of WG-PP compared to WG-C12. In the case of WG and WG-BMP, they are in the border between

iron dissolution (Fe?*) and iron oxide (FesO4) formation, as a result the iron dissolution is limited.
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Figure 6-3. Viscoelastic properties of adsorbed layer on Fe and SS coated sensor derived from modelling.

In the case of the SS coated sensor, the Pourbaix diagram for chromium shows that chromium oxide
(Cr203) stable phase is expected to be the dominant phase for WG and WG-BMP, whereas chromium
hydroxide (Cr(OH)s) is expected to be the dominant phase for WG-PP. In the case of WG-C12, the
system is in the border between chromium oxide and chromium hydroxide. None of the solutions lay
in the active dissolution of chromium (Cr?* or Cr®), indicating that no corrosion occurred for SS
coated sensor in any lubricant solution.
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To analyze the viscoelastic properties of the adsorbed layers, a simulation based on the Voigt model
proposed by Voinova et al. is used [133]. The logics and the general mathematic equations used in
the modelling is shown in Figure 3-4. In this simulation, the density of the adsorbed layer was firstly
defined as an input, where it is assumed the same density as in its pure form, as shown in Table 3-2.
The outputs of this simulation are the thickness, shear viscosity, and shear elasticity modulus as

shown in Figure 6-3.

Figure 6-3 shows that PP gives the highest thickness and BMP gives the lowest thickness of adsorbed
layer both on Fe and SS coated sensors. Comparing the adsorbed layer on Fe and SS coated sensor,
PP and C12 have similar thickness whereas BMP is thicker on Fe coated sensor. In the case of shear
viscosity and shear elasticity modulus, C12 gives the highest value followed by PP, and BMP. There
is no significant difference between the shear viscosity and shear elasticity modulus values on Fe and
SS coated sensor. Shear viscosity and shear elasticity modulus of WG-PP adsorbed layer on Fe coated

sensor show a decrease due to the corrosion effect on the sensor.

Due to their ionic nature and high dipole moment, ILs have a higher tendency to be adsorbed on the
metal surfaces to form a single- or multi-layer adsorbed films [116]. Based on a calculation from the
MarvinSketch software, the length of one molecule of each additive is 1.9, 2.03, and 2.11 nm, for
C12, PP, and BMP, respectively. Taking these values into account and comparing them to the
thickness obtained from the simulation in Figure 6-3, it can be assumed that the additives form multi-
layer films, being ca. 3 layers, 4 layers, 2 layers for C12, PP and BMP respectively. The tendency of
C12 and PP to form thicker layers could be due to the dissociation of C12 and PP in water (as shown
by the pH drop in the solution in Table 6-1). Consequently, species with higher polar moment are
found for WG-PP and WG-C12 compared to WG-BMP, which in turn results in thicker, more

viscous, and more rigid adsorbed layer.

6.2. Adsorption study of ionic liquids additives in non-polar media
(PAO)

Figure 6-4 shows the evolution of frequency and dissipation from QCM-D for C12, PP, and BMP as
additives in PAO. Only the frequency and dissipation change of the fundamental frequency (1%
overtone) could be recorded because the viscosity of the tested lubricants was high enough to dampen
the quartz crystal, resulting in a high noise-to-peak ratio at higher overtones. Three steps of

experiments were performed during the test, i.e., introduction of PAO alone for the first 30 minutes
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Figure 6-4. The frequency and dissipation evolution during QCM-D testing using Fe and SS coated sensors for
additivated PAO lubricants at room temperature.

(only last 10 minutes was shown in the figure), introduction of additivated PAO for the next 1 hour,

and rinsing using PAO alone for the last 1 hour.

From Figure 6-4, by comparing the frequency evolution during the experiment, three phenomena are
found: (1) the frequency change rate during the introduction of the additivated solution, (2) the extent
of the frequency shift, and (3) whether frequency returns back to zero after rinsing. The frequency
change rate or the slope is related to the adsorption kinetics of the additive onto the sensor surface,
whereas the extent of the frequency shift is correlated with the amount of initially adsorbed layer.
The frequency shift during the rinsing is related to the bonding strength of the adsorbed layer. A
strongly adsorbed layer will remain on the surface during rinsing leaving no changes in the frequency,
whereas a loosely bonded adsorbed layer will be removed from the surface during rinsing resulting

the frequency shift to zero.

Due to the fact that only the first overtone is obtained during these experiments, a quantitative analysis
to obtain the viscoelastic properties of the adsorbed layers could not be performed, instead, a
qualitative analysis will be performed based on the frequency and dissipation shift. In addition, due

to the unexpected frequency shift of C12 towards positive values and the dissipation shift towards
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Figure 6-5. The numerical simulation of the frequency shift (A) and the dissipation shift responses (B) as a function
of the shear elasticity modulus and the shear viscosity coefficient of the thin viscoelastic layer for PAO-C12. A contour
plot is taken from (A) and (B), showing the different regions of Af and AD value (C).

negative values, the adsorption behavior of C12 will be analyzed separately with the help of numerical
simulation. As shown in Figure 6-4, PP has a higher slope and frequency shift compared to BMP,
indicating PP has faster adsorption kinetics and larger amount of adsorbed material on the sensor
surface. However, after rinsing, the frequency and dissipation of PP shifted back to zero indicating
the adsorbed layer is completely removed from the surface. In contrast, the frequency and dissipation
of BMP is not affected by the rinsing indicating the adsorbed layer of BMP remained on the surface.
Comparing the adsorption behavior of PP and BMP on Fe and SS coated sensors it is found that the
adsorption behavior of PP is not affected by the surface chemistry whereas BMP shows faster
adsorption kinetics. After rinsing the SS coated sensor, there is more initially and strongly adsorbed
layer than on the Fe coated sensor.

In order to understand the adsorption behavior of C12 on the Fe and SS coated sensors, a simulation
approach has been taken. The illustration of the simulation is similar to Figure 3-4 except that the
input for the shear viscosity and shear elasticity modulus of the adsorbed layer is changed from 0 to
100 and 0 to 200, respectively. The C12 adsorbed layer has a thickness of 10 nm and a density of 880
kg/m?. The thickness of 10 nm for the analysis of C12 was selected based on the thickness measured

using atomic force microscopy (AFM) [42]. In addition, the sensor is oscillated at a frequency of
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5 MHz in PAO-C12 solution with a density of 840.8 kg/m® and a shear viscosity of 83.13 mPa.s. The
result is a plot of the frequency and dissipation shift as a function of shear viscosity and shear elasticity
modulus (Figure 6-5A and Figure 6-5B). In the plots, the zero-value line (yellow line) is presented

and becomes the basis for constructing Figure 6-5C.

In order to explain the acoustic response in Figure 6-5, the simplified equations are provided by
considering one thin viscoelastic layer under bulk liquid and keep only the first-order approximation
[133]:

1 (s _ n5\% _ naw? -
Af = 2mpqdq {53 + dapaw — 20, (83) MA2+TIA2w2} D

. 1 nB nB 2 Haw -
AD ~ 2nfopdq {53 +2d (53) HA2+77A2(02} (-2

— [21B ;
5y = 2z (6-3)
w = 2nf, (6-4)

where pg and #g are the density (kg/m®) and viscosity (Pa.s) of bulk liquid, whereas da, pa, ua, and #a
are the thickness (m), density (kg/m®), shear elasticity modulus (Pa), and shear viscosity coefficient
(Pa.s) of the adsorbed layer. From Equation 6-1, the resonance frequency shift depends on the bulk
liquid term (58 and Jg), and the difference between the layer mass contribution (da, pa, and ) and
layer viscoelastic contribution (ua and #7a). Whereas from Equation 6-2, the resonance dissipation
shift depends on the bulk liquid term #g/ds and layer viscoelastic contribution (u«a and #za). Note that
Equation 6-1 and Equation 6-2 take the reference from the vacuum, meaning the bulk liquid
contribution is relative to the vacuum. In a liquid medium, the contribution of the reference liquid

should be included in the equations as follows:

~__ 1t {(ns_nr _ g, (1)} _naw® )
Af ~ 2mpodq {(63 5R)  dapa = 2, (53) HA2+77A2"~’2} ©9)
L1 g _ MR np\? __maw -
AD ~ 2mfopqdq {(53 5R) +2dy (513) HAZ+77A2(DZ} 0
— |2nr ;
O = |ow (6-7)

where pr and #r are the density (kg/m®) and viscosity (Pa.s) of the reference liquid. In the case of
similar density and viscosity between reference and bulk liquids, the influence between those two can

be canceled:
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It is worth noticing that due to the approximation, the layer mass contribution is neglected in Equation
6-9 thus it seems that AD will only have positive value. However, from the simulation in Figure 6-
5B and Figure 6-5C (without approximation), there is a region with a negative dissipation value when
the layer has low shear elasticity modulus with the shear viscosity lower than the shear viscosity of
the bulk. Thus, the different frequency and dissipation shift of C12 is because of the very low shear

modulus and shear viscosity of the adsorbed layer created by C12 on the sensor surface.

Looking at the experimental results in Figure 6-4, PP and BMP have negative frequency shift and
positive dissipation shift, indicating that the layer adsorption mass has more influence than the layer
viscoelastic properties, according to Equation 6-8. In addition, the adsorbed layers of PP and BMP
must have higher shear viscosity than the bulk liquid in order to shift the frequency negatively and
dissipation positively. On the other hand, C12 has a positive frequency shift and a negative dissipation
shift, indicating that the layer viscoelastic properties have more influence than the layer adsorption
mass, according to Equation 6-8. Moreover, according to the results obtained in Figure 6-5C, C12

adsorbed layer must have lower shear viscosity and lower shear elasticity modulus than the bulk.

The adsorption of additives on active surfaces is influenced by the polarity of the additives, the
polarity of the base lubricant, the surface chemistry, and the surface electrical charge
[47,116,158,159]. In the adsorption study performed with QCM using polar and non-polar media,
different adsorption behaviors were found. From the large frequency shift observed in Figure 6-4,
ILs are expected to form multi-layer structures with PP forming a thicker film than BMP. Comparing
the frequency shift between polar and non-polar media (Figure 6-1 and Figure 6-4), ILs in non-polar

media are expected to form thicker multi-layer structures than in polar media.

Generally speaking, ILs in non-polar media, such as PAO, exhibit no ionic dissociation, keeping the
dipole moment in the molecule. As shown in Figure 6-4, the BMP layer strongly adsorbs to the
surface after rinsing with PAO, indicating that the adsorption of BMP on the QCM sensor surface is
strong enough to overcome the molecular interaction with PAO. The strong adsorption of BMP
indicates a chemisorption process, which promotes the formation of a tribofilm. In addition, the
presence of high electronegative atoms (fluorine for BMP) promotes strong adsorption to the metallic

surface. On the other hand, PP weakly adsorbs to the surface showing that it undergoes
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Table 6-2. Summary of the adsorbed layer properties on both Fe and SS coated sensors for WG lubricants

Adsorption Initially Strongly Shear
Additive L adsorbed Adsorbed Thickness Shear viscosity elasticity
Kinetics
layer layer modulus
SS-PP Fast Medium-high No Medium-high Medium Medium
Fe-PP Fast Medium-high No Medium-high Medium Medium
SS-BMP Medium Low No Low Low Low
Fe-BMP Medium Low No Low Low Low
SS-C12 Fast Medium No Medium High High
Fe-C12 Fast Medium No Medium High High

Table 6-3. Summary of the adsorbed layer properties on both Fe and SS coated sensors for PAO lubricants

Adsorption Initially Strongly Mass layer Shear viscosity Shear

Additive L adsorbed Adsorbed Lo (Compared to elasticity

Kinetics contribution S

layer layer bulk liquid) modulus
SS-PP Medium-high Very high No Very high High High
Fe-PP Medium High No High High High
SS-BMP Slow Medium-high Yes Medium-high High High
Fe-BMP Very slow Medium Yes Medium High High
SS-C12 Very fast Very low No Very low Low Low
Fe-C12 Very fast Very low No Very low Low Low

a physisorption process. The anion of PP has a smaller negative charge density than BMP and its

smaller size generates a weaker interaction with the metal surface.

In the case of C12, the simulation work (Figure 6-5) shows that C12 forms an adsorbed layer with
lower shear elasticity modulus and lower density than PAO, due to the replacement of long PAO
molecules with shorter C12 molecules on the sensor surface, therefore a less durable adsorbed layer

is formed. This effect was the same for iron and stainless steel surfaces.

6.3. Summary

Table 6-2 summarizes the adsorbed layer properties on both Fe and SS coated sensors for WG
lubricants. There was no significant difference in the adsorption behavior of the additives on Fe and

SS coated sensors except that PP in polar media generates corrosion on the Fe coated sensor surface.

Table 6-3 summarizes the adsorbed layer properties on both Fe and SS coated sensors for PAO
lubricants. For C12, there was no significant difference in the adsorption behavior of the additives on
Fe and SS coated sensor. However, for PP and BMP, there are higher adsorption kinetics and initially

adsorbed layer on the SS coated sensor than on the Fe coated sensor.
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6.4. Conclusion

The adsorption behavior of additives was studied by QCM-D in polar and non-polar media using Fe
and SS coated sensors. The viscoelastic properties of the adsorbed layers in polar media were
analyzed by MATLAB simulations. The results show that PP forms the thickest adsorbed layer with
medium shear viscosity and shear elasticity modulus, and BMP forms the thinnest layer with low
shear viscosity and shear elasticity modulus. On the other hand, C12 forms a medium thickness
adsorbed layer with the highest shear viscosity and shear elasticity modulus. None of the additives
created a strongly adsorbed layer with the sensor surface, indicating a competition with the polar

molecules of the base lubricant for the surface sites.

Unfortunately, the viscoelastic properties of the adsorbed layer in non-polar media could not be
quantified due to the high noise at higher overtones. The qualitative analysis shows that PP forms
thicker adsorbed layers than BMP, however both PP and BMP show viscous, and rigid adsorbed
layer. In addition, BMP forms strongly adsorbed layers due to the high electronegativity of fluorine,
which bonded to the sensor surface overcoming the molecular interaction with the non-polar media.
On the other hand, C12 forms the thinnest layer with low shear viscosity and shear elasticity modulus.

Comparing adsorption behavior in polar and non-polar media, the results show that the polarity of the
media influences the adsorption behavior of the additives. PP and BMP form thinner multi-layer
structure in polar media compared to non-polar media due to the dissociation of the ILs in water and
surface adsorption competition between ILs and water, which limits building up thicker layers. In the
case of C12, the results show that C12 forms a thicker, more viscous, and more rigid adsorbed layer

in polar media compared to non-polar media.
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Chapter 7
A tribological study of ionic liquids as boundary

additives in a polar base lubricant
(Parts of this chapter are published in paper 1 and 2)

Chapter 7 is dedicated to study the influence of ILs as lubricant additives in water-glycol on the
tribological performance of AISI 52100 bearing steel and AISI 316L stainless steel. In this study, PP
and BMP were studied as lubricant additives in WG, and their tribological behavior were compared
with a carboxylic acid (dodecanoic acid, C12). The selected concentrations were 1 wt.% and 0.1 wt.%
for ILs and C12, respectively, and the reasons behind were explained earlier. In this study, the
boundary lubricating conditions were met as explained in section 3. The tests were performed for
9550 cycles which give a sliding distance of 300 m. A detailed surface analysis was performed using
a range of advanced analytical tools, such as FIB-SEM, STEM-EDS and XPS.

7.1. Friction and wear performance in water-glycol

Figure 7-1 shows the friction evolution of AISI 52100 steel and AISI 316L stainless steel lubricated
by WG base lubricant alone and WG additivated with PP, BMP, or C12. For AISI 52100 steel, WG
base lubricant alone shows a COF of 0.21 and slightly fluctuates for the rest of the test as shown in
Figure 7-1A. The addition of 1 wt.% of PP to the base lubricant shows a COF of 0.16 after the
running-in period, followed by a steady increment to 0.19 at the end of the test. The friction evolution
of WG-BMP shows two distinct regions: (1) high COF of 0.28 after the running-in period for ca. 100
meters of sliding distance and lower COF of 0.18 until the end of the test. The base lubricant
additivated with C12 shows a very short running-in period followed by stable friction at 0.12. The
resulted wear of AISI 52100 steel is shown in Figure 7-1C, in which WG base lubricant alone gives
the highest SWR of 9.98 x 10 mm?®Nm, followed by BMP, C12, and PP with SWR of 9.53 x 105,
4.45 x 10, and 1.95 x 10 mm3/Nm, respectively.

In the case of AISI 316L stainless steel, the friction evolution of WG base lubricant alone is
characterized by high friction at the start followed by a continuous decrease reaching steady friction
values of 0.14 after ca. 100 m as shown in Figure 7-1B. The addition of 1 wt.% of PP to WG affects
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Figure 7-1. Friction evolution and wear rates of AISI 52100 steel and AISI 316L stainless steel lubricated by WG with
and without additives.

the friction evolution of this base lubricant, in which there is a sudden drop at the start of the test (ca.
5 m) and continue decreasing until the end of the test with some abrupt increments in some distances.
The friction evolution of WG-BMP has similar behavior as WG-PP except that it occurs at a lower
friction values. The addition of 0.1 wt.% of C12 suppresses the running-in period and keeps the
friction at 0.14. The resulted wear of AISI 316L stainless steel is shown in Figure 7-1D, where the
WG base lubricant alone gives a SWR of 7.83 x 10 mm®/Nm, followed by BMP, C12, and PP with
SWR of 7.62 x 105, 3.95 x 10> mm®/Nm, and 1.26 x 10 mm3/Nm, respectively.

Figure 7-2 shows the SEM images of the wear track surface after the tribological testing. The wear
track morphology of AISI 52100 steel lubricated by the WG base lubricant alone shows a smooth
surface with little signs of plastic deformation. Completely different wear track morphology is
observed for WG-PP sample, where many surface cracks are found, resulting in surface detachment
in some areas. The wear track morphology of WG-BMP sample shows a smooth surface with no
signs of plastic deformation. In the case of WG-C12 sample, the wear track shows a smooth surface

with some surface cracks.
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Figure 7-2. SEM images of the wear tracks of AlSI 52100 steel and AlSI 316L stainless steel disks tested in WG with
and without additives.
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Figure 7-3. FIB cross-section images of the wear tracks of AISI 52100 steel and AlISI 316L stainless steel disks tested in
WG with and without additives.
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For AISI 316L stainless steel, the wear track morphology of the WG sample shows a smooth surface
with signs of wear and pits in several locations. The wear track surfaces for WG-PP, WG-BMP, and
WG-C12 samples show similar wear morphology, where abrasive wear with little signs of plastic

deformation is found.

The influence of friction on the subsurface microstructures is shown in Figure 7-3 on cross-sections
prepared with SEM-FIB. The microstructure of AISI 52100 steel consists of chromium carbides (dark
round particles) with various degree of deformed grains and plastic deformation in all cases. WG and
WG-BMP have similar degree of recrystallization and plastic deformation, whereas WG-PP and WG-
C12 show lower degree of recrystallization and plastic deformation, which is in agreement with the

friction results.

For AISI 316L stainless steel, a higher degree of recrystallization and plastic deformation is observed
compared to AISI 52100 steel due to its lower hardness. WG and WG-BMP have similar degree of
recrystallization and plastic deformation, whereas WG-PP shows higher degree of recrystallization
and plastic deformation. In the case of WG-C12, a lower degree of recrystallization and plastic
deformation is found with thinner subsurface recrystallization area. These results are also in

agreement with the friction results.

7.2. The effect of additives and surface chemistry on tribofilm

formation

In order to investigate the tribofilms created on the wear tracks, the cross-section of all samples was
examined by STEM. Lamellae with a thickness of about 60 nm from each sample were prepared
using SEM-FIB. The STEM images and the EDS elemental mapping are presented in Figure 7-4 and
Figure 7-5 for AISI 52100 steel and AISI 316L stainless steel, respectively. The chosen elements for
mapping are iron, chromium, nickel, oxygen, and phosphorous, which are present in the bulk material
and the ILs. Oxygen is an indicator of the presence of oxides. Although BMP contains fluorine, this

element was not detected by EDS mapping due to the close energy for F Ka and Fe La.

For AISI 52100 steel samples, as shown in Figure 7-4, the sample lubricated by WG shows a thin
tribofilm on the surface with a thickness of less than 10 nm (measured from higher magnification
images). A very thick tribofilm is observed for the WG-PP sample of 400 — 900 nm thickness. In
addition, wear debris is observed in the tribofilm, as indicated from the STEM and Fe mapping

images. The tribofilm is not fully adhered to the base material, as indicated by a crack at the interface
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Figure 7-4. STEM cross-section images and EDS elemental mapping of the wear tracks on AISI 52100 steel tested in
WG with and without additives.

with the base material. For WG-BMP and WG-C12 samples, a thin tribofilm is observed with a
thickness of ca. 20 nm. EDS elemental mapping of the cross-sections shows high oxygen levels in
the tribofilms of all samples, indicating they consist mainly of oxides. Only an additional element,
phosphorous, is detected in the WG-PP sample, indicating that PP is involved in the formation of the
tribofilm.

For AISI 316L stainless steel samples, the sample lubricated with WG shows a thick tribofilm on the
surface with a thickness of 50 — 100 nm as shown in Figure 7-5, being much thicker than the tribofilm
formed on AISI 52100 steel lubricated with WG. This indicates the role of the tribosurface chemistry

on the tribofilm formation. The STEM image of WG-PP sample shows dissolution of Fe and Cr on
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Figure 7-5. STEM cross-section images and EDS elemental mapping of the wear tracks on AISI 316L stainless steel
tested in WG with and without additives.

the surface. In addition, the tribofilm is only found in some surface areas. The dissolution of Fe and
Cr is a result of the corrosion attack due to the low pH of the WG-PP lubricant solution. In the case
of WG-BMP sample, the oxide film on the surface is not found as shown in the oxygen elemental
mapping. Instead, a thin layer of nickel with a thickness of 20 nm is observed. For WG-C12 sample,

a thin tribofilm with a thickness of 20 nm is observed.



Table 7-1. EDS chemical composition analysis of the tribofilms tested in WG with and without additives (at.%)

Sample L ubricant Tribofilm Elemental concentration in tribofilm (at.%)

thickness (nm) Fe Cr Ni (0] P

AlSI WG <10 57.81 0 - 42.19 -
52100 WG-PP 400 — 900 29.46 0 - 64.60 5.94

steel WG-BMP 20 49.67 0 - 50.33 0

WG-C12 20 42.60 0 - 57.40 -

AlSI WG 50 - 100 35.56 3.16 3.92 57.36 -
316L WG-PP <10 31.83 7.40 2.27 52.37 6.13

stainless WG-BMP 20 33.50 2.88 40.51 23.11 0

steel WG-C12 20 42.00 7.04 1.65 49.32 -

Table 7-2. Wear track chemical composition after XPS analysis for Fe spectra tested in WG-PP and WG-BMP
XPS chemical analysis (at.%)

Sample Lubricant i 0
P ubr Feo FeO  Fe0s  FePOs  FeF,  coxides/Fe
Ratio
WG-PP 2067 4470  18.05 550 - 211
AISI 52100 steel WG-BMP 1931 5543  20.12 0 0 3.91
_ WG-PP 4028 3573  13.93 408 - 1.23
AISI316L stainlesssteel e avp 2540 5391 1009 0 0.54 251

A detailed chemical composition of the tribofilm is taken by means of EDS and the results are shown
in Table 7-1. In the case of all AISI 52100 steel samples, the tribofilm consists of iron and oxygen,
in addition phosphorous is detected for the WG-PP sample, indicating a reaction with the worn
surface. On the other hand, no traces of phosphorous are found for WG-BMP sample. Chromium is
not detected in the tribofilm because it formed stable chromium carbides. In the case of all AISI 316L
samples, the tribofilm consists of iron, chromium, nickel, and oxygen. It is worth noticing that WG-
BMP tribofilm consists of large amounts of nickel. Phosphorous is detected for the WG-PP sample,
and it is not detected for WG-BMP sample as it happened for the AISI 52100 steel.

In order to examine the chemical composition and chemical bonding state of the elements in the
tribofilms, XPS analysis is performed. Moreover, XPS is used to study in detail the presence of
phosphorous and fluorine to overcome the drawbacks of the EDS analysis. The detailed analysis of
the XPS results is shown in Figure 7-6 for both AISI 52100 steel and AISI 316L stainless steel. WG-
PP produces a tribofilm consisting of metal oxides and hydroxides. In addition, phosphorous is found
both in AISI 52100 steel and AISI 316L stainless steel samples, indicating that PP reacts with the
worn surfaces. In the case of WG-BMP, XPS shows that the tribofilm consists of metal oxides and
hydroxides for both AIS1 52100 steel and AISI 316L stainless steel. However, fluorine it is only found
in AISI 316L stainless steel sample, indicating that BMP only reacts with AISI 316L stainless steel
but not with AISI 52100 steel. Further XPS analyses found that P created iron phosphate (FePOa),
whereas F formed iron fluoride (FeFs).
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Figure 7-6. XPS spectra inside the tribofilm of the AISI 52100 steel and AISI 316L stainless steel lubricated by WG-PP
and WG-BMP.
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The differences in pH and electrical conductivity have an effect on the chemistry of the metal surface
and, therefore, on the tribofilm formation. Table 7-2 shows the wear track chemical composition after
XPS analysis for Fe spectra, along with the Fe oxides to metal ratio. The Fe oxides to metal ratio is
an indicator of the relative number of oxides inside the tribofilm. Low pH and high electrical
conductivity lead to metal dissolution resulting in lower oxide to metal ratio as shown in WG-PP for
both AISI 52100 steel and AISI 316L stainless steel. The corrosion process with WG-PP leads to the
formation of phosphates in the tribofilm for both steels.

7.3. The effect of adsorbed layer and tribofilm on friction

For AISI 52100 steel, the friction evolution of WG at the end of the test was the highest, and friction
decreased by adding the ILs, as shown in Figure 7-1A. The friction evolution of ILs was controlled
by the presence of a thick tribofilm, which increases the friction due to the increase in the effective
roughness of the worn surface. This behavior is shown by higher friction evolution of WG-PP
compared to WG-BMP at the end of the test as shown in Figure 7-1A, regardless of the PP adsorbed
layer is thicker, or has higher shear viscosity and shear elasticity modulus compared to BMP adsorbed
layer (Figure 6-3). In the absence of a thick tribofilm, the friction is controlled by surface adsorption.
For example, by adding C12 into WG base lubricant, the friction reduces drastically as shown in
Figure 7-1A. According to literature, the friction reduction of carboxylic acids in polar media is due
to the formation of a thin oxide film and the adsorption of carboxylic acid onto the rubbing surface
[35,130]. Furthermore, the QCM-D study showed that C12 forms medium-thick, viscous, and rigid
adsorbed layers (Figure 6-3), resulting in low and steady friction throughout the test. WG-BMP at
the end of the test shows higher friction evolution than WG-C12 due to BMP adsorbed layer having

a lower thickness, shear viscosity and shear elasticity modulus than C12 (Figure 6-3).

As shown in Figure 7-1, the friction evolution of WG-BMP consists of two distinct behaviors: (1)
high friction at the first half of the test and (2) lower friction at the second half of the test. To further
understand the influence of tribofilm formation on friction, a shorter test was performed for WG-
BMP on AISI 52100 steel (terminated after 100 m of sliding distance, before the transition). The top
view of the worn surface, wear cross-section FIB image and STEM image with elemental mapping
of WG-BMP 100 m are shown in Figure 7-7, along with WG-BMP 300 m sample for comparison.
The WG-BMP 300 m wear track shows a smooth surface, whereas a rougher surface is observed for
the WG-BMP 100 m as a result of the formation of a thick tribofilm. These wear surface morphologies
are in agreement with the friction evolution of WG-BMP on AISI 52100 steel in Figure 7-1A,
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Figure 7-7. The top view, cross-section, and STEM image with elemental mapping of AISI 52100 steel worn surface
lubricated by WG-BMP tested for 100 m and 300 m (tribofilm is indicated between two dashed yellow lines).

where a rougher surface results in higher friction and vice versa. Therefore, in this case, a thick oxide
tribofilm is responsible for the higher friction.

Comparing the friction evolution of WG-PP and WG-BMP at the first half of the test, when a very
thick tribofilm is present for both cases, lower friction is found for WG-PP. This behavior could be
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due to three reasons. Firstly, the adsorbed layer of PP is thicker and has higher shear viscosity and
shear elasticity modulus than the BMP adsorbed layer. Secondly, the low pH of the WG-PP leads to
more active dissolution (Fe?*) of the tribosurface decreasing the Fe oxide to metal ratio (Table 7-2).

And lastly, the presence of iron phosphate in the tribofilm of PP which alters the tribofilm properties.

In the case of AISI 316L stainless steel, WG base lubricant gives high friction at the start of the test
and gradually decreases to a steady friction condition with a COF of 0.14 that slightly fluctuates until
the end of the test. Surprisingly, the STEM images show that WG alone in AISI 316L stainless steel
is able to form a thick tribofilm (Figure 7-5). Therefore, thick tribofilms might not be the main factor
controlling the friction in the case of AISI 316L stainless steel compared to AISI 52100 steel.
However, the chemical composition of the tribofilm might be the controlling factor on AISI 316L
stainless steel, which consists of other metal elements than only Fe (Table 7-1). Adding C12 to WG
suppresses the running-in period in the case of AISI 316L stainless steel, and the friction evolution
stabilizes at low a COF of 0.14. Thus, in the absence of thick tribofilms, friction evolution is
controlled by the adsorbed layer, where the thicker, more viscous, and more rigid C12 adsorbed layer
decreases friction. There is no significant difference in the friction evolution of WG-C12 on AlISI
316L stainless steel and AISI 52100 steel, indicating the hardness of the substrate does not play

important role in friction for WG.

Interestingly for AISI 316L stainless steel, WG-PP and WG-BMP show different friction behavior
compared to WG alone or WG-C12. Friction evolution in WG-ILs is controlled by other factors than
surface adsorption. The ILs increase the electrical conductivity of the lubricant and trigger a
tribocorrosion process on the surface of a passive metal such as the AISI 316L stainless steel. In a
tribocorrosion process, the removal of the passive film and the repassivation of the wear track occur
in a cyclic manner. This tribocorrosion process has a clear detrimental effect in the frictional behavior
resulting in the fluctuation of the friction evolution as shown in Figure 7-1B. The fluctuations in
WG-PP and WG-BMP are to be understood as depassivation-repassivation events due to the high
electrical conductivity of the lubricant. The higher friction evolution of WG-PP compared to WG-
BMP is due to stronger tribocorrosion effect leading to higher metal dissolution. Resulting in higher
surface roughness as shown in STEM image in Figure 7-5. In addition, the tribofilm chemical
composition difference between WG-PP and WG-BMP, it shows that the WG-PP tribofilm is rich in
oxides and phosphate whereas the WG-BMP tribofilm is rich in nickel. It seems that a more metal-
based tribofilm has a more beneficial effect on friction compared to an oxide-based tribofilm.
Moreover, the effect of pH and electrical conductivity is opposite in the case of AISI 52100 steel,

since for this non-passive metal alloy a tribocorrosion process is not expected [160].
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Figure 7-8. Wear cross-section profile and the calculated wear area of AISI 52100 steel and AISI 316L stainless steel
lubricated by WG with and without additives.

7.4. The effect of adsorbed layer and tribofilm on wear

The influence of the additives on wear was studied more in detail by analyzing the wear tracks’ cross
section. As shown in Figure 7-8A and Figure 7-8B, the wear profiles from each lubricant condition
show the formation of ridges along the sides of the wear groove. These ridges are a good indicator
for plastic deformation, and the difference between the area of the worn groove and the area of the
ridges give the real material loss. The ridges area (Aridges), groove area (Agroove), and real material loss

(AA) are presented in Figure 7-8C and Figure 7-8D along with the degree of material loss (B).

In the case of AISI 52100 steel, Figure 7-8C shows that samples tested in the polar media (WG) have
high B value, indicating a more abrasive wear mechanism. Looking at the AA and the 3 value of WG-
PP, the importance of tribofilm becomes obvious, where a very thick tribofilm results in low material

loss and also changes the wear mechanism towards more plastic deformation. Moreover, the WG-PP
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Figure 7-9. The calculated wear area of AISI 52100 steel lubricated by WG-BMP tested for 100 m and 300 m.

tribofilm also contains iron phosphate (Figure 7-6 and Table 7-1), enhancing its antiwear properties.
Comparing WG and WG-C12, Figure 7-8C shows that they have a comparable B value, indicating a
similar wear mechanism, which corresponds to more abrasive wear. This might be due to the fact that
they do not create thick tribofilms (Figure 7-4). However, WG-C12 has lower material loss than WG
indicating the importance of the adsorbed layer. Thus, in the absence of a thick tribofilm (in the case
of WG-C12), the wear reduction is mainly influenced by the adsorbed layer, which has medium-thick,

viscous, and rigid adsorbed layer (Figure 6-3).

As shown in the STEM images in Figure 7-7, WG-BMP 100 m produces a very thick tribofilm,
whereas it has been removed in WG-BMP 300 m. The effect of this tribofilm removal on the wear
resistance of AISI 52100 steel lubricated by WG-BMP has been further analyzed and it is shown in
Figure 7-9. The measured areas are normalized to 100 m for easier comparison. This was observed
that WG-BMP 100 m sample shows lower area loss (AA) than WG-BMP 300 m due to thick tribofilm.
Therefore, the formation of a thick tribofilm has a beneficial effect on the wear reduction of the AISI
52100 steel in polar media. However, when looking at the wear track surface and the FIB cross-
sections, the thickest tribofilms (WG-PP and WG-BMP 100 m) have poor adhesion to the metal
(Figure 7-2, Figure 7-3, and Figure 7-7) that can have a detrimental effect on the tribofilm integrity.
The different mechanical properties of the tribofilm and the metal might be responsible for this
behavior, where under pressure, the ductile metal tends to plastically deform leading to cracking and

detachment of the more brittle oxide tribofilm at the interface.
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In the case of AISI 316L stainless steel, Figure 7-8D shows that WG alone has a low B value,
indicating more plastic deformation. This might be due to the fact that WG alone forms a thick
tribofilm. AISI 316L stainless steel protects itself from corrosion by creating a stable passive
(chromium oxide) film on the surface due to its high content in chromium. During the tribotest, when
the sliding process starts, this passive film is removed by the mechanical action of the counterpart
and the pristine metal alloy (depassivated wear track) will be then exposed to the lubricant. If the
lubricant contains oxygen and is electrically conductive, the passive film will reform almost
instantaneously (i.e., repassivation process). This process (tribocorrosion) will continue in a cyclic
manner until the mechanical action is stopped, leading to an increase in the wear rate of the material
[161]. Looking at the AA and B values of WG-PP, PP increases the AA and B values of the WG base
lubricant, suffering more abrasive wear. This is in agreement with the fact that tribocorrosion and
active dissolution have taken place in WG-PP resulting in a higher material removal rate. In the case
of WG-BMP, the neutral pH lowers the metal dissolution, and the intermediate electrical conductivity
lowers the tribocorrosion. In addition, BMP created a metal-based tribofilm thus leading to lower AA
and B values as shown in Figure 7-8D. In the case of WG-C12, C12 gives the lowest electrical
conductivity in WG (Table 6-1) yet it creates the highest area loss as shown in Figure 7-8D. In
addition, WG-C12 gives high B value, indicating more abrasive wear mechanism. This might be

because C12 does not create thick tribofilms (Figure 7-4).

Comparing AISI 52100 steel and AISI 316L stainless steel lubricated by WG, it shows that AlSI
316L stainless steel has lower AA and f values, indicating that the presence of a thick tribofilm plays
an important role on reducing wear (Figure 7-4 and Figure 7-5). In the absence of a thick tribofilm,
comparing AISI 52100 steel and AlSI 316L stainless steel lubricated by WG-C12, it shows that both
samples have similar p value, resulting similar abrasive wear mechanism. However, the area loss of
AISI 316L stainless steel is much larger than AISI 52100 steel, indicating that the hardness of the
substrate plays a significant role in wear reduction. Therefore, in the case of AISI 316 stainless steel,

the factor controlling wear is the tribofilm thickness and the hardness of the substrate.

7.5.  Summary

A summary of the tribological study of ionic liquids and carboxylic acid as boundary additives in
water-glycol is illustrated in Figure 7-10 and Figure 7-11 for AISI 52100 steel and AISI 316L

stainless steel, respectively.
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7.6. Conclusion

The tribological behavior of ILs in polar media was studied in detail by analyzing the effect of surface
adsorption and tribofilm formation on friction and wear. In this study, two metals, i.e., non-passive
(AISI 52100) and passive (AISI 316L), were used to examine the effect of surface chemical

composition on the tribological behavior of ILs in a polar medium (water-glycol).

Comparing AISI 52100 steel and AISI 316L stainless steel lubricated by WG alone shows that the
tribofilm chemical composition and thickness plays a significant role in reducing friction and wear.
In addition, the absence of functional additives makes it difficult to influence friction and wear.
Clearly, the use of additives in WG results in a better friction and wear control, however, the type of
additive and the chemical composition and mechanical properties of the tribomaterial play an

important role.

In the case of the non-passive metal (AISI 52100), the friction and wear were controlled by the
presence of tribofilms, resulting in high friction and low wear for thick tribofilm formation (WG-PP
and WG-BMP 100 m). WG-PP resulted in lower friction and wear compared to WG-BMP 100 m,
which was due to the metal dissolution on the surface and the presence of iron phosphate in the
tribofilm which stabilized the tribofilm formation. In addition, PP produced thicker, more viscous
and more rigid adsorbed layer compared to BMP influencing the frictional and antiwear properties.
In the absence of a thick tribofilm, the friction and wear were controlled by the additive’s adsorbed
layer, where the thicker, more viscous, and more rigid C12 adsorbed layer gave the lowest friction
and wear (comparing WG-C12, WG-BMP and WG).

In the case of the passive metal (AISI 316L), thick tribofilms could not be formed due to the
tribocorrosion process in the lubricant additivated with ILs, which leads to a cyclic and continuous
tribofilm formation and removal (as seen in the fluctuating friction evolution, Figure 7-1). Hence,
the frictional and wear behavior of ILs were controlled by the tribocorrosion process rather than by
the additive’s surface adsorption. The tribocorrosion process was driven by the electrical conductivity
and the pH of the lubricant, where the higher electrical conductivity and lower pH of WG-PP
enhanced the process, leading to high friction and wear compared to WG-BMP. In the absence of
tribocorrosion, friction is controlled by the additive’s adsorbed layer whereas wear is controlled by
the tribofilm formation, where the thicker, more viscous, and more rigid C12 adsorbed layer resulted

in the lowest friction. However, the lack of thick tribofilm (C12) resulted in the highest wear.
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Chapter 8
A tribological study of ionic liquids as boundary

additives in a non-polar base lubricant
(Parts of this chapter are published in paper 3)

Chapter 8 is dedicated to study the influence of ILs used as lubricant additives in polyalphaolefin
(PAO) on the tribological performance of AISI 52100 bearing steel and AISI 316L stainless steel. In
this study, PP and BMP were studied as lubricant additives in PAO, and their tribological behavior
was compared with a carboxylic acid additive, C12. The selected concentrations were 1 wt.% and 0.1
wt.% for ILs and C12, respectively, and are the same as in previous chapters. As described in section
3, the boundary lubricating conditions were used for the tribological tests. The tests were performed
for 9550 cycles which gave a distance of 300 m. A detailed surface analysis was performed using a
range of advanced analytical tools, such as FIB-SEM, STEM-EDS and XPS.

8.1. Friction and wear performance in PAO

Figure 8-1 shows the friction evolution of AISI 52100 steel and AISI 316L stainless steel lubricated
by PAO base lubricant and PAO additivated with PP, BMP, and C12. The friction evolution of AISI
52100 steel lubricated with PAO alone shows a COF of 0.1 at the beginning of the test, followed by
a steady increase after 20 m to reach a COF of 0.19 at 70 m as shown in Figure 8-1A. Afterwards,
the friction continuously declines to 0.14 until the end of the test. The addition of ILs in PAO delays
the friction increase to 30 m and 100 m for PP and BMP, respectively. In addition, BMP not only
delays further the friction increment but also decreases friction until the end of the test. The addition
of C12 in PAO results in a steadier friction evolution at ca. 0.12 without any friction increase. It is
worth noticing that the friction of PAO, PAO-PP, and PAO-BMP is lower than PAO-C12 before any
friction increase takes place. The wear of AISI 52100 steel is shown in Figure 8-1C, PAO base
lubricant gives the highest SWR of 5.70 x 10 mm®Nm, followed by PP, BMP, and C12, with 5.30
x 106, 3.63 x 106, and 2.89 x 10 mm3/Nm, respectively.

In the case of AISI 316L stainless steel, the friction evolution of PAO alone is characterized by high
friction at the beginning of the test, followed by a steady decrease in friction at ca. 50 m until reaching

0.14 as shown in Figure 8-1B. The addition of PP in PAO significantly reduces the running-in period
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Figure 8-1. Friction evolution and wear rates of AISI 52100 steel and AISI 316L stainless steel lubricated by PAO with
and without additives.

and maintains a steady friction after the running-in slightly lower than PAO alone. BMP in PAO
reduces more efficiently the running-in period than PP, completely suppressing it. After the running-
in, the COF of PAO-BMP is comparable to PAO-PP. C12 in PAO increases friction to 0.15 and
fluctuates during the whole test, indicating unstable friction. The wear of AISI 316L stainless steel is
shown in Figure 8-1D, PAO alone gives a SWR of 1.68 x 10° mm®/Nm. ILs reduce the SWR to 1.18
x 10 and 3.00 x 10 mm3/Nm for PP and BMP, respectively. The SWR of PAO-C12 is 5.99 x 10
mm?3/Nm, which is ca. 3.5 times higher than the SWR of PAO alone.

Figure 8-2 shows the SEM images of the wear track surface after tribo testing. The wear track
morphology of AISI 52100 steel lubricated by PAO alone shows abrasive wear marks with minor
plastic deformation. In the case of PAO-PP and PAO-BMP, the wear tracks of AISI 52100 steel have
similar morphology, where abrasive wear with minor plastic deformation is observed. On the other
hand, a smooth wear surface with no plastic deformation is observed on AlSI 52100 steel lubricated

by PAO-C12, which is in agreement with the friction evolution and wear results.
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Figure 8-2. SEM images of the wear tracks of AISI 52100 steel and AISI 316L stainless steel disks tested in PAO with
and without additives.
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Figure 8-3. FIB cross-section images of the wear tracks of AISI 52100 steel and AlISI 316L stainless steel disks tested in
PAO with and without additives.

110



The wear morphology of AISI 316L stainless steel lubricated with PAO alone shows a smooth wear
surface with signs of abrasive wear and plastic deformation. In the case of AISI 316L stainless steel
lubricated with PAO-PP, the wear track shows plowing with signs of plastic deformation and
delamination in some areas. On the other hand, PAO-BMP shows a smooth surface and abrasive
grooves with no signs of plastic deformation. PAO-C12 shows delamination, wear flakes, and severe

plastic deformation inside the wear track.

The influence of friction on the subsurface microstructure of the steels is shown in Figure 8-3. The
length of the cross-section was 20 pum and was taken from the center of the wear track and
perpendicular to the sliding direction and prepared using SEM-FIB. The microstructure of AlSI
52100 steel lubricated by all lubricants consists of chromium carbides (dark round particles) with
some deformed grains and plastic deformation. PAO, PAO-PP, and PAO-BMP samples have similar
degree of recrystallization and plastic deformation, whereas PAO-C12 samples show lower degree of

recrystallization and plastic deformation, which is in agreement with the low friction evolution.

For AISI 316L stainless steel, a higher degree of recrystallization and plastic deformation is observed
compared to AISI 52100 steel due to its lower hardness. PAO, PAO-PP and PAO-C12 have similar
degree of recrystallization and plastic deformation. In the case of PAO-BMP, lower degree of
recrystallization and plastic deformation is found, together with a thinner subsurface recrystallization

area, which is in agreement with its low friction evolution.

8.2. The effect of additives and surface chemistry on tribofilm

formation

In order to investigate the tribofilms, the cross-section of all wear tracks was examined by STEM.
The STEM images and the EDS elemental mapping are presented in Figure 8-4 and Figure 8-5 for
AISI 52100 steel and AlSI 316L stainless steel, respectively. The chosen elements for mapping were
iron, chromium, nickel, oxygen, and phosphorous, which are present in the bulk material and the ILs.
The oxygen is an indicator of the presence of oxides. Although BMP contains fluorine, this element

was not selected for EDS mapping due to the close energy of F Ka and Fe La.

For AISI 52100 steel samples, the samples lubricated by PAO, PAO-PP, and PAO-BMP show a thick
tribofilm on the wear track surface with a thickness of 50 — 250 nm. In addition, cracks are found in
the subsurface area for PAO and PAO-PP, however no visible subsurface cracks are observed for
PAO-BMP. In the case of PAO-C12, a thin tribofilm is observed with a thickness of ca. 15 nm.
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Figure 8-4. STEM cross-section images and EDS elemental mapping of the wear tracks on AISI 52100 steel tested in
PAO with and without additives.

In addition, cracks are found in the vicinity of the carbides and on the surface. EDS elemental
mapping of the cross-sections shows high oxygen levels in the tribofilms of all samples, indicating
they consist mainly of oxides. No phosphorous is detected in the tribofilm of PAO-PP and PAO-BMP

samples indicating that the ILs are not involved in the tribofilm formation.

For AISI 316L stainless steel, the samples lubricated by PAO, PAO-PP, and PAO-BMP show a thick
tribofilm on the surface with a thickness of 50 — 300 nm. No visible subsurface cracks are observed
for the samples lubricated by PAO, PAO-PP, and PAO-BMP. In the case of PAO-C12, a thin tribofilm
is observed with a thickness of ca. 15 nm. In addition, signs of smeared surface material into the

subsurface region are observed. EDS elemental mapping of the cross-sections shows high oxygen

112



AISI 316L stainless steel
PAO PAO-PP PAO-BMP PAO-C12

STEM
image

Fe Ka

Cr Ka

Ni Ka

R R

O Ka

P Ka

500nm 500nm

Figure 8-5. STEM cross-section images and EDS elemental mapping of the wear tracks on AISI 316L stainless steel
tested in PAO with and without additives.

levels in the tribofilms of all samples, indicating they consist mainly of oxides. In addition,
phosphorous is detected in PAO-PP, indicating that PP is involved in the tribofilm formation. In the

case of PAO-BMP, no clear indication of phosphorus is found in the tribofilm.

A detailed chemical composition of the tribofilms is taken by means of EDS and the results are shown

in Table 8-1. In the case of all AISI 52100 steel samples, the tribofilms consist of iron and oxygen.
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Table 8-1. EDS chemical composition analysis of the tribofilms tested in PAO with and without additives (at.%)

Sample Lubricant Tribofilm Elemental concentration in tribofilm (at.%)
thickness (nm) Fe Cr Ni (0] P
AISI PAO 50 - 250 46.49 0 - 53.51 -
52100 PAO-PP 50 - 250 48.87 0 - 51.13 0
steel PAO-BMP 50 - 250 44.60 0 - 55.40 0
PAO-C12 15 40.31 0 - 59.69
AISI PAO 50 - 100 31.06 8.23 3.46 57.25 -
316L PAO-PP 100 - 200 25.59 5.79 3.02 60.36 5.24
stainless PAO-BMP 100 - 300 21.54 5.18 2.74 69.91 0.63
steel PAO-C12 15 37.92 10.42 5.28 46.38 -

Chromium is not detected in the tribofilm because it forms stable chromium carbide. In the case of
all AISI 316L samples, the tribofilms consist of iron, chromium, nickel, and oxygen. In addition,
phosphorous is detected for both PAO-PP and PAO-BMP samples.

XPS analysis was performed to analyze the tribofilm of AISI 52100 steel and AISI 316L stainless
steel lubricated by PAO-PP and PAO-BMP. With XPS, the presence of phosphorous and fluorine
will be studied in detail to overcome the drawbacks of the EDS analysis. The detailed XPS spectra
are shown in Figure 8-6 for both AIS1 52100 steel and AISI 316L stainless steel.

XPS results for AISI 52100 steel lubricated by PAO-PP show the presence of Fe and O in the
tribofilm. No Cr or P is found in the tribofilm, indicating that the stable Cr carbide and the PP moieties
did not contribute to the tribofilm formation, which is in agreement with the EDS data. The detailed
Fe spectra deconvolution shows the presence of Fe metal (Fe®), Fe oxides (FeO, FesOs, Fe20s), and
Fe hydroxides (FeOOH and Fe(OH)s). In the case of PAO-BMP, only Fe and O are detected with no
Cr, P, or F in the tribofilm. The absence of P and F indicates that the BMP moieties did not contribute
to the tribofilm formation. Therefore, metallic Fe and Fe oxides and hydroxides are the main
constituents of the tribofilm of PAO-BMP.

In the case of AISI 316L stainless steel lubricated by PAO-PP, XPS shows Fe, Cr, Ni, O, and P in the
tribofilm. The Fe and Cr spectra deconvolution shows that the tribofilms mainly consist of metallic
elements and metal oxides and hydroxides. In addition, P is detected in the tribofilm in the form of
iron phosphate, indicating the PP moieties react with the worn surface and contribute to the tribofilm
formation, which is in agreement with the EDS data. For PAO-BMP, XPS shows the presence of Fe,
Cr, Ni, O, P, and F in the tribofilm. The P spectrum has a smaller peak indicating less phosphorous
species for PAO-BMP than PAO-PP, which is in agreement with the EDS data. In addition, F is
detected in the tribofilm indicating both BMP moieties react with the worn surface and contribute to

the tribofilm formation.
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Figure 8-6. XPS spectra inside the tribofilm of the AISI 52100 steel and AISI 316L stainless steel lubricated by PAO-PP
and PAO-BMP.
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8.3. The effect of adsorbed layer and tribofilm on friction

For AISI 52100 steel, Figure 8-1A shows that there is an increase in friction after some sliding cycles
for PAO, PAO-PP, and PAO-BMP resulting in higher friction than PAO-C12. As shown in Figure
8-4, thick tribofilms are formed for PAO, PAO-PP, and PAO-BMP, whereas a thin tribofilm is formed
for PAO-C12. The formation of thick tribofilms can increase the friction due to the increase in
effective surface roughness as shown in Figure 8-2, where PAO, PAO-PP, and PAO-BMP have
rougher worn surfaces than PAO-C12. The friction evolution of PAO-BMP is lower than the friction
of PAO-PP despite the QCM-D study shows that BMP creates a thinner adsorbed layer compared to
PP (Table 6-3). However, this layer is strongly adsorbed on the surface, playing a significant role in
reducing friction. In the case of PAO-C12, the friction is maintained at a low level despite C12 creates
an adsorbed layer with low thickness, low shear viscosity and low shear elasticity modulus (Table

6-3). Thus, the friction evolution of AISI 52100 steel is highly influenced by tribofilm formation.

To further understand the influence of tribofilm on friction, a shorter test was performed for PAO-
BMP on AISI 52100 steel. Shorter tests terminated after 100 m sliding distance. As shown in Figure
8-1A, the friction evolution of PAO-BMP consists of two distinct regions: (1) low friction for the first
100 m of the test and (2) high friction for the rest of the test. The top view of the worn surface, wear
cross-section FIB image and STEM image with elemental mapping of PAO-BMP 100 m are shown
in Figure 8-7, along with PAO-BMP 300 m sample for comparison. The PAO-BMP 100 m sample
wear track shows a smooth surface, whereas a rougher surface is observed for the PAO-BMP 300 m
as a result of a thick tribofilm formation. These wear surface morphologies are in agreement with the
friction evolution of PAO-BMP on AISI 52100 steel in Figure 8-1A, where a rougher surface results
in higher friction and vice versa. Therefore, the thicker oxide tribofilm is responsible for the higher

friction.

Interestingly, the friction evolution before friction increases shows that PAO, PAO-PP and PAO-
BMP give lower friction than PAO-C12 (Figure 8-1A). The order of friction from high to low is
PAO-C12, PAO, PAO-PP, and PAO-BMP. In the absence of a thick tribofilm (in the case of PAO-
C12), the friction evolution is controlled by the additive’s surface adsorption. Here PAO-C12 gives
higher friction than PAO alone due to the thin C12 adsorbed layer with low shear viscosity and shear
elasticity modulus, which replaces the long and big PAO molecules resulting in a non-durable
adsorbed layer (chapter 6). Whereas for PAO-PP and PAO-BMP, thick, viscous, and rigid adsorbed
layers result in low friction (Table 6-3). In addition, the strongly adsorbed layer of BMP produces a

more durable adsorbed layer resulting in lower friction at longer distances than the PP adsorbed layer.
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Figure 8-7. The top view, cross-section, and STEM image with elemental mapping of AISI 52100 steel worn surface
lubricated by PAO-BMP tested for 100 m and 300 m.

In the case of AISI 316L stainless steel, a friction increase due to thick tribofilm formation is not
observed. As shown in Figure 8-1B and Figure 8-5, the friction evolution of the AISI 316L stainless
steel lubricated by PAO, PAO-PP, and PAO-BMP shows low values even though a thick tribofilm
was formed, implying that a thick tribofilm might not be the factor playing the most important role
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Figure 8-8. Wear cross-section profile and the calculated wear area of AISI 52100 steel and AISI 316L stainless steel
lubricated by PAO with and without additives.

for stainless steel. As shown in Figure 8-6, the tribofilm formed on stainless steel contains oxides
and hydroxides from different metals, whereas the tribofilm on AISI 52100 steel only contains Fe
oxides and hydroxides. In addition, iron phosphate and fluoride were formed in the tribofilm of
stainless steel. Therefore, the chemical composition of the tribofilm influences its mechanical
properties, resulting in a different frictional response. Looking at the friction evolution at the running-
in period, it is seen that BMP has a significant effect on it, which is in agreement with the surface
adsorption data (chapter 6). The durable BMP adsorbed layer reduces the running-in period

significantly thus leading to the thinnest recrystallization region (Figure 8-3).

However, different friction behavior is observed in the case of a thin tribofilm and a less durable
adsorbed layer formed by PAO-C12, both on AISI 52100 steel and AISI 316L stainless steel. PAO-
C12 shows steady and low friction evolution on AISI 52100 steel (Figure 8-1A); in contrast, higher
friction with high fluctuation is observed for AISI 316L stainless steel (Figure 8-1B). Both tribofilms
on AISI 52100 steel and AISI 316L stainless steel are thin oxide layers (Table 8-1), and the QCM

study indicates that C12 formed a less durable adsorbed layer both on Fe and SS coated sensors
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Figure 8-9. The calculated wear area of AISI 52100 steel lubricated by PAO-C12 and PAO-BMP tested for 100 m.

(Table 6-3). The main difference remains in the mechanical properties of the substrate, where AlSI
52100 steel has a higher hardness than AISI 316L stainless steel. For a soft tribosurface (AISI 316L)
lubricated by PAO-C12, the less durable adsorbed layer and thin tribofilm cannot withstand the
applied boundary lubricating conditions, resulting in plastic deformation, as shown in Figure 8-2. On
the other hand, a less durable adsorbed layer and thin tribofilm on a high hardness substrate (AlSI

52100) withstands the applied boundary lubricating condition, thus maintaining low friction.

8.4. The effect of adsorbed layer and tribofilm on wear

The influence of the additives on wear is studied in more detailed by analyzing the wear cross section.
As shown in Figure 8-8A and Figure 8-8B, wear profiles from each lubricant condition show the
formation of ridges along the side of the wear groove. The ridges area (Avidges), groove area (Agroove),
and area loss (AA) are presented in Figure 8-8C and Figure 8-8D along with the degree of material
loss (B) for AISI 52100 steel and AISI 316L stainless steel, respectively.

In the case of AISI 52100 steel, Figure 8-8C shows that all additives reduce the area loss (AA).
Interestingly, the B value of all lubricants is comparable (60 to 70%) indicating a similar abrasive
wear mechanism. Similar to the friction behavior, wear is also highly influenced by the presence of a
tribofilm and adsorbed layer. As the tribofilms have similar thickness and chemical composition for
PAO-PP and PAO-BMP, the wear reduction is mainly affected by the adsorbed layer, where a durable

adsorbed layer (BMP) gives lower wear. To further understand the influence of the adsorbed layer,
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Figure 8-10. Schematic illustration of the wear mechanism of hard versus soft substrate lubricated by PAO-C12 and
PAO-IL.

a shorter test was performed for PAO-C12 and PAO-BMP (i.e., terminated after 100 m sliding, right
before the thick tribofilm formation). A detailed wear analysis is performed, and the results are shown
in Figure 8-9. The results show that the AA for PAO-BMP 100 m is ca. 50% lower than PAO-C12
100 m. In addition, the B value is smaller for PAO-BMP 100 m indicating more plastic deformation,
suggesting that in the absence of a thick tribofilm, the durable adsorbed layer of BMP has better
abrasion resistance than the less durable adsorbed layer of C12.

In the case of AISI 316L stainless steel lubricated by PAO, PAO-PP, and PAO-BMP, a thick tribofilm
also forms on the wear track, as shown in Table 8-1. These tribofilms contain metallic oxides and
hydroxides of iron, chromium, and nickel. Moreover, the tribofilm formed by PAO-PP contains iron
phosphate, whereas the tribofilm formed by PAO-BMP contains iron fluoride and iron phosphate,
yielding durable tribofilms. Figure 8-8D shows that PAO, PAO-PP, and PAO-BMP have similar low
B values indicating similar wear mechanisms, i.€., more plastic deformation, probably due to the lower
hardness of the substrate. Interestingly the wear of PAO-BMP is the lowest among all tested lubricant-
metal combinations, suggesting the combination of a thick tribofilm with a durable adsorbed layer
significantly reduces wear regardless of the hardness of the substrate. For PAO-C12 on AISI 316L
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stainless steel, abrasive wear is the main mechanism as shown in Figure 8-8D. Similar to AISI 52100
steel, C12 creates a thin tribofilm and a less durable adsorbed layer. However, C12 produces the
higher wear on AISI 316L stainless steel than on AISI 52100 steel, indicating the substrate hardness

plays an important role in this case again.

8.5. Summary

A significant influence of substrate (tribomaterial) hardness on wear is found in this study, where a
harder substrate gives lower wear. Interestingly, the formation of a tribofilm on a soft tribomaterial
significantly reduces friction and wear; on the other hand, the formation of a tribofilm on a hard
tribomaterial increases friction and wear. Therefore, surface properties such as adsorption and
chemistry, both of the lubricant and the tribosurface, are factors as important as the mechanical
properties of the tribomaterial to control friction and wear of lubricated tribosystems. Figure 8-10
summarizes the wear mechanisms of the two metals studied in this work lubricated with C12 and ILs
in PAO.

8.6. Conclusion

The tribological behavior of ILs in non-polar media was studied in detail by analyzing the effect of
surface adsorption and tribofilm formation on friction and wear. In this study, two metals, i.e., hard
AISI 52100 steel and soft AISI 316L stainless steel, were used to examine the effect of surface

hardness and chemical composition on the tribological behavior of ILs and C12.

In the case of the harder metal, the friction and wear behavior of ILs resulted in two different
scenarios. In the absence of a thick tribofilm, friction and wear were controlled by the additive surface
adsorption, where a durable adsorbed layer resulted in low friction and wear. The presence of a thick
tribofilm results in higher friction and wear than a thin tribofilm. Comparing within thick tribofilm
samples, friction and wear are controlled by the additive’s surface adsorption, where a durable

absorbed layer results in lower friction and wear.

In the case of the softer metal, the friction and wear behavior of ILs were controlled by the tribofilm
formation. The tribofilm in AISI 316L steel consisted of metal and oxides from iron, chromium, and
nickel. Thick tribofilms on a soft tribomaterial increase the wear resistance. In the presence of a thick
tribofilm, the friction evolution is controlled by the additives’ surface adsorption, where a durable

adsorbed layer results in the lowest friction.
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In the case of PAO-C12, thin tribofilms are formed on both AISI 52100 steel and AISI 316L stainless
steel. Moreover, the C12 adsorbed layer has low shear viscosity and low shear elasticity modulus
leading to a non-durable adsorbed layer. Therefore, the friction and wear evolution of C12 are mostly
controlled by the hardness of the substrate, i.e., PAO-C12 on a harder substrate led to low friction

and wear.
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Chapter 9

Conclusions and future work

9.1. Conclusions

In this Ph.D. thesis, ionic liquids with different cation and anion moieties and alkyl chain length were
compared to investigate their role as lubricant additives in low viscosity polar and non-polar base
fluids. The tribological behavior and adsorption mechanisms of lubricants containing ionic liquids
applied on stainless steel and bearing steel surfaces have been investigated and compared with a well-

known carboxylic acid as reference additive.

Preliminary studies performed by turbidity meter showed that the alkyl chain influences the solubility
of the ionic liquids in the base fluid. The study showed that long alkyl chain ILs were not fully soluble
in water-glycol, while they were fully soluble in polyalphaolefin. Interestingly, the long alkyl chain
ILs with non-3D anion structure were not fully soluble in neither water-glycol, nor polyalphaolefin

lubricants.

In the polar base lubricant, ionic liquids alter the electrical conductivity and pH of the base fluid. All
ionic liquids investigated in this Ph.D. thesis increase the electrical conductivity of water-glycol;
however, only PP significantly reduce the pH of water-glycol to acidic values, whereas the others
resulted in a similar pH value as the base fluid. For the non-polar base lubricant, the electrical
conductivity and pH of the lubricants could not be measured due to the lack of the electrical charge

mobility in the fluid.

For the polar base lubricant, studying the effect of concentration of ILs in friction and wear of AISI
316L stainless steel showed that increasing the concentration increased wear, where 4 wt.% ILs gave
the highest wear due to tribocorrosion. In the case of friction, a parabolic result was found in which
1 and 2 wt.% of ILs gave the highest friction and a further increase of the concentration decreased
friction. The metal dissolution at higher concentration helps in reducing friction. For the non-polar
base lubricant, low concentration of ILs (0.25 wt.%) did not influence friction and wear. The friction
and wear reduction were observed from 0.5 wt.% concentration, reaching a plateau at 1 wt.% where

further increase in the concentration gave similar results as 1 wt.%. Here, in the absence of

123



tribocorrosion, the tribological behavior depended mostly on the adsorption and tribochemical

reaction of the ILs with the tribosurface.

The adsorption study of the ILs and C12 by QCM-D showed that the polarity of the additives, polarity
of the lubricant, pH of the lubricant, and tribosurface type played an important role on the adsorption
of the additives to the sensor surface. The active molecular interaction and competitive adsorption
between the ILs and the polar lubricant molecules limits the adsorbed layer formation resulting in a
thinner adsorbed layer compared to the non-polar lubricant. In addition, corrosion on the steel coated
sensor was observed for PP. For the stainless steel coated sensor, no corrosion was observed for any

additive.

Further studies of ILs as lubricant additives were conducted by comparing the influence of
tribosurface hardness. This study was performed on a bearing steel (AISI 52100) and a stainless steel
(AISI 316L). The tribological behavior of the steels was investigated in the presence of ILs as
lubricant additives in a polar (water-glycol) and a non-polar (PAO) base lubricant. As mentioned
before, ILs in water-glycol increase the electric conductivity and alter the pH of the base fluid.
Tribological tests on the hard metal revealed none or little tribocorrosion on the surface leading to a
thick tribofilm formation. The formation of a thick tribofilm enhanced the wear reduction; however,
the chemical composition of the tribofilm (mainly consisting of hard Fe oxides) led to a friction
increase. Thus, friction and wear of a hard metal, which is also actively corroding (hon-passive) in
the polar medium, are controlled by tribofilm formation. Water-glycol additivated with ILs tested on
a passive and soft metal resulted in a tribocorrosion process on the surface leading to the formation
of a thin tribofilm. In addition, the low pH in the case of PP dissolved the passive film resulting in
further thinning of the tribofilm thus leading to high friction and wear. Thus, for a passive and soft

metal, the friction and wear were controlled by tribocorrosion in the polar lubricant.

The tribological behavior of the two steels were also investigated in a non-polar (polyalphaolefin)
base lubricant additivated with ILs and C12. As mentioned before, due to the lack of ionic mobility
in the lubricant, the conductivity and pH cannot be measured. For the harder metal, friction and wear
were controlled by tribofilm formation where the presence of hard Fe oxides increased friction and
wear. In the case of the passive and soft metal, tribocorrosion did not occur due to the lack of electrical
conductivity in the lubricant. Thus, friction and wear were controlled by the additives’ adsorbed layer
properties and the tribofilm thickness, where a strongly adsorbed layer and a thick tribofilm led to

excellent friction-reducing and antiwear performance.

Consequently, in this Ph.D. thesis it was found that the most important factors controlling friction

and wear are the thickness and viscoelastic properties of the adsorbed layer, the thickness and
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chemical composition of the tribofilm, and the hardness and chemical composition of the steel. Thus,
the surface material, the lubricant and the additives, and their interaction need to be considered in

order to understand the tribological behavior of the system.

In this Ph.D. thesis, the potential of ILs as lubricant additives in low viscosity base lubricants was
assessed. The results showed that ILs can be used as lubricant additives for low viscosity lubricants,
but several parameters need to be considered, such as, the solubility of the ILs in the base lubricant,
the pH of the ILs for polar media (need to maintain a neutral pH on the lubricant), the ability of ILs
to form thick and durable adsorbed layers, the ability of ILs to form thick oxide tribofilms (alloying
elements in the metal surface are needed), and the ability of ILs to provide with no or mild corrosion

and tribocorrosion (this can also be achieved by modifying the tribosurface composition).

9.2. Future work

This Ph.D. thesis has studied the potential of ILs as lubricant additives in low viscosity base lubricants
and provides with some understanding of their influence on surface adsorption and tribological

behavior. However, some areas still remain for further study:

e Although the surface adsorbed layer of the additives could be analyzed by QCM-D, further
analysis with a more physical approach could give better understanding about the adsorbed
layer. This can be done by AFM with both surface mapping and force-distance curves. Surface
mapping by AFM will provide with the actual topography of the adsorbed layer and the force-
distance curves will provide the bonding strength of the adsorbed layers at the surface.

e This Ph.D. thesis showed that a durable tribofilm is needed for better friction reduction and
antiwear performance; however, the study of the actual mechanical properties of the tribofilms
is missing. This could be done by nanoindentation technique.

e As shown from the XPS study, the tribofilms consist of different type of oxides, thus further
analysis by TEM can provide more details about the tribofilm composition bringing further
understanding of the correlation between the tribofilm’s composition and properties.

e Element mapping for AISI 316L stainless steel lubricated by WG-BMP showed the formation
of a nickel-rich tribofilm, however a more detailed analysis needs to be done. The use of high
resolution TEM can provide better understanding of this tribofilm and the reasons why nickel

preferentially segregates with BMP only.
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Two types of steels were studied in this Ph.D. thesis, i.e., hard and non-passive metal and soft
and passive metal. The opposite combination of properties should be tested for further
understanding, i.e., soft and non-passive metal and hard and passive metal.

Investigating the tribological performance of the fully formulated lubricant to examine the
synergy effect between ionic liquid and other additives. This study can be performed both in

boundary and hydrodynamic lubricating conditions.
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Abstract: Ionic liquids have been widely discussed as potential lubricants, however, their properties make them
also very good potential candidates as lubricant additives (e.g., friction modifiers and anti-wear). In this
work, the tribological study of two ionic liquids (tributylmethylphosphonium dimethylphosphate (PP), and
1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl)trifluorophosphate (BMP)) as lubricant additives has been
performed on stainless steel (AISI 316L) exposed to polar (water-glycol) and non-polar (polyalphaolefin) based
lubricants under boundary lubricating conditions. The performance of these ionic liquids as lubricant additives
has been compared to a classical organic friction modifier (dodecanoic acid (C12)). The water—glycol lubricant
formulated with the two ionic liquids showed friction values higher than the same base lubricant formulated
with dodecanoic acid, however, opposite results were observed for polyalphaolefin (PAO). A detailed surface
chemical analysis using X-ray photoelectron spectroscopy (XPS) revealed differences in the passive/tribofilm
thickness and chemical composition of the stainless steel surface tested in all lubricants. In the case of the polar
lubricant additivated with ionic liquids, the tribochemical reaction accompanied by a tribocorrosion process led
to the formation of an unstable passive/tribofilm resulting in high friction and wear. However, in the absence
of tribocorrosion process (polyalphaolefin base lubricant), the tribochemical reaction led to the formation of a
stable passive/tribofilm resulting in low friction and wear. A detailed surface and subsurface investigation of
the microstructure using scanning electron microscopy equipped with a focused ion beam (SEM-FIB) showed
that high wear rates resulted in thicker recrystallization region under the wear track surface. Among all lubricant
additives tested in this work, BMP in non-polar lubricant media showed the best tribological performance.

Keywords: water lubricant; polyalphaolefin (PAO); ionic liquids; tribochemistry; tribocorrosion; tribofilm

1 Introduction

In this modern era, energy efficiency has become a
significant issue in automotive and industrial sectors
worldwide. In system components consisting of
moving parts, wear and friction play a significant
role in the energy consumption. A recent study shows
that 23% of the world’s total energy consumption was
lost in tribological contacts to overcome friction (20%)

and to repair the worn parts due to wear or wear-
related failures (3%) [1]. Lubrication is needed in
moving parts to provide low-friction and wear-
protective boundary films to protect surfaces. Lubricants
consists of about 70%-99% base oil and 30%-1%
chemical additives depending on the application and
use of the lubricant. Base oils have two main sources,
biological (animal or vegetable sources) and non-
biological (mineral or synthetic oils produced by the
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distillation and cracking process of crude oil) leading
to a broad variety of hydrocarbons that can be polar
and non-polar. For some specific applications where
fire safety is the main requirement, water-based
lubricants are also formulated (i.e., typically ca. 1:1
mixture of water and glycols or any other polar
hydrocarbon that helps increasing viscosity). The
primary function of the base oil is to lubricate and act
as a carrier of additives. Additives are chemical com-
pounds that improve the performance of base oils and
are meant for enhancing an already existing property
(viscosity, pour point, oxidation resistance, etc.) or
to add a new property (cleaning/suspending ability,
antiwear performance, corrosion control, friction
control, etc.). Each additive or group of additives have
a function in different or several lubricating regimes
(i.e., boundary, mixed, and hydrodynamic regimes).
Friction modifiers and anti-wear additives are most
critical in the boundary/mixed lubricating conditions
and are the focus of this work due to their relevance
for future applications in low and ultra-low viscosity
lubricants used in, for example, electric vehicles [2].
Commonly used friction modifiers are carboxylic
acids which have a polar head and a non-polar
hydrocarbon tail. They are commonly known as
organic friction modifiers (OFMs). They have been
used since the 1920s and due to their amphiphilic
molecular structure, the OFMs can be dissolved in
polar and non-polar media [3]. The polar head tends
to adsorb on metal surfaces while the non-polar tail
stretches out to the lubricant base preventing contact
between adjacent sliding surfaces thus providing low
friction. There are two main parameters limiting the
functionality of carboxylic acids, i.e., high temperature
and high pressure [4]. When the mechanical conditions
in a tribological system become severe (very high
pressure in the boundary lubricating regime), the
friction modifier on the moving surface tends to
desorb. In this extreme boundary lubricating condition,
anti-wear additives are then required to preserve the
integrity of the surfaces in contact. A well-known
anti-wear additive is zinc dialkyldithiophosphate
(ZDDP), which was developed in the 1940s as an
antioxidant, but its ability to reduce wear was soon
discovered [3]. The ability of ZDDP to overcome
wear lies on its capability to form a protective film on
the metal surface through tribochemical reactions [5].

UNIVERSITY PRESS

However, the degradation products of ZDDP pose
environmental risks thus its use needs to be reduced
to meet the Euro 5 and Euro 6 standards [6, 7].
Therefore, current trends in industry to maintain low
friction and wear protection in systems working in
boundary lubricating conditions (e.g., electric vehicles
using low and ultra-low viscosity lubricants) are
pushing the need to find new friction and anti-wear
additives with a greener perspective as well, for
example, ionic liquids.

Ionic liquids (ILs) are organic salts, containing a
positive (cation) and a negative (anion) part, that
are liquid at low temperature (usually <100 °C). Ionic
liquids are considered as “green” substances due to
their extremely low volatility (not emitting hazardous
volatile compounds) [8, 9]. But they offer other benefits
as well, such as low melting points (liquid at room
temperature), chemical and thermal stability (high-
temperature operation), non-flammability, high ionic
conductivity, high heat capacity, high thermal
conductivity (facilitating the removal of excessive heat),
and high polarity (highly surface active and adsorbing)
[10-12]. Their chemical and physical properties can be
tuned by changing the anion and cation composition
to obtain task-specific ILs structures. This flexibility
makes ILs ideal candidates for lubricants for extreme
conditions, such as high shear and high loads, extreme
temperatures, and even ultra-high vacuum [13, 14].
In addition, some research works performed on ILs
as lubricant additives have proven that ILs have
excellent friction-reduction and anti-wear properties
[13, 15-17].

The mechanisms by which ILs are potential good
candidates as lubricant additives are still not clear in
literature and this can be due to the vast amount of
chemistries available, making it difficult to find a
unique distinctive trend. Two main lubricating
mechanisms for ILs are proposed/found in literature:
(1) ILs form an adsorbed layer on the metal surface,
and (2) ILs form a protective layer (tribofilm) on the
metal surface by a tribochemical process [18]. For
the first lubricating mechanism, the anions of ILs
are attracted by the positively charged metal surface
during the rubbing action, subsequently, cations are
attracted by anions. Depending on the attraction force
between the ions, a monolayer or multilayer structure
of anions-cations can be formed originating from the
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metal surface towards the bulk lubricant [19-21]. This
structure has low shear strength properties thus reduces
the friction between the two sliding surfaces [22].
For the second mechanism, ILs between two mating
surfaces will be broken down or decomposed due to
the localized high temperature and high pressure. The
highly active IL anions will eventually react with the
metal surface during the rubbing action. A protective
tribofilm will be formed as a product of this
tribochemical reaction which will eventually increase
the wear resistance [23-26].

Since the possibilities for ILs as lubricant additives
are many and the trend of low viscosity and environ-
mentally friendly lubricants is increasing, this research
work was initiated with the aim to study ILs as
potential green additives in two low viscosity lubricant
media (one polar and one non-polar). The non-polar
lubricant media was a low viscosity and low con-
ductivity polyalphaolefin (PAO). The polar lubricant
media chosen was a water—-glycol mixture due to its
clear compatibility with the environment, but it was
also chosen because of its high electrical conductivity
with the aim of studying the effect of conductivity
in the performance of ILs as lubricant additives. More
precisely, the effect of electrical conductivity and the
corrosion performance of the ILs were assessed in
this work. In this respect, a hybrid tribocorrosion-
tribochemical mechanism has been proposed. The
tribological performance of the two ILs has been
compared with a well-known OFM, dodecanoic acid
(C12). The tribological material chosen for this study
has been an austenitic stainless steel (AISI 316L) due
to its good corrosion resistance. This metal alloy also
allows to study the ionic reactivity of ILs towards the

Tributylmethylphosphonium
dimethylphosphate (PP)

1-butyl-1-methylpyrrolidinium
tris(pentafluoroethyl)
trifluorophosphate (BMP)

Dodecanoic acid (C12)

properties of the passive/tribofilm. The tribological
performance of the different additives is discussed
based on a detailed XPS analysis inside and outside
the wear tracks, and a microstructural analysis of the
wear track subsurface cross-section.

2 Experimental procedure
2.1 Materials

In this work, two ionic liquids were used as
lubricant additives in polar and non-polar media.
As a reference, a commonly used organic friction
modifier (OFM) was chosen. The ionic liquids (ILs)
were the following: tributylmethylphosphonium
dimethylphosphate (PP) (97% purity and a molar mass
of 342.40 g'mol™) purchased from Fluorochem, and
1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl)
trifluorophosphate (BMP) (298%, 587.27 g-mol™)
purchased from Sigma-Aldrich. The OFM was a
carboxylic acid (dodecanoic acid, abbreviated C12)
(299%, 200.32 g-mol™) purchased from Sigma-Aldrich.
The chemical structures of all the additives used in
this work are presented in Fig. 1. The additives were
dissolved in two different media: (1) a polar media
consisting of a mixture of water and dipropylene
glycol (WG), and (2) a non-polar media consisting of
a polyalphaolefin with an aliphatic hydrocarbon
chain of 10 carbons (PAO). Dipropylene glycol (299%,
134.18 g-mol™) was purchased from Acros Organics,
and the polyalphaolefin was obtained from Chevron
Phillips Chemical. All chemicals in these experiments
were used as received without further purification.
The mixture of the base lubricant with the additives

(CH2);CH, o]
CHa(CHa) —T+—CH3 o— ||a —OCH,8
(CH,);CH;, OCH,
CF,CF
CHy, , (CHo),CH, Nich
N2 '
AN
CF.CF; 'I: CF.CF3

o]
> (CH)1oCHs
HO

Fig.1 Molecular structures of the ionic liquids and dodecanoic acid.
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was made using a magnetic stirrer for 4 hours at 50 °C
and 70 °C for polar and non-polar media, respectively.
The additive concentrations used for the tribological
studies were 1 wt% and 0.1 wt% for ILs and a
carboxylic acid, respectively. In a previous study
performed in our research group, the optimal con-
centration for C12 in the same base lubricants was
found to be 0.1 wt% [27]. Therefore, for the present
work, 0.1 wt% of C12 was chosen as a reference. In an
independent study, we have tested the ILs in both
base lubricants at different concentrations (0.25, 0.5,
1, 2, and 4 wt%). In that study, it was found that for
the water-based lubricant, the ILs were fully soluble
at all concentrations and friction was stable at con-
centrations equal and above 1 wt%. For the case of
PAO, the solubility of ILs varied depending on the IL
type. For PP, it was at the same level as in water-glycol
and BMP was not fully soluble at any concentration
due to its high electronegativity. Therefore, a con-
centration of 1 wt% was chosen for the ILs in both
base lubricants.

Stainless steel 316L samples were cut from a 30 mm
diameter stainless steel bar purchased from Smith
Stal (Trondheim, Norway) to create disks of 5 mm
thickness for tribological testing. The disks were ground
using SiC paper and polished using diamond paste
to obtain a surface finish of Ra =0.090 + 0.003 pm. The
roughness was measured using a Mitutoyo SJ-301
surface roughness stylus profilometer. The average
surface roughness (Ra) in 0°, 90°, 180°, and 270°
directions was chosen to describe the roughness. After
grinding and polishing, disks were ultrasonically
cleaned in a 1:1 mixture of ethanol and distilled water
for 5 minutes. Subsequently, disks were rinsed with
ethanol and dried with hot air before testing.

2.2 Testing and characterization methods

Rheometer (Haake Mars Rotational Rheometer with
a CC27 cylinder measuring system, with the built-in
Peltier element) was used to measure the dynamic
viscosity 23 °C in humid air. Each measurement was
performed by increasing the shear rate from 0.01 to
500 s with a ramp time of 180 seconds, then held at
a constant shear rate of 500 s for 30 seconds, and
continued by decreasing the shear rate from 500 to
0.01 s with a ramp time of 180 seconds. The dynamic

viscosity was reported from the average value of 30
measurements taken during the lubricant was held at
a constant shear rate of 500 s'. The dynamic viscosity
values are presented in Table 1. There is a significant
difference in dynamic viscosity between WG and PAO.
However, adding the additives does not significantly
change the dynamic viscosity of any of these two
base lubricants.

A turbidity meter (Hanna Instruments HI-88713)
was used to examine the stability of the lubricant
mixture at room temperature. Turbidity measures the
appearance of lubricants by the degree of light that
has been scattered by the insoluble additives in the
lubricant. With increasing in scattered light, the turbidity
will be higher; i.e., higher Formazin Nephelometric
Units (FNU). The lubricants were put on a magnetic
stirrer for 2 hours prior to the test. The reported FNU
was measured by calculating the average value of 12
measurements taken from 2 hours test. Turbidity
values are shown in Table 1. WG and PAO base
lubricants have stable turbidity numbers of 0.25 and
0.1 FNU, respectively, being transparent and without
phase separation. Lubricants with additives show
similar turbidity number and stable values as their
base lubricant, except for PAO-BMP, which increases
turbidity number to 0.84 FNU and shows a cloudy
appearance, indicating that it is not fully soluble in
PAO.

The conductivity of the lubricants was measured
using a conductivity meter (Hanna Instruments
HI-2300). The pH of the lubricant was measured using
a pH meter from Radiometer analytical (PHM220 Lab

Table 1 Physical and electrical properties of all lubricants.
. Dynamic Turbidit; Conductivit

Lubricants \zlric;);lst)y (FNU)y (uS/em)* Y pH
WG 13.99 0.25 2.5 7.3
WG-C12 13.53 0.25 43 4.7
WG-PP 13.76 0.13 211.2 3.4
WG-BMP 14.02 0.17 109.3 7.0
PAO 81.29 0.12 n.d. n.d.
PAO-CI12 83.13 0.21 n.d. n.d.
PAO-PP 87.27 0.12 n.d. n.d.
PAO-BMP 85.23 0.84 n.d. n.d.

* For comparison, the conductivity of tap water is ca. 500 uS/cm
and for seawater is ca. 5,000 uS/cm.
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pH Meter). These measurements only apply to polar
lubricants (WG) with and without additives, since
the non-polar lubricant (PAO) has non-detectable
conductivity or pH due to the lack of sufficient ionic
species. Conductivity and pH results are presented
in Table 1. C12 does not significantly increase the
conductivity of the base lubricant compared to ionic
liquids. Ionic liquids increase the conductivity in 2
orders of magnitude. Among the ILs, PP presents the
highest conductivity compared to BMP. Adding C12
and PP to WG changes the pH towards acidic values,
with PP having the greatest effect. However, BMP
does not change the pH value of the base lubricant.

A unidirectional ball-on-disk tribometer (Phoenix
tribology) was used to evaluate the tribological
performance of the lubricant under boundary
conditions. An alumina (fused ceramic) ball with a
diameter of 6 mm, purchased from Precision Ball and
Gauge Co., Ltd., was pushed against the stainless
steel 316L disk with a free-weight load of 20 N, which
corresponds to a maximum Hertzian contact pressure
of 1.96 GPa. The rotation of the disk was set to 40 rpm
with a track diameter of 10 mm, which gives a sliding
speed of 2.09 cm/s. The calculated lambda (A) value,
according to the EHL Hamrock-Dowson formula, is
0.016 and 0.088 for WG and PAQO, respectively, and
therefore the boundary lubrication condition is met
for both lubricants. The addition of an additive to the
base lubricant slightly changes the viscosity value,
but the lambda value still meets the boundary
lubrication condition. Testing WG and PAO with C12
additive served as the reference. All lubricants
were tested at room temperature. The distance of the
tribological test was set to 300 meters (4 hours
duration). Three experiments were performed to verify
the repeatability of the results for each condition.

The wear volume was quantified with Alicona Infinite
Focus optical 3D microscope and MountainsMap
surface imaging, analysis, and metrology software.
The wear volume was measured from four locations
of the wear track for each sample and the average value
was then calculated. Subsequently, from three samples
for each condition, Archard’s equation was used to
calculate the average specific wear rate (SWR) [28]:

14

SWR =—
N-S

where SWR is a specific wear rate (mm*/(N-m)), V is
the volume loss (mm?), N is the normal load (N), and
S is the sliding distance (m).

The wear track morphology was observed using
FEI Quanta FEG 650 Scanning Electron Microscopy
(SEM) and the wear track cross sections were prepared
and observed with FEI Helios Nanolab DualBeam
focused ion beam (FIB) and SEM. Gallium liquid
metal ion source was used for deposition, milling, and
polishing. Prior to milling, a platinum layer of 24 um x
7 um x 5 um was deposited on the wear track’s surface
to protect the surface from damage during the ion
milling process. In FIB images, this platinum layer will
be seen as a black layer on top of the surface. Milling
was carried out to the depth of 15 pum using the
gallium source with a voltage of 30 kV and a current
of 21 nA in the right, front, and left of the protective
platinum layer. The cross section cleaning procedure
was done in two steps using a current of 6.5 nA and
0.92 nA with a voltage of 30 kV. The lower current
was applied to minimize artifacts such as curtaining
and to get maximum grain contrast. Grain contrast of
wear track cross section was revealed in SEM mode
using through-lens-detector (TLD).

X-ray photoelectron spectroscopy (XPS) was used
to perform detail chemical analysis of the inside and
outside of the wear tracks by a Kratos Axis Ultra
DLD machine using monochromatic Al Ka source
(10 mA, 10 kV). The sample analysis chamber was set
to a vacuum of 9 x 10° Torr during the acquisition. A
survey scan was performed to collect the elemental
map of the surface using pass energy of 160 eV and
step size of 1 eV. From the elemental map, several
elements were selected for further detailed high
resolution scan, i.e., nickel (Ni), iron (Fe), chromium
(Cr), molybdenum (Mo), carbon (C), oxygen (O),
phosphorus (P), and fluorine (F), using pass energy
of 20 eV and step size of 0.1 eV. Depth profile chemical
analysis was performed to study the tribofilm.
Sputtering was performed using Argon ion gun with
a pressure of 4.4 x 107 Torr, an energy of 4 kV, and a
raster size of 2.5 x 2.5 mm. The selected sputtering
times were 0, 5, 15, 35, 85, 185, 685, and 1685 seconds.
CasaXPS software was used for evaluation and
quantification. Detail curve-fitting parameters for
different compounds used for evaluation and
quantification are shown in Table 2.
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Table 2 Detail curve-fitting parameters of compounds detected outside and inside the wear track of the stainless steel after tribo-testing.

Signal Binding energy (£ 0.1 eV) FWHM (0.1 eV) Line shape Assignment Reference
855.9 1.8 GL(30) Ni(OH),
Ni 2p 853.7 1.8 GL(30) NiO [29, 30]
852.7 0.9 GL(30) Ni 2ps
714.4 2.9 GL(30) FeF;
712.8 2.9 GL(30) Fe**
Feap 712.6 2.9 GL(30) FePO, [16,31,
711.0 2.9 GL(30) Fe;0, 32]
709.5 2.9 GL(30) FeO
706.7 0.9 LF(0.8,2,20,0) Fe 2psp
F s 684.9 1.6 GL(30) F [16,33]
578.7 1.5 GL(30) CrO;
577.3 1.5 GL(30) Cr(OH);
Cr2p [31,32]
576.1 1.5 GL(30) Cr,04
573.9 12 LF(0.8,2,8,0) Cr2psp
533.3 1.8 GL(30) 0-C, 0=C
Ols 531.4 1.8 GL(30) O-H [32, 34]
530.1 1.1 GL(30) 0-M
235.6 1.3 GL(30) Mo®® 3d,,
232.4 1.3 GL(30) Mo®® 3ds),
2342 1.6 GL(30) Mo+ ™ 34, ,
Mo 3 231.0 1.6 GL(30) Mo+ 34, , 351
2323 0.9 GL(30) Mo* 34, ,
229.1 0.9 GL(30) Mo* 345,
230.6 0.7 LF(1.1,2.3,2,0) Mo 3ds
227.6 0.7 LF(1.1,2.3,2,0) Mo 3ds
289.3 1.3 GL(30) 0-C=0
288.2 1.3 GL(30) Cc=0
Cls 286.5 1.3 GL(30) C-OH, C-0-C [36-38]
285.4 1.0 GL(30) C-N
285.0 1.0 GL(30) c-C
P2p 133.6 1.6 GL(30) (PO [38,39]

Figures 2(a) and 2(b) show the friction evolution over
3 Results the whole distance for the base lubricants, base
lubricants with ionic liquids (PP and BMP), and base
lubricants with reference additive (C12) in polar (WG)

Sliding tests were performed on stainless steel under =~ and non-polar (PAO) media, respectively. Friction

3.1 Tribological testing

the boundary lubricating regime conditions to study  evolution of WG and PAO base lubricants alone are
the influence of ionic liquids as boundary lubricant  characterized by a long running-in distance with
additives in polar and non-polar base lubricants.  high friction, reaching steady friction values of 0.145
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Fig.2 The friction evolution at room temperature for (a) WG with and without additive, (b) PAO with and without additive, (c) the
running-in period for WG, and (d) running-in period for PAO. Only one friction evolution graph is shown for each test due to the

excellent repeatability of the results.

and 0.112 for WG and PAO after ca. 100 and 50 m
sliding distance, respectively. Adding C12 to WG
suppresses the running-in sliding distance (Fig. 2(c))
and keeps friction similar to the WG base lubricant
alone after running-in. C12 in PAO shortens the
running-in sliding distance to 10 m (Fig. 2(d)) but
increases the friction to 0.15 with respect to the base
lubricant alone. The addition of 1 wt% of ILs to WG
significantly affects the friction evolution of this base
lubricant. There is a sudden drop in friction at the
start of the test (5 m sliding distance, Fig. 2(c)) and
then the friction continues decreasing with time with
some abrupt increments in some places until a sliding
distance of 200 m (Fig. 2(a)). The ionic liquids in PAO
reduce the running-in sliding distance (Fig. 2(d)), and
friction after running-in is almost similar to the PAO
base lubricant alone. Among the two ILs, BMP is the
best in reducing the running-in period in PAO and it
gives the lowest friction evolution in WG.

The specific wear rate (SWR) was calculated from
the volume loss measured by 3D optical microscope,
and the results are shown in Fig. 3. The SWR value
of the base lubricants (WG and PAO) alone are

7.83 x 10* mm?/(N-m) and 1.68 x 10> mm?®/(N-m),
respectively. The carboxylic acid increases the SWR in
approximately 5 and 4 times as compared to the base
lubricants alone. PP in WG doubles the SWR, whereas
BMP gives a similar SWR value as the WG base
lubricant alone. The presence of ILs in PAO decreases
the SWR with respect to PAO alone. The highest
reduction occurs with BMP by approximately 82%
compared to PAO alone.

7x10°%

SHES

6x10°5
Sx10™
4107

3x10°

fic wear rate (mm®/(N-m))

S 20107 o

Speci

1x105d rwres

04

Base

Fig. 3 The influence of carboxylic acid and ionic liquids on the
wear rate of stainless steel.
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3.2 Wear track morphology

Figure 4 shows the SEM images of the wear tracks on
stainless steel disk lubricated by polar and non-polar
base lubricant with and without additives. The wear
track morphology for stainless steel lubricated by WG
base lubricant alone shows a smooth surface with
signs of wear and pits in several locations. These pits
indicate cracks that propagate through the surface

WG

ciz

leading to material detachment. The material lubricated
by PAO base lubricant alone, shows a smooth wear
track surface with signs of abrasive wear and plastic
deformation. When using carboxylic acid as additive,
very fine wear scars with no signs of plastic
deformation are observed in WG-C12. On the other
hand, severe plastic deformation is observed on the
surface lubricated by PAO with C12 additive.

PAO

Fig.4 SEM images of the wear tracks on stainless steel disk tested in different lubricants at room temperature. Pictures were taken
with 500x magnification except for PAO—C12 with 200x magnification.
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The wear tracks of stainless steel lubricated by
WG-PP and WG-BMP show similar wear morphology,
i.e, abrasive wear with little signs of plastic deformation
with WG-BMP having the smoothest surface. Stainless
steel lubricated by PAO-PP shows plowing with signs
of plastic deformation and some delaminated areas.
On the other hand, different wear mechanism is
found for stainless steel lubricated by PAO-BMP. In
this case, a smoother surface and abrasive grooves

wG

Base

ci2

rp

BMP

with no signs of plastic deformation can be found.
From the wear track images, BMP seems to give a better
effect on wear morphology than PP both in polar and
non-polar base lubricant, which is in agreement with
the friction evolution and SWR results.

The cross section subsurface microstructures pre-
pared by FIB are shown in Fig. 5. The images were
taken at the center of the wear track and perpendicular
to the sliding direction. For all samples, the subsurface

PAO

Fig. 5 FIB cross-sections of the wear tracks of stainless steel tested with different lubricants at room temperature.
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microstructure of stainless steel exhibited different
extents of grain refinement and plastic deformation.
When testing with the base lubricant alone, finer grain
recrystallization deeper along the cross section was
observed for stainless steel lubricated by PAO com-
pared to WG. Adding C12 to the base lubricant resulted
in very different subsurface grain features. C12 in
WG gives a thinner subsurface recrystallization area,
whereas C12 in PAO resulted in a thicker subsurface
recrystallization area with finer grains. This is in line
with the higher friction evolution of PAO-C12 (Fig. 2),
which gives higher shear forces resulting in higher
shear strain at the surface and subsurface areas.
Comparing the subsurface microstructures of
stainless steel lubricated by WG-PP and WG-BMP,
similar grain refinement or recrystallization has
occurred. On the other hand, different subsurface
microstructures were observed for stainless steel
lubricated by PAO-PP and PAO-BMP. In the case of
PAO-PP, very fine grain structure close to the surface
in nanometer size can be observed. Contrary, thinner
recrystallization area was observed for stainless steel
lubricated by PAO-BMP, indicating lower shear strain
occurring in the subsurface region. This result is in
agreement with lower friction and wear during the test.

3.3 Passive film thickness and surface chemical
composition

Surface chemical composition inside and outside
the wear tracks was studied by X-ray photoelectron
spectroscopy (XPS) for base lubricant with additives
and untested 316L stainless steel served as a reference.
Argon sputtering was applied to perform depth
profiling in order to study the passive/tribofilm thickness
and its chemical composition. For each sputtering
time, the percentage of atomic concentration was
calculated based on peak areas obtained from the
high resolution XPS spectra of each element (graphs
are not shown in this paper). For all test conditions, a
decrease in oxygen concentration and an increase in
metallic concentration as sputtering time increased
were observed, getting close to the chemical com-
position of the bulk stainless steel. The oxygen peak
versus sputtering time was used to calculate the
passive film thickness. Passive film thickness can be
defined by sputtering time when the oxygen peak
concentration reaches 50% of the maximum value

UNIVERSITY PRESS

[40]. To calibrate the sputtering rate with passive film
thickness, tantalum oxide (Ta,Os) with known thickness
was sputtered with the same procedure. The obtained
sputter rate was 2 nm per minute for Ta,Os. Table 3
shows the passive film thickness inside and outside
of the wear track calculated with respect to Ta,Os.
The passive film thickness of untested 316L was
1.87 nm, which is in agreement with the results
obtained from other authors [41-43]. Thicker passive
film thickness outside the wear track was observed
for all stainless steel tested with WG with respect to
the reference sample, however, in the case of PAO
thicker passive film was only observed using C12 as
additive. Comparing inside and outside of the wear
track (i.e., ratio inside/outside), thicker passive film
thickness was observed for all lubricant formulations,
except for PAO-C12.

A detailed XPS analysis was made to study the
passive film composition from the high resolution
XPS spectra inside and outside of the wear tracks, and
on the reference sample. Curve-fitting parameters in
Table 2 were used in CasaXPS software to quantify
the relative concentration of the compounds. A detailed
procedure for calculating the relative concentration
between compounds can be found elsewhere [44].
Figure 6 shows the subsurface relative atomic con-
centration of the passive film component from high
resolution XPS spectra of chromium (Cr) and iron
(Fe) inside and outside of the wear tracks and on
the reference sample. Cr peaks consist of Cr’, Cr,Os,
Cr(OH);, and CrO;, and Fe peaks consist of Fe’, FeO,
Fe;O,, Fe* (i.e, FeEOOH and Fe(OH);), FePO,, and
FeF;. It can be seen that the passive film formed on
the stainless steel surface when tested in lubricants

Table 3 Passive film thickness inside and outside of the wear
track.

Passive film thickness (nm)

Untested SS316L 1.87
Base lubricant Position Additive
Cl12 PP BMP
Outside 330 3.67 243
WG Inside 347 850 13.50
Ratio inside/outside  1.05 2.32 5.55
Outside 297 183 1.87
PAO Inside 2,60 11.63 10.17

Ratio inside/outside  0.88  6.36 5.44
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Fig. 6 Relative atomic concentration of Cr and Fe species
inside and outside the wear track of the stainless steel tested with
different lubricant formulations, (a) in WG and (b) in PAO (taken
from sputtering time 35 seconds).

with C12 additive inside the wear track consists of
oxides and hydroxides only. However, phosphate
and fluoride were found in the passive films inside
the wear track of the stainless steel material tested
with lubricant containing ionic liquid additives
indicating a tribochemical reaction during the rubbing
action. Moreover, iron hydroxides were suppressed in

the presence of phosphate and fluoride for non-polar
lubricant.

4 Discussion

4.1 Effect of the base fluid polarity and tribocorrosion
on friction

The reference lubricant additive used in this work was
a classical organic friction modifier (OFM), dodecanoic
acid (C12). When this additive was added to the
polar (WG) and non-polar (PAO) lubricant, different
friction values and evolution with time were obtained.
C12 in WG fully suppressed the running-in period
and it shortened the running-in period from 50 to
10 meters in PAO as compared to the base lubricant
alone. The lowest and more stable friction evolution
was obtained in WG, which can be attributed to the
surface coverage of this additive to the metal surface.
Before rubbing starts, C12 instantaneously adsorbs
onto the metal surface. Indeed, it was found that
more adsorption to the metal surface for WG-C12
(19.35 at%) compared to PAO-C12 (15.39 at%) when
considering the relative concentration of O-C=O
and C=0 bonds found by XPS (Fig. 7). Most studies
of carboxylic acids used as lubricant additives are
performed in non-polar base lubricants (mineral or
synthetic oils). For these types of base lubricants, two
adsorption mechanisms of carboxylic acids to metal
surfaces have been proposed in literature: (1) carboxylic
acid molecules and surface oxide or hydroxide form
a hydrogen bond, or (2) formation of metal carboxylates
[45-47]. However, when polar lubricants (mostly
water-based) are used, the adsorption of carboxylic

WG-C12 PAO-CI12

0-C=0 0-C=0
— a0 ——C=0

C-OH, C-0-C C-OH, C-0-C P

A A

), N
e A N
0 s 80 290 285 280

Binding energy (eV)

Binding energy (eV)

Fig.7 C Is spectra on the stainless steel surface outside the wear track lubricated by WG-C12 and PAO-C12.
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acid to the metal surface is different due to the
deprotonation of the carboxylic head in water. In a
previous study, it was found that the carboxylic acid
C12 in water-based lubricant has a tendency to form
a multilayer brush structure, efficiently separating
the two mating sliding surfaces thus reducing friction
in a more efficient way than in non-polar lubricant
[27]. In addition, this mechanism depends on the
concentration of the additive (for WG) and on the
length of the carboxylic chain (for PAO). In WG, when
the carboxylic acid concentration is higher than the
critical micelle concentration (CMC), the deprotonated
carboxylic acids form micelles separating the sliding
surfaces even more efficiently, and in non-polar media
(PAO) the longer the carboxylic chain the more efficient
the surface separation is [27]. Therefore, in this work
the very short chain of C12 was not sufficient in PAO
to keep an efficient separation of the sliding surfaces
and friction was higher than in WG where a multilayer
of additive kept a very efficient separation of the
surfaces decreasing friction. These differences in friction
are evident from the FIB cross sections of the wear
tracks, where the recrystallized region in WG-C12 is
thinner than the one in PAO-C12 (Fig. 5).

Due to the sliding action, the adsorbed carboxylic
acid reacts with the metal to form a tribofilm [32, 47].
The passive film thickness inside the wear track was
analyzed by XPS and values of 3.47 and 2.60 nm
were found for WG-C12 and PAO-C12, respectively
(Table 3). The passive films inside the wear tracks are
tribofilms mostly composed of oxides and hydroxides
(Fig. 6) since the stainless steel material is oxidized
on the surface (i.e., passive film) and the carboxylic

acid mostly contains C, H, and O. A further analysis
of the XPS results has been performed to calculate the
oxide and hydroxide to metal ratios (Cr and Fe) inside
and outside the wear tracks (Fig. 8). Comparing these
ratios inside the wear track, it can be seen that more
oxide and hydroxide are present for WG-C12 than for
PAO-C12. This is in agreement with more additive
adsorption on the surface and a thicker passive/
tribofilm, thus leading to a more efficient friction
reduction for WG—C12 than for PAO-C12.
Interestingly, the ILs show different friction results
than the reference additive (C12), being lowest for
PAO-ILs and highest for WG-ILs. Clearly, the passive/
tribofilms inside the wear track are thicker when the
base lubricants are additivated with ILs (Table 3)
and this effect is also seen outside the wear track for
WG. These differences in passive/tribofilm thickness
are accompanied by different surface chemistry as
compared to C12, i.e.,, higher oxide and hydroxide to
metal ratio is found together with P and F (Figs. 6
and 8). In addition, the Fe oxide to metal ratio
significantly increases inside the wear track for all
ILs, and outside the wear track for PP only. Worth
noticing is that the Fe oxide to metal ratio remained
constant both inside and outside the wear track for
C12. The presence of F- and PO,* compounds (Figs. 6
and 9) make the passive film thicker, being ILs the
triggers for a tribochemical reaction that promotes
the formation of Cr and Fe ions that further react
with oxygen, phosphorous and fluorine (Figs. 8
and 9). This surface tribochemical reaction has a clear
detrimental effect in WG by creating fluctuations in
the friction evolution, whereas in PAO it creates a
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Fig. 8 The intensity ratio of oxide and hydroxide with respect to the metallic part for Cr and Fe for all lubricants inside and outside the

wear track.
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Fig. 9 F Is and P 2p spectra inside the wear track of the stainless steel lubricated by WG-PP, WG-BMP, PAO-PP, and PAO-BMP

(taken from sputtering time 35 seconds).

thick and durable tribofilm that stabilizes friction
(Fig. 1). The fluctuations in WG are to be understood
as depassivation-repassivation events due to the high
electrical conductivity of the media. Therefore, friction
evolution in WG is mainly controlled by tribocorrosion
[48], whereas in PAO it is controlled by the tribochemical
reaction that creates a thick and durable tribofilm.
The lowest friction was obtained for PAO-BMP and
WG-BMP for each base lubricant and their respective
tribofilms contained mostly FeF; (Figs. 6 and 9).
Therefore, F contributes to the tribochemical reaction
enhancing the tribofilm formation [49]. However, this
process is more efficient in PAO since, due to the lack
of electrical conductivity, it does not compete with
tribocorrosion. Thus, more FeF; and some traces of
FePO, are found in PAO-BMP, whereas in WG-BMP
only traces of FeF; are found (Fig. 9).

A special case is PP, which creates a tribofilm of
mostly FePO, in both WG and PAO (Fig. 9). Indeed,
big differences in the Fe and Cr oxides both inside and
outside the wear tracks are found for PP. An increase
in the amount of Fe and Cr oxide outside the wear
track and a significant decrease inside the wear track
are found in WG with respect to PAO. In addition, PP
leads to the lowest inside/outside passive film thickness
ratio for WG among all ILs mixtures tested (Table 3).

This is in agreement with its highest conductivity
and lowest pH in WG (Table 1). Due to the high
conductivity, fast repassivation kinetics for PP are to
be expected in the wear track during the sliding
action in water. However, the very low pH leads to a
high (active) metal dissolution resulting in lower oxide
and hydroxide to metal ratio compared to outside the
wear track (Fig. 8). BMP has an electrical conductivity
in the same order of magnitude as PP, however due
to the neutral pH of the solution, the dissolution
of Cr and Fe oxide was slower in WG (Fig. 8). The
higher electrical conductivity and the lowest pH of
PP resulted in a thinner tribofilm and therefore in
higher friction for WG-PP than WG-BMP. Since PAO
is a non-conductive medium, tribocorrosion does not
take place and therefore the friction evolution only
depends on the tribochemical reaction of the additives
with the metal surface. Indeed, more FePO, and FeF;
are always found in the wear tracks of PAO (Fig. 6).

4.2 Effect of tribocorrosion and pH on wear

Wear rates in the different lubricants varied significantly,
being the highest wear rate for the lubricants
additivated with C12 (Fig. 3). A detailed investigation
of the metal subsurface microstructure in the wear
track shows a high recrystallization region for all
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testing conditions, but with varying depth (Fig. 5),
which is a well-known phenomenon in tribology
[50-52]. This subsurface investigation revealed thicker
recrystallization region when wear rate was higher
for same additive in different media. This effect is clear
comparing WG-C12 with PAO-C12 and WG-BMP
with PAO-BMP, however, the causes for each pair are
different. The adsorption of C12 on the stainless steel
surface depended on the polarity of the media leading
to a thinner tribofilm in the case of PAO-C12 resulting
in thicker recrystallization region and higher wear.
For PAO-BMP, a thick and durable tribofilm was
formed on the metal surface resulting in limited
subsurface recrystallization and the lowest material
removal of all studied base and additive pairs. In the
case of PP, the wear rate has been mostly controlled
by electrical conductivity and pH (i.e., tribocorrosion
and metal dissolution).

Further analysis of the wear track cross sections
revealed the formation of ridges adjacent to the wear
groove as shown in Figs. 10(a) and 10(b). The ridges
are to be understood as material displacement to the
sides of the wear track indicating signs of plastic
deformation. The measured areas of the wear groove
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(Agroove) and ridges (Arigges) are presented in Fig. 10(c)
and Fig. 10(d) for WG and PAO with and without
additive, respectively, along with the degree of material
loss (B). The degree of material loss is defined as the
ratio of material loss to the volume of the wear track
groove and it has been calculated by using the
following equation [53]:

A —-A.
= Leroore g 100%

groove

B becomes zero when the material loss is due to
plastic deformation only (Ageove = Aridges), and f becomes
unity when the material loss is due to abrasive wear
(Arigges = 0). Indeed, when the WG lubricants are
additivated with ILs, they suffer more abrasive wear
characterized by higher f values compared to
PAO-ILs (Fig. 10). This effect is clearer for PP and it
is aggravated by the low pH values (i.e.,, PP shows
the largest values of Agove). This is in agreement with
the fact that the tribocorrosion mechanism in WG has
competed with the tribofilm formation resulting in
higher material removal rates. The corrosiveness of
polar media on metals is mainly dependent on oxygen
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Fig. 10 Wear cross section profile for (a) WG with and without additive, (b) PAO with and without additive, (c) calculated area of

(a), and (d) calculated area of (b).
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content, electrical conductivity, temperature, and pH.
Stainless steel 316L protects itself from corrosion
by creating a passive film (chromium oxide) on the
surface due to the high content in Cr. During the
tribotest, when rubbing starts, this passive film is
removed by the mechanical action of the counterpart
and the pristine metal alloy (depassivated wear track)
will be then exposed to the lubricant. If the lubricant
contains oxygen and is electrically conductive, the
passive film will reform almost instantaneously (i.e.,
repassivation process). This process (tribocorrosion)
will continue in a cyclic manner until the mechanical
action is stopped, leading to an increase in the wear
rate of the material [48].

A very interesting case is C12, which has the lowest
conductivity in WG and therefore it should be expected
to suffer of more plastic deformation. The very low con-
ductivity of WG-C12 slowed down the repassivation
kinetics (absence of tribocorrosion) and produced a
thin passive film that resulted in higher wear than
otherwise expected. In addition, the acidic pH that this
additive brings to the WG lubricant (4.7) has played
the most important role in the wear process. This very
low pH accelerates the active dissolution of the metal
in the contact area and therefore very high values
of Agroove (abrasive wear) and little signs of plastic de-
formation are found for WG-C12. Indeed, the opposite
was found in similar tests performed previously at
higher pH (ca. 8) for C12 in WG, where lower wear
rates and thicker passive films were found [32, 54].

The passive/tribofilm thickness has also played
an important role in the wear performance of the
additives. Indeed, this work shows that ILs can
function as anti-wear additives in both WG and PAO,
whereas C12 can only function as friction modifier.
For the ILs, the passive/tribofilm thickness inside the
wear track was very thick (Table 3). Comparing WG
and PAO additivated with ILs, a competition effect
between electrical conductivity and pH is observed.
The higher conductivity enhanced the repassivation
kinetics for both ILs resulting in a thicker tribofilm as
compared to C12. But on the other hand, the low pH
of PP increased the metal dissolution thinning the
tribofilm for WG-PP, whereas PP in PAO-PP did not
have any detrimental effect on the wear rate or on the
tribofilm thickness. The polarity of the base lubricant
has played a crucial role for PP, dissociating in

water (i.e., increasing the electrical conductivity and
decreasing pH) and remaining intact in PAO (i.e.,
enhancing a tribochemical reaction with the metal).
In addition, the presence of FePO, and FeF; compounds
inside the wear tracks (Figs. 6 and 8) contributed to
keeping a very low wear rate due to the creation of
thicker and more durable films on the metal surface.
This effect is more evident in PAO since the absence
of electrical conductivity (i.e., very low ion mobility)
mostly promotes the adsorption of the additive on the
surface and the subsequent tribochemical reaction
with the metal.

Figure 11 summarizes the frictional and wear
mechanisms of PP and BMP in polar (water-based)
and non-polar (PAO) lubricants as studied in this
work. Worth noticing is the tribocorrosion process that
occurred in the polar lubricant and the tribochemical
process that occurred in the non-polar lubricant. The
interplay of these two effects was driven by the polarity
of the medium, the electrical conductivity, and the pH
leading to different friction and wear results.

5 Conclusions

The effect of ionic liquids on friction and wear of 316

stainless steel tested in both polar and non-polar

lubricants has been investigated and compared
with carboxylic acid (C12) as reference additive. The
following conclusions can be drawn from this work:

e The carboxylic acid (C12) in the polar lubricant
showed lower friction than that in the non-polar
lubricant due to higher adsorption on the metal
surface and thicker passive film. However, the
lower conductivity of the lubricants additivated
with C12 resulted in thinner passive film com-
pared to lubricants additivated with ionic liquids
thus leading to high wear (i.e., the main role of
C12 main is as a friction modifier).

e Jonic liquids contribute to a higher electrical
conductivity and therefore tribocorrosion played
the most important role in the frictional evolution
in WG. This effect was suppressed in PAO and
therefore friction values depended mostly on
the adsorption and tribochemical reaction of the
additives with the metal surface.

e Ionic liquids form a thicker passive/tribofilm that
results in lower wear for the non-polar base
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Fig. 11 Schematic illustration of the wear mechanism of SS316L in different lubricating conditions.

lubricant. In addition, the passive/tribofilm created
on the surface contains FePO, and FeF;, which
contributes both to thickening the tribofilm and to
keeping low friction and wear.

e In the polar lubricant, the pH played an important
role, the lower pH dissolves the passive film
resulting in thinner passive/tribofilm thus leading
to higher friction and wear. This effect was
suppressed in the non-polar lubricant.

e Among all additives tested, BMP shows the best
wear and frictional performance in both polar
and non-polar lubricants. In the case of the
polar lubricant, the neutral pH resulted in less
metal dissolution and the intermediate electrical
conductivity resulted in a mild tribocorrosion
process keeping FeF; in the passive/tribofilm thus
decreasing wear and friction. In the case of the
non-polar lubricant, tribocorrosion is absent and
the tribochemical reaction leads to the formation
of a thick P and F containing tribofilm that decreases
friction and wear.
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Water-based lubricants have the potential to become the largest environmentally friendly
lubricants in applications such as electric vehicles and the newly emerging green
technologies of the future due to their inherent low viscosity and cooling properties. In
order to be environmentally acceptable (EAL), both base lubricants and additives should
comply with biodegradability, non-toxicity, and non-bioaccumulation requirements.
Additives for water-based lubricants should ideally be polar and soluble in water and,
at the same time, should not increase the electrical conductivity to critical levels for
corrosion. However, most additives used in synthetic or mineral oils are non-polar. lonic
liquids have recently gained attention as lubricant additives due to their high polarity,
making them highly surface-active (i.e. high tendency to adsorb on metal surfaces).
However, they are seen as highly corrosive for many metal alloys. In this work, a
water-glycol lubricant containing two different ionic liquids has been investigated as a
potential green lubricant for a bearing steel AISI 52100 with accurate control on electrical
conductivity and pH. The selected ionic liquids were tributylmethylphosphonium
dimethylphosphate (PP) and 1-butyl-1-methylpyrrolidinium  tris(pentafluoroethyl)
trifluorophosphate (BMP). The tribological behaviour of the ionic liquids was compared
with a well-known organic friction modifier, dodecanoic acid (C12). The ionic liquids
showed lower friction and wear rate than the water-based lubricant alone. However, they
showed higher friction than the lubricant formulated with C12, in which PP gave lower
friction than BMP due to low pH. A detailed subsurface analysis of the wear track using
scanning-transmission electron microscopy (STEM) showed that a thick oxide tribofilm
was built on the wear track for both lubricants formulated with ionic liquids due to high
electrical conductivity. This tribofilm gave beneficial effect on wear. Although PP and BMP
gave thicker tribofilms than C12, it was not durable, resulting in cracking and detachment.

Keywords: water-based lubricant, ionic liquids, pH, electrical conductivity, tribofilm
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1 INTRODUCTION

The production of electric vehicles (EVs) has grown in recent
years. Ninety-eight EVs models were introduced to the market in
2019 compared to only two models available in 1997, and it is
predicted to triple in 2025 (Transport and Environment, 2019;
Chen et al., 2020). The EVs are considered as “green” vehicles
compared to combustion engine vehicles (ICEVs) because they
reduce the CO, emissions and other air pollutants (NOy, carbon
monoxide, unburnt hydrocarbons), which can reduce the global
warming effect. According to the European Environment Agency
data, the CO, emission of ICEVs is around 210 gCO,/km, and it
reduces to 70 gCO,/km for EVs (European Environment Agency,
2019). In addition, the EVs have higher energy efficiency
compared to ICEVs, in which EVs use up to 77% of total
electric energy to drive the vehicle, whereas ICEVs only use
up to 21% of total fuel energy (Holmberg and Erdemir, 2019).
Similar to ICEVs, the components of EVs also need lubrication to
operate in a tribological environment effectively. The tribological
components of EVs will work at a higher speed than those in
ICEVs, which makes the lubricant in EVs to function more as a
torque transfer rather than as a load-bearing (Van Rensselar,
2019). The higher the speed of the tribological component, the
higher the temperature generated in the lubricant. Because of
that, the development of lubricants for EVs nowadays is moving
towards low viscosity lubricants, which have better cooling
properties and higher temperature stability (Narita and
Takekawa, 2019).

Water-based lubricants are promising candidates as low
viscosity lubricants for EV applications and others in which
load-carrying capacity is not the main requirement. They have
desirable properties such as better cooling ability, low toxicity,
and fire resistance. Therefore, water-based lubricants are
nowadays already used as an alternative to petroleum-based
lubricants in applications such as hydraulic fluids (Tomala
et al, 2010), cooling fluids for metal cutting (Khan et al,
2021), and bearings of the stern tubes in propeller shafts of
ships (Huang et al., 2019). Moreover, water-based lubricants are
used to mimic the body fluids to perform in vitro studies of the
corrosion and tribocorrosion behaviour of bearing implant
materials such as CoCrMo (Espallargas et al., 2015). However,
water-based lubricants in many current applications have several
drawbacks, such as high pour point, poor corrosion protection,
high polarity (competing with additives for surface sites), and low
viscosity (in cases when load-carrying capacity is needed), leading
to poor lubricating performance as compared with mineral or
synthetic oils. Therefore, the uncertainty in the tribological
performance of water-based lubricants might hinder their
application in EVs. There are some strategies to overcome the
main drawbacks of water, such as using glycols (or similar
substances) to increase the viscosity and decrease its pour
point. In addition to glycols, the use of other additives to
enhance the tribological performance (e.g. friction and wear)
of water is a must (Tomala et al, 2010). Short-chain friction
modifiers such as organic friction modifiers (OFMs) are typically
used in water-glycol hydraulic fluids (Spikes, 2015; Bernat et al.,
2018a; Bernat et al., 2018b). Other additives such as antiwear

(AW) or extreme pressure additives can also be used for water-
based lubricants in case the application requires it (Chang et al.,
2011). AW additives usually contain active elements such as
phosphorus (P), sulphur (S), or halogens. One commonly used
antiwear additive in petroleum-based lubricants is zinc
dialkyldithiophosphate (ZDDP). It was initially developed in
the 1940s as an antioxidant, but soon it showed antiwear and
corrosion inhibition properties for engine oils (Spikes, 2004;
Nicholls et al, 2005). Even though ZDDP has several
advantages as lubricant additive for engine oils however, in the
recent years attempts to find alternatives to it have begun due to
environmental issues. ZDDP is aquatically toxic, and it is an issue
in environmentally sensitive applications like forestry, marine,
etc. (Canter, 2019). Therefore, this additive is not suitable for
environmentally friendly lubricant formulations. ZDDP contains
zinc that generates ash upon combustion, resulting in
degradation of the catalysts systems in cars. It is believed that
the sulphur and phosphorus oxide together with the metallic
ashes block the exhaust giving a rise in carbon monoxide and
hydrocarbon emissions from the engine (Spikes, 2008).
Therefore, in the case of oils for ICEVs the need to reduce the
amount of sulphated ash, phosphorus, and sulphur (referred as
SAPS) has become crucial. Indeed, the main metallic source for
sulphated ash is zinc, which is present in ZDDP. And also, several
governments have regulated the concentration limit of P and S in
lubricants for ICEVs (THE EUROPEAN COMMISSION, 2014).
Therefore, the need for more environmentally friendly additives
has boosted the development and study of metallic-free or ashless
additives with low or no P and S content as alternative to ZDDP.
Worth noticing is that not all forms of phosphorous (P) and
sulphur (S) are toxic to the environment, therefore the regulations
limit the use of P and S in lubricant formulations, but not fully
ban them (Candelaria, 2018).

Ionic liquids (ILs) are organic salts with a low melting point
(below 100°C), consisting of anions and cations. ILs are attractive
compounds due to their unique properties, such as low volatility,
high thermal stability, and non-flammability (Seddon, 1997;
Welton, 1999; Wasserscheid and Welton, 2002). They were
used for the first time in the 1910s as a need to have salts at
room temperatures. In the 1980s, they were “re-discovered” to be
used as solvents in chemical reactions. Since then, they have been
considered environmentally friendly substances for “green
chemistry,” although there is some controversy around this
topic (Welton, 2018). One of the many applications that
boosted in the early 2000s for ILs was their use as high-
performance lubricants (Ye et al., 2001; Liu et al., 2002). ILs
are considered attractive lubricants because they tend to adsorb
very effectively on surfaces (Somers et al., 2013). Therefore, ILs
have been studied as neat lubricants but also as additives
(Minami, 2009; Somers et al., 2013; Amiril et al., 2017; Xiao,
2017; Zhou and Qu, 2017). ILs as additives in water-based
lubricants might be disadvantageous due to their ionic nature
(i.e. corrosion attacks in metals). Therefore most studies of ILs as
additives in water-based lubricants have focused on ceramic-on-
ceramic contacts (Phillips and Zabinski, 2004; Xie et al., 2009) or
non-halogenated ILs (Zheng et al., 2017; Wang et al., 2018; Dong
et al,, 2020). However, recent work in our group has shown that
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TABLE 1 | Chemical formula, density, and chemical structure of all additives.
Abbr Chemical name

PP Tributylmethylphosphonium dimethylphosphate

BMP 1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl) trifluorophosphate

Cc12 Dodecanoic acid

halogenated ILs as additives in water-glycol form an efficient
tribofilm that reduces friction and wear in stainless steel sliding
against alumina (Khanmohammadi et al., 2020).

This work aims to investigate the viability of ILs as lubricant
additives for low corrosion-resistant alloys such as bearing
steel. The focus will be on corrosion resistance (controlling
electrical conductivity and pH) and friction and wear performance.
Two ILs (tributylmethylphosphonium dimethylphosphate and 1-butyl-1-
methylpyrrolidinium tris(pentafluoroethyl) trifluorophosphate)
have been investigated in a water-glycol lubricant. No anticorrosion
additives (or any other) were used with the aim of studying the effect
of ILs alone. An OFM, dodecanoic acid, was used as a reference.

2 MATERIALS AND METHODS

Materials

AISI 52100 bearing steel, purchased from Smith Stal (Trondheim,
Norway), was chosen as the test material. Sample disks were
prepared by cutting the 30 mm diameter steel rod with a thickness
of 6 mm. The samples were ground using a resin-bonded
diamond disk, subsequently polished using 9, 6, and 3 pm
diamond  suspensions. The polished samples  were
ultrasonically cleaned in distilled water-ethanol mixture (ca. 1:
1) for 5min, then rinsed with fresh ethanol and dried with
pressurized air. The base lubricant was prepared by mixing
water with glycol in a 1:1 proportion (abbreviated WG). Two
ionic liquids (ILs) were used as additives in WG, ie.
tributylmethylphosphonium dimethylphosphate (abbreviated
PP) and 1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl)
trifluorophosphate ~ (abbreviated BMP). The tribological
behaviour was compared with an organic friction modifier, i.e.
dodecanoic acid (abbreviated C12). Glycol (=99% purity) and PP
(97%) were purchased from Acros Organics and Fluorochem,
respectively. Meanwhile, both BMP (>98%) and C12 (>99%)
were purchased from Sigma-Aldrich. All chemicals were used as
received. The chemical formula, density, and chemical
structure of all additives used in this work are shown in
Table 1. In an independent study performed in our
research group, ILs in the same base lubricant had been
tested at different concentrations (0.25, 0.5, 1, 2, and 4 wt
%). It was found that ILs were fully soluble at all
concentrations, however the friction was stable only at
concentrations equal and above 1wt%, therefore 1 wt% was

Chemical formula

Density (g/cm?) Chemical structure

C15Has04P. 1.004 CIH,tCH,LCHJ (")
15M360aP2 g CH‘(CHI)‘CH‘_T._CH, ©—p—0CH,
CHLCH,1,CH, OCH,
CF.CF,
CisHooF1sNP 1.647 CHa, , (EH)CH, . §r
NE o
( 7 CFxUF;/;\CF,CF;
a
CHj(CHz)10COOH 1.007 S (CHICHy
HO'

selected as the concentration for ILs. In the case of C12, a
previous study conducted in our research group showed that
0.1 wt% is the optimal concentration for C12 in water glycol
lubricant, therefore 0.1 wt% of C12 was chosen as the reference
lubricant for the present work (Bernat et al., 2018b). The base
lubricant and additives were mixed using magnetic stirring for
4h at 50°C. The lubricant was continuously stirred at room
temperature for 20 h before being used.

Testing and Characterization Methods

The density of the lubricants was measured by the constant fluid
volume weighing method. The dynamic viscosity at 23°C in
humid air was measured using a rheometer (Haake Mars
Rotational Rheometer with a CC27 cylinder measuring
system, with the built-in Peltier element). The electrical
conductivity of the lubricants was measured using a
conductivity meter (Hanna Instruments HI-2300). The pH of
the lubricant was measured using a pH meter (Hanna
Instruments HI-2210). The open circuit potential (OCP) was
measured for 4h using a Gamry Interface 1000 Potentiostat
with Ag/AgCl KCl saturated reference electrode. Friction and
wear were measured using a rotating ball-on-disk tribometer
(Phoenix tribology). In this test, a stationary alumina ball,
purchased from Precision Ball and Gauge Co. Ltd., was in
contact with the flat AISI 52100 disk using a dead weight in
the presence of the lubricants at room temperature. The
diameter of the alumina ball was 6 mm, and the normal load
applied was 20 N, resulting in an initial maximum Hertzian
contact pressure of 1.96 GPa. The disk’s rotation speed and the
track diameter were set to 40 rpm and 10 mm, respectively,
which gave a sliding speed of 2.09 cm/s. The calculated EHL
Hamrock-Dowson lambda (1) value is 0.016, indicating
boundary lubrication conditions. The additives have only a
slight effect on the dynamic viscosity of the lubricant. As a
result, the A value still meets the boundary lubrication
conditions. At least two tests were performed for each
condition to verify the repeatability of the results.

Alicona Infinite Focus optical 3D microscope and
MountainsMap software were used to quantify the wear
volume from four different locations of the wear track.
Archard’s equation was used to calculate the average specific
wear rate (SWR) from two samples for each condition (Archard,
1953). The average SWR value and the standard deviation were
reported.
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TABLE 2 | Detailed curve-fitting parameters of compounds used for XPS characterization.

Signal Binding energy FWHM (+0.1 eV) Line shape Assignment References
(0.1 eV)
Fe 2p 712.8 2.9 GL (30) Fe®* Fredriksson et al. (2012), Viesca et al. (2013), Zavieh and Espallargas (2017)
712.6 29 GL (30) FePO,
711.0 2.9 GL (30) FesO4
709.5 29 GL (30) FeO
706.8 0.9 LF (0.8,2,20,00  Fe 2pase
Fis 684.9 1.6 GL (30) F Yu et al. (2008), Viesca et al. (2013)
Cr2p 578.7 15 GL (30) CrOs Fredriksson et al. (2012), Zavieh and Espallargas (2017)
577.3 1.5 GL (30) Cr(OH)s
576.1 15 GL (30) Cr03
573.9 12 LF (0.8,2,8,0) Cr 2pg2
O s 531.6 1.8 GL (30) O-H Zavieh and Espallargas (2017), Long et al. (2019)
530.5 11 GL (30) O-M
P 2p 133.7 1.6 GL (30) (PO,%) Rokosz et al. (2016), Urtis et al. (2019)
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FIGURE 1 | Friction evolution (A) and specific wear rate (B) of AISI 52100 steel tested with different additives in water-glycol at room temperature. Only one friction
evolution graph is shown for each test due to the good repeatability of the results.

FEI Helios Nanolab DualBeam focused ion beam and scanning
electron microscopy (SEM-FIB) was used to study the surface and
cross-section of the wear tracks. Platinum or carbon was deposited
on the wear track surface to protect it from the milling and polishing
processes. Deposition, milling, and polishing were carried out using a
Gallium ion source. The secondary electron images of the wear track
surface and cross-section were taken using the Everhart-Thornley
detector (ETD) and through lens detector (TLD), respectively. The
SEM-FIB was also used to prepare thin wear track lamellae with
thickness less than 60 nm. The lamellae were examined by scanning-
transmission electron microscopy (STEM, Hitachi SU9000)
equipped with an x-ray energy dispersive spectroscopy (EDS)
detector (Ultim Extreme, Oxford Instruments).

The elemental composition of the wear tracks was studied by x-ray
photoelectron spectroscopy (XPS) (Kratos Axis Ultra DLD machine).
A monochromatic Al Ka was used as the x-ray source with
accelerating voltage and current of 10kV and 10 mA, respectively.
Electrostatic lens mode was selected to collect the elemental data
during acquisitions with a 9 x 107 Torr chamber pressure. The

elemental map was collected using survey acquisition with a pass
energy of 160 eV and a step size of 1 eV. From the survey acquisition
results, iron (Fe), chromium (Cr), oxygen (O), phosphorus (P), and
fluorine (F) were selected for the high-resolution scan with a pass
energy of 20 eV and a step size of 0.1 eV. Elemental data acquisition
below the surface was performed by milling the surface using Argon
ions at a pressure of 4.4 x 107 Torr, an energy of 4kV, and a raster
size of 2.5 x 2.5 mm. The sputtering rate was calibrated using tantalum
oxide (Ta,Os) of known thickness, resulting in a 2 nm/min sputtering
rate. CasaXPS software was used to fit the curves with the curve-fitting
parameters (Table 2) for evaluation and quantification.

3 RESULTS

Tribological Testing

The friction evolution and specific wear rate of the AISI 52100
steel sliding against alumina in the presence of all lubricants are
presented in Figure 1. The coefficient of friction (COF) of WG
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FIGURE 2 | SEM images of the wear tracks formed on the AISI 52100 steel disk tested in different lubricants at room temperature.

alone shows a value of 0.21 after the running-in period and
slightly fluctuates for the rest of the test. The base lubricant with
dodecanoic acid (WG-C12) shows a short running-in period and
stabilizes at values between 0.10 and 0.12. The addition of 1 wt%
PP to the base lubricant (WG-PP) shows a COF of 0.16 during the
running-in period, followed by a steady increase to 0.19 at the end
of the test. The friction evolution of BMP-containing lubricant
(WG-BMP) shows two distinct regions: a COF of 0.28 after the
running-in period during 100 m of sliding, followed by an abrupt
drop to 0.18 until the end of the test. For wear, the base lubricant
generates the highest wear rate of 9.98 x 107 mm®/Nm, followed
by BMP, C12, and PP with wear rates of 9.53 x 107, 4.45 x 10
and 1.95 x 10°° mm*/Nm, respectively.

Wear Track Morphology
Figure 2 shows the SEM images of the wear tracks’ surface at two
different magnifications. The wear track of the sample tested with

base lubricant only shows a smooth surface with little sign of
plastic deformation. The wear track of the sample tested with
WG-CI2 is not as smooth as the base lubricant alone, and some
surface cracks are observed. The wear track morphology is utterly
different for WG-PP, in which many cracks are observed,
resulting in detachments in some areas. The wear track of the
sample tested with WG-BMP shows a smooth surface with no
signs of plastic deformation.

SEM-FIB was used to investigate the wear track cross-section,
as shown in Figure 3. The length of the cross-section was 20 pm
and was taken from the centre of the wear track and
perpendicular to the sliding direction. Different degrees of
recrystallization and plastic deformation are observed. Samples
lubricated with base lubricant alone show a high degree of
recrystallization and plastic deformation due to the high
friction. The addition of C12 to the base lubricant (which
reduced the coefficient of friction by 50%) results in a lower
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FIGURE 3 | SEM-FIB cross-section images of the wear tracks on AISI 52100 steel disk tested in different Iubricants at room temperature (tribofim is indicated

between two dashed yellow lines).

25000x

degree of recrystallization and plastic deformation and in a
rougher surface that is in agreement with the view of the wear
track surface (Figure 2). In the WG-BMP sample, the degree of
recrystallization and plastic deformation are in between WG and
WG-C12. However, the WG-PP sample shows a lower degree of
recrystallization and plastic deformation, despite the high
coefficient of friction. Interestingly, the top surface of the WG-
PP sample is clearly covered by a thick layer (tribofilm), which
might be responsible for the lower recrystallization and plastic
deformation.

For the WG-BMP sample, a new test was performed for 100 m
before the drop in friction is observed (Figure 1A) to analyse this
abrupt transition on friction evolution. The top view and cross-
section images of the WG-BMP 100 m sample wear track are
shown in Figure 4, along with the WG-BMP 300 m sample for
comparison. The WG-BMP 100 m sample wear track shows wear

marks, surface cracks, and plastic deformation, whereas a smooth
surface without wear marks is observed for the WG-BMP 300 m
sample. These wear surface morphologies are in agreement with
the friction evolution (Figure 1A), where rougher surfaces
produced higher friction and vice versa. Despite having higher
friction, the test performed at 100 m resulted in lower
recrystallization and plastic deformation than the test at 300 m
due to a thick tribofilm formed on the surface, as similarly
observed for WG-PP (Figure 3).

Tribofilm Characterization

In order to investigate the tribofilms, the cross-section of all
samples was examined by STEM. A thin lamella of 60 nm from
each sample was prepared using SEM-FIB. The STEM images and
the EDS elemental mapping are presented in Figure 5. The
chosen elements for mapping are oxygen, iron, chromium,
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FIGURE 4 | SEM top view and SEM-FIB cross-section images of the wear tracks on AlSI 52100 steel disk tested in WG-BMP lubricant for 100 and 300 m at room

temperature (tribofilm is indicated between two dashed yellow lines).

Cross-section
25000x

and phosphorous, which are present in the bulk material AISI
52100 steel and the ILs. The oxygen is an indicator of the presence
of oxides. Although BMP contains fluorine, this element was not
selected for EDS mapping due to the close F Ka and Fe La energy.
A platinum protective layer was deposited before the FIB milling
processes for WG and WG-C12 samples. For WG-PP and WG-
BMP samples, carbon was used as a protective layer instead of
platinum to provide better mapping contrast because Pt Ma and
P Ka energies are close to each other.

As seen from the STEM images, the sample lubricated with WG
alone shows a thin tribofilm on the surface with a thickness of less
than 10 nm (measured from higher magnification images). The lack
of additives could be the reason for this thin tribofilm. The WG-C12
sample shows a slightly thicker tribofilm detected on the surface with
a ca. 20 nm thickness. A very thick tribofilm is observed for the WG-
PP sample of 400-900 nm thickness. In addition, wear debris is
observed in the tribofilm, as indicated from the STEM and Fe
mapping images. The tribofilm is not fully adhered to the base
material, as indicated by a crack at the interface with the base
material. Similar characteristics, such as thick tribofilm, wear debris
inside the tribofilm, and crack at the interface with the base material,
are also observed for the WG-BMP 100 m sample. The thickness of
the tribofilm is ca. 600-1,300 nm. For WG-BMP 300 m sample,
there is only a tribofilm with a thickness of less than 20 nm observed.
EDS mapping of the cross-sections shows high oxygen levels in the
tribofilms of all samples, indicating they consist mainly of oxides.
Only an additional element, phosphorous, is detected in the WG-PP
sample.

Point EDS analysis was performed to get a detailed chemical
composition of the tribofilm from each sample, and the results are
shown in Table 3 along with the tribofilm thickness after STEM.
The point analysis shows mostly Fe and O, as already seen with
the mapping (Figure 5). Chromium is not detected in the

tribofilms since it is mainly found as chromium carbide
precipitate (Figure 5).

Surface chemical analysis inside the wear tracks was studied by
x-ray photoelectron spectroscopy (XPS) for WG-PP 300 m, WG-
BMP 300 m, and WG-BMP 100 m samples only. These three
samples were selected to evaluate more in detail the chemical
bonding states of phosphorous and fluorine because these
elements were difficult to detect with EDS. The XPS analysis
was done by sputtering the wear track with Argon for 300 s (ca. 10
nm depth), reaching half of the tribofilm in WG-BMP 300 m and
the top surface of the WG-PP 300 m and WG-BMP 100 m
tribofilms. The detailed XPS spectra are shown in Figure 6.

The results show the presence of Fe only, and no Cr was found.
Deconvolution of the Fe spectra shows that they consist of Fe
metal (Fe®), Fe oxides (FeO, Fe;O4 Fe,Os), FePOy, and Fe
hydroxides (FeOOH, Fe(OH);). The Fe’ percentage in WG-PP
is higher than in WG-BMP 300 m even though the depth of
analysis is far from the bulk material (minimum ca 380 nm from
the bulk). This can be due to wear debris spreading in the
tribofilm (Figure 5) or due to the large tribofilm detachment
areas (Figure 4). The O spectra show mostly metal hydroxide and
metal oxide, in agreement with the Fe spectra. Phosphate (POL)*
is detected from the Fe2p and P2p spectra in the case of WG-PP,
which is in agreement with the EDS analysis (Figure 5). In the
case of WG-BMP (both 100 and 300 m), no P and F are detected
in the tribofilm, and only oxides and hydroxides are present.

4 DISCUSSION

Chemical Effects on the Tribofilm Formation
The tribofilm formation is influenced by several factors, such as
lubricant  chemical  composition, contact  mechanics,
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FIGURE 5| STEM cross-section images and EDS elemental mapping of the wear tracks on AIS| 52100 steel disk tested in different lubricants at room temperature.
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TABLE 3 | Relative concentration inside the tribofilm (at%).

Sample Tribofilm thickness (nm)
WG 300 m <10

WG-C12 300 m 20

WG-PP 300 m 400 - 900
WG-BMP 300 m 20

WG-BMP 100 m 600 - 1,300

environment, and types of materials (Kapsa and Martin, 1982;
Morina and Neville, 2007; Jacobson et al., 2010). In this work,
the lubricant chemical composition was varied by adding
different ionic liquids to the base lubricant to study the effect
of electrical conductivity and pH on tribofilm formation,
friction and wear. Table 4 shows the different physical and
chemical characteristics of all the lubricant-additive mixtures
studied in this work.

Elemental concentration in tribofilm (at%)

Fe Cr [e] P
57.81 0.00 42.19 -
42.60 0.00 57.40 -
29.46 0.00 64.60 5.94
49.67 0.00 50.33 0.00
44.82 0.00 55.18 0.00

The electrical conductivity of the lubricant slightly increases
when adding C12. However, it increases by two orders of
magnitude when adding the ionic liquids, but it is still below
the electrical conductivity of tap water. Of the two ILs, PP results
in the highest electrical conductivity (twice higher than BMP). PP
and BMP increases the electrical conductivity of the based
lubricant due to the nature of the ionic liquid which act as a
charge carrier inside the lubricant. The higher molecular weight
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FIGURE 6 | XPS spectra for the wear surface lubricated by WG-PP 300 m, WG-BMP 300 m, and WG-BMP100 m after 300 s Argon sputtering.

of BMP can be the reason for its lower electrical conductivity ~ reason for dropping in pH due to the ionic interaction between
compared to PP in water media. C12 and PP decrease the pH to  the cation or the anion of PP with water. However, BMP keeps the
acidic values. The deprotonation of the carboxylic group  pH value of the base lubricant possibility due to the low electrical
(COOH) is the main reason for the drop of pH in this case.  conductivity and therefore the lower interaction of the anions and
In the case of PP, the possible formation of phosphoric acid is the ~ cations with water as compared to PP. The OCP of the metal was,
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TABLE 4 | Physical and chemical properties of all lubricants.

Lubricant Additive concentration Density (g/cm®) Dynamic viscosity Electrical conductivity pH OCP vs Ag/AgCl
(wt%) (mPa.s) (uS/cm)® (mV)

WG - 1.040 13.99 25 7.3 -537

WG-C12 0.1 1.041 13.53 4.3 4.7 -396

WG-PP 1 1.039 13.76 211.2 3.4 -588

WG-BMP 1 1.045 14.02 109.3 7.0 -522

AFor comparison, the electrical conductivity of tap water is ca 500 uS/cm and for seawater is ca 5,000 uS/cm.

TABLE 5 | Wear track chemical composition after XPS analysis.

XPS chemical analysis (at%)

Sample Tribofilm thickness (nm)

(after STEM from Fe®

Table 3)

WG 300 m <10
WG-C12 300 m 20
WG-PP 300 m 400-900 29.67
WG-BMP 300 m 20 19.31
WG-BMP 100 m 600-1,300 17.22

in all cases, around —500 mV, whereas it was only 100 mV more
positive (ca. —400 mV) for C12. These OCP values are well in
agreement with carbon steel exposed to water media and
represent an active dissolution corrosion process (Fontana, 1987).

The differences in pH and electrical conductivity have an effect
on the chemistry of the metal surface and, therefore, on the
tribofilm formation. In Table 5, the chemical composition of the
tribofilms obtained from XPS analysis is shown, along with the Fe
oxides to metal ratio and tribofilm thicknesses. The lowest
electrical conductivity leads to thin tribofilm formation (WG
and WG-C12). Likewise, the highest electrical conductivity
results in thicker tribofilms (WG-PP and WG-BMP 100 m).
The tribofilm thickness only increases significantly if the
electrical conductivity is high enough (Table 5). The Fe oxides
to metal ratio is an indicator of the relative number of oxides
inside the tribofilm. The sample lubricated with WG-PP shows
the lowest Fe oxides to metal ratio (2.11). In the case of WG-BMP
300 m and WG-BMP 100 m the ratio increases to 3.91 and 4.62,
respectively, indicating BMP produced more oxide compared
to PP.

Based on the pH values (Table 4), it can be expected that in an
acidic medium such as WG-PP (pH of 3.4) carbon steel would
undergo iron dissolution compared to the medium with neutral
pH (WG-BMP, pH of 7.0). Indeed, it was found by XPS (Table 5)
that the WG-BMP 100m has more oxides to metal ratio
compared to WG-PP, however WG-PP had FePO, in addition
to oxides. These two additives yielded a very thick tribofilm with
very different chemical compositions Table 5). The different
tribofilm  chemical compositions resulted in different
tribological responses: WG-PP showed lower friction and wear
rate than WG-BMP (Figure 1). Therefore, iron oxides and FePO,
together have a more beneficial effect than iron oxides alone in
the tribofilm. This is clearly seen by the friction evolution of WG-
BMP in the first 150 sliding meters of the test, which is twice
higher than in the last sliding meters. Once the iron oxide

FeO Fe30,4 FePO, Fe oxides/Fe® ratio
Not measured
Not measured

44.70 18.05 5.50 2.11

55.43 20.12 0 3.91

52.18 27.33 0 4.62

tribofilm has been removed, its build-up is very slowly
decreasing friction. In the case of WG-PP, friction is low
throughout the test due to the presence of phosphates.
However, this is not enough to reach the lowest friction
values of WG-C12, since in this case, the friction mechanism
is controlled by surface adsorption and not by tribofilm
formation.

Unlike ZDDP, which has a metal atom in its structure, PP and
BMP require external metal supply to grow a tribofilm. The
source of the metal should come from the nascent base metal
surface or the wear debris. Tribofilm formation consists of three
stages, i.e. tribofilm initiation, wear debris generation and
breakdown, and tribofilm growth (Zhou et al, 2017).
Tribofilm initiation occurs when the lubricant reacts with the
nascent metal surface to form a thin oxide film. This oxide film
acts as an interlayer, providing a good bonding between the metal
surface and the tribofilm, or acting as a barrier hindering further
tribofilm growth (Stachowiak and Batchelor, 2014; Zhou et al,
2017). In the second stage, the material is removed from the top
metal surface, generating wear debris, which reacts with the
lubricant (i.e. oxidizes). Some of the wear debris gets trapped
in the contact area, where it grinds and breaks down in nanosized
particles. In the third stage, the tribofilm growth can occur via
three mechanisms, mechanical deposition, chemical
deposition, and oxygen diffusion (Zhou et al, 2017). In this
work, the thick tribofilms found in WG-PP and WG-BMP 100 m
have grown up via mechanical deposition and compacting of the
wear debris nanoparticles in the contact area. This is clearly seen
in Figure 5 and later confirmed from the XPS analysis (Figure 6
and Table 5), where iron oxides, iron phosphate and metallic iron
are found in the tribofilms (at 10 nm from the surface). In
addition, chemical deposition and oxygen diffusion have
occurred, resulting in the formation of iron oxide and/or iron
phosphate compounds in the tribofilm, leading to further
tribofilm growth.

ie.
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In this work, the electrical conductivity has controlled the
tribofilm growth after the first stage of tribofilm formation. This is
clear when looking at WG and WG-C12, where the first stage thin
oxide film builds on the surface (Table 5) however, due to the low
electrical conductivity, the dissolution of this oxide film is slower
and hinders further wear debris deposition. Moreover, in the case
of WG-C12, not only the thin oxide film is present on the surface,
but also dodecanoic acid is strongly adsorbed providing low shear
and preventing further tribofilm growth. For WG-PP and WG-
BMP, the dissolution of the first stage thin oxide film takes place
due to the high electrical conductivity providing active metal
surface sites for wear debris deposition, facilitating further
tribofilm build up.

The Effect of Tribofilm Formation on Friction

Evolution

As shown in Figure 1, the friction evolution of WG alone was
the highest, and by adding C12, the friction reduces drastically.
According to the literature, the friction reduction of carboxylic
acid in polar media is due to the thin oxide film formation and
the adsorption of carboxylic acid onto the rubbing surface
(Zavieh and Espallargas, 2017; Bernat et al, 2018b).
Furthermore, a quartz crystal microbalance (QCM) study
showed that carboxylic acid forms adsorbed layers with high
rigidity and high modulus of elasticity, meaning that the
carboxylic acid strongly bonds to the metal surface
(Khanmohammadi et al., 2020). The thin oxide film and the
strongly adsorbed layer act as a barrier hindering further
tribofilm growth, resulting in low and steady friction
throughout the test.

On the other hand, the friction mechanism of ILs is controlled
by tribofilm formation, which depends on the electrical
conductivity and the pH of the media. Both PP and BMP
bring the same level of electrical conductivity to the base
lubricant, but different pH having an effect on the tribofilm
build up process. In the case of WG-BMP, due to the neutral pH,
the presence of mainly iron oxides in the tribofilm was favoured,

in accordance with XPS results (Table 4). The tribofilm
growth occurs via mechanical and chemical deposition, as
shown in the STEM image for WG-BMP 100 m (Figure 5).
The tribofilm growth influences the friction evolution
(Figure 1), in which there is an increase of friction at the
beginning of the test. The friction remains at high values for
ca. 150 m when a thick tribofilm is present on the surface, and
it reduces as the tribofilm is removed at the last 150 m of the
test (Figure 1). In WG-PP, due to the high electrical
conductivity, the tribofilm also grows. However, due to the
low pH, more active dissolution (Fe**) occurs, and
competition between tribofilm growth and active
dissolution takes place. At the first 40 m of the sliding test,
active dissolution overcomes the tribofilm growth, resulting
in decreased friction (Figure 1). However, phosphorus (in the
form of iron phosphate) in the tribofilm (Figure 5) stabilizes
the tribofilm growth for the rest of the test. This allows for
keeping a steady friction evolution. However, the friction
values are higher than for C12 since the tribofilm is more
rigid than the adsorbed carboxylic acid layer.

The Effect of Tribofilm on Wear

The additives resulted in a lower wear rate than the neat base
lubricant (Figure 1), showing the additives’ importance in the
antiwear performance. As stated in Section 2.2, the wear rate was
calculated based on the total volume loss occurring during the
whole test. To further study the wear mechanism, a more detailed
analysis of the volume loss was conducted. Wear profiles from
each lubricant condition (Figure 7A) show the formation of
ridges and a groove. Based on these 2-D wear profiles, the actual
volume loss (area loss in this case) can be calculated from the
difference between the groove and the ridges. The ridges area
(Aridges)> groove area (Agroove), and area loss (AA) are presented in
Figure 7B along with the degree of material loss (B). The
measured areas are normalized to 100m for easier
comparison. The degree of material loss is defined as the ratio
between area loss and groove area as shown in the following
equation (Bruce, 2012):

A T T T T T T T

Y (pm)

WG 300 m 4
——WG-CI12 300 m
= WG-PP 300 m

S —— WG-BMP 300 m |
———WG-BMP 100 m
10 L L L L 1 L L
0.4 0.3 0.2 0.1 0.0 0.1 0.2 03
X (mm)

FIGURE 7 | Wear cross-section profiles (A) and calculated area of Panel(A) (B) of AISI 52100 steel tested in different lubricants at room temperature.
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B can be used as an indication of the type of wear, in which
higher B indicates more abrasive wear whereas lower B indicates
more plastic deformation.

Figure 7B shows that WG 300 m, WG-C12 300 m, and WG-
BMP 300 m samples have comparable B values, indicating a
similar wear mechanism, which corresponds to predominantly
abrasive wear. However, the p values of WG-PP 300 m and WG-
BMP 100 m are the lowest, indicating predominantly plastic
deformation. This discrepancy in wear mechanisms is in
agreement with the differences in tribofilm formation.

As shown from the STEM images and the EDS data (Figure 5 and
Table 3), WG-PP 300 m and WG-BMP 100 m produced a very thick
tribofilms with the highest degree of oxidation. Indeed, the degree of
oxidation is well correlated with the lower area loss (AA). This was
also observed for the WG-BMP samples in which WG-BMP 100 m
sample shows lower area loss (AA) than WG-BMP 300 m. The high
electrical conductivity (i.e. oxidation degree) creates a thick tribofilm
that reduces wear. Moreover, the WG-PP 300m tribofilm also
contains iron phosphate (Figure 6 and Table 5), enhancing its
antiwear properties. Therefore, the formation of a thick tribofilm
has a beneficial effect on the wear reduction of the steel.

However, when looking at the wear track surface and the FIB
cross-sections, the thickest tribofilms (WG-PP and WG-BMP
100 m) have poor adhesion to the metal (Figure 2, 3, 4) that can
have a detrimental effect on the tribofilm integrity. The different
mechanical properties of the tribofilm and the metal might be
responsible for this behaviour, where under pressure, the ductile
metal tends to plastically deform leading to cracking and
detachment of the more brittle oxide tribofilm at the interface.

5 CONCLUSION

The effect of lubricant additive chemistry on friction and wear of
AISI 52100 steel was investigated in a water-based lubricant. The
following conclusions can be drawn:

e Dodecanoic acid showed a significant reduction in friction
due to the adsorption on the metal surface. However, the
oxide film growth was limited due to lower electrical
conductivity, leading to higher wear rates.
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ABSTRACT: Two ionic liquids, tributylmethylphosphonium dimethylphos- "¢ SERRES=an T ;

phate (PP) and 1-butyl-1-methylpyrrolidinium tris(pentafluoroethyl)- ik it plcic ]
trifluorophosphate (BMP), as lubricant additives in polyalphaolefin (PAO8) =

were studied under boundary lubricating conditions on two types of steel (AISI % o4 ) ]
52100 bearing steel and AISI 316L stainless steel). The tribological behavior of i The parmeies nfiincing
these ILs was compared with dodecanoic acid, a well-known organic friction 3 Faron b 8
modifier. This study employs a ball-on-disk tribometer with an alumina ballasa £ B BT
counterpart. A range of advanced analytical tools are used to analyze the & - Hardncss and chemical 1
tribofilms, including scanning electron microscopy equipped with a focused ion | L i S
beam, scanning transmission electron microscopy equipped with X-ray energy-

dispersive spectroscopy, and X-ray photoelectron spectroscopy. A quartz crystal o0 : ' - :
. S . 0 50 100 150 200 250 300

microbalance with dissipation was used to study the surface adsorption of the Dhimance b

additives on iron- and stainless steel-coated sensors to reveal the adsorption

kinetics, adsorbed layer mass, and bonding strength of the adsorbed layer on the metallic surfaces. The most important factors

controlling friction and wear are the thickness and viscoelastic properties of the adsorbed layer, the thickness and chemical

composition of the tribofilm, and the hardness and chemical composition of steel. Among all additives studied, BMP on stainless

steel gives a strongly adsorbed layer and a durable tribofilm, resulting in low friction and excellent antiwear properties.

H INTRODUCTION ILs are organic salts with a low melting point (below 100
°C).>® ILs consist of cations and anions with an asymmetric
structure and delocalized electrical charges, preventing them
from forming solid crystals. As a result, ILs are liquid at room
temperature. ILs were first studied as an alternative to space
lubricants in the early 2000s due to their unique properties, such
as nonflammability, low melting point, low volatility, high
thermal stability, and high polarity.”'* Since then, the

Friction between moving parts and their associated wear is
estimated to be directly responsible for 23% of the world’s
energy consumption.’ Road transport is responsible for 22% of
Europe’s CO, emissions. An electric car charging on the
European electricity grid corresponds to about 20 g/km of CO,
emissions. In electric cars, moving parts work at a higher speed

than in internal combustion engine cars, making the lubricants tribological performance of ionic liquids has been compared
function more as a torque transfer than as a load-bearing.” The with conventional hydrocarbon-based lubricants, such as
higher the speed of the tribological component, the higher the perfluoropolyether (PFPE),’ 1-13 polyalphaolefin (PAO) 1314
temperature generated in the lubricant. Therefore, low-viscosity and mineral oils."*~*® However, due to their complex synthesis
lubricants with better cooling properties and higher temperature and price, recent works on ILs have focused on their
stability are the trend for meeting the UN sustainable goals.”* performance as lubricant additives.'” >

The performance of low-viscosity lubricants can be maintained Two lubrication mechanisms of ILs are proposed in the
by advancing the technology of additives with multiple literature: (1) ILs adsorb to the worn surface to form adsorbed
functions, for example, simultaneous friction-reducing and layers and (2) ILs react with the worn surface to form a
antiwear properties. In recent years, researchers have attracted

great interest in ionic liquids (ILs) since they are seen as Received: October 25, 2021

potential high-performance lubricant additives due to their Revised:  February 10, 2022

inherent polarity, which provides strong surface adsorption. Published: February 23, 2022

Moreover, ILs can be easily tailored and tuned to meet different
properties; therefore, they are potential candidates for multi-
functional lubricant additives.

© 2022 The Authors. Published b
American Chemical Societ; https://doi.org/10.1021/acs.langmuir.1c02848
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Table 1. Chemical Formula, Density, and Chemical Structure of All Additives

Abbr. Chemical Chemical Density Chemical Structure
Name Formula (kg/m?)
(CH)CH, o
Tributylmethylphosphonium CHCHg— |I:--—(:H. P g—ocm
PP dimethylphosphate CisH3604P 1004 T |
(CH;),CH, OCH,
1-butyl-1-methylpyrrolidinium RN (CH:).CH, F\ftﬁ“
BMP tris(pentafluoroethyl) CysHyoF1gNP 1647 (‘"\: P
trifluorophosphate f CFyCF F‘ CRLF
Q
C12 Dodecanoic acid CH;(CH,),0,COOH 880 HO>_ (CHz)iCH,

protective tribofilm."” For the first mechanism, the rubbing
action during the test removes the electrons from the metal
surface, leaving a positively charged surface.”® The anion
moieties of ILs are attracted to the surface, while the cation
moieties face the lubricant, forming the first adsorbed layer.
Subsequently, the adjacent IL in the lubricant is attracted to the
first adsorbed layer in the same manner, forming a multilayer
structure at the surface.”* >’ For the second mechanism,
localized high temperature and high pressure are generated at
the contact area, decomposing the ILs. Consequently, the
decomposition products of ILs reacts with the nascent worn
surface to form a protective tribofilm.”*~> Most research on ILs
as lubricant additives focuses on the boundary lubricating
condition and tribofilm formation.”*™>* Only a few study the
adsorption mechanisms of ILs;*>*>*? therefore, the lubricating
mechanism of ILs is still far from being fully understood.

This paper studies ILs as potential additives in a low-viscosity
nonpolar medium. Two ILs (tributylmethylphosphonium
dimethylphosphate and 1-butyl-1-methylpyrrolidinium tris-
(pentafluoroethyl)trifluorophosphate) have been studied in a
polyalphaolefin base lubricant with a viscosity of 8 cSt at 100 °C
(PAOS). No additional additives were used to isolate the effect
of the ILs alone. The lubricating mechanisms of ILs are
compared with a well-known organic friction modifier
(dodecanoic acid). The lubricating mechanisms have been
investigated by studying their behavior on two steel materials
(AISI 52100 bearing steel and AISI 316L austenitic stainless
steel) due to their wide range of applications in tribological
components. Therefore, the effect of surface chemistry and
mechanical properties on the lubricating mechanisms could be
investigated. For the surface adsorption study, a quartz crystal
microbalance with dissipation mode (QCM-D) using iron- and
stainless steel-coated sensors was employed. X-ray photo-
electron spectroscopy (XPS) and scanning transmission
electron microscopy equipped with X-ray energy-dispersive
spectroscopy (STEM-EDS) were used to study the tribofilm
formation.

B MATERIALS AND METHODS

Materials. Two ionic liquids (ILs) were used as additives in a
nonpolar lubricant, i.e., tributylmethylphosphonium dimethylphos-
phate (abbreviated as PP) and 1-butyl-1-methylpyrrolidinium tris-
(pentafluoroethyl)trifluorophosphate (abbreviated as BMP). A well-
known organic friction modifier is used as a reference, i.e., dodecanoic
acid (abbreviated as C12). Polyalphaolefin with a viscosity of 8 cSt at
100 °C (abbreviated as PAO) was chosen as the base lubricant. PP
(97% purity and a molar mass of 342.40 g/mol) was purchased from
Fluorochem. Both BMP (>98%, $87.27 g/mol) and C12 (>99%,
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200.32 g/mol) were purchased from Sigma-Aldrich. Meanwhile, PAO
was obtained from Chevron Phillips Chemical. All chemicals were used
as received without further purification. Table 1 shows the chemical
formula, density, and chemical structure of all additives used in this
study. The selected additive concentrations are 1 and 0.1 wt % for ILs
and C12, respectively. The concentrations of ILs are chosen based on a
two-way ANOVA analysis performed by us in an independent work.
The optimum concentration for ILs in PAO was 1 wt % (different
concentrations were tested: 0.25, 0.5, 1, and 2 wt %). In contrast, 0.1 wt
9% was the optimum concentration for C12.“> A magnetic stirrer was
used to blend the base lubricant and the additive for 4 h at 70 °C,
followed by 20 h at room temperature.

The tribological performance of each lubricant was studied on AISI
52100 bearing steel and AISI 316L stainless steel. Both steels were
purchased from Smith Stal (Trondheim, Norway) with hardness values
of 60 HRC and 217 HB (equivalent to 18 HRC) for AISI 52100 bearing
steel and AISI 316L stainless steel, respectively. The elastic modulus
and Poisson’s ratio of both steels are 210 GPa and 0.29, respectively.
Disk samples with a thickness of 6 mm were prepared from a 30 mm
diameter rod. Surface preparation was done by following the procedure
in the metalog guide provided by Struers for each material until it
reached a surface finish of Ra = 0.090 + 0.003 um.*' After surface
preparation, the sample disks were ultrasonically cleaned in a distilled
water—ethanol mixture (ca. 1:1) for S min, then rinsed with fresh
ethanol, and dried with pressurized air.

Testing and Characterization Methods. The stability of the
lubricant mixture at room temperature was examined by a turbidity
meter (Hanna Instruments HI-88713). The lubricants were put in an
ultrasonicator for 1 h before the test. The turbidity number (FNU) was
measured by calculating the average value of 12 measurements taken
from 2 h tests. PAO, PAO-C12, and PAO-PP have stable turbidity for 2
h, transparent and without phase separation. On the other hand, PAO-
BMP resulted in the highest turbidity numbers of all mixtures,
indicating lower solubility. However, the turbidity numbers were stable
throughout the test. The dynamic viscosity of the lubricants was
measured using a rheometer (Haake Mars Rotational Rheometer, with
a CC27 cylinder measuring system, with the built-in Peltier element).
The measurements were conducted by applying a shear rate of 500 s™*
for 30 s at 23 °C in humid air. The measured viscosity of the PAO base
lubricant was 81 mPa-s. The addition of C12 did not change the
viscosity of the base lubricant, and the ILs slightly increased the
lubricant’s viscosity to 87 and 85 mPa-s for PAO-PP and PAO-BMP,
respectively. The density of the lubricants was measured by the
weighing method at constant volume. The measured density of the
PAO base lubricant was 831.8 kg/; m>. The addition of the additives
slightly increased the density of the lubricant to 840.9, 853.6, and 840.8
kg/m® for PAO-PP, PAO-BMP, and PAO-C12, respectively.

The tribological tests were performed using a unidirectional ball-on-
disk tribometer (Anton Paar with Phoenix tribology software) to
evaluate the tribological performance of each lubricant on AISI 5200
steel and AISI 316L stainless steel. The tests were conducted using a
stationary alumina ball against a rotating disk sample of AISI 5200 or
AISI 316L stainless steel under boundary lubricating conditions. The
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alumina ball (fused ceramic) was purchased from Precision Ball and
Gauge Co., Ltd with an elastic modulus of 300 GPa and a Poisson’s ratio
of 0.21. The roughness of the alumina ball was 0.025 um. The test
parameters were as follows: a ball diameter of 6 mm, a free-weight load
of 20 N (corresponding to a maximum initial contact pressure of 1.96
GPa), a disk rotation speed of 40 rpm, and a rotation track diameter of
10 mm. From these parameters, the calculated lambda (1) value
according to the EHL Hamrock—Dowson equation is 0.039 for the
PAO base lubricant (the pressure-viscosity coefficient of PAO is 13
GPa™! at 25 °C);** therefore, the boundary lubricating condition is
met. The calculated A value for PAO-PP, PAO-BMP, and PAO-C12 was
0.040 (assuming the same pressure-viscosity coefficient for additivated
PAO as the PAO base lubricant), indicating that the lubricating regime
was still in the boundary condition. All lubricants were tested for a
distance of 300 m (4 h) at room temperature. For each lubricant—
substrate combination, at least two tests were performed to verify the
repeatability of the results.

The wear volume was quantified using an optical three-dimensional
(3D) microscope (Alicona Infinite Focus Microscope, IFM), followed
by surface image analysis using MountainsMap software. The wear
volume was measured from four wind directions of the wear tracks, and
the average value was then calculated. After that, the specific wear rate
was calculated by the following equation*’

\4

SWR = —
N.s

¢

where SWR is the specific wear rate (mm*®/Nm), V is the volume loss
(mm?®), N'is the normal load (N), and s is the sliding distance (). The
average SWR value and the standard deviation of each lubricant—
substrate combination were reported.

The wear track top surface was observed using a Quanta FEG 650
scanning electron microscope (SEM). The wear track secondary
electron images were recorded using an Everhart—Thornley detector
(ETD). The wear track cross section was prepared and studied using an
FEI Helios Nanolab DualBeam scanning electron microscope with a
focused ion beam (SEM-FIB). A gallium liquid metal ion source was
used for preparing the cross section by deposition, milling, and
polishing processes. To protect the wear track surface from damage,
double layers of platinum were deposited in sequence before milling
and polishing processes. The secondary electron images of the cross
section were taken using a through lens detector (TLD). After the
images were recorded, the process was continued to make a thin lamella
sample with a thickness of less than 60 nm using the same SEM-FIB.
The tribofilm characterization and chemical composition were studied
by examining the lamella by scanning transmission electron microscopy
(STEM, Hitachi SU9000) equipped with an X-ray energy-dispersive
spectroscopy (EDS) detector (Ultim Extreme, Oxford Instruments).

The elemental composition inside the wear track was examined by X-
ray photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD) with
monochromatic Al Ka as the X-ray source with 10 kV accelerating
voltage and 10 mA current. The sample analysis chamber was set to
vacuum with a pressure of 9 X 10~° Torr during the acquisition.
Electrostatic and hybrid lenses were used for AISI 52100 steel and AIST
316L stainless steel samples. A high-resolution scan with 20 eV pass
energy and 0.1 eV step size was selected to collect the elemental data of
phosphorus (P) and fluorine (F). To study the tribofilm, depth profiling
was done by sputtering the surface with Argon ions with the following
parameters: a pressure of 4.4 X 107 Torr, an energy of 4 kV, and a raster
size of 2.5 X 2.5 mm. The selected sputtering times were 5 and 85's. A
sputtering time of S s was used to remove the contamination on the
surface, and a sputtering time of 85 s was used to study the tribofilm
chemical composition. The XPS elemental data were analyzed by
CasaXPS software using the curve-fitting parameters shown in Table 2
for detailed quantification.

The adsorption studies were performed using a quartz crystal
microbalance with dissipation (QCM-D, Biolin Scientific). Two
sensors were used in this study, i.e., an iron (Fe)-coated sensor and a
stainless steel (SS)-coated sensor from Biolin Scientific. Before the
experiment, the sensors were cleaned based on the cleaning procedure
provided by Biolin Scientific. The experiment was started by injecting
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Table 2. Detailed Curve-Fitting Parameters of Compounds
Used for XPS Characterization

binding energy FWHM
signal (£0.1 eV) (£0.1 eV) line shape  assignment
F 1s*% 684.9 1.6 GL(30)  F~
P 2p*? 133.7 1.6 GL(30)  (PO,)

the base lubricant into the sensor and monitoring the frequency and
dissipation shift for at least 30 min to obtain a steady baseline. After that,
the solution was changed to the formulated lubricant (base lubricant
and additive) for 2 h to measure the adsorption behavior of the additive.
Then, the solution was changed back to the base lubricant for 1 h to
remove the weakly bond additive and measure the frequency and
dissipation shift of the strongly adsorbed additive species. The
experiment was performed with a flow rate of 50 uL/min using a
peristaltic pump. Only the frequency and dissipation change of the
fundamental frequency (1st overtone) could be recorded because the
viscosity of the tested lubricants was high enough to dampen the quartz
crystal, resulting in a high noise-to-peak ratio at higher overtones. At
least two experiments were conducted for each solution to check the
repeatability of the results.

B RESULTS

Tribological Testing. The effectiveness of the additives in
the nonpolar lubricant was examined by sliding tribological tests.
The friction evolution results on AISI 52100 steel and AISI316L
stainless steel are presented in Figure 1A,B, respectively. During
the running-in period, the coefficient of friction (COF) of AISI
52100 steel lubricated by PAO alone starts from 0.13 and
decreases to 0.11. Then, the COF begins to increase after 20 m
reaching a value of 0.19 at 70 m before gradually declining to
0.14 at the end of the test. Similar trends are observed for PAO-
PP and PAO-BMP, in which PP and BMP delayed the increase
of the COF to 30 and 110 m, respectively. In the case of PAO-
C12, the COF increases during the running-in from 0.10 to 0.12
for 20 m, followed by a slight decrease until the end of the test.
By comparing PAO, PAO-PP, and PAO-BMP lubricants, it is
worth noticing that the order of COF from low to high is PAO-
BMP, PAO-PP, and PAO during the whole duration of the test.
Compared to PAO, PAO-PP, and PAO-BMP, the COF of PAO-
C12 is the highest at the beginning of the test and the lowest at
the end of the test due to the abrupt COF change of PAO, PAO-
PP, and PAO-BMP.

In the case of AISI 316L stainless steel, the friction evolution
of PAO alone is characterized by a long running-in period with
high friction (0.44) at the start and reaching a steady COF of
0.14 after ca. 50 m until the end of the test. PP in PAO reduces
the running-in period drastically, keeping friction slightly lower
than PAO alone after running-in. In the case of PAO-BMP, the
running-in period decreases, and the friction evolution is steady
from the start until the end of the test with a COF similar to
PAO-PP. C12 in PAO increases friction to 0.15 and fluctuates
during the whole test, indicating unstable friction.

Figure 1C,D shows the influence of the additives on the
specific wear rate (SWR) of AISI 52100 steel and AISI 316L
stainless steel, respectively. In the case of AISI 52100 steel, the
SWR value is 5.70 X 10~® mm®/Nm for the PAO base lubricant
alone. PP and BMP in the base lubricant reduce the SWR by 7
and 36%, respectively. Meanwhile, C12 shows the lowest SWR
with a 49% reduction.

In the case of AISI 316L stainless steel, the SWR value for
PAO alone is 1.68 X 107 mm®/Nm (ca. 3 times higher than
AISI 52100 steel). Both PP and BMP reduce the SWR of AISI
316L stainless steel, in which BMP gives the lowest reduction of
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Figure 1. Friction evolution and specific wear rate of AISI 52100 steel (A, C) and AISI 316L stainless steel (B, D) lubricated by PAO with and without

additives.

82% and PP gives a 30% reduction. C12 results in the highest
SWR with a value of ca. 3.5 times higher than the PAO base
lubricant alone.

Figure 2 shows the SEM images of the wear tracks after
testing. The wear track morphology of AISI 52100 steel
lubricated by PAO alone shows abrasive wear marks with
minor plastic deformation. In the case of PAO-PP and PAO-
BMP, the wear tracks of AISI 52100 steel have a similar
morphology, in which abrasive wear with minor plastic
deformation is observed. On the other hand, a smoother wear
surface with no plastic deformation is observed on AISI 52100
steel lubricated by PAO-C12, which is in agreement with the
friction evolution and wear results. The wear morphology of
AISI 316L stainless steel lubricated by PAO shows a smooth
wear surface with signs of abrasive wear and plastic deformation.

In the case of AISI 316L stainless steel lubricated by PAO-PP,
the wear track shows plowing with signs of plastic deformation
and delamination in some areas. On the other hand, PAO-BMP
shows a smooth surface and abrasive grooves with no signs of
plastic deformation. PAO-C12 shows delamination, wear flakes,
and severe plastic deformation inside the wear track.

The cross-sectional images of the wear tracks prepared by FIB
are shown in Figure 3. Double Pt protective layers are visible in
the images. The cross-sectional images were recorded at the
center of the wear track and perpendicular to the sliding
direction. The microstructure of all AISI 52100 steel samples
consists of deformed grains with chromium carbide (dark round
particles). AISI 52100 steel lubricated by PAO, PAO-PP, and
PAO-BMP shows a similar degree of recrystallization and plastic
deformation. AISI 52100 steel lubricated by PAO-C12 shows a
lower degree of recrystallization and plastic deformation.
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AISI 316L stainless steel shows a higher degree of
recrystallization and plastic deformation. AISI 316L stainless
steel lubricated by PAO, PAO-PP, and PAO-C12 shows a very
fine recrystallized area along the cross section. Moreover, the top
microstructures underwent severe recrystallization for PAO,
resulting in nanometer-size grains. AISI 316L stainless steel
lubricated by PAO-BMP shows a lower degree of recrystalliza-
tion with a thinner deformed region, indicating lower shear
strain at the subsurface region.

Tribofilm Characterization. STEM was used to investigate
the tribofilms formed on all samples. The STEM images and
EDS elemental mapping are shown in Figure 4 for AISI 52100
steel and AISI 316L stainless steel samples. The chosen elements
for mapping were oxygen and iron. The oxygen elemental
mapping reveals the presence of oxides in the tribofilm.
Phosphorous (P) and fluorine (F) are not shown in the
elemental mapping because (1) the Pt Ma and P Ka peaks’
energies are too close, resulting in poor contrast between the
platinum protective layer and the phosphorous inside the
tribofilm and (2) the overlapping of the F Ka and Fe La peaks’
energies make it difficult to distinguish these peaks.

The AISI 52100 steel samples lubricated by PAO, PAO-PP,
and PAO-BMP show a thick tribofilm on the surface with a
thickness of ca. 50—250 nm (Figure 4). In addition, subsurface
cracks are observed for PAO and PAO-PP samples; however, no
visible subsurface cracks are observed for PAO-BMP. PAO-C12
shows a thin tribofilm (ca. 15 nm), and cracks are observed in
the vicinity of the carbides and on the surface. In the case of AISI
316L stainless steel lubricated by PAO alone, a tribofilm is built
on the surface (50—100 nm thickness, Figure 4). Thicker
tribofilms are observed for PAO-PP (100—200 nm) and PAO-
BMP (100—300 nm). No visible subsurface cracks are observed
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Figure 2. SEM images of the wear tracks of AISI 52100 steel and AISI 316L stainless steel disk tested in different lubricants at room temperature.

for AISI 316L stainless steel samples lubricated by PAO, PAO-
PP, and PAO-BMP. PAO-C12 shows a thin tribofilm (ca. 15
nm) with signs of oxides trapped deeper into the subsurface
region.

EDS point analysis was performed in each sample to obtain a
detailed chemical tribofilm composition (Table 3). In the case of
all AISI 52100 steel samples, the tribofilm consists of iron and
oxygen. Chromium is not detected in the tribofilm because it
forms stable chromium carbide. No phosphorous is detected for
the PAO-PP sample, indicating that the ILs did not react with
the worn surface. In the case of AISI 316L stainless steel samples,
the tribofilm consists of iron, chromium, nickel, and oxygen for
PAO-C12, and the same elements together with phosphorous
for PAO-PP and PAO-BMP samples. Iron, chromium, and
nickel originate from the stainless steel material, whereas
phosphorous comes from the IL structure, indicating a reaction
between the IL and the worn surface.
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Adsorption Study of Additives on Iron- and Stainless
Steel-Coated Sensors. QCM analysis was performed to study
the adsorption of the lubricant additives on iron (Fe)- and
stainless steel (SS)-coated sensors. Figure S shows the evolution
of frequency and dissipation during 10 min of introduction of
the base lubricant, followed by 1 h of injection of the formulated
lubricant and 1 h of rinsing with the same base lubricant. Note
that only the fundamental frequency could be obtained (see the
Testing and Characterization Methodssection). By comparing
the frequency and dissipation evolution, three phenomena are
found: (1) the adsorption kinetics, (2) the initially adsorbed
layer, and (3) the strongly adsorbed layer after rinsing. The first
10 min act as a reference for further changes in frequency and
dissipation. During the introduction of the formulated lubricant,
the frequency slope shift represents the adsorption kinetics, and
the frequency shift represents the initially adsorbed layer. The
additive can be physically and chemically adsorbed to the QCM
sensor’s surface during this process. During rinsing the base

https://doi.org/10.1021/acs.langmuir.1c02848
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Figure 3. FIB cross-sectional images of the wear tracks of AISI 52100 steel and AISI 316L stainless steel disk tested in different lubricants at room

temperature.

lubricant, the adsorbed additive can still stay on the surface or
can be partially or completely removed from the surface
depending on the bonding strength. The frequency shift during
the rinsing defines the bonding strength of the adsorbed layer on
the surface.

The frequency and dissipation shifts, shown in Figure S,
indicate utterly different adsorption behaviors for all additives.
PP shows higher slope and frequency shift than BMP, indicating
faster adsorption kinetics and a larger amount of the initially
adsorbed layer on the surface; however, no strongly adsorbed
layer is observed after rinsing. By comparing the adsorption on
Fe- and SS-coated sensors, PP has slightly faster adsorption
kinetics and a slightly higher initially adsorbed layer on the SS-
coated sensor. BMP shows strong adsorption and remains on the
surface after rinsing despite having slow adsorption kinetics and
a low initially adsorbed layer. By comparing the adsorption on
Fe- and SS-coated sensors, BMP has faster adsorption kinetics, a
higher initially adsorbed layer, and a strongly adsorbed layer
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after rinsing on the SS-coated sensor. On the other hand, the
frequency and dissipation shifts of C12 show opposite behavior
to PP or BMP, with a frequency shift toward positive values and
a dissipation shift toward negative values. After rinsing, the
frequency and dissipation return back to the reference values,
indicating complete removal of the adsorbed layer. Similar
adsorption behavior is observed for C12 on both Fe- and SS-
coated sensors.

H DISCUSSION

Additives’ Adsorption on the Tribosurface. The
adsorption study performed with QCM showed different
responses in the adsorption behavior of the additives. While
the QCM measurements are conducted in static conditions, the
tribological test conditions are dynamic where the adsorbed
species are continuously removed from the contact surface due
to the rubbing action. For the additives to have an effect on the
tribological performance, the additive species need to replenish

https://doi.org/10.1021/acs.langmuir.1c02848
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Figure 4. STEM cross-sectional images and EDS elemental mapping of the wear tracks on AISI 52100 steel and AISI 316L stainless steel tested in

different lubricants at room temperature.

Table 3. EDS Chemical Composition Analysis of the Tribofilms (atom %)

sample lubricant tribofilm thickness (nm)

AISI 52100 steel PAO 50-250
PAO-PP 50—-250
PAO-BMP 50-250
PAO-C12 15

AISI 316L stainless steel PAO 50—-100
PAO-PP 100-200
PAO-BMP 100—-300
PAO-C12 15

elemental concentration in the tribofilm (atom %)

Fe Cr Ni [¢] P

46.49 0 §3.51

48.87 0 S1.13 0
44.60 0 55.40 0
40.31 0 59.69

31.06 8.23 3.46 57.25

25.59 5.79 3.02 60.36 524
21.54 5.18 2.74 69.91 0.63
37.92 10.42 5.28 46.38

the tribosurface, which is controlled by the adsorption behavior
of the additives. During the rubbing action, the adsorbed species
are continuously removed from the contact area of the
tribosurface. At the same time, electrons are emitted from the
worn area, leaving a positively charged surface that attracts the
additives to replenish the contact surface again.”® Thus, the
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readsorption of the additive species plays an important role in
the tribological behavior. A first-order Langmuir adsorption rate
equation can be used to model the adsorption kinetics of the
48,49

additives as follows

https://doi.org/10.1021/acsJangmuir.1c02848
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Figure 6. Adsorption kinetics of the additives on the surface of (A) Fe- and (B) SS-coated sensors.

a0
dt ~ kl(ee ‘91) (2)
where k; is the first order of the adsorption kinetic constant, and
6, and 6, are the occupied adsorption sites at equilibrium and
time t. By integrating eq 2, the adsorption kinetic constant is
obtained by plotting the dependency of the amount of adsorbed
mass versus time as follows

In(q, - ¢,) = In(q) — kit 3)

where g, and g, are the masses adsorbed at equilibrium and time
t. The logarithmic dependency of the amount of the adsorbed
mass versus time is shown in Figure 6 for the first 90 s of
adsorption. As shown in eq 3 and Figure 6, the slope of the graph
represents the adsorption kinetic constant. By applying linear
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regression, the adsorption kinetic constants are obtained. For
the Fe-coated sensor, the adsorption kinetic constants are
0.0470, 0.0164, and 0.0041 s~! for C12, PP, and BMP,
respectively. In the case of the SS-coated sensor, the adsorption
kinetic constants are 0.0411, 0.0218, and 0.0052 s™" for C12, PP,
and BMP, respectively. Thus, on both sensors, C12 holds the
fastest adsorption kinetics followed by PP and BMP.

The relationship between the frequency shift and the mass
change of the QCM sensor was first proposed by Sauerbrey in
the following Sauerbrey equation™

Jo_[Am

Af=-
Po 4ol Aq ©)
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where Afand Am/A are frequency shift (Hz) and mass change
per unit area (kg/m?). fo, p, and d are the natural frequency in
vacuum (Hz), density (kg/m?), and thickness (m) of the quartz
plate, respectively. Note that Sauerbrey performed his experi-
ments under vacuum; therefore, the Sauerbrey equation is the
basis for using QCM to measure adsorption in vacuum or gas
phase regardless of the viscoelastic properties of the adsorbate.

Due to their ionic nature and their high dipole moment, ILs
have a higher tendency to be adsorbed on the metallic surface to
form a single- or multilayer structure.”® Using the Sauerbrey
equation, the adsorbed layer structure can be predicted. In the
case of PP, one molecule of PP has a length of 2.03 nm (from the
structure analysis using MarvinSketch software), which gives a
frequency shift of —9.34 Hz for one adsorbed layer. Using the
same procedure for BMP (the length of one molecule is 2.11
nm), the calculated frequency shift is —15.93 Hz for one
adsorbed layer. As shown in Figure S, the frequency shift of PP
and BMP on the Fe-coated sensor are —820 and —320 Hz, and
on the SS-coated sensor, they are —877 and —525 Hz,
respectively. Thus, it is expected that PP and BMP will form
multilayer structures on both Fe- and SS-coated sensors. PP will
have a thicker adsorbed layer compared to BMP. Generally, ILs
in nonpolar media, such as PAO, exhibit no ionic dissociation,
maintaining the dipole moment of the molecule. As shown in
Figure S, BMP stays on the surface of the sensor after rinsing
with PAO, indicating strong adsorption of BMP to the sensor
surface. The strong adsorption of BMP indicates a chem-
isorption process, which promotes the formation of a tribofilm.
The presence of high electronegative atoms (F) promotes strong
adsorption to the metallic surface. Similar behavior was observed
for BMP in water—glycol,*” confirming that the high electro-
negative atoms play a role in the adsorption process and the
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further tribofilm formation. On the other hand, PP weakly
adsorbs to the surface, showing that it undergoes a physisorption
process. The anion of PP has a smaller density of negative charge
than BMP and its smaller size generates a weaker interaction
with the metal surface. Figure 5 shows that the stainless steel
surface tends to adsorb more ILs, probably due to the different
surface chemistry (ie., stainless steel creates a nanometric
passive film of chromium oxide on the surface). In the case of
C12, a positive but low frequency shift was observed, indicating
a thinner adsorbed layer than the ILs. In addition, complete
removal of the adsorbed layer after rinsing with PAO indicates a
physisorption process (Figure S).

A simulation approach has been used to understand the
adsorption of C12 on Fe- and SS-coated sensors. In 1999,
Voinova et al. proposed a continuum mechanics approach to
describe the adsorption of a layered polymer film in a liquid
environment.”’ There are several theoretical methods for
quantitative interpretation of the viscoelastic response of
QCM data, such as continuum mechanics, electrical circuit,
and transmission line analysis methods.”>** However, only the
continuum mechanics approach directly links the QCM data to
the adsorbed layer’s physical description, which correlates the
measured frequency and dissipation with the adsorbed layer
properties. Using Voinova’s approach, the viscoelastic properties
of an adsorbed layer with an arbitrary thickness covering the
surface of a quartz sensor immersed in liquid can be analyzed.
The Voigt element was used to model the viscoelastic material in
this approach. Spring and dashpot in a parallel arrangement
represent the shear elasticity modulus (u) and the shear viscosity
coefficient (#7) of the layered film, respectively. Assumptions for
the adsorbed layer are rigidly attached (no slip), evenly

https://doi.org/10.1021/acsJangmuir.1c02848
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Table 4. Summary of the Adsorbed Layer Properties on Both Fe- and SS-Coated Sensors

adsorption initially adsorbed strongly adsorbed mass layer shear viscosity (compared to bulk shear elasticity
additive kinetics layer layer contribution liquid) modulus
SS-PP medium-high very high no very high high high
Fe-PP medium high no high high high
SS-BMP slow medium-high yes medium-high high high
Fe-BMP very slow medium yes medium high high
SS-C12 very fast very low no very low low low
Fe-CI12 very fast very low no very low low low
PAO introduction Formulated Lubricant injection Rinsing with PAO

T 1
PAQ-PP PAO-BMP PAOCI2

PADCI2

PAQ-PP

09000
0000
Q@@

PAO-BMP

PAG-CI2 PAO-FP PAO-BMP

Figure 8. Molecular assemblies’ illustration of the additives on both the Fe and SS surfaces during the QCM tests.

distributed, and homogeneous thickness, density, viscosity, and
elasticity properties.

The acoustic response of the QCM was modeled with
MATLAB varying the viscoelastic layer properties (7 and )
using the general solution of the wave equation for the thin
viscoelastic layer immersed in a bulk liquid. Figure 7 shows the
result of the numerical simulation of the model for the thin
viscoelastic C12 layer of a thickness of 10 nm and a density of
880 kg/m? when the sensor oscillates with a frequency of S MHz
in PAO (p = 840.8 kg/m> 5 = 83.13 mPa-s). A C12 thickness of
10 nm for the analysis was selected based on the thickness
measured using atomic force microscopy (AFM).** In Figure
7A,B, the zero value line (yellow line) is presented, forming the
basis for constructing Figure 7C.

To explain the acoustic response in Figure 7, the following
simplified equations are provided by considering one thin
viscoelastic layer under bulk liquid and keeping only the first-
order approximation®"

2 2
®
Af = L + dyp0 — ZdA(@) %
ledeQ Oy Op) S~ +n @
©)
1 U m, ’ @
AD x ———— —B+2dA[—B] 72%\ B
27 Py dq_| G5 Os) 1" +nw (6)
2
b= |2
Py ™)
@ = 21f, ©)

where pg and 775 are the density (kg/m?) and viscosity (Pa-s) of
bulk liquid, whereas dy, p,, pta, and 77, are the thickness (m),
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density (kg/m?), shear elasticity modulus (Pa), and shear
viscosity coefficient (Pa-s) of the adsorbed layer, respectively. In
eq S, the resonance frequency shift depends on the bulk liquid
term (175 and &g), and the difference between the layer mass
contribution (d, p», and @) and layer viscoelastic contribution
(uy and 77,), whereas in eq 6, the resonance dissipation shift
depends on the bulk liquid term #/dp and layer viscoelastic
contribution (u, and 7,). Note that eqs S and 6 take the
reference from vacuum, meaning the bulk liquid contribution is
relative to vacuum. In a liquid medium, the contribution of the
reference liquid should be included in the equations as follows

2
1
Af v ——— (@ - ”—R] + dyp o — 2dA[@]
ZIIdeQ 0y Op Og
e
”AZ I ’IAZ(UZ o)
1 U n /] * R0
SIS [ FOV Y
ZIrfOdeQ oy Op Op) u~ +n @
(10)
J—
2
5 \/ﬁ
Pp® (11)

where p and 7y, are the reference liquid’s density (kg/m®) and
viscosity (Pa-s), respectively. In the case of similar density and
viscosity between reference and bulk liquids, the influence
between these two can be canceled
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Figure 9. P and F XPS spectra inside the tribofilm of AISI 52100 steel and AISI 316L stainless steel lubricated by PAO-PP and PAO-BMP (taken after

8S s sputtering time).
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It is worth noticing that due to the approximation, the layer mass
contribution is neglected in eq 13. However, from the simulation
in Figure 7B (without approximation), there is a region with a
negative dissipation value when the layer has a low shear
elasticity modulus with the shear viscosity lower than the shear
viscosity of the bulk.

From the simulation results and according to eq 12, the
unexpected positive frequency shift (and negative dissipation
shift) found experimentally for C12 in Fe- and SS-coated sensors
(Figure S) is a result of the layer viscoelastic contribution rather
than the adsorption mass contribution. The C12 adsorbed layer
has both low shear viscosity and a low shear elasticity modulus
compared to the bulk liquid (PAO), thus resulting in a positive
shift of the frequency and a negative shift of the dissipation
(Figure 7C). Therefore, the negative frequency shift of PP and
BMP additives is mostly influenced by the adsorption mass
contribution. Thus, the adsorbed layer of PP and BMP must
have high shear viscosity and a high shear elasticity modulus
compared to the bulk liquid (PAO). All of the adsorption
responses are summarized in Table 4, and the molecular
assemblies expected on the surface of the sensors after QCM
testing and simulation results are illustrated in Figure 8.

Effect of Lubricant Formulation on the Tribofilm
Chemical Composition. PAO-PP and PAO-BMP promote
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noticeable tribofilm formation on both surfaces, as shown in
Figure 4. Interestingly, PAO alone creates a thick tribofilm,
indicating that only the presence of oxygen in the lubricant is
enough to contribute to a tribochemical reaction leading to
tribofilm growth. In the case of PAO-C12, a thin tribofilm is
formed, indicating that C12 hinders tribofilm growth by
occupying the active sites for the tribochemical reaction.
Tribofilm formation consists of three stages, ie., tribofilm
initiation, wear debris generation and breakdown, and tribofilm
growth.54 For tribofilm initiation, the reactive elements inside
the lubricant, such as oxygen, ILs, and ILs’ decomposition
products, adsorb to and react with the nascent surface to form a
thin interlayer film. This interlayer can act as a good bonding
layer between the metallic substrate and the tribofilm or, on the
other hand, it can act as a barrier layer hindering tribofilm
growth. The mechanical action will generate wear debris at the
contact zone. Some wear debris may get trapped and broke
down to nanosize in the contact zone, and others may be wiped
away. The nanosized wear debris will consequently react with
reactive elements in the lubricant due to the thermomechanical
process in the contact area. Both unreacted and reacted wear
debris are deposited and smeared on the tribosurface (which is
occupied by an interlayer film from tribofilm initiation), thus
leading to further film growth.

XPS was used to study the tribofilm chemical composition of
the tribofilms on both the surface and the subsurface. For surface
analysis, the wear track was sputtered with argon for $ s to
remove the contamination before the XPS data acquisition. For
subsurface analysis, the wear track was sputtered for 85 s (going
deeper in the tribofilm thickness). Surface and subsurface
analysis revealed the same chemical composition. The detailed
XPS spectra for subsurface analysis are shown in Figure 9. No P
or F was detected in the tribofilm of AISI 52100 in any of the

https://doi.org/10.1021/acsJangmuir.1c02848
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PAO-BMP 100 m

Figure 10. Top view and STEM image with elemental mapping of the AISI 52100 steel worn surface lubricated by PAO-BMP tested for 100 m (A, C)

and 300 m (B, D).

lubricants formulated with ILs. In the case of AISI 316L stainless
steel, P is detected in the tribofilms of both PP and BMP. XPS
analysis further found that P created an iron phosphate phase. In
addition, F in the form of iron fluoride was found for BMP. The
XPS results have confirmed that the adsorption of the ILs did
not result in any chemical reaction with AISI 52100 steel, but
they did react with AISI 316L stainless steel. This confirms that
the surface chemistry of the moving parts influences the
tribofilm formation given the same lubricant composition.
Interestingly, it was found by QCM that the adsorption kinetics
and the initially adsorbed layer of the ILs were larger on SS than
those on Fe-coated sensors (Table 4 and Figure 6).

Tribofilm and Adsorbed Layer Effects on Friction. As
shown in Figure 1A, there is a transition in the friction evolution
of AISI 52100 steel lubricated by PAO, PAO-PP, and PAO-
BMP, which results in higher friction than PAO-C12. High
friction, together with the high initial Hertzian contact pressure
(1.96 GPa), results in a higher degree of recrystallization and
plastic deformation (Figure 3). As shown in Table 3, thick
tribofilms are formed for PAO, PAO-PP, and PAO-BMP,
whereas a thin tribofilm is formed for PAO-C12. Therefore, the
formation of thick tribofilms can increase friction. This
phenomenon has also been observed when using ZDDP, a
well-known antiwear additive. Dawcyzk et al. showed that an
increase in friction is a direct result of the increase in the effective
roughness of the worn surfaces due to tribofilm formation.” As
shown in Figure 2, PAO, PAO-PP, and PAO-BMP create
rougher worn surfaces than PAO-C12 due to thicker tribofilm
formation.

To further understand the influence of tribofilm and surface
roughness on friction, a shorter test was performed for PAO-
BMP on AISI 52100 (terminated after 100 m sliding, right
before the friction transition seen in Figure 1A). The top view of
the worn surface and the STEM image with elemental mapping
of PAO-BMP 100 m are shown in Figure 10 along with PAO-
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BMP 300 m sample for comparison. The PAO-BMP 300 m wear
track shows a rougher surface, whereas a smoother surface is
observed for PAO-BMP 100 m due to thin tribofilm formation.
These wear surface morphologies are in agreement with the
friction evolution of PAO-BMP on AISI 52100 steel in Figure
1A, in which a smoother surface results in lower friction and vice
versa. Therefore, in the case of AISI 52100 steel, a thick oxide
tribofilm is responsible for high friction.

However, a friction increase due to the thick tribofilm is not
observed for AISI 316L stainless steel. As shown in Figure 1B,
the friction evolution of AISI 316L stainless steel lubricated by
PAO, PAO-PP, and PAO-BMP shows low values even though a
thick tribofilm was formed, implying that a thick tribofilm might
not be the factor playing the most important role in friction for
stainless steel. As shown in Table 3 and Figure 9, the formed
tribofilm on stainless steel contains oxides and hydroxides from
different metals, P and F, whereas the tribofilm on AISI 52100
steel only contains Fe oxides and hydroxides. Therefore, the
chemical composition of the tribofilm resulted in a different
frictional response.

In addition, the friction behavior is influenced not only by the
presence of a tribofilm but also by the adsorbed additives on the
tribosurface.>® The adsorbed layer properties, such as thickness
or mass, viscoelastic properties, and bonding strength, define its
friction-reducing ability. Comparing PAO, PAO-PP, and PAO-
BMP friction in Figure 1A, the effect of the type of additive on
friction is clear, where PAO-BMP gives the lowest friction
evolution both before and after tribofilm formation. As shown in
Table 4, PP has faster adsorption kinetics and adsorption mass
and weak adsorption. BMP shows slower adsorption kinetics
and lower adsorption mass but adsorbs strongly to the sensor
surface, indicating that the bonding strength plays the most
important role in the friction-reducing ability. A strongly
adsorbed layer (BMP) maintains the layer’s integrity during
the sliding action. In addition, a stronger adsorbed layer

https://doi.org/10.1021/acsJangmuir.1c02848
Langmuir 2022, 38, 2777-2792



Langmuir pubs.acs.org/Langmuir
AISI 52100 steel AISI 316L stainless steel
12000 4 0 Ayrgore B A . 7] A4 I B Lo B 12000 4 0 Ayroore B A o, T AA IR 1158 - 100
10000 - 7148 69.28 7003 |- 80 10000 4 I 80
62.65 e
& 8000 & 8000
g 60 — E L60 =
k! g3 g
S 6000 @ § 6000 a
Ll S 128
< - 40 < 25.02 2691 - 40
4000 4000
20 - 20
2000 2000
0 0 0
PAO-C12

Figure 11. Calculated wear area of AISI 52100 steel (A) and AISI 316L stainless steel (B) lubricated by PAO with and without additives.

Hard substrate steel
= Tribochemical: Low
® Thin tribofilm and less durable adsorbed layer

® Tribofilm: Fe oxides and hydroxides
* Low friction and low wear

Sliding
Direction
1 7
c12 /
Hard Ceramic

_—

Wear depth

> C0xidesHydroxides

Soft substrate stainless steel

+ Tribochemical: Low

* Thin tribofilm and less durable adsorbed layer
* Tribofilm: Fe, Cr, Ni oxides and hydroxides

« High friction and high wear

Sliding
Direction
r o

1 Hard Ceramic /’
2
" CDOxides/Hydroxides

e Tribochemical: High

® Thick tribofilm and durable adsorbed layer
= Tribofilm: Fe oxides and hydroxides

= High friction and medium wear

Sliding
Direction
IL \ i
\ /
Hard Ceramic
S 10xidesHydroxides
41
T
Wear depth —

# Tribochemical: High

» Thick tribofilm and durable adsorbed layer

 Tribofilm: Fe, Cr, Ni oxides and hydroxides, FePO,, FeF;
* Low friction and low wear

\
\ Hard Ceramic

/

/

/T Oxides Hydroxides
® FePOd

i
Wear depth

Figure 12. Schematic illustration of the boundary lubricating mechanisms of hard versus soft substrate lubricated by PAO-C12 and PAO-IL.

produces a more durable layer; thus, BMP maintains lower
friction on longer distances than PP. In the case of AISI 316L
stainless steel, the adsorbed layer influences the running-in
period, in which a durable adsorbed layer (BMP) reduces the
running-in period significantly (Figure 1B). This leads to the
thinnest recrystallization region, i.e., less severe shear forces
(Figure 3).

In the case of PAO-C12, a thin tribofilm and a less durable
adsorbed layer were formed both on AISI 52100 steel and AISI
316L stainless steel, but different friction behaviors were still
observed. PAO-C12 shows steady and low friction evolution on
AISI 52100 steel (Figure 1A); in contrast, higher friction
evolution with high fluctuation is observed for AISI 316L

2789

stainless steel (Figure 1B). Both tribofilms on AISI 52100 steel
and AISI 316L stainless steel are thin oxide layers (Table 3), and
the QCM study indicates that C12 formed a less durable
adsorbed layer both on Fe- and SS-coated sensors (Table 4).
The main difference in this case is the mechanical properties of
the substrates, in which AISI 52100 steel has a higher hardness
than AISI 316L stainless steel. For the lower hardness material, a
less durable adsorbed layer and thin tribofilm cannot withstand
the boundary lubricating conditions, resulting in plastic
deformation, as shown in Figure 2. On the other hand, the
harder material, with a less durable adsorbed layer and a thin
tribofilm, can withstand the applied boundary lubricating
condition, thus maintaining low friction.

https://doi.org/10.1021/acs.langmuir.1c02848
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Tribofilm and Adsorbed Layer Effects on Wear. A
detailed wear analysis was performed by investigating the wear
profiles taken by IFM for each tested condition. From the wear
profile analysis (not shown in this paper), ridges were formed
along the wear track due to material displacement to the sides of
the wear track during testing, indicating plastic deformation.
From the wear profile, the difference between the area of the
ridges (Ajgges) and the area of the wear track groove (Agqove)
gives the actual area loss (AA). The ratio between the area loss
and wear track groove is the material loss degree (/) and it is
calculated by the following equation™

A

groove

A

groove

_ Ai
p= e 1009% = x 100%

groove (14)
The f value indicates the wear mechanism, where lower f means
more plastic deformation and higher  more abrasive wear. The
wear profile analysis results are shown in Figure 11.

In the case of AISI 52100 steel, all additives reduce the area
loss (AA). Interestingly, the /3 value between all lubricants is
comparable (60—70%), indicating a similar abrasive wear
mechanism. Similar to the friction behavior, wear is also highly
influenced by the presence of a tribofilm and adsorbed layer. As
the tribofilms have similar thickness and chemical composition
for PAO-PP and PAO-BMP, the wear reduction is mainly
affected by the adsorbed layer. A durable adsorbed layer (BMP)
gives lower wear. The shorter test performed for PAO-C12 and
PAO-BMP (terminated after 100 m sliding, right before the
thick tribofilm formation) showed that the area loss AA for
PAO-BMP 100 m (133 ym?) was 50% lower than PAO-C12 100
m (56 um?). In addition, the calculated /3 value for PAO-BMP
100 m (24%) was smaller than for PAO-CI12 100 m (39%),
indicating more plastic deformation. Therefore, in the absence
of a thick tribofilm (100 m tests), a durable adsorbed layer
provides better wear resistance.

In the case of AISI 316L stainless steel lubricated by PAO,
PAO-PP, and PAO-BMP, a thick tribofilm also forms on the
tribosurface, as shown in Table 3. These tribofilms contain
metallic oxides and hydroxides of iron, chromium, nickel, and
iron phosphates and fluorides, yielding durable tribofilms.
Figure 11A shows that PAO, PAO-PP, and PAO-BMP have
similar low /3 values, indicating a similar plastic deformation wear
mechanism mostly due to the lower hardness of the substrate.
Interestingly the wear of PAO-BMP is the lowest among all
tested lubricant—substrate combinations, suggesting that the
combination of a durable tribofilm with a durable adsorbed layer
significantly reduces wear regardless of the hardness of the
substrate. For PAO-C12, abrasive wear was the main mechanism
(Figure 11B). Similar to AISI 52100 steel, C12 creates a thin
tribofilm and a less durable adsorbed layer. C12 produces higher
wear on AISI 316L stainless steel than on AISI 52100 steel,
indicating that substrate hardness plays an important role in this
case.

Effect of Steel Hardness and Composition on the
Lubricating Mechanisms. In this study, it was found that to
control friction and wear of the lubricated tribosystems, the
mechanical properties and chemical composition of the
tribomaterial are as important as the surface adsorption behavior
of the additives on the tribosurfaces. Figure 12 illustrates the
lubrication mechanisms of C12 and ILs in PAO as a function of
tribomaterial hardness and composition. In the case of C12, thin
tribofilms and a less durable adsorbed layer were formed on the
tribosurfaces; thus, the hardness of the substrate has been the
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predominant factor affecting the tribological behavior of the
system. A thin tribofilm and a less durable adsorbed layer formed
on the soft metal substrate (AISI 316L stainless steel) were not
strong enough to withstand the boundary lubricating conditions,
resulting in severe plastic deformation (Figure 2), which in turn
increased the surface roughness leading to high friction and
subsequent wear.

In the case of ILs, thick tribofilms and durable adsorbed layers
were formed on the tribosurfaces. The tribofilm chemical
composition was the predominant factor influencing frictional
and wear behavior for the ILs. The tribofilms’ composition was
different depending on the steel composition. The tribofilm
formed on AISI 316L stainless steel consisted of Fe oxides and
hydroxides and the chemical elements associated with the ILs (P
and F). The tribofilm formed on AISI 52100 steel consisted of
Fe oxides and hydroxides only. These different tribofilms
resulted in different friction and wear behaviors. In both cases,
the wear rates were at the same order of magnitude; however, the
presence of FePO, and FeF; in the tribofilms significantly
increased the wear resistance of AISI 316L stainless steel (Figure
11). The main differences between the two steels were found for
friction. In the case of AISI 52100 steel, despite forming a
durable adsorbed layer, the presence of hard Fe oxides and
hydroxides and the lack of F and P in the tribofilm created
rougher tribosurfaces leading to high friction. For the AISI 316L
stainless steel, the durable adsorbed layer and the presence of
FePO, and FeF; in the tribofilm provided low and steady
friction.

Bl CONCLUSIONS

The lubricating mechanisms of two ionic liquids as lubricant
additives in PAO on AISI 52100 steel and AISI 316L stainless
steel have been investigated and compared with dodecanoic acid
(C12) as a reference additive. The following conclusions can be
drawn from this work

e The adsorption study by QCM-D reveals that C12
formed thin and less durable adsorbed layers on both Fe-
and SS-coated sensors. In the case of ILs, two different
surface adsorption behaviors were observed: (1) a thick
but not strongly adsorbed layer in the case of PP and (2) a
thick and strongly adsorbed layer in the case of BMP. The
sensor’s chemical composition does not influence the
adsorption behavior of C12; however, it influences the
adsorption behavior of ILs in which the SS-coated sensor
tends to adsorb more ILs than the Fe-coated sensor.

The tribofilm analysis shows that C12 hinders the
tribofilm growth, resulting in thin tribofilm formation;
on the other hand, ILs promote noticeable tribofilm
formation on both AISI 52100 steel and AISI 316L
stainless steel. The chemical composition of the substrate
determines the chemical composition of the tribofilm in
which the tribofilm formed on AISI 52100 steel consists of
Fe oxides and hydroxides. In contrast, the tribofilm
formed on AISI 316L consists of Fe, Cr, and Ni oxides and
hydroxides and the chemical elements associated with the
ILs (P and F). The differences in the chemical
composition influence the mechanical properties and
durability of the tribofilms.

C12 showed better tribological performance on AISI
52100 steel than on AISI 316L stainless steel despite it
created less durable adsorbed layers and thin tribofilms.
The tribomaterial hardness played the most important

https://doi.org/10.1021/acs langmuir.1c02848
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role in the tribological performance of this additive, where
a higher hardness could withstand the boundary
lubricating conditions.

o For the ILs, the tribological performance was controlled
by tribofilm formation for a high hardness substrate (AISI
52100 steel), where the presence of oxide tribofilms
increased friction and wear. In the case of a low hardness
substrate (AISI 316L stainless steel), the tribological
performance was controlled by both the adsorbed layer
properties and the tribofilm durability, where a strongly
adsorbed layer led to a durable tribofilm with excellent
friction-reducing and antiwear performance.

e BMP on AISI 316L stainless steel showed the best
tribological performance of all tests due to the formation
of a durable adsorbed layer and a strong tribofilm. The
durability of the BMP adsorbed layer was a result of the
high electronegativity of fluorine atoms, whereas the
durability of the tribofilm was a result of the tribochemical
reaction of BMP with the tribosurface, resulting in the
formation of FePO, and FeF; precipitates in the tribofilm.
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