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Abstract

MECHANISM OF WEAR AND TRIBOFILM FORMATION WITH IONIC LIQUIDS
AND ASHLESS ANTIWEAR ADDITIVES
Vibhu Sharma, PhD
The University of Texas at Arlington, 2016

Supervisor: Pranesh B. Aswath

Increasingly stringent government regulation on emissions (EPA Emissions
Standard Reference Guide and latest CAFE standards requiring an average fuel economy
of 54.5 mpg (combined cars and trucks) by 2025) impose significant challenges to the
automotive and lubricant industries calling for the development and implementation of
lower viscosity ILSAC GF-5&6 and API-CJ4&5 oils which further limit the amount of
SAPS and deposits in engines. Development of additives that result in lower ash content,
volatility and anti-wear property plays a crucial role in being able to reach these
standards. The current industrial additive technology i.e. zinc dialkyldithiophosphate
(ZDDP) forms harmful deposits on catalytic convertor due to the volatility of Zn, S and P
which, impairs its functionality and consequently results in higher emission from
vehicles. In this research work, ionic liquids (IL’s) that are non-volatile have been studied
as new generation environment friendly antiwear additives along with other ashless anti-
wear additives including boron based additives to overcome the current challenges of
improving the fuel efficiency and reducing the amount of hazardous emissions. The goal
of this thesis work is to study the tribological performance of selected IL’s and develop a

comprehensive understating of IL’s chemistry and its consequences to their friction and



wear outcomes. As first approach, various P, S and F based ionic liquids are studied for
their tribological properties by analyzing the friction and wear results generated using
standard tribological experiments. Following this, advanced surface characterization
techniques such as X-ray absorption near edge structure (XANES) spectroscopy, SEM,
Nano-indentation, SPM techniques are used to investigate the chemical-mechanical
properties of the antiwear films. Results indicate that the tribological properties of ionic
liquids depend on their solubility in base oil (BO) as well as their chemical interaction
with the rubbing surfaces. To address the solubility issue of IL’s in BO, ILs with longer
alkyl chain structure were carefully selected which helped enhance the van der waals
interaction between strongly polar ILs and non-polar base oil. The interaction of IL’s
with the metal surfaces was examined by analyzing the chemical-mechanical properties
of the antiwear films formed. Results indicate that ionic liquids do react with the steel
surfaces and form a protective antiwear film composed of iron polyphosphates i.e. short
to medium chain length which results in improved wear protection. In addition, soluble
boron additive (SB) chemistries were blended with ionic liquids to study the synergism
between these two ashless antiwear chemistries. Addition of soluble boron additive (SB)
to phosphorous based IL (P_DEHP) reduces the incubation time for antiwear film
formation by forming boron oxide/boron phosphate film as early as the rubbing starts and
subsequently a more durable iron phosphate film is formed providing long lasting wear
protection. The synergistic interaction of boron chemistry with phosphorous based ionic
liquids provides superior antiwear properties while eliminating volatile elements such as

Zn and S from the additive technology.
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Chapter 1. Introduction

Increasingly stringent government regulation on emissions (EPA Emissions
Standard Reference Guide [3]) and latest CAFE standards requiring an average fuel
economy of 54.5 mpg (combined cars and trucks) [4] by 2025 impose significant
challenges to the automotive and lubricant industries calling for the development and
implementation of lower viscosity ILSAC GF-5&6 and API-CJ4&S5 oils which further
limit the amount of SAPS and deposits in engines [5]. Development of additives that
result in lower ash content, volatility and anti-wear property plays a crucial role in being
able to reach these standards. Meanwhile the automotive industry is thriving to improve
the efficiency and fuel economy of the vehicles as well as their longevity and reliability.
The efficiency of the automotive systems can be improved significantly by reducing the
frictional losses as well as by minimizing the wear. In a recent study, Holmberg et al.
[6,7] concluded that latest technological advances in the field of tribology could lead to
up to 14% reduction in frictional losses in heavy duty vehicles and up to 18% friction
reduction in passenger vehicles in short term (i.e. within 5-10 year). At the same time
CO2 emission could also be reduced by 200 million tonnes in heavy duty vehicles and
290 million tonnes in passenger vehicles. Potential technological advances in tribology
include novel lubricant additives such as ionic liquids (ILs) [2,8-12], ashless
fluorothiophosphates [13-16], low friction coatings [17], surface texturing [18] and low
viscosity and low shear lubricant oils [19].

Of all the approaches used, additive development offers the potential for

providing in-situ low friction film formation at a low cost. However, the new engine
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technologies such as turbo-charged gasoline direct ignition (TGDI) and complex engine
designs result in much higher combustion temperature and severe oxidative conditions,
which limit the use of tradition lubricant additives. To overcome these challenges, the
surge of new generation additives is undertaken. Recent studies [2,9,11,12,20,20-30]
have shown that ionic liquids (ILs) that are ashless additives, offer great potential as high
performance environmental friendly additives for the next generation of lubricants.

This research study focuses on oil soluble ionic liquids (ILs) that include
phosphorous as one of the constituents. IL’s are well known compounds and have been
used in many engineering applications [31-35]. IL’s in tribology is a relatively new
development, with application of IL’s as lubricant/lubricant additive first recognized in
2001 [36]. The advantages of ionic liquids include their negligible vapor pressure, high
thermal stability, non-flammability, non-volatility and electrochemical properties that are
highly desirable for tribological applications. However, their limitations have included
low solubility in oils due to their highly polar structure that can be mitigated to some

extent by engineering their structure [22].

1.1 Motivation for This Research
Recent regulatory changes have resulted in stringent limits on the amount of
emissions allowed from the tailpipe of automobiles and latest CAFE standards
demanding higher fuel economy i.e. 54.5 mpg in 2025 have imposed severe challenges to
the automotive industries. Current lubricant additives (e.g. Zinc Dialkyldithiophosphate)
used in engines are responsible for poisoning catalytic convertors resulting in increased

emissions. A choice of better lubricant additives can play a major role to address these
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regulation and at the same time reduces tribological losses (i.e. Frictional losses and
wear) and improve fuel economy, longevity and reliability of the systems. lonic liquids
(IL’s) are attractive both as a lubricant and lubricant additive. They have negligible vapor
pressure, high polarity, high thermal stability, non-flammability, miscibility with water
and with organic solvents and electrochemical properties which are highly desirable for
tribological applications. This research work is focused on the study of ionic liquids as an
environment friendly lubricant additive together with other ashless anti-wear additives
and boron based additives to overcome the current challenges of improving the fuel
efficiency and reducing wear and amount of hazardous emissions. This study examines
the role of IL’s as a lubricant additive and their influence on friction and wear behavior.
The solubility of IL’s also investigated in base oil as well as in fully formulated oil. In
order to understand the mechanism of wear and friction this research have also included
in-depth analysis of tribofilms using XANES (X-Ray Absorption Near Edge Structure.
XANES analysis is very effective in understanding the chemical nature of tribofilms as it
can gives very precise information of the chemical coordination of the elements present
on the rubbed surfaces. The goal of this study is to reduce the amount of phosphorous,
sulfur and other metallic species (such as Zinc) in the lubricant while at the same time
reducing the sludge formation and deposit formation. This thesis includes tribological
testing of the lubricants using the cylinder on reciprocating flat test and ball on rotating
disc test set-ups. Advanced characterization techniques such as XANES will be used to
understand the growth mechanism of the tribofilms. Further evaluation of the chemical

and mechanical properties of the tribofilms will be done using XPS, SEM and Nano-
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Indentation. Using these different techniques it is the goal of this project to develop a
phenomenological model of the structure, chemistry and properties of tribofilms and
relate it to the tribological properties i.e. friction and wear behavior of ionic liquids and
ashless antiwear additives.
1.2 Objectives of This Research

The objective of this thesis is to develop an underlying mechanism of lubrication
behavior of new generation antiwear additives (i.e. “Metal Free”) and at the same time
transitioning from an “Ashed” antiwear additive technology (i.e. Zinc
Dialkyldithiophosphate) to an “Ashless” antiwear technology with an edge on
tribological properties. In pursuit of this goal, this thesis work includes in depth analysis
of lubrication characteristics of carefully selected ionic liquids structures as well as
ashless (i.e. “Metal Free”) antiwear additives. These specific ionic liquids structure and
ashless fluorothiphosphate antiwear additive were carefully selected for the purpose of
this thesis work by considering two important points, first, they should offer better
antiwear  properties than the existing antiwear technology (i.e. Zinc
Dialkyldithiophosphate) & second and more importantly, should be environmental
friendly. Hence, as first approach to this research work, antiwear behavior of new
generation antiwear additives (IL’s & ashless additives) are scrutinized under mixed to
boundary lubrication condition under pure sliding contact and wear results are compared
with ZDDP antiwear additive at identical test conditions. In order to achieve better
antiwear outcomes a synergistic mixtures of two ashless antiwear additives (ILs and/or

borate esters) were prepared in optimum composition to enhance the friction and antiwear
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behavior of ionic liquids. After screening out the promising ashless additives/additives
mixtures in terms of their potential as antiwear additives, the second objective of this
thesis is to understand the chemical and mechanical properties of the tribofilms formed
under the lubrication of these additives. An in-depth characterization of the worn surface
morphology as well as nano-mechanical and chemical properties of in-situ formed
tribofilms shed insight into the mechanism of wear and tribofilm formation using ionic
liquids by themselves and in synergistic mixtures with other ashless antiwear additive or
boron based additives. In the final approach, a phenomenological model of tribofilms
formed under ILs lubrication is suggested by combining the knowledge gained from the
earlier approaches.

Hypothesis......

Besides the unresolved understanding of the multidisciplinary nature of the
antiwear process that includes knowledge of organic solution chemistry, surface
adsorption phenomenon, inorganic chemistry, metallurgy, metrology and mechanical
design and their influence on tribological system all at once. It has been widely accepted
by the researchers in this field of science that the antiwear properties of a well-known
additive (i.e. ZDDP) is a reflection of its capability to form fusible glassy compounds
such as phosphates as well as sulfides under existing high temperature and shear forces in
tribological system. These so derived additive by-product of ZDDP chemistry (i.e.
phosphates and organic sulfides) nucleate on the rubbing surfaces in the form of metal
polyphosphate and/or metal sulfides/sulfates where the contribution of metal cations

primarily comes from either by ZDDP antiwear additive in the form of Zn*? or Fe*?
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cations from the oxide layer of iron from steel substrates. A schematic of ZDDP

tribofilms suggested by H. Spikes [1] is shown in figure 1.

Organic sulphides/ZnDTP

S

Zn polyphosphate

glassy FelZn more Fe,
phosphate 1 shorter
chain
FeS/ZnS —» phosphates

Figure 1: Schematic diagram of pad structure and composition [1].

The author postulate that the novel antiwear additive technology proposed in this
thesis work containing primarily phosphorous and sulfur as well fluorine in addition
under the tribological conditions (i.e. high temperature and shear forces) would also
derive phosphates and sulfides compounds to form protective glassy antiwear films on
the rubbing surfaces. Since the only source of metal cations to form antiwear films of
metal polyphosphate/sulfides in case of “Metal Free” antiwear chemistry is Fe*? from
Fe20s layer exists on steel substrate, the interaction of additives with the rubbing surfaces
is accelerated to induce faster tribofilm formation. This would be expected to result into
improved wear protection during the mechanical rubbing action at the same time
minimizing the deposits formation on the After Treatment Systems that would have been
resulted from the use of metal containing “Ashed” antiwear additive technology (such as
ZDDP).

In order to gain the insight of this proposed hypothesis, wear surfaces will be

generated using carefully selected ionic liquid chemistries and ashless
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fluorothiophosphates by themselves and in synergistic mixtures in base oil (BO) as well
as in fully formulated oils (FFO) with all the additives except antiwear additives (no Zn
or P) at identical test condition under pure sliding contact test. The tribofilms formed
under the lubricated mechanical rubbing action are analyzed using an advanced surface
characterization technique such as XANES. The knowledge of chemical nature and
composition of so formed tribofilms will then compliment the proposed hypothesis. In
parallel to the characterization of tribofilms, a decomposition mechanism will also be
studied for these proposed “Metal Free’ antiwear technology using mass spectroscopy
and other relevant techniques to sketch the possible pathways of tribofilms formation.
Such comprehensive study will deepen the understanding of the mechanism of wear and
tribofilms formation using ILs and ashless antiwear additives and will successfully
explain their antiwear properties under tribological conditions.
1.3 Structure of This Research

This dissertation consists of eight chapters. An outline and summary of each
chapter are presented here.

Chapter 1, introduction: This chapter includes an introduction to the field of
interest to this research work i.e. tribology and lubrication science. It also provides the
motivation and objectives behind this thesis work to the readers.

Chapter 2, background: This chapter provides a detailed background on lubricant
and lubricant additives, antiwear additives such as ZDDP, ashless antiwear additives and

ionic liquids, lubrication mechanism and in-situ formed tribofilms.
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Chapter 3, studies the synergistic effects of ashless fluorothiophosphates with zinc
dialkyldithiophosphate (ZDDP) for improved antiwear properties and tribofilm
formation. Alkylphosphorofluoridothioate and Alkylthioperoxydiphosphate were added
to ZDDP at 80-20 wt. % and their tribological properties were examined in base oil under
pure sliding contact using cylinder on reciprocating flat tribological test setup. Tribofilms
formed using only ZDDP were compared with that formed using mixtures of ZDDP and
ashless fluorothiophosphates at 20 wt.% using SEM, nano-indentation and XANES.

Chapter 4, focuses on the role of cationic and anionic moieties of ionic liquids to
their tribofilms properties. Six phosphorous (P) based IL’s (in which P is either present in
anion or in cation or in both) were chosen to examine the role of different cations and
anions to their friction and wear results under pure sliding contact. XANES spectroscopy
was also employed to examine the chemical interaction of ionic liquids with the steel
surfaces and tribofilms formation mechanism.

Chapter 5, studies ashless chemistry of P and S based ionic liquids and their
tribofilm formation mechanism in base oil and fully formulated oil (no zinc).

Chapter 6, examines the synergistic interaction of phosphonium IL’s with borate
ester (SB) for improvement in the antiwear properties. Binary additive mixture of IL’s
and SB were prepared at 0.1 wt.% P and 0.02 wt.% B and their tribological properties
were evaluated under pure sliding contact using cylinder on reciprocating flat and ball on
rotating disc tribological test setup. Electric contact resistance (ECR) technique was

employed to study the tribofilm incubation time and XANES technique was used to study
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the chemical properties of the tribofilms derived from the binary additive mixture of IL’s
and SB.

Chapter 7, investigates the tribological properties of low phosphorous oil blends
prepared from phosphorous based IL’s and borate esters. Effect of phosphorous
concentration on friction and wear was studied by adding phosphorous at 350P ppm and
700P ppm. Interaction of borate esters and phosphonium IL’s and evolution in the
tribofilms chemistry was characterized by probing the P L-edge and B K-edge spectra
acquired using XANES for 5 min, 15 min and 60 min rubbing time.

Chapter 8, examines the tribological performance of synergistic blend of
phosphonium IL’s and borate esters (SB) for low phosphorous oils prepared using fully
formulated oil (no Zn) and compare with that of ZDDP at equal phosphorous treat rate
i.e. 700P ppm. This chapter also analyzes the tribofilms formed using phosphonium ionic

liquids and borate esters in fully formulated oil (no Zn) using SEM, SPM and XANES.
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Chapter 2. Background
2.1 Lubricants and Lubricant Additives

Lubricant is a medium that is applied between the counter surfaces in relative
motion to serve two purpose, first, reduce the frictional resistance by providing relatively
smoother surface and second, to promote the formation of protective tribofilms on
counter surfaces to reduce materials deterioration. A lubrication system can be made
available in three phase depending on the application, which are semi-solid phase as in
grease, liquid phase as in oil and gaseous phase such as air, nitrogen etc. Lubrication
system consists of two parts, first, lubricant matrix such as base oil, base grease and
second, performance additives. The base oil serve many function such as provides
thermo-oxidative stability, viscosity, density, color, heat dissipation [37]. However, there
are some critical function that the base oil alone is not able to serve, for this purpose,
performance additives are added to supplement the limitation and to enhance the
performance of base oil [38].

Antiwear additives are among the most critical lubricant additives added in an
engine oil package. Antiwear additives play a crucial role in reducing wear that can
potentially enhance the efficiency and reliability of automotive engines. For this purpose,
zinc dialkyldithiophosphate (ZDDP) has been used most commonly in an engine oil
formulation due to its excellent antiwear and anti-oxidation properties. However, due to
the volatility of Zn, S and P in ZDDP and increasing government regulation on emission,
ashless antiwear additives and ionic liquids have recently been explored as possible

replacement to ZDDP.
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2.1.1 Zinc Dialkyldithiophosphate (ZDDP)

ZDDP was discovered about 80 years ago and since then it has been extensively
used in the industries as an anti-wear (AW), anti-oxidant (AO) and Extreme Pressure
(EP) additive [1,39-44]. Such properties of ZDDP additive were hypothesized to be
gained by the formation of a thermal film or a tribofilm due to the decomposition of the
ZDDP, which are well summarized by H. Spikes [1]. Jones and Coy [45] proposed the
mechanism of thermal degradation of the ZDDP. In this study 3P and 'H NMR
spectroscopy was used to identify the decomposition products of thermally heated ZDDP.
It was observed that the intermolecular transfer had occurred as well as the migration of
the alkyl functions from oxygen to sulfur atoms also took place (i.e. P-O-R to P-S-R).
Dialkyl sulfides, alkyl mercaptan and dialkyl disulfide were found as well as soluble
phosphates combined to sulfur and insoluble phosphorous bound to oxygen were
confirmed. Taylor et al. [46] studied the friction behavior of ZDDP in a rolling/sliding rig
type of wear test. The topographical measurement of the tribofilms was done using a
space layer imaging method (SLIM). The results showed that the antiwear film formed
during the rubbing was unevenly distributed and roughness was oriented in the sliding
direction which, consequently result in the high friction values. Willermet et al. [40]
reported that the antiwear films was formed due to the oxidative decomposition of ZDTP
and was largely composed of inorganic amorphous phosphates. In a study involving the
reaction of inorganic fluorides with ZDDP it was shown that replacing sulfur with
fluorine in the structure resulted in a fluorinated version of ZDDP that had improved

wear behavior that could be attributed to a more tenacious tribofilm formed on the
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surface [47]. Additional studies on the fluorinated ZDDP indicated improved wear
performance under high load conditions that could be attributed to the formation of more
durable tribofilms [48]. Warren et al. [49] further explored the tribofilm surfaces and
introduced two salient features “ridges and troughs” of tribofilms using an interfacial
force microscopy (IFM). The nano-mechanical measurements showed that the ridges
regions are harder and stiffer than the trough region thus it was concluded that ridge
region carried most of the load during the wear test as they are aligned to the direction of
sliding. In a recent study examining the role of contact load on wear behavior Mourhatch
and Aswath have shown that increasing contract load results in tribofilms that are harder
than at smaller contact loads [50] complementing the finding of Warren et al. [49].

Since, ZDDP has several advantages as a lubricant additive in term of multi-
functionality as antiwear, extreme pressure, antioxidant and corrosion inhibitor, it has
been used in engine oils for decades [1,40,51]. However, ZDDP has demerits as it is a
main source of P, S and metallic residues of Zn in the exhaust. The presence of these
elements arises to the problem of toxicity to the environment and degradation to the
catalytic convertor in engines [1,52-54]. Thus a need to develop more environmental
friendly additives has been recently addressed and research focus has been shifted in
developing ashless i.e. metal free lubricant additives [16,53,55,56] and much recently to
ionic liquids [2,2,11,30,57,58] for antiwear applications.

2.1.2 Ashless antiwear additives
Metal free ashless lubricant additives have been synthesized and proposed as a

promising replacement of ZDDP with better or comparable antifriction, antiwear,
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antioxidant and extreme pressure properties [13,53,59-61,61,62]. Commonly recognized
ashless chemistries as lubricant additive are phosphorous and sulfur based compounds i.e.
phosphate esters [63], thiophosphates and dithiophosphates [16,52,64,65], alkyl/aryl
mono and/or di-hydrocarbyl phosphates, amine salts of aryl/alkylaryl/ arylalkyl or
aliphatic di-hydrocarbyl thiophosphates [61], diester polysulfides [62], dithiocarbamic
[60], amidothiophosphates [65], Benzotriazole-thiadiazol [61] and most recently
alkylthioperoxydiphosphates and alkylphosphorofluoridothioates [13,59].

Several ashless lubricant additive have been shown to possess comparable or even
better AW, AO, AF and EP properties than ZDDP [13,15,16,53,55,66,67]. However,
their mechanism of wear protection is still a challenge. Najman et al. [51,64] studied the
mechanism of film formation and spatial distribution of chemical species in thermal and
tribofilms derived from ashless antiwear chemistries using X-ray absorption near edge
structure spectroscopy (XANES), Photo-emission electron microscopy (PEEM) and X-
ray photoelectron spectroscopy (XPS) and concluded that the films contain short or long
chain iron polyphosphates and iron sulfates. And also the topographic study using
Atomic force microscopy (AFM) showed that the films were composed of elongated
short and large antiwear pads oriented in the sliding direction. In a similar study, Kim et
al. [16] compared the tribofilms derived from ashless dithiodiphoasphates (ADDPs) and
ZDDP using XANES and reported the similar kind of structure of the tribofilms with
ADDPS as of ZDDP with harder crust and compliant bulk to give good antiwear
performance. In addition, Kim et al. [16,52] also characterized the wear debris harvested

from the wear test (i.e. ball on cylinder) ran under extreme pressure conditions of several
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ashless dithiophosphates based additives and reported FesO4 nanoparticles embedded in
the amorphous structure of tribofilms. The wear performance was correlated to the
number of nanocrystaslline oxide particles with the one with smaller number of oxide
particles exhibiting the best wear performance. They also compared the thickness of the
films derived from the ashless dialkyl dithiophosphates and ZDDP and reported that the
tribofilms formed using ashless additives were significantly thicker than the one formed
by ZDDP. Nicholls et al. [54] proposed a 3 stage tribofilms formation mechanism of
ashless dialkyldithiophosphate (DTP), initial physical/chemical absorption of DTP, then
initial film formation on the surface when Fe are plentiful and stage3 when surface is
covered with thin film of Fe phosphate and no cation is accessible from the substrate.
They also characterized the tribofilms derived from the DTP using XANES and
suggested that the tribofilms derived from the ashless DTP primarily contains short chain
iron polyphosphates.
2.1.3 lonic liquids

The versatility of ionic liquids is not unknown in realms of science and
engineering. lonic liquids offers great flexibility of obtaining a task specific properties by
designing a particular set of cation and anion, hence are available in million types for
many different application. lonic liquids have been used as electrolytes in batteries,
supercritical fluids, heat transfer fluids, active pharmaceutical ingredients, solvents for
chemical synthesis, engineering fluids etc. [31-35] and are still finding new application

one of which is lubricants in tribology [2,30].
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With the growing interest for the use of environment friendly ashless lubricant
additives in engine and motor oils, ionic liquids are a possible alternative to traditional
additives. lonic liquids are synthetic salts with a melting point below 100 °C. A
commonly used term in tribology is room temperature ionic liquids (RT-IL’s) that have a
melting point at or below room temperatures. The lonic liquid of interest for lubrication
contains a cationic and anionic species of which one or both are organic. Either cation or
anion or both has/have delocalized charge, which prevents the formation of a stable
crystal, resulting in a poor co-ordination of these ions. Hence these IL compounds are
liquid at room temperatures [68,69].

lonic liquids have negligible vapor pressure, high polarity, high thermal stability,
non-flammability, non-volatility, miscibility with water and with organic solvents and
electrochemical properties that are highly desirable for tribological applications. Minami
[2] reviewed various ionic liquids for their tribological properties and proposed a
relationship between the chemical structure of IL’s and their lubricant properties.

Since the first article on the use of RT-IL’s as a lubricant published in 2001 [36] a
number of research studies have focused on finding promising ionic liquid structures to
meet the required tribological properties as well as to understand the underlying
mechanism of tribofilms formation [2,9,11,12,20,20-30,36,57,58,69-78]. In tribology,
most commonly studied IL’s include cation’s such as imidazolium, ammonium/aromatic
amine and phosphonium and anions those are, tetrafluoroborate, hexafluorophosphate,

sulfonates and bis (fluoroalkylsulfonyl)-amides [2,23,24,26,27,72,79-86].
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Jiménez at. el. [83] studied 1-N-alkyl-3-methylimidazolium based ILs with
tetrafluoroborate and hexafluorophosphate anions as neat lubricant and lubricant
additives and reported a significant improvement in lubrication properties (friction and
wear reduction) when ILs are added in base oil as an additives (1 wt. %) in comparison to
when used as neat lubricants at room temperature as well at 100 ‘C. In another study by
Jiménez at. el. [87], lubrication properties of imidazolium based ILs were studied at low
as well as at elevated temperatures. They reported that tetrafluoroborate 1-hexyl/octyl-3-
methylimidazolium ILs show higher thermal stability and better lubricating performance
than mineral and synthetic oils under extreme temperature conditions, both at low (-30 'C
) and high (100 °C, 200 "C) temperatures. Tribocorrosion due to ILs was also observed in
the case of more polar and shorter alkyl chain tetrafluoroborate 1-hexyl-
3methylimidazolium IL at elevated temperature. Pisarova at. el. [23] studied the thermal
stability and corrosion properties of ammonium based ILs with Bis
(trifluoromethylsulfonyl) imide (NTF,) and methanesulfonate anions. They reported that
corrosiveness of ILs depends on the choice of cation and anion, choline NTF, IL showed
significantly lower corrosiveness and higher thermal stability than choline
methanesulfonate IL. Pisarova at. el. [82] also studied the degradation mechanism of
ammonium ILs and their tribological properties using mass spectrometry. An
intermolecular transmethylation in ammonium IL was identified under long term thermo-
oxidative stress. They also suggested that IL altered products due to thermal degradation
can negatively influence their tribological performances. Imidazolium and ammonium

based ILs with halogenated anions (PF,, BF, and Bis trifluorosulfonyl imide TFSI™)
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show potential improvement in friction and wear performance when used as neat
lubricant or as lubricant additive in base oil. However, corrosiveness and solubility in
non-polar base oil is still a limitations to their tribological application. Totolin at. el. [27]
studied and compared the tribological properties of halogenated and halogen free
alkylborane—imidazole and phosphonium phosphate ionic liquids. They reported that
phosphate tribofilms yielded from phosphonium-phosphate IL exhibit better tribological
properties than fluoride based tribofilms from halogenated IL. Recently, Qu et al.
[9,25,88] studied oil miscible phosphonium-phosphate ionic liquids (PP-IL) as lubricant
additives in base oil as well as in fully formulated oil. They reported comparable or even
superior antiwear and anti-scuffing properties of phosphonium IL in comparison with the
conventional additive i.e. ZDDP in PAO base oils at 0.1% Phosphorous.

Jimenéz et al. [83] studied the wear surfaces generated using 1-N-alkyl-3-
methylimidazolium IL as lubricant as well as lubricant additive (1 wt.%) using scanning
electron microscopy (SEM) coupled with energy dispersive spectroscopy (EDS) and x-
ray photoelectron spectroscopy (XPS) in steel-aluminum contacts and reported the
formation of tribolayers on steel balls containing aluminum and phosphorous. X-ray
diffraction was also used to detect the formation of boron oxide over the wear track
generated using 1-octyl,-3-methylimidazolium tetrafluoroborate IL on steel-titanium
contact [28]. XPS has been used most commonly to investigate the chemical states of
critical elements of IL derived tribofilms. Liu et al. [77] investigated wear mechanism of
phosphonium based IL’s using XPS and identified formation AlFs, Al203, AIO(OH),

Al(OH)3 as well as AlFs,B203 and AIPO4 under the tribo-chemical reaction of anions
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with the fresh surface. Kamimura et al. [89] used XPS and time of flight-secondary ion
mass spectroscopy (TOF-SIMS) to study the chemistry of worn surfaces derived from
imidazolium, pyridinium, ammonium (cation) and tetrafluoroborate (BF;) and
bis(trifluoromethanesulfonyl)imide (TFSI~™) (anion) based IL’s and detected organic
fluoride, iron fluoride and iron sulfates over the worn surfaces. Their study revealed that
elements derived from the anion moiety of IL’s are present over worn surfaces in the
form of organic fluoride, iron fluoride and iron sulfates suggesting that adsorption of the
anionic moiety took place followed by the tribo-chemical reaction. In another study,
Minami et al. [79] studied the tribo-chemistry of phosphonium derived IL’s using Auger
electron spectroscopy (AES) and XPS surface analytical techniques. Boundary film
composed of phosphate and fluoride structure was identified. They also suggested that
formation of phosphate film inhibited the reaction of the
bis(trifluoromethanesulfonyl)imide anion that yielded metal fluoride on the rubbed
surfaces. Their study revealed that phosphate boundary film exhibited better tribological
properties than those of fluoride boundary film. Gabler et al. [81] analyzed the tribolayer
chemistry using XPS depth profiling as well as XPS imaging techniques for
bis(trifluoromethanelsulfonyl)imide ionic liquid with various cationic moieties. In their
study, it was found that no measurable chemical modification occurred on the structure of
cationic moiety during the tribotest, suggesting cation’s were not involved in the
formation of the tribolayer. However, it was observed that depending on the presence of
cation, degradation of anionic moiety varied in the order of phosphonium > imidazolium

> pyrrolidinium > sulfonium > ammonium. Similarly, in a recent study [22] influence of
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cationic structure on physiochemical and lubrication properties of IL’s has been studied.
It was reported that larger cation’s are more soluble with six carbons per alkyl chain a
critical minimum for oil miscibility (found in their study). Besides it was also reported
that symmetric cation’s show better tribological outcomes in comparison to asymmetric
cation’s with identical anion. Qu et al. [90] studied the nanostructure, film thickness and
compositional change of boundary film on IL lubricated metallic surfaces using cross
sectional TEM coupled with EDS and compositional depth profiling by XPS. The
measured mean film thickness on cast iron, steel and aluminum worn surfaces were 300,
60 and 200nm respectively. TEM analysis of boundary film on ferrous alloys revealed
very fine nano crystal structure well dispersed in amorphous phase matrix while the film
on aluminum comprises many larger size (tens of nm) metallic particles in less orderly
manner. Recently, Qu et al. [25,88] studied oil miscible phosphonium-phosphate ionic
liquids (PP-IL) as lubricant additives in base oil as well as in fully formulated oil and
showed improved wear performance in the presence of ionic liquids. Qu et al. [9] also
showed comparable or even superior antiwear and anti-scuffing properties of
phosphonium IL in comparison with the conventional additive i.e. ZDDP in PAO base

oils at 0.1% Phosphorous.
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Figure 2: The relation between the IL structure and tribological properties [2].

2.2 Types of Lubricated Contacts
Lubricated contacts are generated via fluid film lubrication system in which a thin
film of lubricant separates the interacting surfaces. The friction force and the resulting
wear rate depend on the thickness of the fluid film or lubricant film. The ratio of lubricant
film thickness to the surface roughness of the sliding surfaces determines the type of

lubrication regime and is generally described as A and shown in following equation [91];

A = Lmin (1)

0.*
Rnin = Minimum thickness of the lubricant film

o* =root mean square roughness of the two surfaces
Based on A value, lubrication regimes can be divided into 3 types.

Hydrodynamic lubrication (A>~5)
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Elasto-hydrodynamic lubrication or mixed lubrication (1<A<5)

Boundary lubrication (A<1)

Ramoun et al. [92,93] has detailed the calculations for the fluid film thickness
using the most commonly used elstohydrodynamic lubrication theories. The four
commonly used equations for lubricant film calculation are shown below;

Grubin’s equation [94]

H = 1.95 073073y 0.091 )
Dowson-Higginson equation [95]

H=1.6 GO.6(J0.7Wo.13 (3)

Archard-Cowking equation [96]

—-0.74
H = 2.04 <1 + (%)) GOTA 0T 01 (@)
Hamrock-Dawson equation [97]
H =3.63 (1 —e %68 K)GOsyoe8y 01 (5)
Where H is the ratio of film thickness to the equivalent radius in the rolling
direction. U, G and W are the speed, materials and load parameters respectively. Rx and

Ry are equivalent radii in the sliding direction and transverse to it respectively.

A graphical representation of these 3 lubrication regimes can be shown in stribeck
curve (figure 1 [91] ). Stribeck curve defines a relation between the coefficient of friction
and lubrication parameters (absolute viscosity of oil, relative speed, component geometry
and load) and plays an important role in identifying the boundary, mixed and

hydrodynamic lubrication regimes [98].
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2.2.1 Hydrodynamic lubrication regime

At low loads and high sliding speeds two interacting surfaces are separated by a
thick layer of lubricant film. Here, A value can be as high as 5. A typical schematic of
hydrodynamic regime is shown in figure 2(a) [91]. In hydrodynamic regime, asperity
contact is negligible and the full fluid film separates the surfaces at all times. Minimum
friction resistance against the motion and wear occurs in this lubrication regime. In
hydrodynamic lubrication regime, physical properties of lubricant such as viscosity, load
bearing capability and traction play important role on the performance of the lubrication
mechanism [92].
2.2.2 Elasto-hydrodynamic or mixed lubrication regime

At relatively high loads and slow speeds, a system runs into elasto-hydrodynamic
regime. Due to the increasing pressure, the viscosity of the lubricant increases which
when carried into the convergent zone approaching the contact area, causes elastic
deformation to the interacting surfaces. Since the lubricant viscosity increases due to the
hydrodynamic pressure and short time is available to carry the lubricant through the
contact area, lubricant cannot escape and the surfaces remain separated. A schematic of
lubricated contacts in elasto-hydrodynamic lubrication is shown in figure 2(b) [91]. Here,
A values is smaller than 5 and fluid film thickness is greater than 1um [99].
2.2.3 Boundary lubrication regime

Boundary lubrication is defined as the lubrication regime where the average fluid
film thickness is than root mean square roughness of the two surfaces (6*). In boundary

lubrication regime interacting surfaces move against each other under high contact loads
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or pressure and very slow speeds as a result, asperities from one surface collide with the
asperities of the other sliding surface and undergo both elastic as well as plastic
deformations [100,101]. Ramoun et at calculated the lubricant film thickness in boundary
lubrication regime and found that the oil thickness to be around 40nm-80nm [92,93].
Since, the minimum surface roughness of the moving surfaces can be as low as in sub-
micron levels, still the lubricant film is no longer able to separate the two surfaces. The A
ratio becomes less than 1 [99]. Thus chemical properties of lubricant becomes essential
for the performance of the lubrication system in boundary lubrication [100]. Here,
Lubricants chemistry interact with the substrate surfaces and form atomically thin
tribofilms.
2.3 Tribofilms

The discipline of tribology primarily deals with mechanical systems involving
interactions between surfaces that are in contact or/and in relative motion to each other.
Thus tribology is defined as the science and technology of interacting surfaces in relative
motion and deals with force transference between surfaces moving relative to each other
[102]. This force is known as friction which is a resistance to the relative motion between
the interacting surfaces that results in loss of energy as well as loss of materials (i.e.
wear) to the mechanical system. The losses due to friction and wear can be overcome by
the application of a lubrication system which is applied between the interacting surfaces
to perform primary tasks i.e. reducing friction resistance and minimizing materials
deterioration from wear by promoting a protective layer or film between the contact

surfaces. These protective films are commonly known as tribofilms. Tribofilms are thin
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patchy films, typical thickness ranges in between 100nm-400nm [16,50,103-112],
basically a byproduct of decomposition of lubricant additives which covers the surfaces
of the moving parts in order to avoid the direct contact of interacting surfaces to ease the
relative  motion as well as minimize material removal due to wear
[1,39,48,93,106,113,114]. Lubricant additives primarily an anti-wear additives (e.g.
ZDDP etc.) play a significant role in the formation of tribofilms which either get
physically or chemically absorbed to the surfaces of moving parts or decompose to form
new ions to activate the substrate surfaces and subsequently react to form chemically
active species which adhere onto the wear prone surfaces to enhance protection
[1,37,110,115]. In most cases, tribofilms act like a sacrificial film which periodically
form and break-down due to the shearing action during the process but it is critical that
the film formation rate is higher than the film break down rate to perform the original
task [37,111,116]. Also tribofilms cover the inevitable surface asperities and provide
relatively smoother surfaces to move among each other with less resistance thus
contribute in improving the energy efficiency of the mechanical systems. Typically,
tribofilms are formed under the application of high loads and slow speed which is
referred as boundary lubrication regime (discussed later). Under such conditions, points
at the surface asperity contacts generate very high temperature and pressure, which
induces thermo-mechanical chemical reaction that leads to the decomposition of lubricant
additive chemistries and form final by-products as tribofilms [1,37,40,113-115].

Besides the application of lubricant additives and tribofilms formation mechanism

various surface coating technologies have also been developed to improve the
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tribological phenomenon in the mechanical systems. Surface coating technology provides
a convenient way to enhance the surface properties of the part into the relative motion in
order to reduce friction resistance and wear. Diamond-like coatings has shown superior
wear protection behavior as well as it offer coefficient of friction as low as 0.001 in some
cases [117]. However, the use of coating in real time application is still a challenge as,
first coatings are expansive including both material as well as coating deposition
technique cost, long time durability, synergism with lubricants oils, difficult to coat
complex shapes. Advantages and disadvantages of tribofilms over surface coatings are
shown in table 1.

Table 1 Comparison between in-situ tribofilms and surface coatings

Tribofilms Surface coatings

In-situ formed during the relative motion Special coating techniques required on
(rolling, sliding etc.). the parts prior to application.

Cost effective, additives are relatively Expansive. Material cost, deposition
cheaper. cost, power consumption.

Forms at typical areas requires protection Cannot be applied only to typical area
against wear. of surface contacts, leads to waste of

coating materials.

Lubricant oil can be supplied externally at Once the coating worn out, parts need to
regular interval to protect the interacting be removed and coat again.

surface for a long period of time.
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The primary role of a lubricant applied into a mechanical system is to protect the
parts (involved in rubbing motion) from the subsequent wear also to provide relatively
smoother surface to slide against each other with less frictional resistance. To achieve
these objectives, lubricant interact with the rubbing surface in the contacting zone and
forms tribofilms on the surfaces by creating a nano-scale layer whose chemistry and
properties are dependent on the chemistry of the additives used in the lubricant as well as
the tribological conditions responsible for the formation of the tribofilms that include
temperature as well as shear stress and nascent surface (i.e. surface roughness [118] ).
Depending upon the type of lubricant and surface interaction, tribofilms can be classified
as four types;

2.3.1 Thermally induced tribofilms

Thermal film formation due to the thermo-oxidative decomposition of the
lubricant additives in one of the critical mechanism leading the pathways of the
tribological performance of lubricant additives. Fuller et al [119] studied the generation
of thermal films using neutral and basic ZDDP without involving any friction process and
detected zinc polyphosphates in these films. Several model explaining the mechanism of
thermal film formation has been suggested [1]. Spedding & Watkins [42] found the
evidence of thermally decomposed ZDDP by-products (Zinc polyphosphates and a
mixture of alkyl sulphides) in oil solution and subsequently Watkins [41] reported that
these by-products physically adsorbed on to the mating metal surfaces to give anti-wear
protection. J. M. Martin [120] highlighted the thermal decomposition reactions (equation

4.3.1) taking place in ZDDP above 100°C and suggested so formed solid
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poly(thio)phosphate and the native iron oxide on the substrate react and the film adhesion

to surface increases.

6>100°C
Zn[(RO),PS;], + 0,(ROOH) —— Zn, 5[ By X3n41]2 + sulfur species (6)

Many studies, Yin [121,122], Suominen [108,123], Zhang [112,124], Pereira
[125,126], Najman [51,64,127] Mourhatch [93,128] have proposed the thermal
decomposition as a first step in film formation using lubricant additives. BoHoon [15],
studied the growth mechanism of thermal film formed from using ZDDP (Zinc dialkyl
dithiophosphate) and ashless DDP (dialkyl dithiophosphate) lubricant additives and
proposed a model to calculate the thickness of thermal films (shown in equation 4.1);

d=d=* e’“) (7)

Where, d is thickness of thermal film, do is the constant, t is the baking time, and
k is the growth rate.

2.3.2 Thermo-mechanically induced tribofilms

Thermo-mechanically induced tribofilms are formed under the severe lubrication
conditions of boundary lubrication regime [52]. Under the boundary lubrication regime,
besides the effect of temperature on the decomposition of the lubricant additive to form a
protective tribofilms, various other parameters such as load, sliding speed, lubricant
concentration as well as the surface roughness and rubbing time play a critical role in the
formation of tribofilms. Yin et al [121] studied the effect of different physical parameters
on the formation and growth of tribofilms and concluded that both increasing load and
rubbing time as well as surface smoothness enhance the decomposition of the ZDDP and
no unchanged ZDDP was reports at higher loads and longer rubbing time on smoother
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surfaces. According to J. M. Martin [120], ZDDP tribofilms can be friction induced at a
temperature well below that of thermal decomposition however the induction time for
film formation is much longer. Martin [120] also suggested that tribofilms are composite
materials consisting of metal sulfide crystallites embedded in a mixed Fe/Zn
polyphosphate matrix. Whereas other authors [106] have suggested a nano-layered
structure of tribofilms, consisting short chain polyphosphates films intergrown with the
iron oxide surface layer which are then covered with a thin nano-layer of long chain
polyphosphates in the case of ZDDP. Hongbing et al [129] suggested three stages of
tribofilm formation by observing the change in the coefficient of friction with the film
formation time where stage 1 was an induction period during which tribofilms were
nucleated, where usually p first decreased, then increased, and finally stabilized. Stage 2
consisted of tribofilm build up characterized by a constant p with increasing film
thickness. Stage 3 was characterized by competition between continued film formation

and wear.
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Chapter 3. Synergistic Effects of Ashless Fluorothiophosphates with Zinc
Dialkyldithiophosphate (ZDDP) for Better Antiwear Properties and Tribofilm Formation
3.1 Introduction

In this chapter, the tribological behavior of new ashless antiwear chemistries were
studied in blends with ZDDP with varying ratios of ZDDP and ashless chemistries. The
coefficient of friction was measured using a high frequency reciprocating cylinder on flat
test set up under different load conditions i.e. 54N and 350N. The electric contact
resistance (ECR) data was also collected simultaneously which indicates the incubation
time for the formation of tribofilms as the test proceeded. Wear volume was calculated on
the wear scar of the pin of each tests using optical microscopy and optical 3D
interferometry. Wear data shows significant reduction in wear when ashless anti-wear
additives were blended with ZDDP when compared to ZDDP at both at low and high
load conditions. In an effort to understand the mechanism of wear morphology of the
tribofilms was studied using scanning electron microscopy (SEM). High magnification
images indicate a small pad like structure over the wear surface of the test samples at
lower test load. These small patchy films tend to expand and merge into large patchy film
at higher test loads. The film formation mechanism of these lubricant additives was
further scrutinized using x-rays absorption near edge structure (XANES), and nano-
indentation were performed to measure the nano-mechanical properties of the film as a
function of the film depth. A comprehensive understanding of the chemistry, structure

and properties of tribofilms were developed to explain the observed wear behavior.
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3.2 Experimental Details

3.2.1 Description of Additive Chemistry

Neutral -100 base oil and zinc dialkyl dithiophosphate (ZDDP) were purchased
from commercial vendors. The ZDDP used in this study is a secondary alcohol derived
ZDDP with approximately 70% neutral and 30% basic characteristic. The Ashless
additives chemistry used in this study were synthesized in the lab. For that purpose, all of
the reagents were purchased from commercial suppliers and used without purification
unless otherwise specified. The synthesis of the phosphorofluoridothioate and
thioperoxydiphosphate is shown in the earlier publications [13,14]. Table 2 details the
structure of the ZDDP and the ashless antiwear additives alkylphosphorofluoridothioates
and alkylthioperoxydiphosphate.

Table 2 Structure of the Anti-wear Additive Compounds

Coded Name Chemical Name Chemical Structure
ZDDP Zinc Dialkyldithiophosphate - 8
\P/ S\Zn/ \P<OR
rd
RO/ \S \s/ oR
PFC18 Alkylphosphorofluoridothioate
S
Il
/O—I?—F
H37C1g O
CgH37
SSC18 Alkylthioperoxydiphosphate
H4-C S S
37+18 E)_S_S_Ill C18H37
H37C1<so O\C18HST
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3.2.2 Tribological Test Procedure

Two different ashless antiwear additives Ie. PFC18
(octadecylphosphorofluoridothioate) & SSC18 (octadecylthioperoxydiphosphate) along
with ZDDP (Zinc dialkyl dithiophosphate) were tested in boundary lubrication conditions
to evaluate their tribological properties. Four different lubricant oil formulations were
prepared in base oil i.e. (i) 100%zZDDP, (ii) 80%ZDDP+20%PFC18, (iii)
80%ZDDP+20%SSC18 & (iv) 80%ZDDP_10%PFC18+10%SSC18. Phosphorous level
was kept constant at 1000 ppm in all the formulations. The tribological tests were
performed on a home built high frequency cylinder on flat test set-up at Argonne
National Lab, Energy System division. Load was applied using a pneumatic pressure unit
and friction forces were measured using a strain gauge motion sensor. The lubricant oils
were run under this set up at two different loading conditions i.e. (i) 54N & (ii) 350N that
results in a maximum contact pressure (Pmax) of 320 MPa & 800 MPa respectively. All
the test were run at 300 RPM (5 Hz) reciprocation speed for the duration of an hour at
100°C temperature. Data was acquired at 5Hz rate using the DasylLab software. The
stroke length was 6 mm. Tests were performed on 52100 hardened steel flat using a
52100 hardened steel bearing cylinder from RBC bearings. Both flat and pin were
cleaned before each tests using standard solution followed by Isopropanol and Acetone to
completely remove any oil and dust present on the initial surfaces. The rubbed surfaces
after the tests were cleaned with Hexane and Isopropanol and then saved by submerging

in base oil.
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3.2.3 Surface Characterization

After each test, the cylinders were cleaned using hexane followed by isopropanol
and then they were examined under the optical microscope and 3D optical interferometry
for the assessment of the wear track and calculation of the wear volume. The nature of
the wear occurring at the surface was studied by examining the surface of the wear tracks.
A Hitachi S-3000N Scanning Electron Microscope (SEM) was used to get secondary
electron images of the wear track.

Nano-mechanical properties (i.e. hardness and elastic modulus) of the tribofilms
generated on the flat were measured using a nano-indenter from Hysitron Triboscope ™.
The Nano-indentation were carried out using a Berkovich type tip geometry with a total
included angle of 142.3 degrees and a half angle of 65.35 degrees. Nano-indentation were
performed at nine different locations in a single sample. A cyclic loading profile with
partial unload load was run for each indentation point to study the nano-mechanical
properties of the tribofilms as a function of the film thickness. A scanning probe
microscope mode in the tribo-indenter was also used to obtain topographical information
as well as the 3D image of the tribofilms on the rubbed surfaces.

In order to understand the chemical nature of the tribofilms, XANES (X-Ray
Absorption Near Edge Structure) spectra were obtained. XANES is a very robust
technique to study the local co-ordination of the elements present on and in the
tribofilms. It provides chemical information from 5nm of the surface to 400 nm in depth
of the sample. XANES spectra were obtained at Canadian Light Source synchrotron

facility at Saskatoon Canada. The phosphorous and sulfur L edge data were collected at
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VLS-PGM (variable line spacing plane grating monochromator) beam station which
operates at the energy range of 5.5 eV-250 eV with a photon resolution of more than
10,000 E/AE. All the spectra were collected using a 100 pm X 100 um photon beam spot
size. Oxygen K edge, iron L edge and zinc L edge spectra were obtained at SGM
(spherical grating monochromator) beam line which operates between 200 eV-2500 eV
energy range with a photon resolution of more than 5000 E/AE. Here, a spot size of 50
um X 50 um was chosen to obtain high resolution spectra. Finally, phosphorous K edge
and sulfur K edge spectra were obtained a SXRMB (Soft X-ray Micro characterization
Beam line) beam station which operates a high energy ranging from 1.7 — 10 keV which
a photon resolution of 3.3 x 10 Insb (111). A 1 mm X 2 mm spot size was chosen to
collect the spectra at the SXRMB beam line.
3.3 Results and Discussion

3.3.1 Evaluation of Coefficient of Friction (CoF) and Wear Volume

Coefficient of Friction (CoF) was acquired during the high frequency cylinder on
flat test. Four different oil formulations were tested at two different load i.e. 54N (mixed
boundary lubrication) and 350N (boundary lubrication). Figure 3a is a plot of CoF over
the duration of the test. All the tests were run for an hour and the friction force data was
acquired at the rate of 5Hz. The coefficient of friction at 54N is higher for all the
formulations than the CoF at 350N. This is because at higher loads the surface asperities
get crushed, which results in smoother surface to the rubbing motion and also stable (and
perhaps thicker) tribofilm formation on the rubbing surface. Thus, the CoF curves for

350N load are lower and show good stability during the entire tests. However, the CoF
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doesn’t vary much with the addition of ashless fluorothiophosphates anti-wear chemistry
to the ZDDP. At 54N, the friction data show high fluctuations during the test which is
due to the formation of unstable tribofilms during the test that break down periodically as
the test proceeds. The coefficient of friction is comparable when ZDDP is used with and
without the ashless fluorothiophosphates additives.

Wear assessment was done by measuring an average wear width from the
different pins (52100 steel) rubbed against the flat surfaces (flat surface) using an optical
microscope and 3D optical interferometry. Figure 3b shows the comparison of wear
volume loss for the different lubricant oil formulations at different loads, error bars in the
figure indicate the deviation in the wear volume calculations. The addition of ashless
fluorothiophosphates to ZDDP shows significant improvement in wear reduction under
both 54N and 350N loads. On comparing the wear volume from the blends of ZDDP
with ashless additives with oils that contain only ZDDP, a maximum wear reduction, i.e.,
~ 80%, was observed from the blend with 80%ZDDP+20%SSC18 formulation at 54N.
However, the other formulations of ashless fluorothiophosphates with ZDDP also showed
significant wear volume reductions when compared to formulations that only contained
ZDDP. At 350N load, the wear volume increase to much higher values than it was at 54N
for all the formulations. Here also, comparing to the wear volume from formulations that
only contain ZDDP, the addition of ashless fluorothiophosphates to the ZDDP improves

the anti-wear properties significantly.
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Figure 3: Tribological behavior of formulations with ZDDP and mixtures of ZDDP and

ashless thiophosphates in base oil mixtures. Fig. 3(a) shows the coefficient of friction

as a function of time at two different load i.e. 54N and 350N. Fig. 3(b) shows the

comparison of wear volume for the different oil formulations at two different loads.
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3.3.2 Incubation Time for the Tribofilm Formation using ECR

Most ZDDP derived tribofilms formed at tribological contacts are generally
amorphous glasses and known to have very high electrical resistivity. At the initial stage
of the test when tribofilms are not formed yet, direct contact of asperities of two surfaces
in tribological contact result in very low contact resistance, however, as the test
progresses with the formation of protective tribofilms, the resistance between the
contacting surfaces increases and can be used as a way of determining effectiveness of
tribofilm formation. The voltage drop across the tribocontact ranges from 0 to 1200 mV
which is normalized from 0 to 1. The 0 corresponds to no tribofilm present and 1
corresponds to when an effective tribofilm is present on the surface. The voltage drop
was integrated over time to illustrate the overall effectiveness of tribofilm formation over
time, larger values correspond to more net coverage of tribofilm over the duration of the
test. In addition the slope of the curve indicates the effectiveness of tribofilm formation
with larger slopes having better tribofilm formation. Figure 4a shows the voltage drop
data for all the four formulations run under the load of 54N. The graph show potential
drop between the pin and the surface as a function of time. At 54N, the incubation time
for the tribofilms formation for the oil that only contains ZDDP is relatively higher than
the mixes of ZDDP with ashless fluorothiophosphates, as the graphs show higher
potential drop from the beginning of the test. However, the tribofilms are not stable and
they break down periodically during the test as evidenced by the sharp drop in
normalized voltage to 0. This also explains the large fluctuations in the friction curves at

54N load tests. Figure 4b is the plot of electrical contact resistance for the four lubricant
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oil formulations used at 350N load tests. As the data indicates the tribofilms form very
early in the test and stay stable for the duration of the test in the cases of ZDDP with the
addition of ashless fluorothiophosphates. On the other hand in formulations that only
contain ZDDP, even though the tribofilm forms in the early stages of the test they are not

stable and there is constant breakdown and reformation of the tribofilms.
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(b) 100 ZDDP @350N 80ZDDP_20PFC18 @350N
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Figure 4: Electrical contact resistance for all the tribological tests with ZDDP and

ZDDP with ashless thiophosphates conducted at 54N (a) and 350N (b).

3.3.3 Study of Surface Topography using SEM

SEM images of the tribofilms formed on the flat were imaged using S-3000N
variable pressure SEM. Figure 5 is the secondary emission SEM images of the rubbed
surfaces for the four different oil formulations at 54N and at 350N. At 54N load test,
SEM images show less coverage of tribofilms on the wear surfaces. At higher
magnification i.e. 4000X, small patches (darker contrasting areas) of tribofilms are
observed. Whereas at 350N load test, the wear surfaces show features of patchy

tribofilms all over the sample which also have grown larger into size than the patches of
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tribofilms in 54N test. This indicates that at higher load the tribofilms tend grow into

larger pads along the sliding directions.
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Figure 5: Showing the secondary emission SEM images of the rubbed surfaces for the

four different oil formulations at 54N at 350N.

3.3.4 Nano-mechanical Properties and 3D imaging of Tribofilms using Nano-indentation
Nine nano-indentation tests were performed for each of the tribofilms using a

cyclic loading with partial unloading load function (2 seconds for linear loading segment,
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2 seconds for holding segment and 2 seconds for linear unloading segment) with a peak
load ranging from 100uN to 1000uN. Figure 6a is a typical load profile as a function of
time for the nano-indentation tests. Figure 6b and 6¢ shows the plot of hardness as a
function of the indentation depth into the tribofilms generated from all the different
lubricant formulations as well as the 3D images of the wear surfaces (30 um X 30 um)
obtained via scanning probe microscope (SPM). SPM images were obtained before and
after the nano-indentation. Images taken before the indentation were used to locate the
best possible flat region in order to make sure a smoother surface in provided to the nano-
indentation probe for proper indentations. However, on wear surfaces obtained at 54N
load test, finding a flat region was a challenge since (as shown in fig 5 SPM images) the
surfaces consist of a large number of small rounded pad like features of tribofilms with
very little flat areas (caused large fluctuation in the friction data at 54N load test shown
earlier). This resulted in a wider range of the nano-hardness measurements at different
location of measurement. The SPM images taken on the wear surfaces generated at 350N
load tests show larger pad like structure of the tribofilms. This confirms the topographical
information obtained from the SEM images that at higher loads the patches of tribofilms
grow larger in size resulting in a much smoother surfaces resulting in lower friction. As
shown in figure 6b, hardness data obtained for the formulations containing ashless
fluorothiophosphate additives with ZDDP in the mixtures of base oil show high
consistency and doesn’t vary much with different location of indentations whereas the
hardness obtained from the formulation containing ZDDP falls into a broader range, the

SPM images of the tribofilms from ZDDP formulations indicate a much smaller pad size
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and uneven tribofilm formation explaining the broader range of hardness data derived
from the tribofilms. This indicates that the wear surfaces generated with the blends of
ashless thiophosphates with ZDDP are smoother with larger tribofilm pad sizes than the
wear surface obtained using only ZDDP. It was observed that the hardness of the
tribofilms generated from these tests does not vary much with penetration depth as the
hardness curve drawn for the 54N load test and 350N load test gives similar outcome and
also follow the same trend. In addition, the nano-mechanical properties of the tribofilms
generated from the formulation using only ZDDP and formulations that contain a mixture
of ZDDP with ashless fluorothiophosphate additives can be differentiated easily. As can
be seen from figure 6b and 6c, the tribofilms formed from ZDDP at a load of 350N has a
hardness of about ~14 GPa near the surface which eventually decreases to 6-7 GPa with
film depth of 50-60 nm. Several studies in the past [16] have indicated that typical
tribofilms range in thickness from 80-200 nm. Whereas, tribofilms obtained with the
addition of ashless fluorothiophosphate additives with ZDDP show uniform hardness at
different location of indentations and also does not vary much as a function of the film
depth. The hardness near the surface of the tribofilms (< 20 nm) is about 8 GPa that
decreases to 4-5 GPa as the indentation depth increases to 60 nm. Similar results were
found by Kim et al. [16], where they reported the hardness of tribofilms generated using
ZDDP as additive in base oils starts from higher values which eventually decreases to
around 8 GPa as the indentation depth increases while the hardness of ashless DDP
remains close to 5 GPa throughout the test. However, they found the tribofilms to be

much thicker than the values reported in this paper, this could possibly due to the
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different nature of the test used where they ran the test at very high contact pressure. In
another study by Bec et al. [130], they reported the nano-hardness measurements of the
tribofilms generated at 360 MPa mean contact pressure (close to the Pmean used in this
paper). They found that the wear surfaces consists of multilayer tribofilms. The nano-
indentation measurements showed that the mechanical properties of the tribofilms are
heterogeneous spatially as well as with thickness also. This explains the broader hardness
data obtained using ZDDP additive only (figure 6c¢). It can be hypnotized that the
tribofilms generated from ZDDP only are non-uniform and heterogeneous in nature with
varying film thickness, whereas, the tribofilms generated from ZDDP plus FTPs additives

formulations are more uniform and homogeneous in nature.
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Figure 6: Nano-mechanical properties of tribofilms obtained from nano-indentation
using cyclic loading with partial unloading load function (shown in Fig. 6(a)). Fig.
6(b) & 6(c) show a comparison of nano-hardness profile of tribofilms using ZDDP and
80%ZDDP+20% PFC as a function of indentation depth at 54N and 350N respectively

as well the corresponding 3-D SPM images.

3.3.5 Characterization of Tribofilms Chemistry using XANES
XANES analysis has been used extensively in tribology to examine the chemical
nature of the tribofilms derived wusing various anti-wear additives

[13,14,16,51,54,64,126,127,131-133]. It provides chemical information for total electron
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yield (TEY) and fluorescence yield (FY) for the P L-edge of 5 and 60 nm respectively
and sampling depths for TEY and FY at the P K-edge are 50 nm and >800 nm,
respectively [108,134]. Both TEY and FY spectra were acquired from the tribofilms
formed using the four different formulations studied here.

3.3.5.1 Phosphorous Characterization (P L2,3-edge and P K-edge)

Phosphorous L edge XANES spectra provides a wealth of chemical information
as the depth of sampling is close to the average thickness of the anti-wear tribofilms
which is 50-100 nm in most cases. The phosphorous L edge TEY and FY spectra of the
tribofilms generated from ZDDP and combinations of ZDDP with ashless PFC18 &
SSC18 compounds along with the model compounds Zn3(POa4)2 and FePO4 are shown in
the Figure 7a, 7b and 7c. Here, different peak positions of the model compounds are
assigned as a, ¢, ¢’ and d. Peak labelled as a corresponds to the spin orbital splitting of
the phosphorous 2p electrons present in Zn3(PO4)2 whereas peaks labelled as ¢ and ¢’ are
attributed to the transition of the phosphorous 2p electrons to the t*> molecular orbital in
Zn3(PO4)2 and FePO4 compounds respectively, and peak d, located ~146.0 eV is a shape
resonance peak, is characteristic of all phosphates regardless of the structure, whether
crystalline or glassy [121,132,135]. From the graphs, it can be deduced that for the
tribofilms generated at 350N, phosphorous is primarily present in the form of zinc
phosphate rather than iron phosphate as the peak position ¢ is well aligned to the
tribofilms spectra both in TEY and FY modes. Moreover, the pre-peak shoulder for the
tribofilms also matches with peak position a, corresponding to the zinc phosphate.

However, clear differences between the chemistry of the tribofilms formed from different
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formulations cannot be observed here. In case of tribofilms derived from 54N load tests, a
mere presence of FePOs can be observed in the case of 100ZDDP and
80ZDDP_20SSC18 additives formulations. This can be explained as at lower loads there
is a competition between the Zn*? cation and Fe*? cation to form an anti-wear films but at
higher loads decomposition of ZDDP increases and thicker pads of anti-wear films
formed that reduces the availability of Fe*? cation and leads to the formation of zinc
phosphate on the rubbing surfaces.

Phosphorous L edge spectra also used for the determination of the chain length of
the polyphosphates present in the tribofilms using peak intensity ratio of peaks a and c.
Chain lengths of polyphosphates are characterized on the basis of peak height of a
relative to peak ¢ where ratio a/c up to 0.3-0.4 represents short-chain polyphosphates and
alc > 0.6 indicates long-chain polyphosphates [51,132,136]. Tribofilms studied in this
work show very small pre-peak intensity of a in TEY mode which becomes less evident
or starts to disappear in FY mode, suggesting presence of short-chain polyphosphates and
mono phosphates at the surface (= 5 nm) of the tribofilms whereas the bulk (= 30-40 nm)

is largely made up of mono phosphates.
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Figure 7: (a) Phosphorous L-edge XANES TEY spectra of tribofilms generated at 54N
and model compounds (b) Phosphorous L-edge XANES TEY spectra of tribofilms
generated at 350 N and model compounds (c) Phosphorous L-edge XANES FY spectra

of tribofilms generated at 350N and model compounds.

Phosphorous K edge spectra are shown in Figure 8a, 8b. Only TEY spectra of
phosphorous K edge are considered as the depth of sampling for P K-edge at FY mode
(1-2 pum) is much higher than the thickness of the tribofilms thus can be disregarded for
the purpose of this study. On the other hand, the TEY spectra provides cumulative
chemical information in the tribofilms from  50-75 nm. P K-edge spectra from the
tribofilms are plotted with the model compounds for the comparison. Two peak position
are shown in the graphs labelled as ¢ and ¢’ which corresponds to the transition of the
core phosphorous 1s electron to unoccupied p-like valence state [16] for Zn3(POa4)2 and
FePO4 respectively. Two main difference between the model compounds, zinc phosphate
and iron phosphate are first, main peak position for FePO4, ¢’ (2153.2 eV), has slightly
higher energy than the main peak position, ¢ (2152.3 eV), for Zn3(PO4)2 and second, P K-
edge spectra for iron phosphate show small pre-edge that is more evident in FY graph.
The spectra for ZDDP and the mix between ZDDP and ashless chemistries indicates that
in the bulk of the tribofilms, phosphorous is primarily present in the form on Zn3(POa4)2

which is similar to the findings in P L-edge FY.
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Figure 8 (a) Phosphorous K-edge XANES spectra of tribofilms generated at 54N and
model compounds (b) Phosphorous K-edge XANES spectra of tribofilms generated at

350N and model compounds.

3.3.5.2 Sulfur Characterization (S L-edge and S K-edge)

Sulfur L-edge spectra provides a useful information regarding the local co-
ordination/oxidation state of sulfur near the surface of the tribofilms [48,127,137-139].
The S L-edge spectra are plotted for the tribofilms derived from ZDDP and combinations
of ZDDP with ashless PFC18 & SSC18 compounds and compared with the spectra of

several model compounds in figure 9 a and 9b. Differences in the spectra of the model
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compounds and their relative peak energies are detailed by Kim et al. in an earlier study
[16]. At the outset it is important to note that the S L-edge spectra are much weaker than
the spectra for the P L-edge indicating a preponderance of phosphates species near the
surface of the tribofilm. The TEY spectra of the S L-edge suggests that the sulfur is
present primarily in the form of sulfides rather than sulfates in the tribofilms. Presence of
sulfates is more noticeable in the case of tribofilms generated at 54N load tests. A broad
peak at position f indicates that sulfur is present in a mixture of different sulfate (Zn and
Fe) species and is the primary species of sulfur present near the surface, the presence of
small amounts of ZnS and FeS cannot be ruled out. On the other hand, TEY spectra of
the tribofilms generated at 350N tests resemble the ZnS and to a lesser extent the
presence of FeS. Figure 9b is showing the FY data of the tribofilms formed at 350N and
model compounds. The sampling depth at S L-edge FLY is about 40-50 nm while the
sampling depth at S L-edge TEY spectra is about 4-5nm. Here, interestingly, the spectra
of the tribofilms resemble closely to the spectra of the ZnS as the peak positions a, b, ¢, d
and e from ZnS aligns to the tribofilms spectra for the 350N load tests but still the broad
shoulder after peak position b and also broadened peak ¢ suggest that more than one type
of sulfide species are present i.e. ZnS as well as FeS in the bulk of the tribofilms.
Nicholls et al. [54] explained the mechanism for the sulfide formation in the tribofilms
using the principle of hard acids and soft bases which suggests that soft bases as S*
prefers to react with the borderline soft acid Zn*2 over the harder acid Fe*2 and Fe*3. They
also expressed thermodynamically that the free energy of the ZnS formation is more

negative than FeS. However, thermodynamically zinc prefer to form zinc polyphosphates
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instead of zinc sulfides thus most zinc gets consumed in the form of polyphosphates and
becomes less available to form zinc sulfide while available iron can react with sulfur to

form iron sulfides.
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Figure 9: (a) Sulfur L-edge XANES TEY spectra of the tribofilms generated at 54 N. (b)
Sulfur L-edge XANES TEY spectra for tribofilms generated at 350 N as well as the

model compounds.

Figure 10a, 10b and 10c are plots of sulfur K edge spectra in TEY and FY mode
for model compounds and tribofilms respectively. Figure 10d is the deconvoluted plot of
S K-edge of 80ZDDP+20PFC18 detailing the contribution of the different sulfur species
in the overall spectra from the tribofilm. Only TEY spectra for the model compounds are
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shown for the comparison as there is no significant difference in the spectra for the two
modes, since the chemistry of the model compounds does not change with the sampling
depth in XANES. Sulfur can exist in different valence states ranging from -2 to +6 with -
2 being the reduced states and the +6 being the oxidized states. The absorption edge of
the different valence states can be easily distinguished by XANES spectra. In addition,
the spectra from the model compounds indicate that the K-edge is ideally suited to
distinguish between the different sulfides of Fe and Zn and between sulfides and sulfates.
The peak identified as a’ is unique to FeS while the peak labeled a is present in ZnS. On
the other hand peak c is primarily present in sulfates and is common to both FeSO4 and
ZnSOa4. From the plots, S K-edge TEY spectra of the tribofilms indicate that a mixture of
sulfide and sulfate species are present in the tribofilms, interestingly, the intensity of the
sulfate peaks are less pronounced in the case of the tribofilms formed under 350N load
tests than the tribofilms formed under 54N load tests. Moreover, sulfate peaks tend to
diminish in FY mode in all the cases as plenty of oxygen is available in the surface region
rather than in bulk thus sulfur gets oxidized to form sulfates on the surfaces but not in the
bulk of the tribofilms. S K-edge spectra of the tribofilms both in TEY (Figure 10b) and
FY (Figure 10c) mode indicate that besides sulfate, sulfur is also present in the form of
ZnS as the peak position a (i.e. 2473 eV) from the ZnS model compound spectra aligns to
the spectra of the tribofilms. This confirms the earlier information from the S L-edge FY
data that in the bulk of the tribofilms sulfur is dominantly present in the form of ZnS with
a small presence of FeS. A ratio of peak area ratio (a/c) under peaks a and c provide

additional insight into the relative proportion of ZnS and sulfates are measured by
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deconvoluting the spectra as detailed in Figure 10d and provided in detailed in Table 3. It
is evident from the data using both measures that in comparison to ZDDP by itself,
formulations that contain a mix of ZDDP with ashless additives PFC18 and SSC18 have
higher ratio of ZnS in the tribofilms that are generally more beneficial from a tribological

point of view.
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Figure 10: (a) Sulfur K-edge XANES spectra of the model compounds of sulfur. (b)
Sulfur K-edge XANES TEY spectra of the tribofilms obtained at 54N. (c) Sulfur K-edge
XANES TEY spectra of the tribofilms obtained at 350N. (d) Representative
deconvolution process used to determine the contribution from the different valence
states of sulfur in the tribofilm from a formulation that contains 80% ZDDP +

20%PFC18.
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Table 3: Details peak fitting for the S K-edge spectra and ratio of sulfides to sulfates.

S K-edge TEY photon energy (eV)

alc
Sample a' a b c d ratio
Height
FeS 247003 | x| 2475.82 | 248139 |  x
ZnS x| 2472721247593 | x| 2484.70
100% ZDDP @ 54N x| 2472.85 | 2476.32 | 2481.60 | 2484.79 | 048
%g’;/flﬁDDP*ZO% PFCI8 x| 2472.87 | 2476.03 | 2481.36 | 2485.07 | 1.05
%);/ZSDDPQO% SsCl8 x| 2472.37 | 2475.98 | 2480.67 | 2484.91 | 0.94
80% ZDDP + 10% SSC18 +
209 PECIS @SN x | 247278 | 247615 | 24813 | X 0.79
100% ZDDP @350N x| 24731 | 2476.04 | 2481 X 1.58
%g’;/g;\?DP*ZO% PFCI8 x| 247350 | 2476.67 | 248151 | 2485.86 | 1.34
%g’;/g;\?DP*ZO% SSC18 x | 2472.90 | 2475.83 | 2481.10 | 2485.11 | 1.35
80% ZDDP + 10% SSC18 + | | 5475 93 | 2475.78 | 2481.15 | 2485.33 | 1.26

10% PFC18 @350N

3.3.5.3 Oxygen Characterization (O K-edge)

Even though oxygen is present in only one valence state, it can be bound directly

with different cation’s such as Zn and Fe as well present in different anions such as

sulfate and phosphates that can subsequently be bound with cation’s such as Fe and Zn.

The resulting O K-edge XANES absorption spectra of such compounds are distinctively

different when viewed as pure model compounds as shown in Figure 11a. It is clearly

evident that Fe2Os can be distinguished from ZnSQO4, Zn3(PO4)2, ZnO, FeSO4 and FePO4

by the nature of the pre-edge peaks present at 530-532 eV. However, in a tribofilm O is
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present in multiple anions and is bound to different cation’s making it difficult to
uniquely identify the local environment for oxygen. However, some distinctive
differences can be ascertained by an examination of the spectra. Oxygen K-edge spectra
were recorded in both TEY and FY mode for the tribofilms generated from all the four
formulation ran at 54N and 350N load tests, the TEY and FY spectra being very similar,
only the TEY spectra are shown for reference while the discussion pertains to both TEY
and FY spectra. O K-edge TEY spectra of the tribofilms shown in Figure 11b. We can
eliminate the possibility of the oxidation of zinc and iron as the spectra of the tribofilms
do not show the presence of these compounds. Other than that, results are quite
complicated and hard to distinguish as the earlier companion P, S, Zn and Fe spectra
showed more or less the presence of all the ZnSOa4, Zn3(PO4)2, FeSO4 and FePO4 model
compounds in the tribofilms. However, for the tribofilms generated under 350N load tests
presence of peak at 538.6 eV is matching with the primary peak of Zn3(POs)2 model
compound and also the pre-peak bump at 531.9 eV is less pronounced, therefore, we can
say that Zn3(POa4)2 is present as the major constituent of tribofilms formed at 350N load
tests. Whereas, at 54N load tests, pre-peak bump at 531.9 eV becomes more noticeable in
the spectra suggesting some sulfates (ZnSOa) is present. In two of the compositions that
contain SSC18. This may arise from the fact that the compositions with SSC18 have
loosely bound sulfur that is readily available under tribological conditions to form

sulfates of Zn.
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Figure 11: (a) Oxygen K-edge XANES spectra of model compounds containing
oxygen. (b) Oxygen K-edge TEY spectra of tribofilms generated at loads of 54 and

350N.

3.3.5.4 Zinc Characterization (Zn L-edge)

The Zn L-edge may be used to characterize the coordination of Zn with other
elements such as O, S, F as well as anions such as phosphates and sulfates. The model
compounds shown in Figure 12a indicate that the absorption spectra of Zn L-edge for the
different compounds are distinctively different and may be used to distinguish between
the different species. The spectra were acquired for all the tribofilms tested at 54N and

350N in both TEY and FY mode and the spectra in TEY and FY are very similar and
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only the TEY spectra (Figure 12b) are shown for discussion. It is evident from a
comparison of the spectra of the tribofilms with that of the model compounds that the
preferred compound present is Zn3(POa4)2 in all cases. The S K-edge spectra has indicated
the presence of ZnS as the primary S containing compound in the tribofilm, however the
Zn L edge clearly indicates that the primary Zn containing compound is Zn3(POa4)2. This
suggests that while ZnS is present in the tribofilm the phosphates of Zn are the
predominant species. This is also self-evident from the P and S L edge spectra that
indicated that the relative intensity of the P L-edge spectra was much stronger than the S
L-edge indicating a preponderance to the formation of phosphates. This can be correlated
to the study by Nicholls et al. [54], where they reported that zinc phosphate is the

thermodynamically more stable form of zinc.
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Figure 12: (a) Zinc L-edge XANES spectra of model compounds that contain zinc (b)

Zinc L-edge TEY spectra of tribofilms generated at loads of 54 and 350N.

3.4 Discussion on XANES

The complementary XANES spectra at different edges and different elements
provide a detailed way by which chemistry of tribofilms may be analyzed. A comparison
of the P and S L-edge spectra of the tribofilms indicate that phosphorous spectra are
much stronger than the sulfur spectra suggesting that phosphates of Zn are the dominant
species in the tribofilms. The sulfur present in the tribofilms is largely sulfates at lower
loads and transition to ZnS at higher loads. When tribofilms from ZDDP are compared to
those formed from mixtures of ZDDP and ashless fluorothiophosphates and ashless
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thiophosphates it is evident that sulfide species are more dominant in the mixtures when
compared to when ZDDP is used by itself. The O K-edge clearly indicates that oxides of
Fe are not present in any significant quantity in the tribofilm and the most likely
candidates are phosphates of zinc and some sulfates of Zn and Fe. The P K-edge spectra
indicate the presence of phosphates of Zn and when the S K-edge spectra is considered it
is evident that from the TEY spectra that at lower loads (54N) there is a larger proportion
of sulfates when compared to the higher loads (350N). It is also evident from the S K-
edge spectra that tribofilms from ZDDP have a higher proportion of sulfates relative to
sulfides when compared to blends that contain ZDDP and ashless PFC18 and SSC18 that
have a larger proportion of sulfides of Zn. The presence of the ashless
fluorothiophosphates and/or ashless thiophosphates appears to assist in the formation of
Zn phosphates and ZnS in the tribofilm. This is also confirmed by the Zn L-edge spectra
that indicate the primary presence of Zn phosphate in the tribofilm. Fluorine K edge
analysis (not shown here) indicated very little presence of any fluorine at the surface of
the tribofilm indicating that the while the presence of fluorine certainly helps in the
formation of the tribofilm and its stability very little of it is left behind on the wear
surfaces.
3.4 Conclusion

The frictional behavior of lubricant formulation with ZDDP and ZDDP blended
with ashless fluorothiophosphate and/or ashless thiophosphates are essentially identical
indicating no mechanistic change tribologically with the addition of the ashless antiwear

additives to the mix.
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The wear behavior both at low (54N) and high (350N) loads indicate that
mixtures with ZDDP and ashless antiwear additives have significantly superior wear
behavior when compared to ZDDP by itself. The incubation time to form tribofilms is
shorter when mixtures of ZDDP and ashless antiwear additives are used in comparison to
ZDDP by itself.

Morphology of the wear surface using scanning electron microscopy indicates
that at lower loads (54N) tribofilms are not well developed and largely heterogeneous
while at higher loads (350 N) the tribofilms develop a larger pad like structure that is
interconnected and aligned in the direction of rubbing. Formulations with a mixture of
ZDDP and ashless additives yielded stable pad like tribofilms while the ones from ZDDP
alone were more heterogeneous.

Scanning probe microscopy and nano-mechanical testing of the tribofilms
indicate that properties at 54N in all cases have a large degree of scatter due to the
heterogeneous nature of the tribofilms while at 350N the hardness data in the formulation
with ZDDP and ashless additives is uniform and independent of depth while those from
ZDDP alone exhibit a large amount of scatter, a consequence of their heterogeneous
nature.

The P and S Ledge XANES Data indicate the preponderance of phosphates (short
chain or monophosphates) of Zn in the tribofilm while the S that is present is largely in
the form of ZnS. When only ZDDP is present the surface of the tribofilms contains
sulfates of Zn while in the case of ZDDP with ashless antiwear additives a mixture of

sulfates and sulfides of Zn are present.
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The O K-edge XANES spectra indicates very little presence of oxides of Fe or Zn
in the tribofilm and complement the P L-edge spectra that indicate the primary presence
of phosphates of Zn.

The P and S L edge XANES spectra indicate the presence of Zn Phosphates and
in the case of S, primarily the presence of ZnS. The S K-edge spectra complement the L-
edge spectra wherein the S is present more as a sulfate when only ZDDP is used whereas
when mix of ZDDP and ashless antiwear additives are used the reduced form of S is more
likely to be present.

The Zn L-edge spectra complements all the other XANES data confirming that

the coordination of Zn is largely in the form of Zn phosphates.
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Chapter 4. Role of Cationic and Anionic Moieties of lonic Liquids to Their Tribofilms
Properties
4.1 Introduction

In this chapter, the relationship between the ionic liquid (IL) chemistry to its
tribological properties such as coefficient of friction, wear and chemical-mechanical
properties of tribofilms is examined. Six phosphorous (P) based ILs (in which P is either
present in anion or in cation or in both) were chosen to examine the role of different
cations and anions. The six IL’s used as additives were blended in group | base oil at 0.1
wt. % P treat rate and their tribological performance was evaluated using a line contact
cylinder on reciprocating flat test configuration under pure sliding. ZDDP at 0.1 wt. % P
and base oil tests were also conducted for baseline comparison. All ILs showed
comparable or lower coefficient of friction compared to ZDDP which exhibited a higher
but consistent coefficient of friction for the duration of the test. IL N_DEHP and P_TFSI
showed comparable or slightly better wear protection than ZDDP whereas N_DBDTP,
P_TMPP, P_DMP and P_DEDTP exhibited worse wear outcomes than ZDDP. XANES
analysis of pure IL standards and their tribofilms indicate that the tribofilms from IL are
the result of decomposition of the IL chemistry and reaction of these decomposition
products with underlying steel substrate. No residues of the original IL chemistry was
found on the wear tracks. Nano-indentation results indicated that tribofilm hardness
increases from the surface towards the bulk of the films, which when combined with P L-
edge spectra indicate that short chain phosphates formed at the surface result into lower

hardness than medium chain phosphate formed in the bulk.
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4.2 Experimental Details

4.2.1 Structure and Chemistry of lonic Liquids

Group | base oil (mixture of 60 wt. % solvent neutral 150W and 40 wt. % bright
stock 90W) and zinc dialky! dithiophosphate (ZDDP) were purchased from commercial
vendors. The ZDDP used in this study is a secondary alcohol derived ZDDP with
approximately 70% neutral and 30% basic characteristic. Six different ionic liquids
studied were provided from AC2T Research GmbH Austria. Table 4 details the chemical
structure of the antiwear additives used including ZDDP and the six ionic liquids. The
six IL’s were chosen carefully to provide not just a diversity of chemistries but also an
opportunity to examine the role of different cations and anions. Choline bis(2-ethylhexy)-
phosphate (N_DEHP) and choline dibutyl-dithiophosphate (N_DBDTP) have the same
cation while one anion has phosphate structure and the other one has a thiophosphate
structure.  Tetradecyl-trihexyl-phosphonium  bis(2,3,4-trimethylpentyl)-phosphinate
(P_TMPP) and tetradecyl-trihexyl-phosphonium bis(trifluoroethylsulfonyl)-imide
(P_TFSI) have the same cation while one anion is a phosphinate the other one is a fluoro-
sulfonyl amide. Lastly methyl-tributyl-phosphonium dimethyl-phosphate (P_DMP) and
tetrabutyl-phosphonium O,0O-diethyl-diphosphate (P_DEDTP) have similar (not same)

cations while the anions have either a phosphate or thiophosphate moiety.
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Table 4.

Molecular structure of six IL’s and ZDDP and their onset decomposition

temperature.
Coded Chemical name Chemical structure Onset
name decomposition
temperature
(°C)
ZDDP Zinc dialkyl- s
dithiophosphate RO
=p p Ny /\P/on 206
(R=C4,C6and /P\ PEa S_—
c8) o ST N
N_DEHP | Choline bis(2- |
ethylhexyl)- NE— .
o}
phosphate Ho/_l ((Lo]o/\g\f 258
g
N_DBDTP | Choline dibutyl- |
dithiophosphate Ni—
Vam _
HO | S 172
[
\/\/ S
P_TMPP | Tetradecyl-
trihexyl- )
phosphonium ? 362
biS(2,4,4- »)\’ I
trimethylpentyl)- ©
phosphinate W\R
eSS ST TS
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P_TFSI Tetradecyl-
trihexyl- \l\l\
phosphonium NN 413

bis(trifluoromethyls \W/\/

ulfonyl)-imide FF F
PN N
4 N F
o o
P_DMP Methyl-tributyl- o~
phosphonium \I\ ot o/
. ) —h— 326
dimethyl o~ 8

phosphate \/\/ \

P_DEDTP | Tetrabutyl-

phosphonium \/>\¢/\ AN~

0,0-diethyl- A e — 261
dithiophosphate '

Ithiophosp S

4.2.2. Thermogravimetric (TGA) Analysis of lonic Liquids

Thermogravimetric analysis (TGA) of the ionic liquids was performed using
Shimadzu TGA-51 Thermogravimetric analyzer. TGA was performed in nitrogen (N2)
atmosphere at a heating rate of 10 "C/min from RT to 600 "C with a N2 flow rate of 20
mL/min. Each test was repeated twice for the consistency of the data.
4.2.3. Tribological test procedure

Oils containing ionic liquids were formulated in group 1 mineral base oil at 1000
ppm phosphorous level. lonic liquids were mixed in base oil by pulse ultrasonication for
15 minutes in DI water bath. Tribological test were carried out for each oil formulation
immediately after the mixing. The tribological performance of these IL formulated oils

were tested using a cylinder on reciprocating flat tribometer at Argonne National
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Laboratory [56]. Schematic of the test configurations and detail of test parameters for
cylinder on reciprocating flat contact under pure sliding are shown in Table 5. Friction
and wear performance of ILs are compared with ZDDP at equal phosphorous level (i.e.
0.1 wt. % P). Load was applied using a pneumatic pressure unit and friction forces were
measured using a strain gauge motion sensor. Oil formulations containing ILs in base oil
were tested under this set-up at 134 N applied load that generates a 500 MPa initial
Hertzian contact pressure. All the test were run at 300 RPM (5 Hz) in pure sliding contact
for the duration of an hour at 100 °C. Data was acquired at 5 Hz using the DasyLab
software. Tests were performed on 52100 hardened steel flat using a 52100 hardened
steel bearing cylinder from RBC bearings. Both flat and cylinder pin were cleaned before
each tests using Stoddard solution followed by isopropanol and acetone to completely
remove any oil and dust present on the initial surfaces. The rubbed surfaces after the tests
were cleaned with heptane and isopropanol and then saved by submerging in sulfur free

base oil.
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Table 5. Schematic of the test configurations and detail of test parameters for cylinder on

reciprocating flat contact under pure sliding

Tribological test

Cylinder on reciprocating flat contact

Side View

Front View

Group | mineral oil (60 wt.% SN 150W + 40 wt.% BS

Base oil 90W)

Viscosity 10.068 mm2/sec at 100°C

Treat rate Phosphorous: 1000ppm

Applied load 82 N

Initial Hertzian contact 500 MPa

pressure

Temperature 100 °C

Speed 0.06 m/sec, 5 Hz

Stroke length 6 mm

Cylinder/Ball ® 4 mm x 6 mm, 52100 steel (60-61 HRc)

4.2.4 Characterizations methods

In order to make a precise measurement of average wear width, cylinders after
each test were gently cleaned using heptane followed by isopropanol shower. Wear width
were measured at nine locations on each cylinders using optical images obtained from an
Olympus metallographic microscopy. The nature of the wear occurring at the surface was
studied by examining the surface of the wear tracks using a Hitachi S-3000N SEM to

obtain secondary electron images of the wear track and high resolution 3D images of the
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wear track were acquired using a nano-indentertion from Hysitron Triboscope™ in SPM
mode.

Tribochemistry of the films generated on the rubbing surfaces using IL’s and
ZDDP were characterized using XANES spectroscopy. It provides chemical information
including local coordination of elements at different depths of penetration, for example in
the case of phosphorous, surface can be probed from 5 nm to 60 nm in the case of P L-
edge and from 50 nm of the surface to >800 nm in the case of P K-edge [108,134].
XANES spectra were obtained at The Canadian Light Source synchrotron facility at
Saskatoon Canada. The phosphorous L-edge (P L-edge) data were collected at VLS-PGM
(variable line spacing plane grating monochromator) beam station that operates at the
energy range of 5.5 — 250 eV with a photon resolution of more than 10,000 E/AE. All the
spectra were collected using a 100 pm X 100 um photon beam spot size. Oxygen K-edge
(O K -edge) spectra were obtained at SGM (spherical grating monochromator) beam line
that operates between 200 — 2500 eV energy range with a photon resolution of more than
5000 E/AE. Here, a spot size of 50 pm X 50 um was chosen to obtain high resolution
spectra. Finally, phosphorous K-edge (P K-edge) and sulfur K-edge (S K-edge) spectra
were obtained a SXRMB (Soft X-ray Microcharacterization Beamline) beam station
which operates at higher energy from 1.7 — 10 keV with a photon resolution of 3.3 x 10*
Insb (111). A 1 mm x 2 mm spot size was chosen to collect the spectra at the SXRMB
beam line.

Nano-mechanical properties i.e. hardness of the tribofilms generated on the flat

were measured using a Hysitron Triboscope™. Nano-indentation tests were carried out
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using a NorthStar™ Cube Corner probe with a total included angle of 90° and <40 nm tip
radius. Nano-indentation were performed at nine different locations in a single sample. A
cyclic loading profile with partial unload load was run for each indentation point to study
the nano-mechanical properties of the tribofilms as a function of film thickness.
4.3 Results and Discussions

4.3.1 Thermogravimetric Analysis of lonic Liquids

Figure 13 is a plot of weight loss as a function of temperature for six IL’s and
ZDDP antiwear additive. The onset of decomposition temperature for ILs and ZDDP
additive was approximated using tangent analysis and is shown in Table 4. ZDDP
additive showed onset decomposition temperature i.e. about 206 “C that is lower than ILs
except N_DBDTP (i.e. 172 ‘C). N_DEHP was approximated to be about 258 “C whereas
onset decomposition temperature of N_DBDTP was recorded to be about 172 ‘C. The
P=0 bond has a dissociation energy of 544 kJ/mole while P=S has a dissociation energy
of 335 kJ/mole, hence it is easier for the P=S linkage to be the point of initial thermal
decomposition in N_DBDTP leading to a lower decomposition temperature in
comparison to N_DEHP. Similarly, N_DEDTP (P=S linkage) has lower onset
decomposition temperature than P_DMP (P=0 linkage). Choline based ILs exhibit lower
thermal stability than phosphonium based IL structures with similar anions (N_DEHP vs.
P_DMP and N_DBDTP vs. P_DEDTP). P_TFSI exhibited the highest thermal stability of

all with onset decomposition temperature of about 413 °C.
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Figure 13. Thermogravimetric analysis plot of six IL’s and ZDDP showing the

decomposition temperature of different additive chemistries.

4.3.2 Evaluation of Coefficient of Friction (CoF) and Wear Volume

Figure 14 is a graph of friction coefficient as a function of the test duration for six
ionic liquids and comparing their friction characteristic with ZDDP at equal phosphorous
level as well as with group | base oil that has no additives. All six IL’s and ZDDP show
improvement in friction response compared to base oil when added at 0.1 wt% P treat
rate. IL N_DEHP has the lowest friction coefficient however the CoF tends to increase at
the end of the test. IL’s N_DBDTP, P_DMP and P_TFSI also display lower friction

coefficient in comparison to ZDDP for the duration of the test. On the other hand, ZDDP
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exhibits stable friction behavior throughout the test whereas all six IL’s exhibit some

level of variance in the friction with the progression of the test.

Coefficient of friction
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Figure 14. Comparison of coefficient of friction of six IL’s with ZDDP at equal

phosphorous level (i.e. 0.1 wt% P) and base oil obtained under pure sliding contacts.

Wear was calculated by measuring the average wear width on the cylinder after
each test using optical microscopy. Figure 15 is a plot of an average wear volume loss for
six IL’s along with ZDDP and base oil. In comparison with base oil, all IL’s showed
significant improvement in wear protection in base oil formulations. When compared
with ZDDP, N_DEHP exhibited comparable antiwear performance whereas P_TFSI had
slightly lower wear volume loss. On the other hand P_DBDTP, P_TMPP, P_DMP and
P_DEDTP exhibited significantly higher wear volume losses. Figure 16 summarizes

tribological performances (i.e. CoF and wear volume loss) of six IL’s along with ZDDP
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and base oil. Data at the bottom left on the plot has the lowest combination of wear and
coefficient of friction (beneficial) and the data on the top right hand corner would have
the higher wear and highest friction (detrimental). Hence, N_DEHP and P_TFSI have
better tribological performance compared to ZDDP while P_DMP and P_DEDTP have
significantly worse wear but comparable frictional outcomes in comparison to ZDDP.
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Figure 15. Average wear volume measured for six IL’s and ZDDP blended in base oil

at 0.1 wt% P and the neat base oil test.
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Figure 16. Comparison of coefficient of friction and wear volume loss for six IL’s and
ZDDP. Data at the bottom left on the plot has the lowest wear and friction coefficient
(beneficial) and the data on the top right hand corner has the higher wear and highest

friction (detrimental).

4.3.3 Analysis of Rubbed Surfaces Using Scanning Electron Microscopy and Scanning
Probe Microscopy.

Figure 17 is the secondary electron SEM images of the worn flat surfaces. SEM
image of ZDDP lubricated surface exhibits regions of abrasive wear with scratches
aligned to the sliding direction together with the formation of protective patchy tribofilms
whereas worn surfaces lubricated under N_DEHP and P_TFSI show smoother wear

surfaces. N_DEHP exhibits better coverage of tribofilms (as evidenced by the dark
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patches on the surface that are less conductive regions corresponding to patchy
tribofilms) over the wear track with mild scratches aligned in the sliding direction. The
SEM image obtained for P_TFSI lubricated wear track indicates mild polishing wear.
The SEM image of N_DBDTP worn surface shows patchy tribofilm formation, with
patch sizes that are larger than what is seen in N_DEHP. On the other hand the wear
surfaces observed in the case of P_TMPP, P_DMP and P_DEDTP exhibit deeper
scratches compared to N_DEHP, N_DBDTP and P_TFSI with P_DMP and P_DEDTP
exhibiting the highest surface roughness. The analysis of the morphology of worn
surfaces thus correlates to the wear volume discussed earlier as IL’s P_TMPP. P_DMP
and P_DEDTP had significantly higher wear volume whereas IL’s N_DEHP and P_TFSI
exhibited comparable or even better wear protection than ZDDP. In order to further
compliment the findings of SEM results, SPM images were obtained using a nano-
indentation technique in SPM imaging mode. SPM images of rubbed surfaces are
obtained for 60 pm X 60 um area on the wear track while keeping the Z-axis (£ 200 nm)
same. SPM images of IL’s and ZDDP lubricated surfaces are shown in Figure 18. The
arrow in Figure 18 represents the direction of rubbing. 3D wear profile of ZDDP
lubricated surface exhibits slightly higher surface roughness with a number of small
islands type features typical of patchy tribofilms covering the asperities whereas 3D
profiles of N_DEHP and P_TFSI lubricated surfaces show smoother features on the wear
track with smaller patches representative of tribofilms. SPM images of P_DEDTP,
P_TMPP and P_DMP lubricated surfaces show scratches with larger peak to valley

heights in the direction of rubbing that compliments the SEM results discussed earlier.
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The SPM images of N_DBDTP are slightly rougher than N_DEHP but smoother than

P _DEDTP, P_TMPP and P_DMP.

ZDDP
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80IL108 + 20FTP  80IL103 + 20FTP FTP

N_DBDTP

E
o &
s 5
a 8
Figure 17. Secondary electron SEM Figure 18. SPM images showing the 3D
images illustrating the morphology of wear profile of the rubbed surfaces derived
worn surfaces derived from six IL’s and from six IL’s and ZDDP.
ZDDP.

4.3.4 XANES Characterization of Tribofilms

X-ray absorption near edge structure (XANES) spectroscopy is a non-destructive
technique to characterize the chemical nature of tribosurfaces. XANES technique has a
unique capability to provide information about the local coordination of elements present
on the surface (5-50 nm) as well in the bulk of the sample (up to several hundred nm)

[134]. It utilizes a high flux of high-energy soft/hard x-ray photons from a synchrotron
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radiation source. If the flux of photons directed to the sample has sufficient energy to
excite a core level electron of an atom, a photoelectron is created and it occupies
unoccupied energy states. As a result, a hole is created in either K or L levels which
subsequently gets filled up by electron from high energy shell followed by emission of a
fluorescent photon which is detected by fluorescence detector inside the main chamber
and plotted as fluorescence yield spectra (FY). Total electron yield spectra are collected
by measuring a neutralization current that is applied to the sample to balance the positive
charge created on the sample as X-ray photon absorption lead to the excitation of core
level electrons to continuum. XANES spectra provide details about the electronic and
geometric structure of the absorbing atom [140-143]. In tribology, XANES analysis has
been used extensively to examine the chemical make-up of the tribofilms derived using
various additives [11,13,14,16,51,54,56,64,126,127,131-133]. In this study, XANES
spectra are acquired in total electron yield (TEY)) and fluorescence yield (FY) mode. TEY
spectra is more surface sensitive whereas FY spectra give information from the bulk of
the samples, in case of Si L-edge the sampling depth of TEY and FY mode is 5 nm and
up to 60 nm respectively [134].
4.3.4.1 Phosphorous L2,3-edge of Pure ILs

P L-edge spectra of pure ionic liquid standards were also acquired in order to
characterize the absorption edge of these novel compounds. To the author’s best
knowledge, this is a first the study to characterize the spectra features of a class of
phosphorous based ionic liquids using P L2,3-edge and P K-edge. Previously, Kruse et al.

[144] have studied the P L-edge spectral features of a number of phosphorous compounds

97



such as mineral P, organic P and P-bearing minerals. Similarly, Kasrai et al.
[51,132,136,145,146] studied the P L-edge and P K-edge spectral features of various
sodium, iron and zinc polyphosphate glasses and proposed a relationship between the
phosphate chain length and a peak ratio of pre-edge shoulder and main absorption edge. P
L-edge spectra of pure IL standards is used to differentiate the chemical nature of the
tribofilms formed using these novel additives from their respective original structures. P
L-edge spectra of pure IL standards are shown in Figure 19a. The absorption peaks
observed are labeled as A, B, C, C', C”, D and D'. Where peak D is a shape resonance
peak, which is a characteristic peak of phosphate coordination irrespective of the cation it
is associated with. Peak D is commonly present in IL’s N_DEHP, P_TMPP and P_DMP,
which have phosphate anion in their respective structures. The photon energy for peak D
in Figure 19a is equivalent to the photon energy for peak d in Figure 19b, which is
present in both FePOs and Zn3(POas)2 as well as in all the tribofilms composed of
phosphate antiwear films. Main absorption edge for N_DEHP was observed at 138.09eV
(peak C), which is attributed to diethyl-hexyl-phosphate anionic moiety since here the
only source of phosphorous is the cation. The absorption edge of N_DEHP IL is
approximately 0.4 eV lower than the absorption edge for FePO4 (138.06 eV for N_DEHP
vs. 138.47 eV for FePO4) as shown in Table 6. P L-edge spectra of N_DBDTP IL is
similar to N_DEHP as their chemical make is similar with the only difference being two
of the four O atoms are replaced with S atoms in the phosphate. This is reflected in the P
L-edge spectra where the shape resonance peak D' for N_DBDTP is slightly shifted to a

lower energy compared to N_DEHP (peak D). P_TFSI spectra exhibits a main absorption
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edge (peak C') at lower energy 135.79 eV compared to N_DEHP that is at 138.09 eV.
This is attributed to the tetradecyl-trihexyl-phosphonium cation that is the only source of
phosphorous in the P_TFSI structure, the shift to lower energy is likely due to the lower
binding energy of the 2p electrons in organic moiety in the cation in comparison to the
binding energy when P is bound to O in the anion. P L-edge spectra of P_TMPP and
P_DMP ILs are quite rich as both ILs contain phosphorous in their respective cation and
anion moieties. In the case of P_TMPP, peak D' originates from the trimethyl-pentyl-
phosphinate anion whereas IL P_DMP show peak position D originating from dimethyl-
phosphate. Besides that, multiple peaks are observed in the energy range 135 eV-140 eV.
Presence of peak C' in both P_TMPP and P_DMP is attributed to the phosphonium
cation (P-C coordination) in their respective spectra, which is also seen in the P_TFSI
(peak C") that only has phosphonium cation as a source of phosphorous in the structure.
As seen earlier from N_DEHP, absorption edge peak C corresponds to the phosphate (P-
O coordination) anion structure that is also present in P_TMPP and P_DMP ILs. Peak C"
is speculated to originate from the proximity of phosphonium cation and phosphate anion

in P_TMPP and P_DMP, which is also present in P_DEDTP.
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Figure 19a. Phosphorous L23-edge FY spectra of pure IL’s standards.
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Table 6. P L-edge model compounds and lonic liquids standard peak positions.

Chemical Peak energy (eV)
compounds A B C D E ala’” |b/b" |c/c |d

N_DEHP

Standard 135.6 | 136.4 | 138.0 146

N_DBDTP

Standard 136.8 | 138.0 | 145.5

P_TFSI Standard 135.7

P_TMPP

Standard 135.7 | 136.8 146

P_DMP

Standard 135.7 | 136.8 | 138.0 146

P_DEDTP

Standard 136.8 145.5

Iron phosphate 135.8 | 136.7 | 138.4 | 146

Zinc Phosphate 136 | 137.9 | 138 | 146

4.3.4.2 Phosphorous L2,3 -edge of Tribofilms

P L-edge TEY and FY spectra of the tribofilms generated under IL and ZDDP
lubrication are plotted in Figure 19b and 19c respectively along with the model
compounds. In Figure 19b and 19c, pre-edge shoulder and absorption edge for Zn3(PO4):2
and FePOs are designated as a’, b’ and ¢’ and a, b and c respectively. Peaks labelled as
a’, aand b’, b correspond to transition from spin-orbit split of phosphorous 2p electrons
(into the 2psr2 and 2pi2 levels, which are usually referred to as the Ls- and L2-edges,
respectively) into the first unoccupied 3s- like antibonding state [147]. In Zn3(POs4)2 and

FePO4 peaks labelled as ¢’ and c are attributed to the transition of the phosphorous 2p
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electrons to the 3p-like antibonding state [147] in Zn3(POa4)2 and FePO4 respectively. Peak
d in Figure 19b and 19c is commonly present in both Zn3(POa4)2 and FePOa4 as well as in
tribofilms spectra, is a shape resonance peak owing to 2p to 3d transition [148], which is
a characteristic of all phosphates regardless of the structure. When comparing the
tribofilms spectra with the model compound, P L-edge TEY and FY spectra from ZDDP
tribofilm indicate the formation of zinc polyphosphates as the peaks a’, b’ and ¢’ from
Zn3(PO4)2 model compounds overlaps with the pre-edge shoulder and absorption edge of
ZDDRP tribofilms. However the possibility of formation of FePO4 cannot be ruled out
completely as iron cations are also available during the wear process. P L-edge spectra of
ILs tribofilms show the presence of peak d suggesting that these novel antiwear additives
undergo tribochemical reaction by decomposition of their original structure and form
phosphate tribofilms during the rubbing action by reacting with counter surfaces. Since
only iron cations are available from the substrate, these IL lubricated tribofilms are
composed of iron polyphosphates, which can also be confirmed by matching the pre-edge
shoulder (peaks a & b) and main absorption edge (peak c) of FePO4 model compound
with P L-edge spectra of ILs derived tribofilms in Figure 19b and 19c. XANES spectra
can also be used to estimate relative thickness of antiwear films formed by considering
the signal strength of their respective spectra. In case of P L-edge TEY spectra, all
tribofilms spectra show good signal strength suggesting that tribosurfaces are enriched
with phosphates films. Whereas P L-edge FY spectra which provide information

relatively deeper into the tribofilm (up to 50 nm), a poorer signal to noise ratio can be
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seen in the case of P_TFSI and P_TMPP lubricated tribofilms suggesting thinner
tribofilms.

P L-edge spectra can also be used to determine the chain length of the
polyphosphates present in the tribofilms using peak intensity ratio of pre-edge shoulder
(a) to main absorption edge (c). Chain lengths of polyphosphates are characterized on the
basis of peak height of peak a relative to peak ¢ where ratio a/c up to 0.3-0.4 represents
short-chain polyphosphates and a/c > 0.6 indicates long-chain polyphosphates
[51,132,136]. The a/c ratio of tribofilms derived from ILs and ZDDP is shown in Table 7.
From Table 7, it is apparent that tribofilms in this study are primarily made up of short
chain polyphosphates at the surface whereas the bulk of the tribofilms are composed of
more medium chain polyphosphate films except N_DBDTP, P_DMP and P_DEDTP.
Hence, a layered structure of tribofilms is observed with shorter chain at the top of the
film and medium chain polyphosphate films in the bulk and close to the tribofilms
substrate interface. Highest a/c or in other words longer chain polyphosphate films were
observed in the case of N_DEHP, which earlier showed wear behavior comparable or
better than ZDDP in Figure 15 & 16. P_TFSI that showed comparable or better antiwear
outcome in comparison to ZDDP also have similar a/c ratio as of ZDDP tribofilms. In
addition, N_DBDTP, P_DMP and P_DEDTP have lower a/c ratio and higher wear
volume loss (Figure 15). Thus, it can be hypothesized that antiwear performance of these
novel additive is a function of chain length of polyphosphate films formed under their
respective lubrication. An exception to this rule, P_TMPP tribofilms exhibited medium

chain polyphosphate tribofilm, however the signal to noise ratio is very poor. Here, it can
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be deduced that even though P_TMPP forms medium chain polyphosphates of iron on

the rubbing surfaces, their film formation rate is a less competitive than film removal

rate, which results in thinner protective phosphate films on the counter surfaces and

consequently larger wear volume losses as seen in Figure 15.
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Figure 19. Phosphorous L2 3-edge spectra TEY (Fig. 19b) and FY (Fig. 19c¢) of

tribofilms formed using ZDDP and six IL’s additives. The a/c ratio obtained from P L

edge indicating the degree of polymerization in the phosphate tribofilms is also shown in

left hand side of each spectra.



Table 7. P L-edge a/c ratio of tribofilms.

Additive chemistry TEY FY

ZDDP 0.23 0.33
N DEHP 0.24 0.49
N _DBDTP 0.33 0.21
P_TFSI 0.17 0.32
P_TMPP 0.2 0.45
P_DMP 0.22 0.16
P_DEDTP 0.23 0.17

4.3.4.3 Phosphorous K-edge of Pure ILs

In order to further consolidate the earlier findings that ILs do undergo a
tribochemical reaction during the rubbing action, decompose and form tribofilms, P K-
edge spectra of original ILs structures are plotted in Figure 20a and compared with the P
K-edge spectra of their respective tribofilms in Figure 20b. From Figure 20a and 20b, it
can be seen that the main absorption edge of all six IL standards are at lower energy than
the absorption edge of their respective tribofilms. Table 8 highlights the energy of the
main absorption edge obtained for six IL standards as well as model compounds
Zn3(PO4)2 and FePO4. From Figure 20a, a correlation between the chemical structure of
IL’s and their respective P K-edge spectra can be deduced. P K-edge spectra of N_DEHP
exhibit main absorption edge at photon energy 2151.8 eV that is identified as peak C.
Peak C arises from the phosphate anion, since the only source of phosphorous in
N_DEHP is (2-ethylhexyl)-phosphate anion. The absorption edge (peak C) for N_DEHP
phosphate structure was found to be at slightly lower energy than the absorption edge
energy of Zns(PO4)2 (peak b’ in Figure 20b) as well as FePOs (peak b in Figure 20b) and

N_DEHP derived tribofilms (peak b in Figure 20b) as the source of cation is different in

105



all cases. Thus, the main absorption edge energy for these different phosphate structures
can be ordered as N_DEHP < Zn3(PO4)2 < FePOs = N_DEHP tribofilm (Table 8). In the
case of P_TFSI, phosphorous is only present in phosphonium cation (i.e. organo-
phosphorous), and a respective absorption edge (peak C”) for P-C coordination was
observed at 2148.2 eV. N_DBDTP has the same cation as in N_DEHP but a different
anion (i.e. dithiophosphate) where two O atoms are being replaced by two S atoms. The P
K-edge FY spectra of N_DBDTP standard show two main absorption edges at energies
of 2149.08 eV and 2150.05 eV and are identified as peaks C; and C; respectively. Peaks
C; and C, are possibly originating from P-S & P-O coordination in dibutyl-
dithiophosphate structure. We can further consolidate our findings by analyzing the P K-
edge spectra of P_TMPP and P_DEDTP. P K-edge spectra of P_TMPP exhibit two main
absorption edges since both cation and anion have phosphorous in their respective
structure. The first absorption edge at energy 2148.25 eV aligns with the peak C"’, which
is originating from P-C coordination in tetradecyl-trihexyl-phosphonium cation. The
second absorption edge in the P K-edge spectra of P_TMPP was found at energy 2150.1
eV matching with peak C,, which is believed to be originating from the phosphinate
anion where phosphorous is bound with two O atoms as in the case of dithiophosphate
anion in N_DBDTP. N_DEDTP has phosphorous both in cation and anion structure and
its P K-edge spectra is more complicated as the absorption edge is influenced by three
different phosphorous coordination i.e. P-C, P-S and P-O. Peak analysis using Origin pro
identified three peaks in the main absorption edge of P_DEDTP P K-edge FY spectra.

The main absorption edge obtained at peak energy 2150.1 eV aligns with the peak C;, and
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is commonly found in N_DBDTP and P_TMPP with P-O coordination where one P atom
is bound with two O atoms. The second absorption edge located at energy 2149.1 eV is
found to match with the peak Cjthat is also observed in N_DEDTP with P-S
coordination where one P atoms is bound with two S atoms. And finally, a third peak
identified at energy 2148.2 eV aligns with peak C" is considered to be originating from
P-C coordination in tetrabutyl-phosphonium. In the case of P_DMP, the first absorption
edge (peak C") was observed at 2148.2 eV originating from phosphonium cation and the
second absorption edge was observed at 2151.86 eV (i.e. peak C) originating from
phosphate anion which is similar to the absorption edge observed in the case of N_DEHP
with the similar phosphate anion structure. The main absorption edge (peak C3) observed
in N_DEDTP for the P-O bond is found to be ~2.2 eV lower than peak C for the
N_DEHP P K-edge. It is speculated that the partial replacement of O atoms by S atoms in
dithiophosphate structure results in the change in the molecular symmetry and the local
chemical environment of phosphate structure, leading to main absorption edge to be
shifted at lower energy in N_DBDTP than N_DEHP for P-O binding.
4.3.4.4 Phosphorous K -edge of Tribofilms

Figure 20b is a plot of P K-edge FY spectra of tribofilms derived from ZDDP and
six IL’s used in this study. The P K-edge spectra of tribofilms are compared with model
compounds Zn3(PO4)2 and FePO4 in Figure 20b. Primary absorption edge of Zn3(PQOa4)2 is
labelled as peak b’ and a pre-edge shoulder and main absorption edge for FePO4 are
labeled as peak a and peak b. When spectra for Zn3(PO4)2 and FePOs model compounds

are compared, two main differences were evident, first the absorption edge for Zn3(POa4)2
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at peak b’ (i.e. 2152.19 eV) is lower than the absorption edge for FePOs at peak b (i.e.
2153.22 eV), second, FePO4 P K-edge spectra has a pre-edge shoulder at peak a (i.e.
2148.48 eV) that is absent in Zn3(POs)2. The information obtained from the P K-edge FY
spectra of phosphate model compounds now can be used to do fingerprint match analysis
of ZDDP and IL’s tribofilms. P K-edge FY of ZDDP tribofilms show a main absorption
edge matching with absorption edge of Zn3(POa): at peak b’ suggesting that phosphorous
in ZDDP tribofilms is mainly present in the form of zinc phosphate. P K-edge FY spectra
of tribofilms derived from six IL’s used as lubricant additives show two main features, a
pre-edge shoulder at peak a and an absorption edge at peak b confirming that
phosphorous from the P containing ILs contributes to the formation antiwear films
composed of iron polyphosphate by interacting with the iron surfaces during the rubbing
action. The spectra also clearly indicate that the tribofilms from IL are the result of
decomposition of the IL and reaction of these decomposition products with the
underlying Fe substrate. No evidence of physically adsorbed IL on the surface of the

tribofilm is present.

108



Phosphorous K edge FY

Figure 20. Phosphorous K-edge FY spectra of pure IL standards (Fig. 20a) and
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tribofilms derived from ZDDP and six IL’s as additives as well as model compounds

(Fig. 20b).

Table 8. P K-edge model compounds and lonic liquids standard peak positions.

Model Peak energy (eV) (Figure 20a) Peak energy (eV) Figure 20b)
compounds | C C, a b b’
N_DEHP

Standard 2151.83

N_DBDTP

Standard 2150.05
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P_TFSI

Standard 2148.26

P_TMPP

Standard 2150.1 2148.25

P_DMP

Standard 2151.83 2148.25

P_DEDTP

Standard 2149.08 | 2150.05 | 2148.25

Iron

phosphate 2148.31 | 2153.22

Zinc

Phosphate 2152.2

4.3.4.5 Sulfur K-edge of IL Standards and Tribofilms

Sulfur K-edge FY spectra of S containing IL standards (i.e. N_DBDTP,
P_DEDTP and P_TFSI) are shown in Figure 21a. The main absorption edge and post
edge shoulders identified from S containing ILs are labelled as A, B, C, D and E (in
Figure 21a). Both N_DBDTP and P_DEDTP have S containing dithiophosphate anionic
moiety with the only difference is in their respective alkyl group that is dibutyl in
N_DBDTP and diethyl in N_DEDTP, therefore exhibit main absorption edge ( peak A
and peak B) and post edge shoulder (peak C) at the same photon energy. However, a fine

difference can be seen as the relative intensity of peak A which is higher than peak B in

110



the case of P_DEDTP whereas relative intensity of peak A and peak B is almost same in
N_DBDTP. On the other hand, S K-edge spectra of P_TFSI standard with fluorosulfonyl-
imide anionic moiety has a main absorption edge (peak D) and post edge shoulder (peak

E) at higher energy than dithiophosphate containing ILs (N_DBDTP and P_DEDTP).

(a) Sulfur K edge FY
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Figure 21a. Sulfur K-edge spectra of sulfur containing IL standards.

S K-edge spectra of tribofilms are plotted in Figure 21c and are compared with
the model compounds in Figure 21b. Since sulfur exists in different valence states
ranging from -2 to +6 with -2 being the reduced states and the +6 being the oxidized

states various peaks have been identified in S K-edge model compounds spectra. The
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absorption edge identified from sulfur model compounds are labeled as a, b, ¢, d and e in
Figure 21b. Where peak a and c corresponds to iron sulfide, peak b and e corresponds to
zinc sulfide and peak d corresponds to sulfates and is characteristic of sulfate regardless
of structures. Peak e also distinguishes calcium sulfate from zinc sulfate and iron sulfates.
In Figure 21c, S K-edge FY spectra of ZDDP tribofilms primarily show two main
absorption edge at peak b and peak d suggesting that sulfur in ZDDP tribofilms is
primarily present in the form of ZnS (peak b) and sulfates (peak d) mainly ZnSO4 as well
as FeSO4 to some extent. It can also be deduced from the spectra that sulfide to sulfate
ratio is higher in ZDDP tribofilms. N_DEHP, P_TMPP and P_DMP do not have sulfur in
the pristine structures yet their respective S K-edge tribofilm spectra exhibit a weak
sulfur signal. The mineral base oil used in this study has sulfur impurity of about 300
ppm, which may provide a small amount of sulfur thus S K-edge spectra of N_DEHP,
P_TMPP and P_DMP show weak sulfur signal confirming that there is not much sulfur
present in their respective tribofilms. S K-edge FY spectra of N_DBDTP tribofilms
feature peak a, ¢ and d confirming the formation of FeS and FeSOQas in the tribofilms.
Relative intensity of sulfide peak to sulfate peak is higher in the case of N_DBDTP than
the other sulfur containing IL’s. P_TFSI and P DEDTP also show strong signal for
sulfates rather than sulfides in their respective S K-edge spectra.

S K-edge spectra can also be used to distinguish the state of sulfur in pristine IL
standards and IL derived tribofilms. N_DBDTP and P_DEDTP derived tribofilms have
main absorption edge at peak position d (2481.5 eV) in Figure 21c whereas the main

absorption edge for pure N_DBDTP and P_DEDTP was found to be at lower energy i.e.
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peak A and peak B (2471.5 eV and 2472.5 eV) in Figure 21a suggesting that sulfur in the
tribofilms is primarily present in the form of FeSOs instead of as in pure IL standard. In
the case of P_TFSI, the main absorption edge of tribofilm was found at peak d (2481.5
eV) in Figure 21c whereas the main absorption edge of pure P_TFSI standard observed at
peak D (2479.7 eV) and post-edge shoulder at peak E (2484.6 eV) in Figure 21a which
suggest a change in the sulfur environment from the P_TFSI derived tribofilms to its

respective chemistry in pure IL.
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Figure 21. Sulfur K-edge spectra FY of model compounds (Fig. 21b) and tribofilms

derived from ZDDP and six IL’s (Fig. 21¢).
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4.3.4.6 Oxygen K-edge of IL Standards and Tribofilms

Figure 22a illustrates the O K-edge spectra of six IL standards. The main
absorption edge and the pre-edge and post-edge peaks are identified and labelled as peak
A, B, C, D, and E. In all ILs except P_TFSI, oxygen has two linkage i.e. O bound with
alkyl group (O-R linkage) and O bound with P atom (P-O linkage) while in the case of
P_TFSI, O is only bound with S atoms. The oxygen K-edge spectra is more complex to
resolve due to the superposition of multiple contributions at the main edge. However, all
the model compounds except P_TFSI have P-O linkages that give rise to the pre-edge
peak identified as A. This peak in the P_TFSI is accentuated, however, the likely origin
of that large pre-edge is due to the O=S linkage. The main peaks located between 537 eV
and 539 eV (B, C, and D) has contribution from multiple sources. Two absorption edge
are observed for N_DEHP at energy 537.8 eV i.e. peak C and 539 eV i.e. peak D. These
two absorption edge are believed to originate from O-R and P-O linkage. Similar peaks
are also observed in the case of P_DMP that has similar anion as in N_DEHP where four
O atoms are bound with one P atom. When N_DEHP and N_DBDTP spectra are
examined, peak D is diminished relative to peak B in N_DBDTP compared to N_DEHP.
This possibly is because the four oxygen atoms in N_DEHP that are in P=0O and P-O-C

configuration and in N_DBDTP they are configured as P-O-C only.
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Figure 22a. Oxygen K-edge spectra of pure IL standards.

O K-edge spectra of tribofilms are plotted in Figure 22c and compared with
model compounds in Figure 22b. O K-edge spectra were acquired in both TEY and FY
mode for the tribofilms and the model compounds as well as pure IL standards, TEY and
FY spectra being very similar, only the FY spectra are shown for reference while the
discussion pertains to both TEY and FY spectra. Figure 22c is a plot for the O K-edge FY
spectra of tribofilms derived from ZDDP and IL lubrication. Three peaks are identified
and labeled as peak a, b & c. By fingerprint matching of these peaks with model
compounds in spectra Figure 22b, it can be deduced that peak a is uniquely present in all
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the model compounds where oxygen is associated with Fe cation such as FePOas, FeSO4
and Fe203, peak b is a main absorption edge that is originating from either (PO4)? or
(SO4)2 structure whereas peak ¢ is a main absorption edge for Fe2Oz model compound. O
K-edge spectra of tribofilms generated using N_DEHP, N_DBDTP and P_TFSI show
main absorption edge at peak b (538.9 eV) with a pre-edge peak at peak a (531.9 eV)
whereas ZDDP tribofilms only show main absorption edge at peak b, suggesting the
ZDDP tribofilms are primarily composed of Zn3(POs)2 and ZnSO4 while the tribofilms
derived from N_DEHP, N_DBDTP and P_TFSI are composed of FePOs in the case of
N_DEHP and FePO4 and FeSOs in the case of N_DBDTP and P_TFSI. A dominant
presence of peak ¢ (542.18 eV) in the case of tribofilms derived from P_TMPP, P_DMP
and P_DEDTP indicate oxidation of the surfaces since peak c is characteristic absorption
edge for Fe20s. This results from O K-edge spectra complements the wear results (seen
in Figure 15) as ILs P_TMPP, P_DMP and P_DEDTP showed higher wear losses since
the surface chemistry obtained using these ILs is being dominated by oxidation of the
surfaces rather than formation of phosphate antiwear films. Whereas O K-edge spectra of
additives with lower wear losses such as ZDDP, N_DEHP, P_TFSI show more phosphate

formation on the rubbed surfaces rather than oxide formation.
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Figure 22. Oxygen K-edge FY spectra of model compounds (Fig. 22b) and tribofilms

formed from ZDDP and IL’s lubrication (Fig. 22c).

4.3.5 Nano-indentation

Since, XANES analysis revealed that the tribofilms derived from different
additives such as ZDDP or IL’s have different chemical make-up, it is important to
understand the resultant mechanical properties of these different tribochemical films to
evaluate their respective antiwear behavior. Nano-mechanical properties of tribofilms
derived from IL lubricated surfaces were measured using nano-indentation technique.
Hardness of IL derived tribofilms were compared with ZDDP lubricated tribofilms.
Nano-indentation were performed on each tribofilms sample using a cyclic loading with
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partial unload function as shown in Figure 23a. Figure 23b shows a plot of tribofilm
hardness as a function of film depth for ZDDP and IL’s. Nano-mechanical properties of
best antiwear performing IL’s are compared with ZDDP in Figure 23b. In Figure 23b, top
left graph shows a plot of applied vertical load against penetration depth that is generated
after each indentation test. Such typical load v/s depth plots were set as a criteria for the
selection of proper indentation and hardness profile plotted for a particular indent
location in the other three hardness plots. In the case of ZDDP, hardness profile varies
with the indentation location, however, a general trend can be observed where ZDDP
tribofilm hardness increases with the indentation depth up to 100nm and then remains
constant. ZDDP tribofilms show large variation in hardness, where minimum hardness
observed is ~3 GPa and maximum hardness is ~10GPa. Compared with ZDDP tribofilm
hardness profile, both N_DEHP and P_TFSI show more consistent hardness profiles at
different indentation locations suggesting that IL derived tribofilms have more uniform
properties. N_DEHP tribofilms show low hardness at near surface and then hardness
increases to peak value ~12 GPa at 40-50 nm indentation depth and then starts to
decrease with further depth as measurement gets influenced by substrate hardness (alloy
steel) that has hardness ~8-10 GPa [50]. P_TFSI show variation in hardness profiles at
different locations but more than one location show similar hardness profiles suggesting
that there are region of low hardness and high hardness. This could be explained as, in the
case of peak to peak contact due to much higher contact pressure high hardness film

forms whereas at regions of valley to valley contact remains relatively soft. Similarly,
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Bec et al. [149] also reported that pad regions (4 to 8 GPa) are harder than the valley
region (1-3 GPa).

In all cases, surface of the tribofilms is softer than the bulk of the tribofilms with
hardness increasing with indentation depth. This results are consistent with previous
studies where similar hardness profile has been reported for the tribofilms. Nehme et al.
[111] studied the effect of contact load on tribofilms properties and reported that ZDDP
tribofilms hardness increase with indenter depth as well as with increasing contact
pressure during the wear test. Furthermore, films hardness can also be correlated with the
surface chemistry. P L--edge TEY spectra from XANES offer information up to 10-15
nm from the surface whereas FY gives information up to 50-60 nm. P L -edge a/c ratio
calculated earlier in XANES analysis indicate that in the case of ZDDP P L--edge a/c
ratio increase from 0.23 (TEY) to 0.33 (FY) that subsequently results in increase in the
ZDDRP tribofilms hardness from 3 GPa to 8-9 GPa respectively (as seen in Figure 23a).
Similarly, N_DEHP and P_TFSI have higher a/c ratio in FY spectra than TEY, which is
an indicative of longer chain phosphates formation in the bulk of the films than the
tribofilms at surface. From their respective hardness profile, it can be deduced that at the
surface tribofilms with shorter chain phosphate have lower hardness (~3-4 GPa) and as
the phosphate chain length increase the hardness of the films also increases (up to ~12
GPa). Highest hardness observed in the case of N_DEHP ~12 GPa that has highest a/c
ratio of 0.49. This result is consistent with theoretical model developed by Mosey et al.
[150] where they showed that longer chain lengths and crosslinking of zinc phosphate

films resulted in higher stiffness tribofilms.

119



(a) 1000 5 .

Cyclic loading with partial unload ﬂ
l
il
800 - q ” ﬂ
| F i F

_ 600 ]
=
=
o
8
= 400

200 |

0 T T T T T T T T T T
0 50 100 150 200 250

Time (sec)
Figure 23a. Showing a cyclic loading with partial unload load profile as a function of

time (2s loading, 2s hold, and 2s unloading) used for nano-indentation.
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Figure 23b. Nano-mechanical properties of tribofilms obtained using a cube corner
(NorthStar™) probe, a typical load vs. penetration depth curve obtained (shown in top
left corner) set a criteria for proper indentation. Selected hardness profiles as a function
of indentation depth are displayed for ZDDP (top right) and IL N_DEHP (bottom left),

and P_TFSI (bottom right) tribofilms.

4.4 Conclusions
Tribological properties of six ILs are studied and compared with ZDDP additive
at equal phosphorous treat rate (i.e. 0.1 wt. % P) in group | BO. All ILs showed variance
in their friction curve while ZDDP showed relatively consistent friction coefficient.

Lowest CoF was recorded for IL N_DEHP. Both IL N_DEHP and P_TFSI showed
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comparable or even better wear protection than ZDDP whereas N_DBDTP, P_TMPP,
P_DMP and P_DEDTP showed worse wear outcomes than ZDDP.

XANES analysis (P L23 & K-edge and S K-edge) indicate that tribofilms derived
from IL lubricated surfaces have different chemical make-up than the original IL
chemistry as the original structure of ILs are not found on the worn surface Thus, it can
be hypothesized that phosphorous containing ILs do participate in the tribochemical
reaction during the rubbing action and form antiwear phosphate films on tribosurfaces
under mixed to boundary lubrication conditions by interacting with Fe substrate. XANES
analysis also showed that. These findings further lay out a strong understanding on the
ability of ILs to interact with the rubbing surface and form glassy antiwear films
composed of phosphates of Fe.

P L-edge spectra of tribofilms showed that the surface of the tribofilms are
composed of short chain polyphosphate and medium chain phosphates formed in the bulk

except N_DBDTP, P_DMP and P_DEDTP.
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Chapter 5. Ashless chemistry of P and S based lonic Liquids and Their tribofilm
Formation Mechanism in Base oil and Fully Formulated oil (no Zinc)
5.1 Introduction

In this chapter, two ionic liquids, choline bis(2-ethylhexyl) phosphate (N_DEHP)
and choline dibutyl dithiophosphate (N_DBDTP) are studied as lubricant additives in
groupl mineral base oil (BO) and fully formulated oils with no zinc and no phosphorous
(FFO). Tribological behavior of these IL’s was evaluated using a cylinder on
reciprocating flat Schwing-Reib-Verschleiss (SRV®) tribotester (Optimol Instruments
Pruftechnik GmbH, Munich, Germany). Tribological behavior of IL’s as lubricant
additives is compared with zinc dialkyl dithiophosphate (ZDDP) at equal phosphorus
level (0.1% P) in BO and FFO. Surface morphology of the worn surfaces were studied
using scanning electron microscopy (SEM) and 3D profile of wear track was acquired
using scanning probe microscopy (SPM). Chemical nature of the tribofilms was
characterized using X-ray absorption near edge structure spectroscopy (XANES). A
simple phenomenological model was developed to explain the formation of tribofilms
from ionic liquids in comparison to how they form with ZDDP.

5.2 Experimental Details

5.2.1 Chemistry of Antiwear Additives

Table 9 shows the details of the chemical structure of N_DEHP and N_DBDTP
along with ZDDP wused in this study. Neutral -100 base oil and zinc dialkyl

dithiophosphate (ZDDP) were purchased from commercial vendors. The ZDDP used in
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this study is a secondary alcohol derived ZDDP with approximately 70% neutral and
30% basic characteristics. lonic liquids are provided by AC2T Research GmbH.
5.2.2 Tribological Test Procedure:

The tribological behavior of the IL’s was evaluated using a cylinder-on-flat
oscillating reciprocating motion SRV tribometer. Oil formulation containing N_DEHP,
N_DBDTP and ZDDP were prepared at 0.1% Phosphorous treat rare in groupl base oil.
lonic liquids were dispersed in base oil by pulse ultrasonication in bath (using 2 seconds
pulse on time, 4 seconds pulse off time) for 80 seconds at 26% amplitude. Tests were
performed on 100Cr6 (hardness 800 HV) steel flat using a 52100 hardened steel bearing
cylinder. Fresh specimens were used for each lubricant sample. The specimens were
subsequently washed in three different solvents (toluene, isopropanol and petroleum
ether) for ten minutes each, using an ultrasound bath, before and after the tribological
experiments. The SRV rig parameters are listed in Table 9.

Table 9. Tribological test condition employed in the SRV tests.

Tribological Test: SRV (Cylinder on Disc Load Applied
Configuration) Lubricating Oil

Tribofilms

Applied Load 56N

Temperature 100 °C

Stroke Length 4 mm

Speed 30 Hz

Lubricant Amount 2-3 drops (= 0.1 ml)
Duration of Test 1 hour

124



5.2.3 Characterization of Tribofilms

The mechanism of wear was studied by microscopic examination of the wear
tracks generated on discs. A Hitachi S-3000N Scanning Electron Microscope (SEM) was
used to get secondary electron images of the wear track. 3D profile of the wear track was
obtained using a nano-indenter from Hysitron Triboscope™ in SPM imaging mode. SPM
images were acquired using a Berkovich tip with a total included angle of 142.3 degrees
and a half angle of 65.35 degrees.

XANES spectra were obtained to elucidate the tribo-chemistry of the rubbed
surfaces. It provides chemical information including local coordination of elements at
different depths of penetration, for example in the case of phosphorous, surface can be
probed from 5 nm to 60 nm in the case of P L edge and from 50 nm of the surface to
>800 nm in the case of P K edge [54,134]. XANES spectra were obtained at Canadian
Light Source synchrotron facility at Saskatoon Canada. The phosphorous L edge (P L
edge) data were collected at VLS-PGM (variable line spacing plane grating
monochromator) beam station that operates at the energy range of 5.5 eV-250 eV with a
photon resolution of more than 10,000 E/AE. All the spectra were collected using a 100
pm X 100 um photon beam spot size. Oxygen K edge (O K edge) spectra were obtained
at SGM (spherical grating monochromator) beam line which operates between 200 eV-
2500 eV energy range with a photon resolution of more than 5000 E/AE. Here, a spot size
of 50 um X 50 pum was chosen to obtain high-resolution spectra. Finally, phosphorous K
edge (P K edge) and sulfur K edge (S K edge) spectra were obtained at SXRMB (Soft X-

ray Micro characterization Beam line) beam station which operates at energy ranging
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from 1.7 — 10 keV with a photon resolution of 3.3 x 10%InSb (111). A1 mm X 2 mm

spot size was chosen to collect the spectra at the SXRMB beam line.

5.3 Results and Discussion

5.3.1 Thermogravimetric Analysis of lonic Liquids

Figure 24 is a plot showing weight loss as a function of temperature for N_DEHP
and N_DBDTP IL. The onset of decomposition for N_DEHP was approximated to be
about 258 °C whereas onset decomposition temperature of N_DBDTP was recorded to be
about 172 °C. The P=0 bond has a dissociation energy of 544 kJ/mol while P=S has a
dissociation energy of 335 kJ/mol., hence it is easier for the P=S linkage to be the point
of initial thermal decomposition in N_DBDTP leading to a lower decomposition
temperature in comparison to N_DEHP. A lower decomposition temperature of
N_DBDTP explains relatively poor tribological performance observed later as the

additive was decomposing too early resulting in loss of IL during the test.
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Figure 24: Thermal decomposition temperature of N_DEHP and N_DBDTP IL using

TGA analysis.

5.3.2 Coefficient of Friction

Coefficient of friction was recorded for six different oil formulations for the
duration of the SRV tribological test (i.e. 1 hour). Figure 25 shows a comparison of
friction behavior of N_DEHP and N_DBDTP with ZDDP in BO and FFO formulations.
It can be deduced from the CoF plot that both ionic liquids and ZDDP show similar
friction profiles in base oil formulation. Similar frictional response was also observed for
the FFO formulations containing N_DEHP, N_DBDTP and ZDDP. However, N_DBDTP
in FFO showed higher CoF throughout the test in comparison to N_DEHP and ZDDP in
FFO. Nevertheless, it is worth noticing that both N_DEHP and N_DBDTP show stable

frictional response during the SRV tribotesting. In addition, it is also evident that under
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the test conditions in this study there is very little difference in frictional response

between oils with ZDDP and oils with ionic liquids.
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Fig. 25. Friction coefficient as a function of time for tribological tests conducted using
a SRV tribometer for oils with N_DEHP and N_DBDTP with ZDDP in base oil and in

fully formulated oil.

5.3.3 Topography of the Tribofilms using SEM and SPM

Figure 26 is the secondary electron SEM images of the rubbed surfaces for six
different oil formulations. In case of base oil formulations, SEM images of N_DEHP
show smoother surfaces than the wear surfaces generated under ZDDP lubrication. SEM
images of N_DEHP do show features of initial scratches that occurred at the beginning of
the test however, at higher magnification it is evident that initial scratches are covered

with tribofilms. On the other hand, ZDDP derived worn surfaces show deeper scratches
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on the wear track which are evident at high magnification. The darker region in the SEM
images pertains to formations of patchy tribofilms (i.e. nonconductive phosphates films).
SEM images indicate worn surfaces generated under N_DBDTP lubrication have wider
coverage of tribofilms than ZDDP in base oil. In case of fully formulated oil (no Zinc),
both ZDDP and N_DEHP lubricated worn surfaces show similar small pad like features
as well as minimum scratches over the wear tracks while N_DBDTP lubricated worn
surfaces show non-uniform wear profile. It can also be deduced that wear surfaces
derived using the same antiwear additives in base oil and fully formulated oil mixes are
very different. In case of FFO, wear profiles are dominated by the influence of other
additives than ZDDP or IL’s. SPM images were acquired in 30 um X 30 um area of the
wear track and are compared by keeping the Z-axis same. SPM images (shown in figure
27) compliment the SEM results as the 3D profile of N_DEHP lubricated surface show
smoother surface profile than ZDDP in base oil mixes. Deep scratches can also be
observed in the 3D image of N_DBDTP BO lubricated surfaces as was observed in SEM
images. Similarly, in case of FFO, SPM images confirm the small pad like features over

the wear tracks.
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Figure 26. Secondary emission SEM Figure 27. 3-D scanning probe
images of the wear track derived from microscopy images of the wear track
N_DEHP, N_DBDTP and ZDDP in base derived from N_DEHP, N_DBDTP and
oil and fully formulated oil. ZDDRP in base oil and fully formulated
oils.
5.3.4 Chemical Properties of Tribofilms using XANES
The principle of X-ray absorption spectroscopy involves excitation of core level
electrons i.e. transition to un-occupied states, ionization threshold and shape resonance by
the absorption of x-ray photons. Fine structures resulting from the absorption spectra are
known as XANES and EXAFS (extended X-ray absorption fine structure). Though the
basic principle of XANES and EXAFS is the same, their analysis results in different set
of information regarding the chemical structure of the absorbing atom. The fine structure

of EXAFS contains information related to the interatomic distance, coordination number,
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and the degree of order whereas XANES spectra provide details about the electronic and
geometric structure of the absorbing atom [140-143]. In tribology, XANES analysis has
been considered more useful and used extensively to examine the chemical make-up of
the tribofilms derived using various anti-wear additives
[13,14,16,51,54,56,64,126,127,131-133]. XANES spectra are acquired in total electron
yield (TEY) and fluorescence yield (FY) mode. TEY spectra is more surface sensitive
whereas FY spectra give information from the bulk of the samples, in case of
phosphorous L edge the sampling depth of TEY and FY mode is 5 nm and up to 60nm
respectively [108,134]. Both TEY and FY spectra were acquired from the tribofilms
formed under the IL lubrication in BO and FFO.

5.3.4.1 Phosphorous Characterization (P L2,3-edge and P K-edge)

Both phosphorous L23 and K edge XANES have been used extensively to study
the structure and chemistry of phosphorous in tribofilms in the past [16,48,125,131,151].
The L23 absorption edge is particularly suited to determine the chain length of the
phosphates while the K-edge finds application in delineating the different cationic species
in the polyphosphate network. Figure 28a is the P L edge TEY spectra of tribofilms
derived from ZDDP, N_DEHP and N_DBDTP in groupl base oil and FFO. P L edge
tribofilms spectra are compared with model compounds (plotted in figure 28b). Signature
peaks of model compounds are designated as a, a%, b, ¢!, ¢?, ¢3, ¢* and d where peaks a
and c? are characteristic peaks for P in zinc phosphate coordination and a* and ¢2 are of
iron phosphate coordination. Peak d is a shape resonance peak, is characteristic of all

phosphates regardless of the structure. Peaks labeled as a, a' and b corresponds to spin
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orbital splitting of phosphorous 2p electrons present in phosphates of zinc, iron and
calcium whereas peaks labeled as ct,c? and c¢® are attributed to the transition of the
phosphorous 2p electrons to the t"> molecular orbital in tri-calcium phosphate, zinc
phosphate and iron phosphate compounds respectively. From figure 28a, it can be seen
that all tribofilms spectra show peak d, suggesting the formation of phosphate tribofilms
using either ZDDP or IL’s in base oil mixes. When compared with model compounds
spectra, ZDDP BO tribofilms spectra show peaks matching peak a and c¢? from zinc
phosphate model compounds while N_DEHP BO and N_DBDTP BO derived tribofilms
show peaks matching with a! and ¢® from iron phosphate model compounds. Both IL
tribofilms in BO mixes show different P L-edge signature than their respective model
compound spectra (i.e. N_DEHP standard and N_DBDTP standard), suggesting that IL’s
participated in tribo-chemical reaction to form antiwear films composed of iron
polyphosphates. Further characterization of P L-edge using peak a (al) to peak c¢? (c®)
ratio reveal information on the chain length of polyphosphates formed. Chain lengths of
polyphosphates are characterized on the basis of peak height of a relative to peak ¢ where
the a/c ratio up to 0.3-0.4 represents short-chain polyphosphates and a/c>0.6 indicates
long-chain polyphosphates [51,132,136]. Tribofilms derived from base oil formulations
containing either ZDDP or N_DEHP/ N_DBDTP show a/c ratio of less than 0.4,
suggesting short chain polyphosphates formation over the rubbed surfaces. However, it’s
worth noticing that compared to ZDDP BO (a/c maximum of 0.11), both N_DEHP BO
and N_DBDTP BO tribofilms show higher a/c ratio (0.24 and 0.34 maximum

respectively), suggesting relatively longer chain polyphosphate formation. Table 10
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highlights the a/c ratio obtained from the P L edge spectra in TEY and FY mode for
tribofilms generated from base oil formulations. It was found that a/c ratio for ZDDP BO
tribofilms remains consistent through the depth of the tribofilms and suggest tribofilms
are composed of short chain polyphosphates of Zn and Fe. The a/c ratio obtained for
N_DEHP BO and N_DBDTP BO tribofilms suggests layered structure and in the case of
N_DEHP BO, a/c ratio of P L edge increases from surface (TEY spectra) to the bulk (FY
spectra) of the tribofilms (from 0.19 to 0.24). This is due to the fact that near the interface
of the substrate and tribofilms the availability of iron cation is higher hence
polymerization of iron polyphosphates takes place at relatively higher rate than the
surface of the tribofilms which may be iron deficient. On the other hand, a/c ratio of
N_DBDTP BO tribofilms decreased from surface (TEY spectra) to the bulk (FY spectra)
of tribofilms (from 0.34 to 0.19), suggesting that at the interface of tribofilms and iron
substrate, sulfur from N_DBDTP structure dominates the reaction with iron cation’s to
form iron sulfides (will be discussed in S K edge section) thus results in shorter chain
phosphate formation at the interface with the metal substrate when compared to the
surface of the tribofilms. This may account for the poorer wear performance of
N_DBDTP compared to N_DEHP.

Similarly, P L-edge spectra of tribofilms derived from ZDDP, N_DEHP and
N_DBDTP in fully formulated oils ( no zinc) are plotted in figure 28a (bottom) and are
compared with model compounds in figure 28b. Here, peak d is a characteristic peak of
phosphate coordination. Peak a!, b, ¢! and c* are typical of B-tri calcium phosphate. All

tribofilms spectra show peak energy matching with B-tri calcium phosphate independent
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of antiwear chemistry. It’s also worth noticing that IL’s tribofilms spectra in case of FFO

does not match with IL standard spectra suggesting a tribo-chemical reaction of ionic

liquids under the rubbing action resulting in new chemical species formation.
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Fig. 28. (a) Phosphorous L23-edge XANES TEY spectra of the tribofilms generated

using N_DEHP, N_DBDTP and ZDDP in base oil and fully formulated oils. (b)

Phosphorous L2 3-edge XANES TEY spectra of model compounds.
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Tablel0: a/c ratio of P L2,3 edge for the tribofilms derived from ZDDP, IL-P and IL-TP

in TEY and FY mode

Oil formulation a/c (P L-edge TEY) a/c (P L-edge FY)
ZDDP BO 0.1 0.09

IL-P BO 0.19 0.24

IL-TP BO 0.34 0.2

Phosphorous K edge spectra of tribofilms derived from BO and FFO formulations
are shown in Figure 29a (top and bottom respectively). P K edge TEY spectra provide
cumulative chemical information in the tribofilms from 50-75 nm. P K-edge spectra
from the tribofilms are compared with respective model compounds (plotted in figure
29b). In figure 29b, peak positions are labelled in the graph as a!, a? and a® which
correspond to the transition of the core phosphorous 1s electron to unoccupied p-like
valence state [16] for B-tri calcium phosphate, zinc phosphate and iron phosphate
respectively. Two main difference between the model compounds, zinc phosphate and
iron phosphate are first, main peak position for iron phosphate, a® (2153.2 eV), has
slightly higher energy than the main peak position, a? (2152.2 eV), for zinc phosphate
and second, P K-edge spectra for iron phosphate shows a small pre-edge. P K edge
spectra of ZDDP BO tribofilms show main peak between peaks a? and a® suggesting that
in the bulk of ZDDP BO tribofilms, phosphorous is present as a mixture of iron
phosphate and zinc phosphate. A slight pre-edge is also evident in ZDDP BO P K edge

TEY spectra which further confirm the presence of iron phosphate in the bulk of ZDDP
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BO tribofilms. This can be explained as follows, in the tribofilm close to the Fe substrate
easy availability of iron cation resulting in formation of iron phosphates. In an earlier
study of tribofilms using XANES, Kim et al. [16] also showed that ZDDP tribofilms are
composed of a mixture of iron phosphate and zinc phosphate in the bulk of the tribofilms
whereas zinc phosphate dominates the surfaces. P K edge TEY spectra of N_DEHP BO
and N_DBDTP BO tribofilms show the presence of peak a® that is associated with the
formation of iron phosphates. Signal strength of P K edge spectra for N_DEHP BO
tribofilms is relatively weak suggesting that the film thickness in this case is smaller than
the tribofilms derived from ZDDP BO and N_DBDTP BO. The broadening of the
N_DEHP P K-edge TEY spectra after the primary edge shows the influence of metallic
iron from the bulk of the substrate.

In case of FFO formulation, P K edge TEY spectra of the tribofilms are plotted in
figure 29a (bottom). From figure 29a (bottom) it is again evident that the role of other
additives from FFO formulations such as over-based detergent play a dominant role in
the formation of tribofilms as P K edge TEY of tribofilms show a main edge at a! and
post-edge shoulder at b that matches with B-tri calcium phosphate P K edge spectra in all
cases irrespective of antiwear additive chemistry. It is also worth noticing that P K edge
TEY spectra of both N_DEHP and N_DBDTP standard (figure 29b) show a main edge at
slightly lower absorption energy than their respective tribofilms spectra in BO and FFO
confirming that IL’s in BO and FFO (no zinc) formulations undergo a tribo-chemical

reaction to form phosphate tribofilms on the rubbed surfaces.
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Fig. 29. (a) Phosphorous K-edge XANES TEY spectra of the tribofilms generated
using N_DEHP, N_DBDTP and ZDDP in base oil and fully formulated oils. (b)

Phosphorous K-edge XANES TEY spectra of model compounds.

5.3.4.2 Sulfur Characterization (S K-edge)

Sulfur K-edge XANES has been used extensively in the past to study the valence
state and local coordination of sulfur in the tribofilm [16,48,125,131,151,152]. Sulfur can
exist in different valence states ranging from -2 to +6 with -2 being the reduced states and
the +6 being the oxidized states. The absorption edge of the different valence states can
be easily distinguished by XANES spectra. Sulfur K edge spectra of tribofilms generated

in BO and FFO formulations are plotted in TEY mode, as shown in figure 30a. In
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addition, the S K edge spectra from the model compounds indicate that the S K-edge is
ideally suited to distinguish between the different sulfides of Fe and Zn and between
sulfides and sulfates. Figure 30b is a plot of S K edge spectra of model compounds, here
primary peaks of each model compounds are labeled as a, b, c, d, e. Where peaks a and c
corresponds to iron sulfide, peaks b and e corresponds to zinc sulfide and peak d
corresponds to sulfates and is characteristic of sulfate regardless of the cation. Peak e also
distinguishes calcium sulfate from zinc sulfate and iron sulfates. From figure 30a, S K
edge of ZDDP BO show multiple peaks suggesting that sulfur is present in different
species. Presence of peaks a and c indicate the presence of iron sulfide as well peak b
suggests the formation of zinc sulfide. Peak d corresponds to sulfate formations which
would most likely be zinc sulfate and to some extent iron sulfate. On the other hand, S K
edge spectra of N_DEHP BO and N_DBDTP BO indicate that sulfur is primarily present
in the form of sulfates rather than sulfides of Fe. Since N_DEHP itself does not have any
sulfur in the original structure, the presence of sulfur peaks in S K edge of N_DEHP BO
can be related to the sulfur coming from groupl mineral base oil. Since S K edge spectra
are plotted after normalizing each spectra to 0 to 1, the peak intensity of S K edge of
N_DEHP looks similar to ZDDP BO and N_DBDTP BO spectra, however, the low
concentration of sulfur in N_DEHP BO tribofilms can be seen as signal to noise ratio is
high in comparison with S K edge spectra of ZDDP BO and N_DBDTP BO. In the case
of S K edge spectra of tribofilms derived from FFO mixes (no zinc), peaks d and e is
commonly present in all cases suggesting that sulfur is primarily present in the form of

calcium sulfates however presence of iron sulfate and zinc sulfate cannot be ruled out
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completely. Interestingly, S K-edge spectra of ZDDP FFO also show peaks b and c
indicating the presence of zinc sulfide and iron sulfide respectively. On the other hand, S
K-edge of N_DEHP and N_DBDTP in FFO show peak c in addition to peaks d and e,

indicating the sulfur is also present in the form of iron sulfides.
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Figure 30. Sulfur K-edge XANES TEY spectra of the tribofilms generated using
N_DEHP, N_DBDTP and ZDDP in base oil and fully formulated oils. (b) Sulfur K-

edge XANES TEY spectra of model compounds.

5.3.4.3 Oxygen Characterization (O K-edge)
Oxygen K edge TEY spectra of tribofilms generated using ZDDP and IL’s in BO

and FFO are plotted in figure 31a and are compared with model compounds in figure
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31b. Figure 31b illustrates the distinctive feature of O K edge spectra for each model
compounds. Oxygen can only exist in one valence state, however its absorption edge
show distinctive features depending upon the cation such as iron, zinc or calcium it either
directly bound with or its presence in different anions such as sulfate and phosphates that
can subsequently be bound with cation’s such as iron, zinc and calcium. However, in a
tribofilm O is coupled with to different cation’s making it difficult to uniquely identify
the local environment for oxygen. However, some distinctive differences can be
ascertained by examination of the O K edge spectra. O K-edge spectra were recorded in
both TEY and FY mode for the tribofilms, TEY and FY spectra being very similar, only
the TEY spectra are shown for reference while the discussion pertains to both TEY and
FY spectra. In case of BO formulations, O K edge TEY spectra of the tribofilms
generated using ZDDP, N_DEHP and N_DBDTP show similar features where two peaks
are identified and labeled as a and d. Peak a is a distinctive peak for oxygen species
associated with iron such as iron phosphate, iron sulfate and iron oxide. However, the
possibility of formation of iron oxide can be eliminated as O K edge spectra of tribofilms
in BO formulation does not show main absorption edge of iron oxide (peak f). Thus, we
can conclude that N_DEHP BO and N_DBDTP BO tribofilms are primarily composed of
iron phosphate as well iron sulfate to some extend in case of N_DBDTP BO. A pre-edge
peak b present in ZDDP BO tribofilms might suggest some oxidation of zinc, resulting in
the formation of zinc oxide. Other than that, O K edge TEY of ZDDP BO is quite

complicated and hard to distinguish as the earlier companion P and S showed more or
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less the presence of all the ZnSO4, Zn3(PO4)2, FeSO4 and FePO4 model compounds in the
tribofilms.

On the other hand, O K edge spectra of tribofilms derived from FFO formulations
are very different than the tribofilms formed in BO formulation with similar antiwear
chemistries. Here, both ZDDP FFO and N_DEHP FFO show similar peaks that are
identified using peak fitting and matched with model compounds. Peak matching
suggests oxygen is primarily present in the form of B-tri calcium phosphate, however,
formation of other phosphates and sulfates cannot be eliminated completely. N_DBDTP
FFO O K edge TEY spectra on the other hand show the presence of iron oxide as peak f
can be clearly identified. O K edge TEY spectra of the tribofilms clearly suggest different
tribo-chemical reaction in BO and FFO formulation while using the same antiwear
chemistries. Calcium from over-based detergent participates in the tribo-chemical
reaction to form calcium species over the rubbed surfaces. On the other hand in the case
of BO formulations, XANES spectra suggest the interaction of antiwear chemistries with
the rubbing surface and film formation due to the reaction of antiwear additives with iron

substrate.
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Figure 31: (a) Oxygen K-edge XANES TEY spectra of the tribofilms generated using
N_DEHP, N_DBDTP and ZDDP in base oil and fully formulated oils. (b) Oxygen K-

edge XANES TEY spectra of model compounds.

5.3.5 Discussion of XANES and Development of Phenomenological Model of Tribofilms
In depth characterization of IL & ZDDP lubricated rubbed surfaces using XANES
at different edges for the critical elements such as P, S and O provides a comprehensive
understanding of the chemical nature of the tribofilms. A possible phenomenological
model of tribofilms thus can be drawn for all six formulations as shown in Figure 32.
Based on the information obtained from P L edge and P K edge, it can be deduced that
both N_DEHP BO and N_DBDTP BO tribofilms consist of a layered structure of
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phosphate films as a change in a/c ratio (representative of phosphate chain length) has
been observed from the surface to the bulk of the tribofilms. On contrary, ZDDP
tribofilms in this study showed more or less similar chain length of phosphate films
through the depth of ZDDP tribofilms and they are significantly shorter in length
compared to ones formed when IL are used. Earlier studies have shown that longer chain
polyphosphates yield better tribological properties and are generally considered to be
more beneficial [150,153-155] Since N_DEHP does not have sulfur in the original
structure, the presence of sulfate peak in S K edge TEY of N_DEHP base oil tribofilms
might be considered to be influenced by the sulfur coming from the mineral base oil used
in this study (Group 1 base oils typically have more than 300 ppm of sulfur in them and
there are some unsaturated hydrocarbons that are prone to easy breakdown under
tribological conditions releasing the sulfur for reaction with the tribofilm). On the other
hand, N_DBDTP has dithiophosphate anion in its chemical make-up also does not show a
clear peak at b confirming a contribution of sulfur coming from N_DBDTP to the tribo-
chemical reaction in the form films of iron sulfates near the surface of the tribofilm. On
the other hand in the case of ZDDP BO tribofilms, S K edge TEY spectra clearly indicate
the formation of both zinc sulfides as well as iron sulfide (peaks a, b & ¢). O K edge
spectra further compliments the finding of P L edge, P K edge and S K edge results and
confirm that the tribofilms are primarily consist of phosphate and sulfate species and
eliminates the possibility of formation of oxides species in the tribofilms when only base
oil is used. It can be postulated that in the case of N_DEHP and N_DBDTP the formation

of polyphosphates of Fe dominate the tribofilm formation while in the case of ZDDP a
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mixture of polyphosphates of Zn/Fe and sulfates and sulfides of Zn/Fe form in the
tribofilm. The presence of sulfides of Fe and Zn have been shown when ZDDP is used in
the past in several studies [1,16,48,119] however, in this study we illustrate the formation
of primarily phosphates of Fe when both P containing and P and S containing IL’s are
used in base oil chemistry.

When fully formulated oils are used, in addition to antiwear additives a number of
other additives are present that include detergents, dispersants, antioxidants etc. Of these
the detergents are one of the most active chemical species and are made up of over-based
calcium sulfonates. The P L edge and P K edge spectra of N_DEHP FFO, N_DBDTP
FFO and ZDDP FFO tribofilms primarily indicate that phosphorous is primarily present
in the form of B-tri calcium phosphate however a possibility of iron phosphate in the case
of IL’s FFO and zinc phosphate and iron phosphate in the case of ZDDP FFO tribofilms
cannot be completely eliminated. The formation of phosphates of calcium in tribofilms
has been shown in the past when calcium based detergent have been used in the oil
[25,137]. S K edge TEY spectra of tribofilms derived from FFO formulation indicates
the sulfur is primarily present in the form of sulfates mainly calcium sulfate as post edge
shoulder peak e is present in all tribofilms spectra that matches with the post edge
shoulder peak in calcium sulfate model compound S K edge spectra. In addition, both
N_DEHP FFO and N_DBDTP FFO show presence of iron sulfide as peak a and peak ¢
are evident in their respective S K edge TEY spectra. In the case of ZDDP FFO
tribofilms, in addition to the sulfates (peak d and peak e) formation of zinc sulfides (peak

b) and iron sulfides (peaks a and peak c) is also well evident. O K edge spectra of
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tribofilms from FFO mixes suggest the phosphate anion containing oxygen is primarily
associated with calcium cation. In addition, peak b in the O K-edge is associated with the
CaCOs that is present in all the fully formulated oils and is likely to be coming from the
detergent chemistry that is incorporated into the tribofilm. A small amount of Fe20s3 in
the tribofilm cannot be ruled out. However, it must be noted that the primary chemical
make-up of the tribofilms in fully formulated oil are the phosphates of Ca (B-TCP) and to
some extent the formation of sulfides and sulfates of Fe in N_DEHP and N_DBDTP and

those of Fe and Zn when ZDDP is used.

ZDDP BO Tribofilm ZDDP FFO Tribofilm CaSo,/
Hydrocarbon chains 2nS0,FeSO, ca,(PO,), Hydrocarbon chains ézggjl
Zn,(PO,),/ Zn(PO,)/
FePO, a/c=0.09 /FePOA alc=0.10
ZnS/\ ZnS/
FeS \ i kes \.— —— —
Fe substrate Fe substrate
N_DEHP BO Tribofilm N_DEHP FFO Tribofilm  CaSO/
Hydrocarbon chains FePO,: Hydrocarbon chains eSO,
FePO,: alc=0.19
alc=0.24 Ca,(PO,),
Fes\\\ Fes
S e — ——— s
Fe substrate Fe substrate
N_DBDTP BO Tribofilm N_DBDTP FFO Tribofilm Caso/
Hydrocarbon chains Hydrocarbon chains F SOQ
l FeSO, l eSO,
FePO,: / 5 Ca,(PO,)
ale=0.20 W
Feslt FeS—
— P
Fe substrate Fe substrate

Figure 32: Phenomenological model of the tribofilms generated using N_DEHP,

N_DBDTP and ZDDP in base oil and fully formulated oils.

5.4 Conclusion
The tribofilms formed using phosphorous and sulfur containing IL’s are very

similar to those formed when ZDDP antiwear additives are used. Zn polyphosphates
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formed when ZDDP is used are replaced with iron polyphosphates when IL’s are used
indicating that the underlying substrate reacts with the degradation products of the ionic
liquids to form protective tribofilms in base oils. Pad like tribofilms are formed on the
wear surface in fully formulated oils where as in the case of base oil chemistries the
tribofilms are more continuous in nature both in the case of ZDDP and IL’s. When fully
formulated oils are used, the detergent chemistry plays an important role in reacting with
the degradation products of the antiwear additives and forming tribofilms that are
constituted of phosphates of calcium. When comparing phosphorous (N_DEHP) and
phosphorous and sulfur (N_DBDTP) containing ionic liquids, the sulfur in these ionic
liquids is actually detrimental to the wear and friction performance. It is also evident
from this study that soluble IL’s offer the possibility of equivalent wear performance to
ZDDP when examined under bench top tribological examination. This study provides a
framework to understand the mechanism of wear protection when ionic liquids are used
in the place of ZDDP. However, before they find application in engine oil, further more

rigorous compatibility studies and stability studies have to be conducted.
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Chapter 6. Advancing the tribological properties of lonic Liquids with Synergistic

Interaction of Borate Esters

6.1 Introduction

In this chapter, a synergistic interaction of phosphonium IL’s with borate esters
(SB) has been studied in base oil blends. Phosphonium IL’s were mixed with borate ester
at 0.1 wt. % phosphorous and 0.02 wt. % boron in groupl mineral base oil. A cylinder on
reciprocating flat and ball on rotating disc tribometer were employed to evaluate the
friction and wear performance in pure sliding contacts. Tribological performance of these
novel ashless additive blends were compared with ZDDP in base oil. An electric contact
resistance setup was used to study the incubation time and progression of tribofilm
formation. Topography of the lubricated surfaces were analyzed by obtaining 3D images
of the wear track using scanning probe microscope (SPM) and local coordination of
phosphorous and boron on and in the bulk of the tribofilms were characterized using X-
ray absorption near edge structure (XANES) spectroscopy. Synergistic interaction of IL
with SB showed significant reduction in wear compared to ZDDP and IL and SB alone.

6.2 Experimental Details

6.2.1 Description of additive chemistry and Thermogravimetric analysis.

Table 11 details the chemistry of the additives used. ZDDP purchased from a
commercial vendor, is a secondary alcohol derived ZDDP with approximately 70%
neutral and 30% basic characteristics, details of which are available in Parekh et. al. [47].
Phosphonium ionic liquids, Tetrabutylphosphonium O,O-diethyl-phosphoro-dithionate

(P_DEPDT) and Trihexyltetradecylphosphonium bis(2-ethylhexyl) phosphate (P_DEHP)
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and borate ester 2-Methoxy-4,4,6-trimethyl-1,3,2-dioxaborinane (SB1) were provided

from AC2T research GmbH Austria. Trimethoxyboroxine (SB2) was provided from

Argonne National Laboratory. Base oil blends were prepared in a group 1 base oil

(mixture of 60 wt.% solvent neutral 150W and 40 wt.% bright stock 90W) purchased

from a commercial vendor.

Thermogravimetric analysis (TGA) of ZDDP and ionic liquids was performed using

Shimadzu TGA-51 Thermogravimetric analyzer. TGA was performed in nitrogen (N2)

atmosphere at a heating rate of 10 °C/min from room temperature to 600 °C with a N2

flow rate of 20 mL/min. Each test was repeated twice for the consistency of the data.

Table 11. Description of additive chemistry.

Coded Chemical Name Chemical Structure
Name
R—O0._ \z/ \ _0—R
ZDDP Zinc dialkyl-dithiophosphate R—o~ N-® N A No—R
R=1" 2° 3°alkyl or aryl group
. . NG
P DEPDT T_etrabutylphosphonl_um 0,0- \_L
- diethyl-phosphoro-dithionate
\/0\ /0\/
|
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\/\/\/\/\/_\_\/\\/—\ ek
Trihexyltetradecylphosphonium \_L\~
P_DEHP bis(2-ethylhexyl)phosphate
0L /0'
o’ \O/X\/\
2-Methoxy-4,4,6-trimethyl-
SB1 1,3,2-dioxaborinane ?
O/B\O/
~o
SB 2 Trimethoxyboroxine D’é\o
I I

6.2.2 Tribological Test Details

Oil samples were formulated by blending ZDDP, IL’s and borate ester
individually or as mixtures of IL and SB in base oil. All blends were prepared by keeping
the phosphorous (P) and boron (B) concentration at 1000 ppm and 200 ppm respectively

149




as applicable. Tribological test were conducted at Argonne National Laboratory, Energy
Systems Division. The first group of tribological experiments employed a cylinder on
reciprocating flat contact testing machine [56] (test setup 1) to determine the performance
characteristics of the additives. The best performing blends were further examined using
a ball on rotating disc contact test configuration using a Nanovea tribometer (test setup
2). Table 12 provides schematic of the test configurations and highlights the test
parameters. Test setup 1 was also equipped with electric contact resistance (ECR)
measurement setup. ECR data was collected in-situ during the test in order to gain insight
into the incubation time for film formation at the tribological contacts. Test specimens
were cleaned before each test using Stoddard solution followed by isopropanol and
acetone to completely remove any oil and dust present on the surfaces. The rubbed
surfaces after the tests were cleaned with heptane and isopropanol and then saved by

submerging them in sulfur free base oil.
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Table 12. Schematic of the test configurations and detail of test parameters for test setup

1 and test setup 2.

Tribological Cylinder on reciprocating flat Ball on rotating disc contact
test contact
Applied load © o
l Direction

of rotation

D,

i i 0,
Group | mineral oil (60 wt.% SN Group | mineral oil (60 wt.%

i 0,
Base oil 150W + 40 Wt.% BS 90W) SN 150W + 40 wt.% BS
90W)

Viscosity 10.068 mm?/sec at 100°C 10.068 mm?/sec at 100°C
T Phosphorous: 1000ppm and Boron: | Phosphorous: 1000ppm and

reat rate :

200 ppm Boron: 200 ppm

Applied load | 82N 2N
Initial
Hertzian 500 MPa 510 MPa
contact
pressure
Temperature | 100 °C 100 °C
Speed 0.06 m/sec, 5 Hz 0.06 m/sec
Stroke length | 6 mm
cylinder/Ball ® 4 mm x 6 mm, 52100 steel (60-61 | @ 12.7 mm, 52100 alloy steel

y HRc) (58-60 HRc)
Elat/Disc 12 mm x 12 mm x 8 mm, ® 20 mm, 52100 alloy steel

52100 alloy steel (60-61 HRc) (60-61 HRc)

Duration 1 hour 1 hour

6.2.3 Characterization of Tribofilms
Wear scar width generated on cylinder (from test setup 1) and wear scar diameter

(WSD) generated on ball (from test setup 2) after rubbing were measured using optical
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images obtained from an Olympus brand metallographic microscope. Wear width was
measured at nine locations on each cylinder (from test setup 1) and each oil samples was
tested twice. Thus, wear width for each oil sample is an average of 18 measurements.
WSD on the ball ((from test setup 2) is an average of two measurements from two
repeated tests for each oil sample. The surface topography of the wear track and wear
mechanism was examined by obtaining 3-dimensional (3D) images of the rubbed
surfaces using Hysitron Triboscope™ in scanning probe microscopy (SPM) imaging
mode.

Chemical nature of the tribofilms formed in-situ during tribological tests was
characterized using XANES spectroscopy. XANES spectra were obtained at The
Canadian Light Source synchrotron facility at Saskatoon Canada. The phosphorous L-
edge (P L-edge) and Boron K edge (B K-edge) spectra were collected at VLS-PGM
(variable line spacing plane grating monochromator) beam station that operates at the
energy range of 5.5 eV-250 eV with a photon resolution of more than 10,000 E/AE. All
the spectra were collected using a 100 pum X 100 um photon beam spot size.

6.3 Results and Discussion
6.3.1 Coefficient of Friction and Wear Volume

Figure 33 is the coefficient of friction (CoF) and wear volume obtained from test
setup 1 for all the blends. CoF curve acquired from each oil blend is plotted in figure
33(a) and the average coefficient of friction for the last 15 minutes of the test is shown in
the bar chart embedded in figure 33(a). Friction curve for group 1 BO without additives

(labeled as A) exhibits large variance and high CoF value for the duration of the test in
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comparison with oil blends containing ZDDP (B), ILs and binary mixtures of IL+SB. Oil
blends containing only SB1 (C) and SB2 (D) show similar frictional characteristic as of
group 1 BO consisting large variance and spikes in the friction curve with high CoF
value. This result indicates that boron concentration (i.e. 200 ppm) was too small for any
improvement in friction characteristic when using only boron based additives in base oil
(i.e. SB1 and SB2). However, the 200 ppm B concentration was chosen to meet the
current industrial standard of boron in engine oils [156]. Comparing the oil with ZDDP
alone with blends containing ILs and binary mixture of IL+SB, ZDDP exhibits a stable
friction curve with consistent CoF value while P_DEHP (H) and P_DEHP+SB2 (J)
exhibit higher CoF at the beginning of the test and the CoF decreases as the test
progresses and the test ends with a CoF smaller than that of ZDDP. In the case of
P_DEHP+SB1 (1), large fluctuations were observed at the beginning and higher CoF
value than P_DEHP and P_DEHP+SB2. On the other hand, oils with P_DEPDT (E)
exhibit a significantly lower CoF for the first 500 seconds of the test and then friction
increases and remains consistent for the remainder of the test. Similar behavior was seen
for P_DEPDT+SB1 (F) and P_DEPDT+SB2 (G), where CoF is lower in the initial stage
of the test and then friction increases and reaches a plateau, however, the duration of the
lower friction was reduced from 500 seconds for P_DEPDT to 100 seconds with
P_DEPDT+SB2 and almost negligible for P-DEPDT+SB1. These results indicate that
addition of borate esters to phosphonium ILs (P_DEHP and P_DEPDT) does not result in
significant improvement in their stable friction behavior at the end of test but plays a

significant role in determining the frictional performance at the early stages of the test.
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The lowest average CoF at the end of the test was achieved with a binary mixture of

P_DEHP+SB2 as shown in the bar chart in Figure 33(a).
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Figure 33. Coefficient of friction and wear volume obtained from test setup 1 for

groupl BO, ZDDP, IL, SB and IL+SB in group 1 BO at 0.1 wt.% P and 0.02 wt.% B.
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Wear volume calculated from the cylinders (from test setup 1) are plotted in
Figure 33(b). Group 1 BO (A) shows the largest wear on the cylinder while the addition
of additive chemistry results in significant reduction in wear. Comparing the wear
volume of ZDDP (B) with ashless blends containing only IL’s, SB and IL+SB, both SB1
(C) and SB2 (D) as well as P_DEHP (H) and P_DEPDT (E) show higher wear volume.
Moreover, oil blends containing P_ DEPDT+SB1 (F) and P_DEPDT+SB2 (G) show
poorer wear protection than ZDDP. On the other hand, P_DEHP+SB1 (I) and
P_DEHP+SB2 (J) show comparable or better antiwear performance than ZDDP at equal
phosphorous levels (i.e. 1000 ppm). The error bar on the bar chart denotes the
consistency of the test results.

Figure 34 illustrates the coefficient of friction and WSD obtained from test setup
2 for the selected additive chemistries that exhibited better antiwear results from test
setup 1. An average CoF for the different oil blends obtained are plotted in Figure 34(a).
None of the blends exhibited a significant improvement in friction compared to ZDDP
with the lowest friction recorded for the oil with P_DEHP+SB1. The WSD measured for
the different blends are plotted in Figure 34(b) and their respective optical images of wear
scar on ball are also presented. Error bar on the friction and WSD bar diagraph denotes
the consistency and reproducibility of the data. Tribological tests from Group 1 BO
results in the highest WSD. Addition of antiwear additives to the base oil significantly
improves the wear protection. Moreover, in comparison to ZDDP additive, both P_DEHP

and binary mixture of P_DEHP+SB1 exhibited smaller WSD. The new ashless additive
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chemistry of P_DEHP and P_DEHP+SB1 showed remarkable improvement in wear

protection by 18.7% and 35.6% respectively compared to ZDDP at 0.1 wt. % P treat rate.
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Figure 34. Coefficient of friction and wear scar diameter obtained from test setup 2 for
groupl BO, ZDDP, P_DEHP and P_DEHP+SB1 in group 1 BO at 0.1 wt% P and 0.02

wt% B.
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6.3.2 Incubation time for the tribofilm formation in correlation with thermogravimetric
analysis (TGA) of additive chemistry

The glassy phosphate films formed on the tribological surfaces are known to have
very low electric conductivity [56]. Hence, an ECR measurement can be used as a way of
determining the effectiveness of tribofilm formation by applying an electric circuit
between counter surfaces. As the protective tribofilm starts to form, the resistance
increases and voltage drop builds up between the counter surfaces. Figure 35 summarizes
the ECR data (i.e. voltage drop) collected from test setup 1 for the selected additive
chemistries and a TGA plot acquired for ZDDP and ILs (P_DEHP and P_DEPDT). TGA
graph is positioned on the bottom right corner in Figure 35 and remaining graphs are the
ECR data plotted together with CoF (top) as a function of test duration. The voltage
applied between the counter surfaces is 100 mV. The voltage drop readings at the
interface are shown as black dots in ECR plot obtained from each test and values of each
voltage drop reading were integrated and plotted as the red curve superimposed on the
voltage drop data. The integrated values of voltage drop has been normalized to the
maximum value obtained in the case of P_ DEHP+SB2 to the remaining plots to illustrate
the overall effectiveness of tribofilm formation over time. Voltage drop close to 100 mV
correspond to more net coverage of tribofilm while values closer to 0 mV correspond to
no tribofilm coverage. In addition, the slope of the red curve indicates the effectiveness of
tribofilm formation with larger slopes having progressively larger tribofilm formation.
From Figure 35, the ECR plot of the test with ZDDP indicates that voltage drop reaches

maximum in the very early stages of the test, indicating very short incubation time for the
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tribofilms formation using ZDDP. The ECR plot exhibits low voltage drop for about
1500 seconds in the case of P_DEHP and 600 seconds for P_DEPDT at the start of the
test, suggesting a prolonged incubation time for the tribofilm formation. On the other
hand, the addition of SB to P_DEHP reduced the incubation time significantly and the
tribofilm begins to form as early as the start of the tests. ECR data indicates that the
binary mixtures of P_DEHP and SB result in a quick and stable film formation that
exhibit better wear protection as seen in figure 33(b) and 34(b). These results indicate a
synergistic interaction of P_DEHP with soluble boron additives.

The friction response of each additive blend can also be correlated with the
tribofilm formation. In the case of ZDDP, tribofilms form at an early stages of the test its
friction response remains relatively consistent, however, the ECR data does indicate
partial removal of the tribofilm periodically followed by new film formation. In the case
of P_DEPDT, a clear correlation of friction and tribofilm formation can be seen.
P_DEPDT shows poor film formation at earlier stages of the test till about 600 seconds
and then voltages drop starts to gain to an intermediate level (60-70 mV) for the test
duration from 600-1200 seconds and finally the voltage drops reaches maximum. In the
case of P_DEPDT there is a correlation between the frictional response and the observed
ECR data indicating that the lower friction probably results with the formation of easily
removable tribofilms that are not very protective of the surfaces. However, once stable
tribofilms are formed after the initial incubation period, the ECR and frictional data

indicate more stability. One of the striking benefits of the addition of SB additives to
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DEHP can be deduced from the ECR graphs where we can see that in the presence of
SB2, DEHP exhibits the best tribofilm formation

When analyzing the thermal stability of these additive chemistries along with the
time scale formation of the tribofilms during the test, a correlation can be deduced
between the thermal stability of the additive chemistry and their incubation time for
tribofilms formation. In figure 35, TGA graph of the additives shows that ZDDP starts to
decompose at a lower temperature (about 200°C) compared to both P_DEHP (about
325°C) and P_DEPDT (about 300°C) IL’s. The ECR plots show that ZDDP results in the
shortest incubation time for the tribofilms formation (about at 100 seconds) than
P_DEPDT (about 600 seconds) and P_DEHP (about 1200 seconds). Hence it can be
hypothesized that higher thermal stability of the additive chemistry results in delayed
decomposition of the additives to form by-products and react with the rubbing surfaces to
form protective tribofilms. This is significantly mitigated by the addition of SB into the

mix where the incubation time is significantly reduced.
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Figure 35. Thermogravimetric analysis of additives of ZDDP and IL’s (P_DEHP and

P_DEPDT) and ECR plot of oil blends from test set up 1.
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6.3.3 Topography of the Tribofilms using

Topography of the wear track generated under ZDDP, IL and IL+SB lubrication
was studied by obtaining 3D images using SPM imaging technique. Figure 36 illustrates
the SPM images of the wear track for the flat samples (test setup 1). The arrow next to
the images delineates the sliding direction. SPM images are produced for 60 um x 60 um
area of the wear track while keeping the z-axis same i.e. £200 nm. SPM image of ZDDP
lubricated wear track demonstrates island type features that are typical of ZDDP
tribofilms [49,56]. These island of patchy tribofilms are unevenly distributed on the wear
track. Deep scratches are also observed on the wear track, which are oriented in the
sliding direction. SEM image (provided in the supplement data) covering a larger region
also illustrates non-uniform patches of films along with the deep scratches on ZDDP
wear track. In an earlier study Taylor et al. [46] suggested that uneven distribution of
ZDDP antiwear films and the roughness oriented in the direction of rubbing results in
high friction under ZDDP lubrication. Recently, Gosvami et al. [157] studied the
mechanism of ZDDP antiwear film growth under single-asperity sliding contact on Fe-
coated Si wafer using AFM. They reported patchy tribofilms formation is a result of
heterogeneous nucleation dependent on the atomic-scale surface roughness. The surface
roughness leads to varying contact stress, which essentially means the energy barrier for
tribochemical reaction is lower where contact stress is higher and vice-versa. 3D image of
P_DEPDT reveals similar topography as seen for ZDDP consisting non-uniform
distribution of patchy tribofilms. However, in P_DEPDT patch size varies more

significantly than that in ZDDP. Furthermore, P_DEPDT show CoF values very close to
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ZDDRP for the last half hour of the test. ECR data from figure 35 indicates that P_DEPDT
films starts to form and remain intact for the later half of the test, combining these results
indicates a correlation between friction and tribofilm topography as P_DEPDT tribofilms
with topographical features similar to ZDDP once formed show similar frictional
behavior. The first half of the P_DEPDT test exhibit much smaller CoF (in Figure 33(a)).
Since, there was no protective film on the surface for that duration as learnt from ECR
data (Figure 35), the lower CoF arises from large polishing wear (abrasive type) leading
to increase in the contact area (from line contact to area contact), which consequently
reduces maximum contact pressure. Wear track of P_DEHP also consists of many island
type feature along with few scratches. The features on the wear tracks are much smaller
than ZDDP and P_DEPDT and the surface looks smoother and more uniform. It can be
speculated that a polishing type wear had occurred resulting in a smooth surface during
the prolonged incubation time of P_DEHP films (as evident in Figure 35). The polishing
mechanism produces uniform asperities on the surface, which consequently results in a
more uniform nucleation and growth of the patchy tribofilms. The wear surfaces derived
from the lubrication of P_DEHP +SB1 and P_DEHP+SB2 exhibit a significantly
different topography. The wear tracks are much smoother and no island type features are
observed. The SPM images reveals few minor scratches on the surface, which are
believed to be present from the sample preparation process. It is evident that with the
presence of SB1 or SB2 in addition to P_DEHP, there is minimal wear that occurs and

the larger island like patchy tribofilms are not formed. Moreover, the ECR data indicates
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that larger areas are covered with tribofilms and this is matched by the SPM images that

indicate that the whole region of interest is covered by a uniform tribofilm.

P_DEHP

Qv whien

P_DEHP+SB1

Figure 36. 3D SPM images of rubbed surfaces generated under ZDDP, P_DEHP,

P_DEHP+SB1 and P_DEHP+SB2 lubrication.
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6.3.4 Chemical Properties of Tribofilms using XANES

The antiwear properties of additives are derived from their ability to form
protective film on the rubbing surfaces under high contact temperature and shear forces
in a tribological system. The knowledge of the type of chemical film formed and the local
coordination of the elements present on the surface and in the bulk of the film is critical
to advance the mechanistic understanding of surface protection with tribofilm formation.
For this purpose, XANES technique has been extensively used to examine the chemical
nature of the tribofilms formed wusing various antiwear additives
[11,13,14,16,48,51,54,56,64,126,127,131-133,137,138,151]. In this study, P L-edge and
B K-edge spectra are analyzed in both total electron yield (TEY) and fluorescent yield
(FY) mode. TEY spectra offer more surface sensitive information whereas FY spectra
give information from the bulk of the sample, in the case of Si L-edge the sampling depth
of TEY and FY mode is about 5 nm and 70 nm respectively [134].
6.3.4.1 Phosphorous Characterization (P L23-edge)

P L-edge TEY and FY spectra of tribofilms are plotted and compared with model
compounds (Zn3(POa4)2, FePO4 and BPO4) and IL standards (P_DEPDT std and P_DEHP
std) in figure 37(a) and 37(b). P L-edge spectra of the tribofilms were acquired from three
different locations on the wear scar to examine the variance in the chemical composition
on the wear track. The pre-edge shoulders and primary absorption edge from model
compounds Zn3(POa4)2 and FePO4 are identified as a*, b", ¢ and a, b, c respectively.
Peaks labeled as a*, a and b’, b correspond to transition from spin-orbit split of

phosphorus 2p electrons (2ps2 and 2pa2 levels, which are usually referred to as the Ls-

164



and L2-edges, respectively) into the first unoccupied 3s-like antibonding state [147] in
Zn3(PO4)2 and FePOa. Peaks labeled as ¢’ and c are attributed to the transition of the
phosphorus 2p electrons to the 3p-like antibonding state [147] in Zn3(POa4)2 and FePO4
respectively. Peak d in figure 37(a) and 37(b) is commonly present in both Zn3(PO4)2 and
FePO4 as well as in tribofilms spectra, and is a shape resonance peak owing to 2p to 3d
transition [148]. Comparing the P L-edge TEY and FY spectra of tribofilms with model
compounds based on fingerprint match analysis, peak d is commonly found in all
tribofilms spectra as well as in model compounds and IL standards. This indicates that all
the tribofilms derived from either ZDDP or IL’s and IL+SB form phosphate antiwear
films. ZDDP tribofilms showed main absorption edge at peak position ¢’ which
corresponds to the main absorption edge of Zns3(POa)2, which suggests that ZDDP
tribofilms are primarily compounds of phosphate of zinc. However, since Fe cations were
also available from the substrate during the test, possibility of FePO4 formation cannot be
ruled out completely. Both P L-edge TEY and FY spectra of the tribofilms derived from
P_DEPDT, P_DEHP and mixture of P_DEHP+SB exhibit main absorption edge at peak
position ¢ which aligns with the main absorption edge of FePO4 that strongly suggests
that tribofilms in these cases are composed of phosphates of iron. In addition, both
P_DEHP+SB1 and P_DEHP+SB2 tribofilms exhibited the main absorption edge at
relatively higher energy (at peak c¢) than the main absorption edge from BPOa. This
indicates no significant contribution of BPOs in the P L-edge spectra of the
P_DEHP+SB1 and P_DEHP+SB2 tribofilms. However, in the next section using the B

K-edge spectra, presence of absorption edge peak for BPO4 model compound is found in
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the P_DEHP+SB1 and P_DEHP+SB2 tribofilms. Here, it can be speculated that, since
availability of iron is more redundant at the actual contact than boron, phosphate
chemistry is dominated by FePO4 formation than BPOa. All tribofilms exhibited similar
peak intensity for spectra collected at multiple locations on each wear scar except ZDDP
tribofilms. In the case of P L-edge FY spectra of ZDDP tribofilms, one spectra exhibited
significantly higher counts than the other two, indicating a chemical variance in the film.
P L-edge spectra can be further characterized to determine the chain length of
polyphosphates formed on the wear track. The degree of polymerization of the phosphate
films is determined by analyzing the peak intensity ratio of pre-edge peak a or a' to main
absorption edge c or ¢', which is called as a/c ratio. The a/c ratio below 0.3 represents
short-chain polyphosphates and a/c above 0.6 represents long-chain polyphosphate
[51,132,136]. The a/c ratio of P L-edge TEY and FY spectra of tribofilms were calculated
and shown in figure 37(a) and 37(b). The a/c ratio of TEY and FY spectra for all the
tribofilms is less than 0.3, which suggest that the surface of the all the tribofilms are
composed of short-chain polyphosphates of zinc (in the case of ZDDP) and iron (in the
case of both ILs and binary mixture of IL+SB). The a/c ratio of P L-edge FY spectra
which represents more bulk chemistry of tribofilms also showed formation of short-chain
polyphosphates for P_DEPDT, P_DEHP, P_DEHP+SB1 and P_DEHP+SB2 while
ZDDP films exhibited region where medium chain phosphates are found. Tribofilms
derived from IL’s and IL+SB showed similar a/c ratio irrespective of the location where
spectra were acquired. On the other hand, in the case of P L-edge FY spectra of ZDDP

films, a significant variance in the a/c ratio was observed depending on location of
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measurement. This again confirms the inhomogeneity in the chemical make-up of ZDDP
tribofilms. IL P_DEPDT exhibited shorter chain polyphosphate formation in the bulk of
the film in comparison to the surface as the a/c ratio becomes smaller from TEY to FY
spectra. On the other hand, P_DEHP showed higher degree of polymerization of
phosphate films in the bulk than the surface. Similar results were observed in the
previous study [11,57], where the sulfur containing ionic liquid (N_DBDTP) exhibited
longer chain polyphosphates formation at the surface than the bulk and only phosphorus
containing ionic liquid (N_DEHP) yielded an increase in phosphate chain length from the
surface towards the bulk of the tribofilms. It can be hypothesized that sulfur from sulfur
containing IL i.e. P_DEPDT dominates the reaction with the metal substrate first to form
sulfates/sulfides of iron thus hinders the polymerization of phosphate films near the film-
substrate interface, while in the case of P_DEHP, more iron cations are available near the
interface than the surface of the films, higher polymerization occurs near the interface
than surface. However, in the case of ZDDP, since the availability of zinc cation is
similar at the surface of the tribofilm and at the interface of the tribofilm and the metal
surface, similar a/c ratio observed in TEY and FY spectra except one location where a

high a/c ratio observed.
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Figure 37(a). P L-edge TEY spectra of tribofilms derived from ZDDP, ILs and IL+SB

lubrication (black lines) with reference compounds (green lines)
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(b) Phosphorous L edge FY
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Figure 37(b). P L-edge FY spectra of tribofilms derived from ZDDP, ILs and IL+SB

lubrication (black lines) with reference compounds (green lines)
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6.3.4.2 Boron Characterization (B K-edge)

This study is focused on the synergistic interaction of borate esters with
phosphonium ionic liquids. Thus, boron chemistry in the tribofilms have also been
investigated using XANES spectroscopy. Figure 38(a) is a plot of B K-edge TEY
(bottom) and FY (top) spectra of tribofilms. For the purpose of the fingerprint match type
analysis of tribofilms spectra, B K-edge spectra of several model compounds were also
acquired and presented in figure 38(b). As reported by Kasrai et al. [158], B K-edge TEY
probes at near the surface (~6 nm) and FY obtain information from the bulk (~100 nm).
Kasrai et al. [158] also reported that TEY spectra get influenced by the surface
modification as TEY measurement only probes up to 6 nm from the surface. In order to
present a clean spectral feature of the model compounds, only B K-edge FY spectra
(bulk) are shown in figure 38(b). From figure 38(b), three peaks are identified for B K-
edge spectra of model compounds and are labelled as peak a (194.0 eV), b (198.4 eV)
and c (202.9 eV, broad). Peaks a and c are attributed to the boron in trigonal coordination
and peak b is assigned to tetrahedral coordination [158]. Peaks a and ¢ are commonly
present in B203 and H3BOs. BPO4 exhibits all three peaks, where peak b originates from
tetrahedral B and is a dominant peak, since the compound in its pure form has boron in
tetrahedral coordination. Relatively weak peaks a and ¢ in BPO4 spectra are believed to
originate from surface modification [158]. The main absorption edge for FeB is located at
191.9 eV. FeB spectra also exhibit peak a, which could originate due to surface
modification. The peak a for h-BN is shifted to 192.4 eV, which is about 1.6 eV lower

energy than that of B20Os. The borate esters SB1 standard and SB2 standard spectra also
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exhibits peak a owing to the trigonal coordination of boron, in addition SB2 standard
spectra exhibits a post edge peak at 194.7 eV. The model compounds spectra can now be
used to characterize the tribofilms spectra in figure 38(a). The B K-edge TEY and FY
spectra of SB1 and SB2 tribofilms look very similar and exhibits a dominant peak a
indicating that boron is primarily present as trigonal B. In addition, the width of peak a in
SB1 tribofilms TEY and FY spectra (FWHM is ~1.2 eV) further suggests a greater
likelihood of the formation of B203/H3BO3 (FWHM 0.9 eV/1 eV) on the surfaces since
the width of peak a for SB1 standard spectra is too sharp (FWHM ~0.5 eV). In the case
of SB2 tribofilms TEY and FY spectra, a post edge peak after peak a from SB2 standard
IS missing, which also eliminates the possibility of residual SB2 standard chemistry
within the SB2 tribofilms. A mere presence of peak b suggests that a partial
transformation had occurred to produce tetrahedral boron species in SB1 and SB2
tribofilms under the thermo-mechanical action. Zhang et al. [159] also reported
transformation of trigonal coordination to tetrahedral coordination in boron in the
tribofilms upon rubbing. Interestingly, the blending of IL’s P_DEHP and P_DEPDT with
the borate esters SB1 and SB2 show a noticeable effect in the spectra. B K-edge FY
spectra of P_DEHP+SB1 tribofilms exhibit dominant presence of peak a, which is again
attributed to the formation of B203/H3BOs. In addition, a resolved peak b can be seen that
also suggests the formation of BPOus in the tribofilms due to the interaction of borate
esters with P_DEHP. Furthermore, P_DEHP+SB1 FY spectrum exhibits a weak peak at
peak a’ (195.4 eV). In an earlier study, Zhang et al. [159] reported that peak a* originates

from the p2s from phosphate structure. Hence, the presence of peak a* in P_ DEHP+SB1
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can be assigned to the FePOas. P L-edge (in earlier section) also showed FePOs in
P_DEHP+SB1 tribofilms. On the other hand, P_DEHP+SB1 TEY spectra exhibit a broad
peak at peak a’, suggesting that surface of P_DEHP+SB1 tribofilms is dominated by the
FePO4. However, a pre-edge shoulder at peak a is seen, indicating that to some extent
boron is also present on the surface in the form of B203/HsBOs. This indicates that the
chemistry of P_DEHP+SB1 tribofilm changes from the surface towards the bulk as boron
was mainly found in the bulk (FY spectra) as both trigonal B (B203/H3BOs) and
tetrahedral B (BPO4) and a small proportion of boron found at the surface (TEY spectra)
as trigonal B only. Similar results were observed when SB1 added to P_DEPDT. Here
again, boron is mostly present in the bulk (FY) both as trigonal B (B203s/H3BOs) and
tetrahedral B (BPOa) and in less extent on the surface (TEY) as trigonal B (B203/H3BOs3).
In cases of P_DEHP+SB1, the chemistry of the tribofilms at the surface is largely
dominated by the phosphorus in the form of FePO4. B K-edge TEY and FY spectra of
P_DEHP+SB2 tribofilms exhibit peak a and peak b where the intensity of peak a is
stronger than peak b indicating that both in bulk and at surface, boron is primarily present
as trigonal B (B203/H3BOs) while the presence of tetrahedral B (BPO4) can be also
noticed clearly. Peak a is not observed in FY spectra whereas merely noticed in TEY
spectra attributing to FePOa4 at the surface.

B K-edge FY spectra of P_DEPDT+SB2 again indicates that boron is present in
the bulk as trigonal B (B203/H3BO3) and tetrahedral B (BPO4) however, in this case,
intensity of peak b is stronger than peak a. This result suggests that SB2 largely interacts

with P_DEPDT to form BPOs film. B K-edge TEY spectra of P_DEPDT+SB2 also
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exhibit similar chemistry as in FY, in addition, peak a" is also observed. This indicates
that the boron chemistry in P_DEPDT+SB2 is similar in bulk and at surface however,
FePO4 exhibits a noticeable presence at the surface (TEY). In a summary, all tribofilms
derived from borate ester indicate that boron is primarily present as trigonal B. The
addition of phosphonium ILs (P_DEHP and P_DEPDT) results in addition BPOa films in
the tribofilms. In the case of SB1 mixture (i.e. P_DEHP+SB1 and P_DEPDT+SB1)
boron chemistry changes significantly from surface towards the bulk, borates and boron
phosphates are mainly found in the bulk (FY) while the surface (TEY) of the tribofilms
are dominated by phosphate of iron (peak a*). On the other hand, mixtures of SB2 (i.e.
P_DEHP+SB2 and P_DEPDT+SB2) exhibit borates and boron phosphates in bulk as
well as at the surface. However, the peak a' becomes noticeable in TEY spectra
attributing to the FePOs at surface. In a similar study using XANES, Zhang [159]
reported that when borated dispersant are mixed with the ZDDP, composition of boron
changes in the surface and the bulk as the film grows. From B K-edge spectra, we can
also eliminate the possibility of the formation of FeB in the P_DEHP+SB and
P_DEPDT+SB tribofilms, as the B K-edge spectra of the tribofilms do not show features
matching with the B K-edge spectra of FeB model compound.

These results suggests borate chemistry mostly present in the bulk whereas iron
phosphate film dominates boron chemistry at the surface of the tribofilms as the spectra
for P L-edge and B K-edge are acquired at the same time at the same location of
tribofilms and from similar depths as the energy range of acquisition are very similar.

Combining these findings with ECR results, we can speculate that when boron additive is
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mixed with phosphorus ILs, borate films start to deposit on the surface in the earliest
stages of the test leading to very short incubation time (figure 35 for P_DEHP+SB1 and
P_DEHP+SB2) but are subsequently consumed during the wear process thus less boron
is found at the surface which is then compensated by the formation of phosphate films
which start to form after relatively longer incubation time (figure 35 for P_DEHP and
P_DEPDT). Hence, the binary additive mixture of IL with SB showed improvement in

the wear protection when compared with only ILs blends as seen in figure 33(b).
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Figure 38. B K-edge TEY and FY of tribofilms derived from ZDDP, ILs and IL+SB

lubrication (Figure 38(a)) with reference compounds (Figure 38(b))
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6.4 Conclusions

The synergistic effect of borate esters with phosphonium ILs was studied for
antiwear application. Results indicate that addition of borate ester to phosphonium IL
results in significant improvement in wear protection compared to ZDDP as well as ILs
and SBs alone at 0.1 wt.% P and 0.02 wt.% B treat rate both in cylinder on reciprocating
flat contact and ball on rotating contact disc tribotest setup.

ECR and TGA of additive chemistry indicate that incubation time for tribofilms
formation depends on the thermal stability of the additives, ZDDP with lowest
decomposition temperature results in shorter incubation time compared to P_DEPDT and
P_DEHP. However, addition of boron chemistry to P_DEHP and P_DEHP results in
significantly shorter incubation time for tribofilm formation which subsequently resulted
in lower wear.

XANES analysis of P L-edge indicated that ZDDP tribofilms are primarily
composed of zinc polyphosphate films that are inhomogeneous in nature with variation in
phosphate chain length at different locations and shorter chain phosphates at the surface
compared to the bulk. On the other hand, tribofilms derived from P_DEHP and
P_DEPDT lubrication are composed of short chain iron phosphate films and exhibited
similar phosphate chain length at different locations. P containing IL (P_DEHP)
exhibited relatively longer phosphate chain length in the bulk compared to the surface
while both P and S containing IL (P_DEPDT) had shorter phosphate chain length in the
bulk compared to the surface. Tribofilms formed from P_DEHP+SB blends had short

chain iron polyphosphates both at surface and in the bulk.
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Boron in SB1 and SB2 derived tribofilms is primarily found as trigonal B mainly
as B203/H3BO3 and to some extent tetrahedral B both at surface and in the bulk.
Tribofilms derived from IL+SB blends showed the interaction of borate ester with

phosphonium IL as BPO4 is formed in the bulk tribofilms along with B203s/H3BO:s.
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Chapter 7. Low phosphorous oil blends of phosphonium ionic liquids with borate esters
for tribological applications in base oil
7.1 Introduction

In this chapter, Trihexyltetradecylphosphonium bis(2-ethylhexyl)phosphate
(P_DEHP) ionic liquid was mixed with borate ester (SB) in group | base oil. Low
phosphorous (P) oil blends were prepared by keeping the phosphorous concentration at
700 ppm and 350 ppm. Borate ester was added at 500 ppm boron treat rate. Tribological
properties of these oil blends in a cylinder-on-flat contact under pure sliding revealed
noticeable improvement in friction and wear protection, especially in the case of
P_DEHP (700 ppm P) + SB blend. Time-scale tribofilm formation was achieved by
running the experiments for 5, 15 and 60 min. Thereby, synergistic interaction between
P_DEHP and SB could be connected with the formation of B203s/H3BOs and BPOs in
addition to FePOq tribofilms. Blends containing only SB resulted in tribofilms composed
of trigonal boron as B203/H3BO:s.

7.2 Experimental Details

7.2.1 Chemistry of Antiwear Additives and Oil Formulation

Table 13 details the chemistry of the  additives used.
Trihexyltetradecylphosphonium bis(2-ethylhexyl) phosphate (P_DEHP) was purchased
from a IOLITEC lonic Liquids Technologies Inc. and borate ester Trimethoxyboroxine
(SB2) was provided from Argonne National Laboratory. Base oil blends were prepared
in a group 1 base oil (mixture of 60 wt.% solvent neutral 150W and 40 wt.% bright stock

90W) purchased from a commercial vendor. Table 13 shows the details of AW chemistry
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used and Table 14 highlights the low phosphorous oil blends prepared using P_DEHP

and SB2 additives in group 1 mineral base oil.

Table 13: Molecular structure of six IL’s and ZDDP

Coded Chemical Name Chemical Structure
Name
\/\/\/\/\j\/\/\j_\ Gkl
Trihexyltetradecylphosphonium \_\—\_
P_DEHP bis(2-ethylhexyl)phosphate

~o
SB 2 Trimethoxyboroxine ofé'\o

| |

Table 14: Details of low phosphorous oil formulation prepared using P_DEHP and SB2

AW additives
S. No. | Additives (ppm) Formulations Oil matrix
1 500 B SB Groupl mineral base oil
2 350 P +500B P_DEHP1+SB Groupl mineral base oil
3 700 P + 500 B P_DEHP2+SB Groupl mineral base oil
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7.2.2 Tribological Test Details

Tribological test were conducted at Argonne National Laboratory, Energy
Systems Division. The tribological experiments employed a cylinder on reciprocating flat
contact testing machine [56] to study the tribological performance of the oil blends with
different phosphorous concentration. Test setup was also equipped with electric contact
resistance (ECR) measurement setup. ECR data was collected in-situ during the test in
order to gain insight into the incubation time for film formation at the tribological
contacts. For this purpose, a 100 mV of potential is applied between the test cylinder and
flat and the voltage drop across the counter surfaces were recorded as the test progress.
Test specimens were cleaned before each test using Stoddard solution followed by
isopropanol and acetone to completely remove any oil and dust present on the surfaces.
The rubbed surfaces after the tests were cleaned with heptane and isopropanol and then

saved by submerging them in sulfur free base oil.

7.2.3 Characterization of Tribofilms

Wear scar width generated on cylinder fom test specimen was measured using
optical images obtained from an Olympus brand metallographic microscope. Wear width
was measured at nine locations on each cylinder and each oil samples was tested twice.
Thus, wear width for each oil sample is an average of 18 measurements. The surface
topography of the wear track and wear mechanism was examined by obtaining 3-
dimensional (3D) images of the rubbed surfaces using Hysitron Triboscope™ in scanning

probe microscopy (SPM) imaging mode.
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Chemical nature of the tribofilms formed in-situ during tribological tests was
characterized using XANES spectroscopy. XANES spectra were obtained at The
Canadian Light Source synchrotron facility at Saskatoon Canada. The phosphorous L-
edge (P L-edge) and Boron K edge (B K-edge) spectra were collected at VLS-PGM
(variable line spacing plane grating monochromator) beam station that operates at the
energy range of 5.5 eV-250 eV with a photon resolution of more than 10,000 E/AE. All

the spectra were collected using a 100 pm x 100 pm photon beam spot size.

7.3 Results and Discussion

7.3.1 Coefficient of Friction and Wear Volume

Coefficient of friction obtained for different oil blends at 5 mins (black line), 15
mins (red line) and 60 mins (blue line) tests are plotted in Figure 39. All three oil blends
show stable frictional behavior. A small variance is observed in CoF value for 5 mins
tests compared to 60 mins tests for each oil blend. This could be attributed to the original
surface roughness of the test specimen. In the initial stages of the test, frictional
resistance between the counter surfaces is dominated by the original surface roughness
which could vary a little while preparing the sample. Once the initial surface asperities
are removed and stable tribofilms form on the counter surface, a stable friction response
is observed. Moreover, after 5 mins of 15 mins tests, similar CoF observed as in 60 mins
at same period of the test which indicates the consistency in the additive performance. An
average of coefficient of friction was calculated for 60 mins tests and are plotted in
Figure 40. Oil blend containing only SB2 exhibits highest CoF value while binary

additive blends containing P_DEHP and SB2 results in lower CoF. In addition,
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P_DEHP(700P)+SB2 exhibits lower CoF compared to P_DEHP(350P)+SB2. This

suggests that higher phosphorous content in the oil blend results in improvement in CoF

values.
SB 2 5 mins
=15 mins

0.16 =60 mins
3 0.12
w
8 0.08

0.04

0.00 4, T T . T - T . ,

0 900 1800 2700 3600
Time (s)
P_DEHP(350P)+SB 2

0.16
3 0.12
(T8
o 0.08
o

0.04

0.00 - T T T T T T T ]

0 900 1800 2700 3600
Time (s)
P_DEHP(700P)+SB 2

0.16
3 0.12 Py sty
's
S 0.08

0.04

0.00 - T T T T T T T 1

0 900 1800 2700 3600

Time (s)

Figure 39: Coefficient of friction obtained for oil blends containing only SB2,
P_DEHP(350P)+SB2 and P_DEHP(700P)+SB2. Showing the friction response of each

oil blend for 5 mins, 15 mins and 60 mins test.
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Figure 40: A plot of average CoF for the 60 mins test for each oil blend.

Wear volume on cylinder after each test was calculated by measuring the wear
scar width using an optical microscopy images for 60 min tests. The wear scar width was
measured at nine location on each test cylinder and each test was repeated twice hence
wear scar width value used for the calculations is an average of eighteen measurements.
Wear volume chart for 60 min tests are presented in Figure 41. Wear scar width for 5
mins and 15 mins test was minimal for precise measurements hence not presented in this
chapter. Borate ester (SB2) exhibits relatively higher wear losses compared to blends
containing P_DEHP and SB2. Moreover, effect of phosphorous content in the oil blend
can also be seen in Figure 41. The addition of phosphorous from P_DEHP to the SB2 at
350P ppm shows improvement in the wear protection which is further increased by

adding P_DEHP at 700P ppm to SB2.
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Figure 41: Wear volume loss obtained for oil blends containing only SB2,

P_DEHP(350P)+SB2 and P_DEHP(700P)+SB2 for 60 mins test.

7.3.2 Analysis of tribofilms formation using ECR

ECR data acquired from each oil blend is plotted as voltage drop as a function of
test time in Figure 42 for 5 min (black)), 15 min (red) and 60 min (blue) tests. Non-zero
voltage drop value is an indicative of formation of non-conductive glassy tribofilms and
voltage drop close to zero mV suggest no film formation between the counter surfaces
[56]. In the case of only SB2, 5 min test does not show potential build up except the first
point which could originate due to separation of counter surfaces from oil. Once the test
started voltage drop value becomes near zero for the 5 min test which is also observed in
the case of 15 min and 60 min test where voltage drop reaches to 100 mV around 300 sec

after the test started. This results indicates that incubation time for tribofilm formation for
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SB2 is ~300 sec. After ~300 sec, both 15 min and 60 min test show voltage drop value
which periodically vary between 0-100 mV till ~900 sec test time. This corresponds to
the film formation which is sacrificial in nature. In this test duration (~300sec - ~900sec),
the film formation rate is similar to film removal rate under constant shearing. After
~900 sec, more stable voltage drop is observed and the voltage drop value vary between
~50mV — 100 mV till ~2700 sec test time. In this test duration, most voltage drop value
remained close to 100 mV indicating stable and effective film formation. After ~2700 sec
maximum acquired voltage drop value starts to decrease till the end of the test i.e. 3600
sec. ECR data acquired for test run under P_DEHP(350P)+SB2 lubrication shows
relatively small incubation time for film formation. VVoltage drop starts to form as early as
~ 100 sec from the beginning of the test in 5 min, 15 min and 60 min tests. After ~100
sec, voltage drop value vary in between 50 mV — 100 mV. This results indicate that
addition of phosphorous from P_DEHP at 350 P ppm to SB2 results in shorter incubation
time for tribofilm formation and once the films are formed film formation rate is higher
than film removal under shearing thus the voltage drop does not go back to 0 mV and
stay between 50 mV — 100 mV. In the case of P_DEHP(700P)+SB2, voltage drop starts
to build up as early as the test starts however, till ~300 sec of the test, the film removal
rate is higher than film formation hence the voltage drop varies between 0 mV — 50 mV.
After ~300 sec, voltage drop value reached to 100 mV indicate full film formation.
Voltage drop value remains close to 100 mV for the rest of the duration of the test except
few point where voltage drop falls to 50 mV. This results indicate that synergistic

interaction of P_DEHP with SB2 reduces the incubation time for tribofilm formation as
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well as results in more stable and effective film formation. Amount of phosphorous also

determine the effectiveness of the tribofilms. Addition of P_DEHP at 700P ppm to SB2

results in more effective tribofilm formation than P_DEHP(350P)+SB2.
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Figure 42: Electric contact resistance
(ECR) data acquired for SB2,
P_DEHP(350P)+SB2 and
P_DEHP(700P)+SB2 for 5
min(black), 15 min (red) and 60 min

(blue) tests.



7.3.3 Chemical Properties of Tribofilms using XANES
7.3.3.1 Phosphorous Characterization (P L23-edge)

Phosphorous L-edge TEY and FY spectra of tribofilms derived from low
phosphorous oil blends containing P_DEHP at 350P ppm/700P ppm and SB2 at 500B
ppm for 5 min, 15 min and 60 min test are illustrated in Figure 43a and 43b respectively.
Phosphorous L-edge spectra of the tribofilms are plotted in black lines and are compared
with model compounds plotted in green lines. Figure 43a presents the P L-edge TEY
spectra which offers chemical information of local coordination of phosphorous from
near surface region i.e. ~5-10 nm [108,134]. Surface of the tribofilms derived from 5
min, 15 min and 60 min test and different phosphorous treat rate (350P ppm and 700P
ppm) were probed using P L-edge TEY signal which exhibited four peaks that are labeled
as peak a, b, c and d. As discussed in the earlier chapter, peak d is a shape resonance
peak and is commonly present in both FePO4 and BPO4 model compounds along with all
the tribofilms spectra. Presence of peak d in tribofilms spectra indicates that phosphorous
is primarily present as phosphate species in the tribofilms. In addition, the photon energy
of pre-edge shoulders peaks a and b and a main absorption edge peak ¢ from the
tribofilms spectra closely matches with FePO4 model compound spectra. Similarly, the
tribofilms P L-edge FY spectra which offer chemical information from the bulk of the
sample up to 50-60 nm [108,134] also exhibited spectral features matching with the
FePO4 model compound. This confirms that tribofilms derived from P_DEHP
(350P/700P)+SB2 lubrication are primarily composed of FePOs chemistry. The main

absorption edge from P L-edge spectra of BPO4 model compound was not clearly
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resolved in the P L-edge spectra of tribofilms. Here, we can speculate that since
availability of Fe cation (from substrate) is much higher than B (added at 500 ppm) at the
tribological contacts, the likelihood for FePO4 formation is much higher than BPOa in the
tribofilms. Hence when probing the P L-edge, the tribofilms spectra get influenced by the
more dominantly present species i.e. FePOs chemistry which might results in the
suppression of spectral features of BPO4 chemistry. In order to probe the BPO4 chemistry
in the tribofilms, B K-edge spectra was acquired and discussed in the next section
(7.3.3.2).

(a) Phosphorous L edge TEY (b) Phosphorous L edge FY
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Figure 43; Phosphorous L-edge spectra of tribofilms (black lines) derived at 5 min, 15
min and 60 min test for P_DEHP(350P)+SB2 and P_DEHP(700P)+SB2 lubrication

along with model compounds (green lines). Figure 43(a) illustrates the total electron
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yield signal (TEY spectra) and Figure 43(b) illustrates the fluorescence yield signal

(FY spectra)

In order to gain insight into the effect of rubbing time and phosphorous
concentration to the formation and composition of tribofilms, extent of phosphate films
polymerization was analyzed using the peak a to peak c ratio from P L-edge TEY and FY
spectra of tribofilms (from Figure 43a and 43b). Previous studies have suggested that a/c
ratio below 0.3 corresponds to short-chain phosphate polymerization and a/c ratio above
0.6 indicate long-chain phosphate formations [51,132,136]. The a/c ratio of tribofilms
formed at 5 min, 15 min and 60 min test for oils containing P_DEHP(350P)+SB2 and
P_DEHP(700P)+SB2 is measured and plotted in Figure 43c. P L-edge TEY a/c ratio is
presented as green bar and P L-edge FY a/c ratio in blue bars. The a/c ratio acquired from
TEY spectra exhibits relatively higher value in comparison with FY for each test
suggesting that at near surface region, relatively higher degree of polymerization had
occurred than in the bulk of the tribofilms in all cases. In all cases, short-chain phosphate
film formation has observed since the maximum a/c ratio measured is 0.3
(P_DEHP(350P)+SB2 60 min test and P_DEHP(700P)+SB2 60 min test). The a/c ratio in
each cases is found to be increasing with increasing rubbing time. In the case of
P_DEHP(350P)+SB2 TEY/FY, the a/c ratio increases from 0.2/0.09 to 0.25/0.14 and
0.3/0.19 for 5 min, 15 min and 60 min test respectively. Similarly, P_DEHP(700P)+SB2
TEY/FY also shows increase in the a/c ratio with rubbing time both at near surface

(TEY) and in the bulk (FY). This results indicates that the tribofilms derived from
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P_DEHP(350P/700P)+SB2 results in layered phosphate films where the surface of the

films is composed of relatively higher degree of polymerization of phosphate film than

the bulk of the tribofilms.
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Figure 43c: P L-edge a/c ratio measured for tribofilms formed using

P_DEHP(350P)+SB2 and P_DEHP(700P)+SB2 at 5 min, 15 min and 60 min test.

7.3.3.2 Boron Characterization (B K-edge)

B K-edge TEY and FY spectra of tribofilms derived from SB2,

P_DEHP(350P)+SB2 and P_DEHP(700P)+SB2 for 5 min, 15 min and 60 min test are

plotted in Figure 44a and 44b. The local coordination of boron in the tribofilm is probed

by comparing the B K-edge tribofilm spectra with model compounds i.e. trigonal boron

(B20s3) and tetrahedral boron (BPOa4). In Figure 44a and 44b, the trigonal boron peak for

B20s is labeled as peak a and tetrahedral boron peak for BPOg is identified as peak b.
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Zhang et al. [159] reported that peak a originates from the pzs from phosphate structure.
Here, the presence of peak a® in P_DEHP(350P/700P)+SB2 can be assigned to the FePO4
chemistry. Since P L-edge (in earlier section 7.3.3.1) also showed FePOas in
P_DEHP(350P/700P)+SB2 tribofilms. B K-edge TEY and FY spectra of SB2 exhibit a
presence of peak a while peak b is merely present. The presence of peak a in SB2 derived
tribofilms for 5 min, 15 min and 60 min tests indicates that boron is primarily present as
trigonal boron as B20s. A mere presence of peak b indicates that under thermo-
mechanical shearing partial transformation of trigonal boron to tetrahedral boron had
occurred. In an earlier study, Zhang et al. [159] also reported transformation of trigonal
coordination to tetrahedral coordination in boron in the tribofilms upon rubbing. B K-
edge TEY and FY spectra for P_DEHP(350P/700P)+SB2 derived tribofilms exhibit two
absorption edge labeled as peak a and peak b. Again, comparing with the model
compound spectra, presence of peak a at a photon energy of 194.1 eV suggests that
boron in these tribofilms is trigonal boron species i.e. B20s. In addition, presence of
much resolved peak b at 198.4 eV suggests that to some extent boron is also present at
boron phosphate in the tribofilms derived from the binary additive mixture of
phosphonium IL (P_DEHP) and borate ester (SB2). These results clearly indicate the
synergism between these two ashless antiwear additives. Moreover, it can also be seen
that the contribution of trigonal boron to tetrahedral boron coordination changes with the
rubbing time as shown in Figure 44c. The peak intensity for peak b increases from 5 min
rubbing test to 60 min rubbing. B K-edge TEY and FY spectra of P_DEHP and SB2 at

700P ppm for 60 min test exhibit highest ratio of BPO4 to B203. The ratio of BPO4 to
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B20s is relatively higher in TEY signal than FY, suggesting the boron in the bulk of the
tribofilms is dominantly present as B20s while BPO4 contribution increases at near
surface region. We can hypothesize that, during the rubbing test boron from borate ester
first get to the counter surfaces and forms B203 tribofilms which later interact with
phosphorous from P_DEHH IL and form BPO4 which enhances the crosslinking between

phosphate film networks.
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Figure 44; Boron K-edge spectra of tribofilms (black lines) derived at 5 min, 15 min
and 60 min test for SB2, P_DEHP(350P)+SB2 and P_DEHP(700P)+SB2 lubrication
along with model compounds (green lines). Figure 44(a) illustrates the total electron
yield signal (TEY spectra) and Figure 44(b) illustrates the fluorescence yield signal
(FY spectra). Figure 44(c) BPO4/B20s ratio measured for tribofilms formed using

P_DEHP(350P)+SB2 and P_DEHP(700P)+SB2 at 5 min, 15 min and 60 min test.

7.3.4 Theory of tribochemical film formation

As seen in section 7.3.3 as well as in 6.3.4, synergistic interaction between
phosphonium phosphate IL and borate esters resulted in the formation of FePOs,
B203/H3BO3 and BPO4 tribochemical films on the rubbed surfaces. XANES analysis also
indicated no residual P_DEHP compound on the rubbed surfaces (section 6.3.4.1). The P
L-edge spectra primarily exhibited FePO4 formation suggesting that P_DEHP IL reacts

with the Fe surfaces to form FePO4. The B K-edge spectra showed no interaction of
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boron chemistry with the Fe surfaces (no absorption edge for FeB) and boron was only
found either as B203/H3BO3 and BPO4. The author hypothesizes that under the thermo-
mechanical shearing, borate esters (SB) form decomposition by-products of B2Os which
get adsorbed on the counter surfaces in the initial stages of the test. However, since the
tribological experiments were run in ambient air (relative humidity ~50%), B203 can also
hydrolyses to form boric acid (HsBOs). Erdemir et al. [160] studied the lubrication
mechanism of boron chemistry and reported that B2Os transforms into HsBOs at the

tribological contacts following the reaction (8).
~B,05 +H,0 — H3BO; (8)

On the other hand, formation of FePO4 from the interaction of P_DEHP with Fe
surface can be speculated to follow a chemical reaction between native iron oxide layers
exist on the Fe surfaces and phosphonium and phosphate ions. Najman et al. [64]
proposed the chemical pathway for the formation of iron polyphosphates tribofilms on
the rubbing surfaces using ashless thiophosphate additives. In this study, the author
speculates that under thermo-mechanical shearing, nascent Fe surfaces (Fe ions) are
generated from the breakdown of iron oxide layers, which are positively charged. Alkyl
phosphate (DEHP cation) in P_DEHP will have higher affinity to get adsorbed at Fe ions

surface to form iron phosphate tribofilms following the possible chemical pathway given

as,
(OR),PO, + FeO + 0,— FePO, + O~ 9)
(R)4,P*+0~ - PO, (10)
PO, + FeO » FePO,+ 0O~ (11)
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Reactions (8), (9) and (11) provide possible pathway for the formation of
B203/H3BO3 and FePO4 compounds in the tribofilms, which are observed from XANES
analysis of the wear track. Besides these compounds, the B K-edge spectra of the
synergistic blends of P_DEHP and SB also exhibited the formation of BPO4 compound.
From Figure 44c is also noticed that with rubbing time, BPO4 formation increases in the
tribofilms relative to B203/HsBOs. Thus, it can be believed that under the thermo-
mechanical shearing, BPO4 forms at the expanse of B203/H3BOs at the availability of
phosphoric acid from the original P_DEHP IL under ambient condition (relative humidity
~50%). Possible chemical reactions for the formation of BPOs is given in reaction 12.
The free enthalpy of formation at 100°C AHY,5 for HsBOs is -1089.48 kJ/mol™ and AHY,,
for H3PO4 is -1275.57 kJ/mol? and AHY,; for H20 is -271.282 kJ/mol? [161]. By
balancing the reaction, the free enthalpy of formation AHS,; for BPOa is found to be -

2093.77 kd/mol ™.

o

100°C
HsBO; + H3PO, — BP0, + H,0 (12)

7.4 Conclusions
Antiwear properties of the synergistic mixtures of borate esters with phosphonium
IL was studied for low phosphorous oil blends (at 350P ppm and 700P ppm) in order to
comply with the current engine oil specifications (ILSAC GF5: 800P ppm).
Antiwear properties measured for these oil blends on a cylinder-on-flat contact
under pure sliding revealed noticeable improvement in wear protection due the synergism

of borate ester (SB2) with P_DEHP IL than borate esters alone. Phosphorous treat rate
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can also be combined with the wear outcomes since P_DEHP(700 ppm P) + SB blend
resulted in lowest wear volume losses than P_DEHP(350P)+SB2 while oil blend with no
P in the case of SB2 exhibited highest wear volume losses.

ECR data indicated that shorter incubation time is achieved from the synergistic
interaction of SB2 with P_DEHP and shortest incubation time was obtained from the oil
blend containing P_DEHP(700P)+SB2.

Time-scale tribofilm formation was achieved by running the experiments for 5, 15
and 60 min. XANES analysis using P L-edge revealed that phosphorous is primarily
present as FePO4 and phosphate chain polymerization increases with rubbing time
(increase in P L-edge a/c ratio from 5 min to 60 min rubbing time). B K-edge spectra
revealed the formation of BPOs enhanced B20s/H3BOs tribofilms for P_DEHP+SB2
blends while SB2 alone forms B203/H3BOs tribofilms. B K-edge revealed that BPO4 to
B203/H3BOs ratio increase with rubbing suggesting that during the thermos-mechanical
shearing action, initial B2O3/H3BOs3 tribofilms formed from SB2 chemical interact with

P_DEHP IL to form BPOa.
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Chapter 8. Analysis of Tribofilms Formed using Phosphonium lonic Liquids and
Borate Esters in Fully Formulated Oil (no Zn)
8.1 Introduction

In this chapter, antiwear properties of synergistic blend of phosphonium IL
(P_DEHP) and borate ester is studied in fully formulated oil (no Zn, no P). Low
phosphorous oil blends were prepared by blending the P_DEHP in FFO at 700 ppm P
treat rate. Borate ester was blended at 200 ppm B treat rate. Antiwear performance of the
mixtures obtained was evaluated using a cylinder on reciprocating flat tribological testing
under pure sliding. Friction and wear properties were compared with those of a reference
oil containing ZDDP at 700 ppm P. Surface topography and 3D profiling of the rubbed
surfaces were analyzed using scanning electron microscopy (SEM) & scanning probe
microscopy (SPM), respectively. X-ray absorption near edge structure spectroscopy
(XANES) was used to describe the chemical nature of the tribofilms.

8.2 Experimental Details
8.2.1 Description of additive chemistry and Thermogravimetric analysis.

Table 15 details the chemistry of the additives used. ZDDP purchased from a
commercial vendor, is a secondary alcohol derived ZDDP with approximately 70%
neutral and 30% basic characteristics, details of which are available in Parekh et. al. [47].
Phosphonium ionic liquid Trihexyltetradecylphosphonium bis(2-ethylhexyl) phosphate
(P_DEHP) and borate ester 2-Methoxy-4,4,6-trimethyl-1,3,2-dioxaborinane (SB1) were
provided from AC2T research GmbH Austria. Trimethoxyboroxine (SB2) was provided

from Argonne National Laboratory. Base oil blends were prepared in a group 1 base oil
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(mixture of 60 wt.% solvent neutral 150W and 40 wt.% bright stock 90W) purchased
from a commercial vendor.

Table 15. Description of additive chemistry.

Coded Chemical Name Chemical Structure
Name
R—O / \\ _O0—R
. . i T e 7~
2DDP Zinc dialkyl- R—0~ S*°\ / “No—r

dithiophosphate

rR=1°%2°3° alkyl or aryl group

\/\/\/\/\_\_\/\/\/_\ Gkails
Trihexyltetradecylpho
P_DEHP sphonium bis(2-

ethylhexyl)phosphate

o
~

/
N
0// o/y\/\

0

2-Methoxy-4,4,6-
SB1 trimethyl-1,3,2- (I)
dioxaborinane o/B\o >

SB 2 Trimethoxyboroxine O,é\o
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8.2.2 Tribological Test Details

Oil samples were formulated by blending ZDDP, IL’s and borate ester
individually or as mixtures of IL and SB in base oil. All blends were prepared by keeping
the phosphorous (P) and boron (B) concentration at 700 ppm and 200 ppm respectively as
applicable. Tribological test were conducted at Argonne National Laboratory, Energy
Systems Division. Tribological experiments were performed using a cylinder on
reciprocating flat contact testing machine [56]. Table 16 provides schematic of the test
configuration and highlights the test parameters. Test setup was also equipped with
electric contact resistance (ECR) measurement setup. ECR data was collected in-situ
during the test in order to gain insight into the incubation time for film formation at the
tribological contacts. Test specimens were cleaned before each test using Stoddard
solution followed by isopropanol and acetone to completely remove any oil and dust
present on the surfaces. The rubbed surfaces after the tests were cleaned with heptane and

isopropanol and then saved by submerging them in sulfur free base oil.
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Table 16. Schematic of the test configurations and detail of test parameters.

Tribological test

Cylinder on reciprocating flat contact

Side View

Front View

Matrix Fully formulated oil (no Zn, no P)
Viscosity 10.02 mm?/sec at 100°C
Treat rate Phosphorous: 700 ppm and Boron: 200 ppm
Applied load 82N
Initial Hertzian contact 500 MPa
pressure
Temperature 100°C
Speed 0.06 m/sec, 5 Hz
Stroke length 6 mm
Cylinder/Ball ® 4 mm x 6 mm, 52100 steel (60-61 HRc)
Elat/Disc 12 mm x 12 mm x 8 mm,
52100 alloy steel (60-61 HRc)
Duration 1 hour

8.2.3 Characterization of Tribofilms

Wear scar width generated on cylinder after rubbing was measured using optical
images obtained from an Olympus brand metallographic microscope. Wear width was
measured at nine locations on each cylinder and each oil samples was tested twice. Thus,
wear width for each oil sample is an average of 18 measurements. The surface

topography of the wear track and wear mechanism was examined by obtaining 3-
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dimensional (3D) images of the rubbed surfaces using Hysitron Triboscope™ in scanning
probe microscopy (SPM) imaging mode.

Chemical nature of the tribofilms formed in-situ during tribological tests was
characterized using XANES spectroscopy. XANES spectra were obtained at The
Canadian Light Source synchrotron facility at Saskatoon Canada. The phosphorous L-
edge (P L-edge) and Boron K edge (B K-edge) spectra were collected at VLS-PGM
(variable line spacing plane grating monochromator) beam station that operates at the
energy range of 5.5 eV-250 eV with a photon resolution of more than 10,000 E/AE. All
the spectra were collected using a 100 um x 100 pm photon beam spot size. The
phosphorous K-edge, sulfur K-edge and calcium K-edge spectra were obtained from
SXRMB (Soft X-ray Micro characterization Beam line) beam station which operates a
high energy ranging from 1.7 — 10 keV which a photon resolution of 3.3 x 10 Insb
(111). A1 mm X 2 mm spot size was chosen to collect the spectra at the SXRMB beam
line.

8.3 Results and Discussion
8.3.1 Coefficient of Friction and Wear Volume

The coefficient of friction obtained from different oil blends are plotted in Figure
45. The FFO blends without AW additive and with AW additives i.e. P_DEHP,
P_DEHP+SB1 and P_DEHP+SB2 exhibit similar frictional response as a function of
rubbing time. CoF decreases in the initial stages of the test (up to ~300 sec) and then
slightly increases (~300-900 sec)) and then remains consistent (CoF ~0.12) for the rest of

the test duration. On the other hand, ZDDP FFO oil blend shows an increase in the CoF
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in the initial state of the test (up to ~300 sec) and then remains consistent (CoF ~ 0.14)
for the remaining duration of the test. This results indicates that IL’s and borate ester AW
chemistry does not influence the friction behavior of the FFO (without AW) and the
coefficient of friction is mainly determined by the FFO (no Zn, no P) lubrication
properties. However, the addition of ZDDP to FFO (no Zn, no P) shows an increase in
the CoF value suggesting that the tribofilms formed using ZDDP AW additive results in

higher CoF.
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Figure 45: Coefficient of friction as a function of test duration obtained for low
phosphorous fully formulated oil blends without AW and with AW (ZDDP, P_DEHP,

P_DEHP+SB1 and P_DEHP+SB2).
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The antiwear performance of phosphonium IL and binary additive mixture of
phosphonium IL and borate esters in low phosphorous FFO blends is measured and
compared with that of FFO without AW and ZDDP FFO blends. Wear volume measured
on test cylinders is presented as bar diagram in the Figure 46. The error bar on each bar
denotes the standard deviation in the data for two repeated tests. FFO without AW
exhibits the highest wear volume and the addition of AW additives to FFO (no Zn, no P)
results in lower wear volume. ZDDP FFO blends exhibits better antiwear outcomes
compared to FFO only blends. However the antiwear performance of ZDDP FFO blends
is poorer that the FFO blends containing P_DEHP only and binary mixtures of
P_DEHP+SB1 and P_DEHP+SB2. P_DEHP FFO blends offers the lowest wear volume
and addition of borate esters (SB1 and SB2) to P_DEHP results in slightly higher wear

volume than P_DEHP only but much lower than ZDDP and FFO without AW.
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Figure 46: Wear volume measured for low phosphorous fully formulated oil blends

without AW and with AW (ZDDP, P_DEHP, P_DEHP+SB1 and P_DEHP+SB2).
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8.3.2 Topography of the Tribofilms using SEM and SPM

Wear features, in-situ tribofilms derived on the mating surfaces after the rubbing
tests were examined using SEM and SPM imaging techniques. SEM images of the wear
track generated on the test flat are presented in Figure 47. SEM images of the wear
surfaces typically exhibit three features i.e. bright region, darker region and region of
material removal such as scratches and metal pull-out. Bright regions were acquired from
the conductive metal surfaces (Fe surfaces) and darker region are derived from the
formation of non-conductive tribofilms. Test flat lubricated under FFO without AW (no
Zn, no P) exhibit bright spots and dark spot, suggesting that wear surfaces are covered
with tribofilms to some extent. In addition, regions of metal pull-out are also evident,
indicating abrasive type wear condition. ZDDP FFO derived wear surface shows few
mild scratches in addition to the bright and dark spots. ZDDP FFO lubricated surface
exhibits larger coverage of tribofilms (dark spot) than FFO without AW. Similarly,
P_DEHP, P_DEHP+SB1 and P_DEHP+SB2 lubricated surfaces illustrates few mild
scratches along with region of tribofilm coverage (dark spots). On comparison with
ZDDP FFO, P_DEHP FFO exhibits large patch size of tribofilms and spots are relatively

darker suggesting the tribofilms are relatively thicker.
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Figure 47: SEM images of the wear track generated on the test flat.

3D profile of the wear track was acquired by using nano-indentation in SPM
imaging mode. Figure 48 shows the SPM images obtained from test flat after rubbing and
arrow next to the image denotes the sliding direction. SPM images are produced for 60
um X 60 pm area of the wear track while keeping the z-axis same i.e. £200 nm. FFO SPM
image exhibits small pad like features consistently observed on the wear track. SPM
image of ZDDP lubricated wear track demonstrates island type features that are typical of
ZDDP tribofilms [49,56]. Comparing with FFO only, surface feature (island pads) are
more pronounced in the case of ZDDP FFO. This may explain the relatively higher
coefficient of friction observed in the case of ZDDP FFO in Figure 45. In the case of
P_DEHP FFO, surface topography looks similar to FFO without AW. Wear track is

consistently covered with patches of island type featured tribofilms. In the case of
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P_DEHP+SB1 and P_DEHP+SB2, island type features are observed however, the pad

size are relatively large.

Q) b
»

2 33 2

B 2R B

W

Figure 48: SPM images of the wear track generated on the test flat.

8.3.3 Chemical Properties of Tribofilms using XANES
8.3.3.1 Phosphorous Characterization (P L2,3-edge)

Phosphorous species formed in the tribofilms are determined by probing the P L-
edge using synchrotron source. P L-edge spectra are acquired in both TEY and FY
detection modes to obtain the local coordination of phosphorous at near surface and in the
bulk of tribofilms respectively. Figure 49a and 49b represents the P L-edge TEY and FY

spectra respectively for tribofilms derived from different FFO blends with and without
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AW chemistry. P L-edge spectra of model compounds are plotted in Figure 49c for finger
print match analysis. P L-edge TEY and FY spectra of FFO (no Zn, no P) derived
tribofilms exhibited no absorption edge since the FFO blend didn’t contain phosphorous
in the original chemistry. P L-edge TEY and FY spectra of tribofilms derived from FFO
blends containing AW chemistry ZDDP, P_DEHP, P_DEHP+SB1 and P_DEHP+SB2
exhibited a main absorption edge at peak c, pre-edge shoulder at peaks a and b, post-edge
at peak ¢’ and a shape resonance at peak d. Up on comparing with the model compounds
spectra (Figure 49c), peak d is commonly present in all the phosphate structures while the
main absorption edge peak c aligns well with calcium phosphates (B-TCP and CazP207).
The main absorption edge energy for BPOu is also closely matches with peak ¢ while the
main absorption edge energy for FePO4 and Zn3(PO4)2 were observed at higher photon
energy than peak c. Furthermore, the presence of a post edge peak ¢’ in the tribofilms
spectra is found to be a characteristic peak for calcium phosphate species and is
commonly observed in both B-TCP and CazP207. These results indicate that in tribofilms
derived from FFO blends containing ZDDP, P_DEHP, P_DEHP+SBl1 and
P_DEHP+SB2, phosphorous is primarily present as calcium phosphate species (B-TCP
and Ca2P207). B-TCP (Ortho-phosphate structure) exhibits relatively higher peak
intensity for peak ¢’ than Ca2P207 (Pyro-phosphate structure). P L-edge FY spectra of
P_DEHP, P_DEHP+SB1 and P_DEHP+SB2 show relatively higher intensity for peak ¢’
than ZDDP suggesting that in the P DEHP and P. DEHP+SB blends B-TCP contribution
is relatively higher. In chapter 6, same AW chemistry ZDDP, P_DEHP and mixture of

P_DEHP and SB1/SB2 showed the formation of zinc phosphate (ZDDP) and iron
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phosphate for (P_DEHP and P_DEHP+SB1/SB2) in base oil blends. Fully formulated oil
(no Zn, no P) used in this study contains detergent chemistry. Detergents are
nanoparticles of CaCO3 that are overbased with calcium sulfonate which is a part of the
micelle structure around the calcium carbonate. This clearly indicates that the addition of
calcium based detergents from FFO (no Zn, no P) influences the phosphorous chemistry
of tribofilms formed using same AW additives. Sharma et al. [11] in previous study also
reported the formation of calcium phosphate in the tribofilms for FFO blends containing
ZDDP and other IL’s structures while in base oil blends ZDDP forms zinc phosphates
films and IL’s forms iron phosphates. Similarly, Najman et al. [127] reported that
antiwear films chemistry formed with ashless antiwear changed from iron phosphate to
calcium phosphate with the addition of calcium based detergents in the base oil blends.
They proposed that an exchange of Fe for Ca occurred in the AW films since -AH° values
for FePO4 (1297 kJ) is lower than -AH° values for Cas(POa)2 (4120 kJ). Similarly,
replacement of Zn for Ca in the tribofilms has been reported for ZDDP tribofilms formed
with the interaction of calcium based detergent chemistry since -AH° for zinc phosphate
is much lower than that of calcium phosphate [162-164].

P L-edge TEY spectra was further analyzed to obtained the phosphate chain
polymerization in the tribofilms. The phosphate chain polymerization was estimated by
taking a peak intensity ratio of peak a to peak c. Literature review [51,132,136] suggest
that a/c ratio below 0.3 corresponds to short chain phosphates and above 0.6 corresponds
to long chain phosphate formation. The a/c ratio calculated from P L-edge TEY spectra is

shown in Figure 49a for FFO blends containing ZDDP, P_DEHP, P_DEHP+SB1 and
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P_DEHP+SB2. P L-edge TEY spectra of ZDDP FFO lubricated surface show an a/c ratio
of 0.25 which corresponds to the short chain phosphate at near surface of the tribofilms.
Similarly, P_DEHP, P_DEHP+SB1 and P_DEHP+SB2 derived tribofilms results in an
alc ratio of 0.23, 0.26 and 0.26 respectively which again corresponds to short chain
phosphates. Kasrai et al. [164] reported that addition of calcium based detergents inhibits
that long chain poly-phosphate formation in ZDDP tribofilms. However, in our study,
same AW additives in base oil blends without detergents chemistry (chapter 6) also
showed short-chain phosphates formation. Hence the effect of calcium on phosphate

chain polymerization cannot be determined.

(a) Phosphorous L-edge TEY (b) Phosphorous L-edge FY
FFO

ZDDP FFO

ZDDP FFO

P_DEHP FFO
alc=0.25

P_DEHP FFO

-\ P_DEHP+SB1FFO
alc=0.23 H

P_DEHP+SB 1 FFO
i\ P_DEHP+SB2 FFO
alc=0.26 :
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alc =0.26
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Figure 49a: P L-edge TEY spectra of Figure 49b: P L-edge FY spectra of

tribofilms derived from FFO (no Zn, no tribofilms derived from FFO (no Zn, no
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P), ZDDP FFO, P_DEHP FFO, P), ZDDP FFO, P_DEHP FFO,
P_DEHP+SB1 FFO and P_DEHP+SB2 ~ P_DEHP+SB1 FFO and P_DEHP+SB2

FFO blends. FFO blends.

(c) Phosphorous L-edge

Zn,(PO,),
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Figure 49c: P L-edge FY spectra of model compounds.

8.3.3.2 Boron Characterization (B K-edge)

The interaction of borate esters with P_DEHP in FFO (n Zn, no P) blends is

examined by probing the B K-edge spectra of tribofilms. B K-edge TEY and FY spectra

of tribofilms formed using P_DEHP+SB1 and P_DEHP+SB2 (plotted in black line) are

shown in Figure 50a and 50b and are compared with model compounds (plotted in green
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lines). B K-edge TEY probes at near the surface (~6 nm) and FY obtain information from
the bulk (~100 nm) [158]. Different boron species can be easily distinguished by
examining their characteristic absorption edge (discussed in section 6.3.4.2). In Figure
50a and 50b three peaks are assigned as peak a, peak b and peak c. Peak a and peak c
arise at photon energy of 194.0 eV and 202.9 eV respectively which are attributed to
trigonal coordination of boron species and peak b originates at photon energy of 198.4
eV corresponds to the tetrahedral coordination [158]. Peaks a and c are commonly
present in B2Os and H3sBO3 while BPO4 exhibits peak a, peak ¢ and peak b where peak ¢
is slightly shifted to higher photon energy. Peak b originates from tetrahedral B is a
dominant peak, since the compound in its pure form has boron in tetrahedral
coordination. Relatively weak peaks a and ¢ in BPOa spectra are believed to originate
from surface modification [158]. The B K-edge TEY and FY spectra of tribofilms exhibit
a strong absorption edge at peak a and mild peak intensity around 198.4 eV and 204 eV
which is slightly shifted to higher photon energy than peak c. It is clear from the B K-
edge TEY spectra of tribofilms that boron at near surface (TEY) and in the bulk (FY) of
the tribofilms is dominantly present as trigonal B (B203/H3BOs). In addition to that,
presence of weak intensities at photon energy of 198.4 eV and ~204 eV suggest two
possibilities, first the likelihood for the formation of BPOs in the tribofilms due to the
interaction of borate esters and P_DEHP and second, a thermo-mechanical shearing
induced partial transformation of boron from trigonal coordination to tetrahedral
coordination in the tribofilms upon rubbing [159]. In base oil study (discussed in chapter

6 and 7), synergism between borate esters and P_DEHP have shown a clear absorption
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edge at 198.4 eV which can be attributed to the formation of BPOa4. Here, it can be
speculated that calcium and phosphorus interaction due to the addition of calcium based
detergent in FFO blends dominates the phosphates formation in the tribofilms which
essentially inhibits the formation of both FePO4 and BPO4 which is evident in tribofilms

formed in base oil blends.

(a) Boron K-edge TEY (b) Boron K-edge FY
b

BN [ BN

FeB : FeB

BPO,

Blol

H.BO,

P_DEHP+SB1FFO
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P_DEHP+SB2 FFO
P_DEHP+SB2 FFO
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Figure 50a: B K-edge TEY spectra of Figure 50b: B K-edge FY spectra of

tribofilms derived from FFO (no Zn, no tribofilms derived from FFO (no Zn, no
P), ZDDP FFO, P_DEHP FFO, P), ZDDP FFO, P_DEHP FFO,

P_DEHP+SB1 FFO and P_DEHP+SB2 P_DEHP+SB1 FFO and P_DEHP+SB2

FFO blends (plotted in black lines) and FFO blends (plotted in black lines) and

are compared with model compounds are compared with model compounds
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(plotted in green lines). (plotted in green lines).

8.3.3.3 Sulfur Characterization (S L2,3-edge)

Sulfur species formed in the tribofilms using FFO blends with or without AW
were probed by acquiring the S L-edge spectra. The S L-edge spectra were acquired in
both TEY and FY modes to examine the sulfur chemistry in the tribofilms as a function
of film thickness [134]. The primary source of sulfur in the tribofilms originate from the
fully formulated oil used in the study as base matrix that contains detergent chemistry.
Detergents commonly are nanoparticles of calcium carbonate that are overbased with
calcium sulfonate which is a part of the micelle structure around the calcium carbonate.
Besides that, ZDDP AW additive also contains sulfur in its original structure however,
both phosphonium IL (P_DEHP) and borate ester (SB1 and SB2) do not contain sulfur in
their original structure. S L-edge spectra TEY and FY of tribofilms (black lines) are
presented in Figure 51a and 51b and are compared with the model compounds spectra
(green lines) in Figure 51c. Differences in the spectra of the model compounds and their
relative peak energies are detailed by Kim et al. [16]. S L-edge TEY (Figure 51a) and FY
(Figure 51b) spectra of the tribofilms exhibits similar absorption signature for each FFO
blend however the signal to noise ratio is reduced in FY spectra. No significant changes
were observed in the sulfur chemistry from the near surface region towards the bulk of
the tribofilms for individual blend besides the observation that overall sulfur content is
relatively higher at near surface region than in the bulk. Meanwhile, different sulfur

species were observed in the case of ZDDP tribofilms compared to FFO only as well as
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P_DEHP FFO, P_DEHP+SB1 and P_DEHP+SB2 tribofilms. S L-edge spectra of FFO
only blend exhibits several peaks which are labeled as peak a’, b’, ¢’, d’ and e’. The S L-
edge spectra of P_DEHP, P_DEHP+SB1 and P_DEHP+SB2 also exhibit peaks a’, b’, ¢,
d’ and e’ similar FFO only blend. By fingerprint match analysis with model compounds
spectra, peak a’ and b’ can be assigned to sulfide (-2 oxidation state) species primarily
iron sulfides. Peak e’ is commonly present in all the sulfate structures which confirms
that sulfur in these tribofilms is also present as sulfates (+6 oxidation state). In addition to
that, presence of peaks ¢’ and d’ suggests the sulfates are primarily of iron sulfates since
peak ¢’ originates from iron sulfates absorption edge as pre-edge shoulder before peak d’.
Since Zn in not present in in these tribofilms, we can eliminate the possibility of ZnSO4
however we cannot completely eliminate the possibility for the formation of CaSOa4 in
these tribofilms. On the other hand, ZDDP FFO tribofilms exhibit peaks a, b, ¢, d and e
which aligns well with the ZnS spectra. ZDDP FFO tribofilms primarily exhibit that

sulfur is primarily present as sulfide (-2 oxidation state).
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(a) Sulfur L-edge TEY R
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Figure 51a: S L23-edge TEY spectra of
tribofilms derived from FFO (no Zn, no

P), ZDDP FFO, P_DEHP FFO,
P_DEHP+SB1 FFO and P_DEHP+SB2

FFO blends (plotted in black lines).
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Figure 51b: S L23-edge FY spectra of
tribofilms derived from FFO (no Zn, no
P), ZDDP FFO, P_DEHP FFO,
P_DEHP+SB1 FFO and P_DEHP+SB2

FFO blends (plotted in black lines).
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(c) Sulfur L-edge
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Figure 51c: S L2;3-edge FY spectra of model compounds.

8.3.3.4 Calcium Characterization (Ca K-edge)

Calcium K-edge spectra were also acquired to compliment the results observed
from P L23-edge and S L23-edges. Ca K-edge TEY and FY spectra of tribofilms are
plotted in Figure 52a and 52b and are compared with model compounds in Figure 53c.

Three peaks are identified and are labeled as peak a, b and c. By fingerprint matching
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with model compounds, the presence of either or both calcium phosphate and sulfate is

determined. These results compliment the earlier findings of P and S spectra.

(a) Calcium K-edge TEY
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Figure 52a: Ca K-edge TEY spectra of
tribofilms derived from FFO (no Zn, no
P), ZDDP FFO, P_DEHP FFO,
P_DEHP+SB1 FFO and P_DEHP+SB2

FFO blends (plotted in black lines).

(b) Calcium K-edge FY

ZDDP FFO

P_DEHP FFO

P_DEHP+5B1 FFO

P_DEHP+SB2 FFO

r ¥ :I : :' T v T T T ¥ 1
4020 4040 4060 4080 4100 4120
Photon energy (eV)

Figure 52b: Ca K-edge FY spectra of
tribofilms derived from FFO (no Zn, no
P), ZDDP FFO, P_DEHP FFO,
P_DEHP+SB1 FFO and P_DEHP+SB2

FFO blends (plotted in black lines).
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(¢) Calcium K-edge
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Figure 52c: Ca K-edge FY spectra of model compounds.

8.4 Conclusions
No improvement observed in friction response by the addition of P_DEHP and
P_DEHP+SB to the FFO (no P, no Zn). Interestingly, addition of ZDDP resulted into
relatively higher coefficient of friction.
P_DEHP and binary additive mixture of P_DEHP+SB show significant

improvement in wear protection in comparison with ZDDP in FFO blends.
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XANES analysis of tribofilms indicates that phosphorous is primarily present in
the form of calcium phosphates.

Sulfur L23-edge spectra show that ZDDP tribofilms are primarily composed of
zinc sulfides and FFO only, P_DEHP FFO, P_DEHP+SB1 FFO and P_DEHP+SB2 FFO
tribofilms are composed of iron sulfates and iron sulfides and to some extent calcium
sulfates.

Boron is primarily present in the form of boric acid/boron oxide and boron

phosphate to some extent.
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