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ABSTRACT

DEVELOPMENT OF PLASMA FUNCTIONALIZED NANO-ADDITIVES FOR OILS AND

STUDY OF THEIR TRIBOLOGICAL PROPERTIES

Vinay Sharma, PhD

University of Texas at Arlington, 2017

Supervising Professor: Pranesh B. Aswath

Lubricants used in motor engines contain various chemical species to help enhance energy
efficiency and provide increased longevity. Unfortunately, at the same time, these additives
become a source of catalytic poisoning, thus increasing emissions from the tailpipe. With growing
concern for the negative impacts of human activities on the environment, regulatory bodies for the
automobile lubrication industry have set up strict guidelines for chemical compositions of their
end products, including engine oils. This research work is a step towards development of a new
class of lubricant additives, which are less harmful to the environment and, simultaneously, also
reduce friction and wear. A novel approach, employing nanoparticles, has been used to deliver
chemical species to tribological contacts to provide improved anti-friction and anti-wear benefits.
For this purpose, plasma polymerization technology was used to functionalize nanoparticle
additives with chemistries known to provide good tribological outcomes. Different nanoparticles
(PTFE and TiO2) and chemistries (Silicon and Boron rich) were examined and plasma treatment
and process protocols were developed. The surface tailored nano-additives derived were dispersed

in pure mineral oil and mineral oil containing reduced amounts of zinc dialkyl dithiophosphate

xi



(ZDDP)/lonic Liquid additives. The resulting solutions were subjected to thorough tribological
testing. To help elucidate the lubrication mechanism of these nano-additives optical, and other
highly surface sensitive techniques, such as X-ray photoelectron spectroscopy (XPS), X ray
absorption near edge spectroscopy (XANES), Surface probe microscopy (SPM), etc., were
employed to analyze the tribofilms formed on the wear surfaces. Additionally, the lubrication
efficiency of these functionalized nanoparticle/oil mixtures were compared and contrasted with
tribological results obtained from unmodified nanoparticle/oil mixtures, as well as with the
existing industrial grade additives such as ZDDP. The overall results indicate that plasma
functionalized nanoparticles have very promising antifriction and antiwear properties and they
exhibit synergistic interaction with traditional additives to give enhanced tribological benefits.
This new approach with plasma functionalized nanoparticles is very effective in reducing the
harmful levels of phosphorus in the oils and, at the same time, deliver outstanding friction and

wear performance.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Motivation

Transportation activities employing internal combustion engines continue to represent an
increasingly important aspect of everyday life. As a result, there is a constant demand for more
efficient engines. This need has become even more important in terms of current worldwide
environmental concerns, especially in light of our growing emphasis on climate changes. As
reported by the United States Environmental Protection Agency in year 2014, transportation alone
contributes to about 26% of total greenhouse gas emissions and this share cannot be neglected
when the demand for automobiles is growing every year. A direct approach to address this situation
is to increase the fuel economy which will reduce the overall fuel usage and therefore lower the
air pollution. To some extent, with technological and engine design advancements, the internal
combustion industry has been able to achieve increased performance, better fuel economy and
lower emissions. But, in many cases, these advances have required engines to run under far more
severe conditions such as higher speeds, higher working temperatures and higher mechanical
stresses. In turn, these more extreme conditions have created demands within the lubrication
industry to develop new lubricants having improved properties and performance. For example,
new ILSAC GF6 (International Lubricants Standardization and Approval Committee for gasoline
fueled vehicles) grade requires the lubrication industry to develop lower viscosity oils with
advanced friction and anti-wear additives in order to meet the demand for better fuel economy and
to comply with rigorous government regulations on emissions. [1-3]

Figure 1 is a simple representation of the primary motivation behind the development of



advanced lubricant oils with improved additive performance. It highlights the contribution of
overall transportation activities towards total green-house emissions (left side) and the constantly
changing industrial standards that define the demand for increased fuel economy and better

performance.
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Figure 1. Greenhouse gas emissions and ILSAC fuel standards

Engine oil plays a major role in providing good fuel economy and it also protects the engine
parts from wear, thus directly relating to engine durability. In addition, engine oil also helps in
reducing the energy loss due to friction in the internal combustion engine which is reported to be
around 12% with the current technology. [4] Recent studies have suggested that the current, and
speculated future advances in the field of tribology, could lead to significant reduction in these
frictional losses in both passenger (~ 18%) and heavy duty (~14%) vehicles. [4,5] Some of the
most critical technological advancements in this field include the development of synthetic low
viscosity oils, near friction coatings and novel lubricant additives such as ash-less additives,
phosphate/borate esters, ionic liquids and nanomaterials. [6-10] Engine oil additives, such as zinc
dialkyldithiophosphate (ZDDP), form protective films at the rubbing interfaces and have been

shown to provide desired tribological benefits. These films are commonly referred as tribofilms



and are composed mostly of amorphous phosphate glass. [11-13] For several decades, ZDDP has
remained the most preferred engine oil additive chemistry in the lubrication industry. Nevertheless,
the volatile phosphorus and sulfur species from ZDDP are also known to cause catalytic poisoning
which eventually leads to increased emissions at the tail pipe. [14-17]

In light of these clearly undesirable side-effects of existing additive chemistries, coupled
with the overall objective to enhance engine efficiency and fuel economy, significant research
work has been devoted to development of novel high performance additives. Ash-less additives,
such as ionic liquids, boron based compounds and nanostructure chemistries, are among the most
promising candidates that have been studied extensively in the recent years for their tribological
properties. [9,18-32] Of late, nanostructures such as nanoparticles, nanotubes, nanowires etc. have
received significant increased attention for their potential application as lubricant additives.
[10,29-35]

The current study explores a unique way of employing nanoparticles for tribological
applications to help achieve the highly desired improved fuel efficiency via reductions in friction,
wear and emissions. In this approach, nanoparticles are initially functionalized using plasma
polymerization techniques, whereby desired chemistries are deposited onto the particles in the
form of plasma coatings hence forming a core-shell like structure. This study represents the first
efforts to examine the utility of plasma functionalized nanoparticles as additives to improve
lubricant oil efficiency. Standard, widely employed, tribological experiments were conducted to
quantify their performance as lubricant additives. These experiments included friction and wear
testing with steel specimens in a high frequency reciprocating rig configuration, a system which
closely mimics the interaction of pistons on liners in engines. Highly surface sensitive techniques

such as X-ray photoelectron spectroscopy (XPS) and X-ray absorption near edge spectroscopy



(XANES) were employed to identify the chemical compositions of the tribofilms generated from
these additives. Obtaining precise chemical information of these protective surface films is critical
in understanding the lubrication mechanism and helps develop a framework for synthesis of new
generation lubricant additives. The primary objective of this work is to examine the performance
of plasma functionalized nano-additives when used with the low phosphorus oil (ZDDP and/or
ionic liquids at 350 ppm P treat rate). The 350 ppm P treat rate employed represents a 50%
reduction in the phosphorus currently employed 700 ppm concentration. This approach aims to
achieve superior tribological performance at significantly reduced phosphorus content by
supplementing the oil with functionalized nanoparticles. The overall information collected for
samples from both tribological experiments (friction and wear outcomes) and surface analysis was

employed to deduce lubrication mechanisms and phenomenological models for the tribofilms.

1.2 Background

1.2.1 Tribology and Lubrication

Tribology is broadly defined as the science and engineering field which deals with the
study of friction, wear and lubrication of the interacting surfaces in relative motion. [36] Tribology
has its application in many diverse areas such as simple machinery components, complex
assemblies or products, large scale manufacturing processes etc. From an engineering and
industrial perspective, tribology has its strong presence in varied areas like, aerospace, automotive,
lubrication, agriculture, defense, medical, coatings, energy and cosmetics. In general, the focus is
to investigate and understand the various processes and dynamics of interaction between surfaces
in contact under relative motion (sliding/rolling/impacting). In discussing surfaces, we need to

consider the fact that they are not perfectly flat but possess microscopic features, which is



commonly referred to as roughness. This roughness, along with other physical and chemical
aspects of the surfaces, play a critical role in tribology. When two bodies in contact, move relative
to each other, they experience a resistance against motion which is called friction. Microscopic
forces of molecular abrasion and molecular adhesion are primarily responsible for this resistance.
The presence of any other medium between the surfaces dictates the dynamics of friction and wear
outcomes. Lubricants (liquid/solid/semi-solid) are such mediums which are designed for specific
systems. In case of fluid based lubricants, the fluid film thickness (1) defines the friction and wear
outcomes for the system. In addition, the ratio of film thickness to the roughness of the surfaces,
specifies the kind of lubrication regime, as shown in the equation below [37]:

hmin

A

o*
where; hmin = minimum thickness of the film; o* = root mean square roughness of the surfaces.
Depending on A value, lubrication regimes are classified into 3 types: Hydrodynamic lubrication
(A>~5); Mixed or Elasto-hydrodynamic lubrication (1<A<5); and Boundary Lubrication (A<1). A
commonly used method of predicting the lubrication regime makes use of a stribeck curve. This
curve is a graphical representation of the relation between the friction coefficient and tribological
parameters including load, geometry, speed and lubricant’s viscosity. [37] For a system in which
the speed of relative motion of the surfaces is high and the applied load is low, the rubbing surfaces
remain separated, with a thick lubricant film present all the time. This is typically referred as the
hydrodynamic lubrication (A>~5) regime, wherein the lubrication mechanism is primarily
dependent on fluid characteristics such as viscosity, traction and load bearing capability and
friction and wear is minimum. In case of mixed or elasto-hydrodynamic lubrication (1<A<5)
regime, the load is relatively higher and speed is slower. As a result of the increased pressure the

viscosity of the lubricant increases and the sufficiently high load leads to elastic deformation of



the surfaces during the hydrodynamic course. Even though the fluid film remains thick enough to
keep the surfaces apart, there is some occasional contact between tallest surface asperities which
can protrude through the fluid film. Finally, boundary lubrication is the condition where A is
smaller than 1. This takes place at very high load and very slow speed of motion between the
interacting surfaces. The fluid film has negligible thickness and, as a result, the surface asperities
are in considerable contact. This interaction causes both elastic and plastic deformation of the
surfaces and under these circumstances the bulk properties of the lubricant become insignificant.
[38-40] However, at the same time, the chemical properties of the lubricant additives and the base
lubricant itself become very critical for providing desired tribological performance such as reduced
friction and enhanced surface protection. Under boundary lubrication conditions, the surface
asperities are always in contact and the lubricant chemistry interacts with surfaces to form thin
protective films commingle called “tribofilms”. Typically, the thickness of tribofilms is in the
range of 100 to 400 nanometers. [11,12,41-43] These films constantly minimize direct contact of
the rubbing surfaces, thus decreasing frictional resistance against motion, as well as material

removal due to wear. [13,44]

1.2.2 Lubricant Additives and Tribofilms

Depending on the application, lubricants usually contain additives that perform designated
functions at the rubbing surfaces. Lubricants serve to reduce friction, heat transfer and, in addition,
with the aid of additive packages they promote the formation of protective films at the interfaces
to keep materials wear loss to a minimum. For example, for automotive applications, engine oils
are formulated using a base stock and an additive package, in which the latter component is custom
designed to provide the base oil with enhanced performance in a particular tribological

environment. A typical additive package may contain different chemical species each selected to



provide a specific task such as anti-wear, friction modifiers, anti-oxidants, detergents, dispersants,
corrosion inhibitors, anti-foaming agents etc. [45-48] For engine parts where there is significant
metal to metal contact, the anti-wear additives play a key role in forming protective tribofilms.
These additives undergo thermal decomposition under high temperature and pressure conditions.
The thermal degradation process provides reactive ions and other chemical species that react with
activated rubbing surfaces and form tribofilms to minimize the wear. [13] These surface films are
sacrificial in nature and, in an ideal scenario, they are continuously formed and replaced under the
shear forces. [41] The most accepted mechanism for tribofilm formation from lubricant additives
suggests that, under boundary lubrication, the interaction of surface asperities generate very high
temperature and pressure at the points of contact. These conditions favor the thermo-mechanical
decomposition and reaction of chemical species from the lubricant additives that subsequently
forms tribofilms at the surfaces. [13,21,49-51] The mechanism of formation of tribofilm is still not
completely understood as there are many different variables involved in the process such as
amount of additive chemistry in the lubricant, geometry and surface roughness of the surfaces,
sliding frequency and duration of contact. A majority of the studies focused on exploration of the
mechanism of tribofilm formation have been conducted using ZDDP (zinc dialkyldithiophosphate)
additive. It has remained the gold standard for anti-wear additives in the lubrication industry for
several decades. A recent study done by Spike et al. supports the mechanochemical model for
ZDDRP tribofilm formation. [52] In this study, they showed that shear stress experienced by the
ZDDP additive in the lubricant, dictates the tribofilm growth rate at the interacting surfaces. In
addition, their findings also suggest that shear stresses can significantly bring down the thermal
activation barrier for ZDDP tribofilm formation up to 50%. Similarly, many other studies have

also provided significant scientific evidence to support the importance of mechanochemistry in



tribology. [13,49,52-57]

1.2.3 Zinc Dialkyldithiophophate (ZDDP)

As noted above, among the diverse class of anti-wear additives, the most important one is
Zinc Dialkyldithiophosphates (ZDDPs), which has been used for over seventy years. It plays many
different roles in the oil, including important anti-wear and anti-oxidation functions. [13,44,52,58]
Despite a wide range of experimental studies to identify improved anti-wear additives, the
lubrication industry has remained dominated by ZDDP. Many scientific studies have been devoted
to elucidation of the mechanism by which ZDDP functions as an anti-wear agent. [11,13,49,52,59]
The results from such studies suggest that, at high temperatures and stresses, the ZDDP breaks
down and its subsequent reaction with steel surfaces leads to formation of an amorphous film
which consists of zinc and iron poly phosphates, sulfates and sulfides. [11,12,60-63] Researchers
have also focused on altering the chemistry of ZDDP by incorporation of fluorine and these
fluorinated forms of ZDDP have demonstrated improved anti-wear performance. [58,64] Detailed
studies were conducted using fluorinated ZDDP to understand the lubrication mechanism and the
resulting tribofilm’s composition. The enhanced wear performance was found to be linked with
the formation of more durable tribofilms at the surfaces compared to regular ZDDP. Extensive
characterizations of ZDDP tribofilms, including use of high-end techniques such as XANES and
XPS, have revealed that the outer layer of these amorphous films is composed primarily of long
chain polyphosphates, whereas inner layers are made up of short chain polyphosphates. [19,61,65]
Unfortunately, decomposition of ZDDP in the engine becomes a source of volatile phosphorus
species and ash in the engine oils. Furthermore, at the downstream end, they damage the catalytic
convertors in the exhausts system, which are primarily designed to convert harmful chemical

compounds into harmless gases prior to their release in the environment. [14-16] In recognition of



these discoveries, very strict regulations have been implemented to restrict the level of certain
potential harmful chemical species, such as phosphorus, sulfur etc., in engine oils. This in turn,
has produced regulations which have reduced the amount of ZDDP in the engine oils thus
compromising the anti-wear properties and significantly reducing the durability of the engines. In
light of these more restrictive regulations and restrictions on the use of ZDDP in engine oils,
scientists have attempted to identify a better approach to anti-wear lubricants such as ionic liquids,

boron based additives, nanomaterials etc. [9,27,51,66,67]

1.2.4 lonic Liquids and Boron Based Additives

lonic liquids (ILs) are usually composed of an inorganic anion and asymmetric organic cation.
These molecules are relatively large in size and, due to these large sizes and the low charges on
the ions, there are reduced electrostatic forces between the ions and therefore they can remain
stable in liquid state at room temperature. One of the earliest known application of ILs was as an
electrolyte in batteries. As they were investigated further for their unique properties such as
thermal stability, low volatility, miscibility with organic molecules, they have become widely
used as green solvents. [68] Depending on the specific application, ILs can be designed by
choosing the desired cationic and anionic moieties and due to this added flexibility in design they
have been explored for their use in many different fields. One of the most recent application of
ILs has been in the field of tribology and lubrication. [69-71] The first reported work is from
year 2001 in which Ye at al. investigated the properties and performance of ILs as lubricants.
[68] Many studies involving ILs as lubricants have shown that their unique set of properties such
as high thermal stability, low volatility and low flammability make them a promising candidate
for use in tribological applications. The ILs investigated for their tribological behavior mostly

contain phosphorus, sulfur or boron ions which can react with metal surfaces to form protective



tribofilms. [9,24,51,72] The list of some of most commonly studied ILs includes imidazolium,
ammonium, phosphonium and tetrafluoroborate etc. [9,73-76]

The initial work with ILs as lubricant additives focused on PFs and BF4 anions and they

performed better than the existing lubricants. [68] Later, due to some problems with PFs and BF4
reaction byproducts, the focused shifted to some other fluorine based ILs that have better
hydrolytical stability, as well as improved wear performance. [77,78] In addition, phosphorus
containing ILs such as dimethylphosphate and phosphonium-phosphates were investigated for
their use as lubricants additives in base oil to mimic the existing ZDDP. [79] The results published
in a recent study by Qu et al. suggest that phosphonium IL has superior or, at lease, similar anti-
wear properties compared to the traditional ZDDP in the base oil. [80]
The majority of studies involving ILs have used XPS and XANES techniques to identify the
elemental composition of the tribofilm, as well as to understand the underlying lubrication
mechanism. For example, XPS results from one of the studies using phosphonium ILs, conducted
by Liu et al., revealed that the protective films were composed of oxides, hydroxides and fluorides
of aluminum, as well as boron oxide and aluminum phosphates. [81] In the most recent study
done by Vibhu et al., XANES analysis was used to investigate the tribochemistry of the worn
surfaces. [51] The results provide strong evidence in support of ILs participation in the
tribochemical reaction at the rubbing interfaces and in formation of phosphate rich tribofilms. In
addition, some studies have also reported synergistic interactions between ILs and ZDDP,
providing enhanced tribological benefits. [25]

Just like ILs, boron based additives also represent environmently friendly lubricants. They
are being used for multiple tribological applications such as antiwear additives, friction modifiers,

corrosion inhibitors and antioxidants. [82] There are many different ways in which boron
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compounds can be used for tribological applications. For example, boron nitride and boric acid are
used as solid lubricants due to unique lamellar lattice structures. [83-85] Organic borates are
extensively used as anti-wear, anti-friction, extreme pressure additives and corrosion inhibitors
due to their high thermal stability and good miscibility with oils. [86,87] In a study conducted by
Philippon et al., the XPS results showed that the tribochemical reactions between trimethylborate
and steel surfaces lead to the formation of a borate—iron glass network in the tribofilms by digestion
of the abrasive iron oxide. [86] Similarly, inorganic borates such as boric acid, hexagonal boron
nitride, titanium borate, zinc borate etc. have also been used in lubricating oils as additives.
[83,85,88,89]

1.2.5 Nanomaterials/Nanoparticles in Tribology

Nanotechnology has significantly contributed to the development of novel nanomaterial
based lubricants and/or lubricant additives. Nano-additives belong to the new class of lubricant
additives which are now being explored for use in tribological applications. Nanomaterials possess
some very specific characteristics that have made them promising candidates for use as
lubricants/additives. One of the most critical features is their size that allows them to enter the
surface asperities or the contact area between the rubbing interfaces. In one of recent article by
Spikes, some of the most important advantages of nano-additives are highlighted which include
insolubility in base oil, high chemical and thermal stability and the ability to form surface films.
[90] These nanoparticles based additives are available in many different shapes, sizes and
chemistries and, each form can serve many different functions at tribological interfaces. In a broad
sense, nanoparticles can be classified as metal, metal oxides, chalcoganides, carbon based,
inorganic fullerenes, boron based, ceramic, composite and, polymeric nanoparticles. [10,29-32,91-

96] Accompanying the increased use of nanoparticles as lubricants, there have been a number of
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lubrication mechanisms proposed by researchers. These mechanisms include, but are not limited,
to ball bearing effect, tribofilm formation effect, mending effect and polishing effect. For ball
bearing effect, the nanoparticles undergo rolling action between the contacting surfaces when the
contact loads are not very high and where the nanoparticles can maintain their dimensions. [97]
Tribofilm formation effect comes into the picture when there is an active participation of
nanoparticles in the tribochemical reaction at the rubbing contacts. The protective film forms as a
result of interaction between the different additive chemistries and its properties are dependent on
tribological conditions, as well as the chemical environment of the lubrication system under study.
[98] The mending and polishing effect are secondary effects that are observed as a result of surface
modification due to the nanoparticles. [32] There is compensational physical material transfer from
nanoparticles on to the rubbing surfaces in mending or repairing effect. However, in case of
polishing effect, the nanoparticles reduce the roughness of the contacting surfaces via nanoparticle-

facilitated abrasion.

Extensive work has been done involving metal nanoparticles for tribological applications.
For example, Padgurskas et al reported the anti-wear effect of Fe, Cu and Co nanoparticles, in
which the Cu nanoparticles gave the best anti-wear and anti-friction outcomes. [99] Studies have
been done with TiO2 nanoparticles where they are found to stabilize the friction and also form
TiO> films on the contacting surfaces. [93,100,101] Kao et al. investigated the effect of TiO-
nanofluid on engine oil and friction reduction in a real engine. [102] The engine oil with TiO>
nanoparticles displayed reduced friction compared to the original oil. Similarly, boron nitride,
silicon dioxide and molybdenum disulfide nanoparticles have also been explored for their use in
lubricant oils as nano-additives. [27,103-106] Nano sized derivatives of carbon, such as graphite,

diamond, graphene and carbon nanotubes, have also displayed promising tribological behavior.
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[10,106] In the class of polymeric nanoparticles, one of the extensively studied candidates for
tribological applications are polytetrafluroethylene (Teflon) nanoparticles due to their exceptional
frictional properties, and thermal and chemical stability. For example, M.K. Dubey and co-workers
have investigated the tribologial performance of oils containing different sized PTFE nanoparticles
at different concentrations. [35,96] In addition, they also reported the effect of polyisobutylene
succinimide (PIBSI) dispersant in improving the tribological performance of PTFE nanoparticles
in the virgin oil. [107] A major issue concerned with nanoparticle use in oil involves their
formation of stable, uniform dispersions. Many methods and techniques have been proposed
overtime to modify the surface of nanoparticles to keep them dispersed in oil for extended period
of times. [108-110] Some of the most recent studies have also focused on interaction of
nanoparticle based additives with conventional lubricant additives such as ZDDP, ILs etc.
[66,106,111,112] These studies aim to understand the lubrication mechanism for the additive
mixtures to promote the use of nano-additives in fully formulated oils. Many approaches are being
employed by the researchers to improve the tribologial performance of different nano-additive
based lubricants. A novel approach, and the one examined in this thesis, is plasma surface

functionalization of nanoparticles as described is explained in detail in the following section.

1.2.6 Plasma Polymerization

As the name suggests, this technique is employed to deposit polymeric materials under
plasma conditions [113]. The deposited coatings are generally highly crossed linked in nature and
usually have good adhesion to the substrate materials. Also, due to the high crosslinking density,
plasma deposited coatings generally show good stability against chemical solvents. During the
plasma deposition process, the growth of the film is uniform and conformal in nature. Monomers

introduced into the plasma reactor are dissociated into reactive species by the high energy electrons
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created in the discharge. These reactive species produce deposition of polymer films on the reactor
walls and on substrates inside the reactor. The composition of these polymer films can be readily
varied by appropriate choice of monomer and by the plasma discharge operating parameters
employed, such as reactor design, placement of electrodes, RF power, pressure, flow rate,
deposition time and duty cycle. Interestingly, the variable duty cycle pulsed plasmas provide
excellent control of the polymer film compositions. [113-115] A precise control over the chemistry
of the film is of prime importance during plasma deposition. When operating the plasma deposition
under continuous wave, the ratio of power to monomer flow rate can be varied to achieve some
film chemistry control. Yasuda has shown that there can be huge differences in the residual free
radical concentration by comparing CW and pulsed plasma films, with these differences being
strongly monomer dependent. [115] In one study, Timmons and co-workers clearly demonstrated
the effect of variation of RF duty cycle (ratio of plasma on time to off time) on plasma polymer
compositions in a study of allyl alcohol. [116] Their studies have also shown that the pulsed plasma
technique not only provides better control of the film chemistry but can also be employed to

improve the adhesion of the film to the substrate via use of a gradient layering technique.

Use of plasma polymerization for nanoparticle functionalization is also an established
technique. [117,118] But it has never been used for nanoparticles and chemistries that may
potentially be used for tribological applications. In the present study, this technique is used to
functionalize NPs shown to have favorable tribological behavior such as PTFE and TiO.. The
monomer chemistry chosen for the plasma polymerization is also known to provide anti-friction
and anti-wear properties. Overall, this represents a novel approach to deliver chemistries at the
tribological interfaces involving the use of nanoparticles. These nano-additives show a promising

way to reduce the amount of ZDDP in the oil, thus reducing the aforementioned catalytic
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poisoning, while simultaneously improving the anti-wear and anti-friction performances. The
potential scope of this new technology is not restricted to a particular nanoparticle-additive system
and thus it can be explored further with many different systems that may have even better

tribological benefits.

1.3 Specific Aims

The principle goal of this research project is to explore a novel approach involving surface
modified nanoparticles based additives as a potential route to improving the lubricant properties
of oils. We believe that this approach has enormous potential to provide better lubricant additives
for oils than the existing ones, at the same time, prove to be more environmentally friendly by
reducing harmful automobile emissions. This approach focuses on the use of plasma
polymerization technology to functionalize nanoparticles with chemistries known to be favorable
for tribological applications. These functionalized nanoparticles are mixed with oils and evaluated
using standard ASTM tribological testing procedures. A variety of analytical tools are employed
to investigate the mechanism of lubrication and chemical make-up of the protective tribofilms
formed at the surfaces.

Hypothesis

It is well documented, in the scientific literature that the major effectiveness of lubricant
additives results from protective tribofilms that form at contacting surfaces under high temperature
and high shear forces. These films are mostly amorphous glasses in nature. For example, ZDDP
(Zinc dialkyl dithiophosphates), a widely used oil additive, is known to provide anti-wear
performance by forming glassy films of phosphates, sulfates and sulfides. The role of phosphorus

and sulfur in ZDDP’s activity highlights the importance of chemical processes occurring on these
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surfaces. In addition, in the past few years, nanotechnology has provided an opportunity to use a
variety of nanoparticles as lubricant oil additives and they have proven to be potential candidates

towards reducing friction and improving anti-wear properties.

This research work centers on examination of a novel nanotechnology based approach to
create improved chemical modification of these engine interfaces. Specifically, it involves initial
plasma surface treatments to tailor the surface chemistries of nanoparticle additives via deposition
of thin polymeric films. This approach is very general in nature in that it can be applied to a wide
variety of nanoparticles and, dependent on the nature of the monomer selected, can provide a wide
range of polymeric chemical films. Nanoparticles will initially be functionalized with chemistries
similar to those that have been shown to provide favorable tribological applications. Subsequently,
detailed experiments will be carried out to quantify their tribological properties, followed by
thorough analytical chemical analysis of wear surfaces to provide an understanding of the

underlying lubrication mechanism.

1.3.1 Functionalization of nanoparticles using plasma polymerization technology

An obvious critical, 1st step, aspect of this work was selection of both nanoparticles and
monomers to achieve the desired chemistry. Nanoparticles that have already been reported to show
good anti-wear and anti-friction properties, such as PTFE and TiO., were selected.
Hexamethydisiloxane (HMDSO), trimethylboroaxine (TMB) and glycidyl methacrylate were the
monomers used for plasma deposition of thin films in order to develop core-shell structures from
nanoparticles. Various process parameters, such as flow rate, monomer pressure, RF power input,
and duty cycle in pulsed plasma runs were optimized to get the coatings with desired chemistries.

The process optimization work was performed using silicon wafers as substrate material to
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examine film deposition rates and FTIR analysis of the plasma coatings on KBr discs to identify
presence of various chemical functional groups. Additional valuable chemical composition data
were acquired using XPS, an especially important instrument in dealing with surface chemical

analyses.

1.3.2 Evaluation of Tribological Performance

Molecularly tailored nano-additives developed by plasma functionalization were blended
with different oil formulations and then these blends were tested using standard tribological
experimental setups. ZDDP is the most widely used additive in the lubrication industry, despite
the fact that it has a down side due to its negative impact on the environment by contributing to
automobile catalytic deactivation. Thus an important aspect of this study was to examine the
possibility of improving anti-wear properties via use of nanoparticles accompanied by significant
reductions in the amount of ZDDP additives currently employed. Similarly, oil formulations
containing ionic liquids and plasma functionalized nano-additives were also evaluated for their

tribological performance.

1.3.3 Understanding the mechanism of tribofilms formation with nanoadditives

The wear surfaces generated from the tribological testing were subjected to high end
surface characterization techniques such as white light interferometry, XPS and XANES to explore
the physical and chemical properties of the tribofilms. All information gathered from the
experimental test data and surface characterization tools was used to help comprehend the
mechanistic process of nano-additives lubrication. The chemical composition of the tribofilms
provided an insight into how nanoparticles function in terms of reducing friction and wear.

Mechanistic and physical models were proposed for the tribofilms based on the overall findings.
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1.3.4 Application of same approach with different nanoparticle-chemistry-additive combination

In order to validate the proposed hypothesis, the plasma functionalization approach was
employed for two different nanoparticles (PTFE and TiO2) and two monomer chemistries
(HMDSO and TMB). In addition, the interaction of these nano-additives was investigated with
two existing additive chemistries namely ZDDP and ILs. Tribological results from these different
nanoparticle-chemistry-additive combinations provide strong evidence of enhanced anti-friction

and anti-wear performance.

1.4 Dissertation Structure

The following paragraphs provide an overview and summary of the five chapters of this
dissertation. In addition, the relevance and contribution of each chapter to the central theme of the

dissertation will be highlighted.

Chapter 1, General Introduction: This chapter starts with the information regarding the
fundamental motivation for this research work and it is followed with a detailed background
including information about tribology, lubrication, lubricant additives (ZDDP, lonic Liquids,
Boron Additives, Nanomaterials), tribofilms and most importantly plasma polymerization
technique which forms the core of this dissertation work. The specific aims of the research work
are also mentioned towards the end of this chapter. Overall, the introduction chapter covers all the

essential scientific information that forms the basis for the following chapters of this dissertation.

Chapter 2, includes the study directed towards the development of plasma functionalized
PTFE nanoparticles for improved wear in lubricated contact. This chapter provides the detailed
experimental procedure for development of plasma functionalized PTFE nanoparticles. The

monomers used for the functionalization process were HMDSO and methacrylate. The tribological
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results of this study provide substantial evidence in support of the use of plasma functionalized
nanoparticles as lubricant additives as proposed in the hypothesis. The synergistic interaction of
functionalized PTFE with significantly reduced amount of ZDDP in the oil is the highlight of this
study. The tribofilms generated with these nanoadditives were examined employing XPS and

XANES techniques and phenomenological models were developed for the same.

Chapter 3 explores the tribological interaction of plasma functionalized PTFE
nanoparticles with ionic liquids. The findings of the prior work described in chapter 2 formed the
basis of the studies done in this chapter. The synergistic interaction of functionalized PTFE
nanoparticles with ZDDP stimulated the idea to investigate their interaction with a totally different
class of anti-wear additive i.e. ionic liquids. And again, the results suggested that functionalized
PTFE nanoparticles were interacting synergistically with both ionic liquids employed in the study
and displayed enhanced friction and wear behavior. The information from XPS and XANES
experiments revealed the crucial difference in chemical architecture of the tribofilms generated

from different additive mixtures.

Chapter 4, is a significant extension of the approach that was successfully demonstrated in
chapters 2 and 3. The central idea behind this study was to experimentally extend and validate the
proposed hypothesis. This chapter provides the details of the study focused on development of
plasma functionalized TiO, nanoparticles using the same approach as chapter 2. For this work, a
new nanoparticle-monomer combination was studied. A boron rich monomer (Trimethylboroxine)
was used for plasma functionalization of the TiO2 nanoparticles. These nanoadditives were
examined for their tribological interaction with and without ZDDP in the base oil. Interestingly,
the TiO2 nanoparticles by themselves showed incompatibility with ZDDP and gave severe wear

outcomes. However, when plasma functionalized TiO2 nanoparticles were employed with ZDDP,
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there was a substantial reduction in the wear volume loss compared to the non-functionalized one.
ECR, XPS and XANES data gave detailed insight into the mechanism of tribofilm formation and

the chemistry of the tribofilms formed at the rubbing surfaces.

Combined, the studies done in chapters 2, 3 and 4 provide strong quantitative experimental
evidence in support of the proposed hypothesis of this dissertation work that plasma functionalized

nanoparticles can be used as lubricant additives to achieve superior tribological performance.

Chapter 5 presents the final conclusions of this dissertation work. This chapter summarizes
the major findings of this research and also provides an insight into how the results of each chapter

are interconnected to each other and to the central idea of the dissertation.
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ABSTRACT

Plasma functionalized poly tetra fluoroethylene (PTFE) nanoparticles were employed to
evaluate their utility in improving the lubrication property of a group Il mineral oil with
significantly low amount of zinc dialky dithiophosphate (ZDDP). The particles were coated with
two consecutive films, the initial coating contained silica to enhance amorphous glassy tribofilm
formation, followed by a methacrylate film to protect the silica coating and enhance dispersability
in the oil. The functionalized nanoparticles were evaluated for their tribological performance using
high-frequency reciprocating rig, in a cylinder on flat configuration. The oil formulations
containing ZDDP (350ppm phosphorus level) and the functionalized nanoparticles resulted in
dramatic reductions in friction coefficient and overall wear compared to the samples containing
non-functionalized PTFE nanoparticles, ZDDP (350 ppm P) and samples devoid of nanoparticles
but containing ZDDP with 700 ppm P treat rate. XPS and XANES spectroscopy were employed
to characterize the tribological films formed on the test samples. The samples with functionalized
particles and ZDDP clearly exhibited tribofilms with Si and F doped polyphosphates of Zn coupled
with the presence of ZnS at the metal tribofilm interface. On the other hand, oils without the
functionalized nanoparticles have oxides of Fe and to a lesser extent short chain phosphates of
Zn. The overall results suggest that the synergism between plasma coated PTFE nanoparticles and
ZDDP contributed to the development of protective tribofilms even at reduced amount of
phosphorus in the oil. This new method of employing nanoparticles to deliver novel anti-friction
and antiwear chemistries at the tribological interfaces stands out to be a promising approach to

further reduce P levels in oils without compromising friction and wear performance.
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1. INTRODUCTION

Increasing worldwide concern of global warming has lately accelerated efforts to further
reduce overall greenhouse gas emissions. In terms of Greenhouse gas (GHG) production, it is well
recognized that transportation activities represent a major, and increasing, contribution to this
problem. For example, in a report published by EPA it was estimated that in the USA,
transportation vehicles were responsible for 26% of overall GHG emissions in 2014. Despite
increasing efforts to reduce these emissions, via the development of more efficient engines and

increased uses of electric vehicles, it is clear that further advances are urgently needed.

Towards this end, an active area of tribological research has lately been focusing on the
development of much improved lubricants in order to further reduce friction and wear-related
losses in internal combustion engines thus enhancing their fuel efficiency, durability, and,
simultaneously, reducing GHG emissions.!* These studies have included reducing oil viscosity
and the use of various additives that adversely impair the functionality of after-treatment catalysts
in engines.? >° As one such example, the much used zinc dialkyldithiophosphate (ZDDP), while
very effective in helping to form a highly protective tribofilms,'*® has also been shown to
contribute to emissions that compromise the catalytic converter’s efficiency.*2! This and some of
the other additives in engine oils also help control friction, oxidation and host of several other
properties that insure smooth and long-lasting operations of engine.? 812 22-24 Qver the past several
decades, great strides have been made in controlling friction and wear of sliding engine
components but mainly because of increasingly more stringent operating conditions and desire to
further curtail GHGs, however, further advances are obviously needed. In particular, development
of new breed of more effective additives that do not create undesirable environmental concerns

will be very desirable.
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In light of the above considerations, a wide variety of other additives have been and are
continuing to be evaluated to help improve internal combustion engine efficiency, while
simultaneously minimizing the undesirable environmental side effects. Examples of such work
include a multitude of studies involving the uses of a diverse range of phosphorus and sulfur
containing organic compounds,? 16 2527 their halogenated derivatives® 2 nanoparticles,?®-32
boron based additives®**® and ionic liquids additives.® 2 3637 Although, these compounds have
exhibited some promising tribological performance there are some disadvantages associated with
their use such as: Halogenated additives may cause pitting corrosion, boron based additives get
depleted rapidly, ionic liquids are not well understood yet and nanoparticles have issues with
dispersibility in the oil. The present paper involves a systematic study of a suite of functionalized
PTFE nanoparticles. In the past, numerous other nanoparticles have been developed and proposed
as a new class of anti-friction and -wear additives for a wide range of tribological applications.
Some of unique features that make them good candidates for their uses as additives include their
comparable sizes to surface asperities, increasingly cheaper, more diverse, and larger-volume
availability of nanoparticles of different kinds in recent years, their desirable chemical and thermal
stabilities at the temperature ranges where typical engine oils are used.>**? Broadly, the types of
nanoparticles evaluated for enhanced lubrication purposes can be categorized as metal, metal
oxide, metal sulfides, carbon based, carbonates and organic solids. Particularly, many previous
studies have evaluated the anti-friction and —wear potentials of Cu, Fe, Co, TiO2, WSz and Sn
nanoparticles.?® 30:38.3% |n other research works, nanoparticles of BN, MoS2, SiOzand a number of
metal oxides and their composite nanoparticles have also been studied and reported to exhibit
superior tribological properties.®? 3% 4043 \Wej et al. reported that a composite mixture of

Al>03/TiO2 nanoparticles provided much superior anti-wear and anti-friction properties than the
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individual nanoparticles.** Nano sized derivatives of carbon, such as graphite, diamond, graphene
and carbon nanotubes,***" have also shown very promising outcomes for some specific
applications. Polytetrafluoroethylene (PTFE) is a polymer and is well known for its outstanding
frictional properties, thermal and chemical stability. Some recent studies involving PTFE
nanoparticles have examined the effect of their size and concentration on mineral oil on their
tribological performance.*®>® Considering the thermo-mechanical properties, lower market price
and easy availability of PTFE nanoparticles, they were selected as the suitable candidate for the

current investigation.

A distinguishing feature of this study is that the PTFE nanoparticles employed were
initially surface modified using a plasma-based thin film deposition process. For this purpose, two
films were deposited on PTFE nanoparticles. The initial film was from polymerization of
hexamethydisiloxane, which was followed by the deposition of a thin coating of polymerized
glycidal methacrylate. Plasma polymerization is an established technique and it can be used to
have a precise control over the composition of the deposited film.>*>" In this study, plasma
functionalized PTFE nanoparticles were subsequently dispersed in different oil formulations and
subjected to extensive friction and wear experiments in boundary lubrication regime. The very aim
of this study was to investigate the performance of these functionalized nanoparticles in the oil
containing reduced amount of ZDDP and their interaction. Some recent studies have also focused
on exploring the interaction of different nanoparticles with ZDDP to develop an understanding of
how they will behave in a fully formulated motor 0il.% °° In addition to the measurements of
friction coefficients and wear volumes, the metal surfaces were subjected to a wide range of
chemical analyses including X-ray photoelectron spectroscopy (XPS) and X-ray absorption near

edge spectroscopy (XANES) spectroscopy in order to determine the compositions of the thin
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boundary films formed during testing. Phenomenological models were deduced using the chemical
and analytical information derived from sample characterization. It was discovered that these
tribological thin films provided a remarkably large decrease in both friction coefficients and

overall surface wear as detailed herein.

2. EXPERIMENTAL

2.1 Materials

All the materials used in the preparation of plasma functionalized nanoparticles were
analytical reagent grades. Polyfluortetraethylene (PTFE, (CF.CF.)n) nanoparticles (MP1150),
having an average size of 200 nm, were procured from the Dupont Corporation.
Hexamethyldisiloxane (HMDSO, (CHz3)3SiOSi(CHz)3) and glycidyl methacrylate (C7H1003) were
used as purchased from Sigma-Aldrich. Zinc dialkyldithiophosphate (ZDDP) was supplied by

Oronite. Details regarding the materials are provided in table 1.

Table 1. Chemical structures and details of the materials used.

Material Name Chemical Structure
F F
Polyfluortetraethylene (PTFE) %Cl_é%
Iy
- CHz  CHs
Hexamethyldisiloxane (HMDSO) HoC-$i—0-$i—CH
CH; CHs;
o(k;
Glycidyl methacrylate o
0]
Hac~g:
CH,
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Zinc dialkyldithiophosphate (ZDDP) \ 7/ [

PTFE nanoparticles, functionalized with both

HMDSO and methacrylate plasma coatings

2.2 Synthesis of Plasma Functionalized Nanoparticles

Figure 1 shows the schematic of the process flow for the production of functionalized PTFE
nanoparticles. Specifically, a homebuilt 360° rotatable plasma reactor was employed to modify the
surfaces of the nanoparticles. A rotary reactor was chosen for this purpose to help overcome the
severe tendency for particle aggregation when dealing with nanoparticles and thus achieve more
uniform surface modification during plasma processing. The nanoparticles of PTFE were coated
with films containing siliceous functional groups by using a mixture of oxygen and the monomer
hexamethyldisiloxane (HMDSO) as the siliceous precursor. Typically, the gas mixture of HMDSO
and oxygen was in a 1:2 ratio and deposition was carried out at an RF frequency of 13.56 MHz.
The science behind mixing oxygen gas to the monomer is well established and it has been shown
that oxygen helps to achieve silica rich film by knocking out the carbon in the form of carbon

dioxide.

Fourier transform infrared spectroscopy (FTIR) (Thermo Nicolet 6700 FTIR
Spectrometer) was conducted on the plasma processed films. Figure 2 depicts the change in FTIR
spectra for the plasma-processed films from HMDSO with the addition of the oxygen gas. The
initial deposition was done using continuous wave (CW) plasma followed with progressively
lower duty cycle pulsed plasmas. The continuous wave plasma deposits a film strongly adhered to
the substrate and the lower duty cycles provide a gradient layer structure, with each layer tightly

bound to the other. The flow rate was kept at 2 sccm and pressure was kept at 300mT throughout
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the process. Total deposition time was 75 min initially employing a CW plasma discharge,
followed by a sequence of pulsed plasmas in which the plasma on : plasma off times were 50:20
followed by 50 : 50 (times in ms) with each sequence lasting for 15 min. The peak RF power was
kept at 60W for both CW and Pulsed Plasma. Subsequently, thin polymer films containing
methacrylate ligands were deposited on top of the siliceous coated nanoparticles to assist the
subsequent dispersion of the particles in the oils. The latter deposition was done for 1 hour at
100mT pressure, 100W RF power, with the plasma on: plasma off ratio maintained at 20:50(in
ms). The PTFE nanoparticles, functionalized with both HMDSO and methacrylate plasma coatings

are identified PHGM particles in the write-up.

Rotating Plasma
‘\ Reactor

-~ 20> ¢

Electrode ©

Functionalized
PTFE NP’s

PTFE NP’s

Oil with Nano-additives

Load
Steel Pin

High Frequency
Reciprocating Rig
Tribological Test Setup

Flat Steel Specimen ﬁ’

Figure 1. Schematic of the process flow for synthesis of functionalized nanoparticles.
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Figure 2. FTIR spectra for plasma films from HMDSO and HMDSO+O: deposited on KBr card

(Pressure: 300mT; Flow rate: 2 sccm; Power: 60W; Deposition time: 15 min).

2.3 Functionalized Nanoparticles Characterization

The PTFE nanoparticles harvested from the reactor after plasma functionalization with
HMDSO monomer were characterized using XPS (Kratos Axis Ultra system using monochromatic
Al K, X-ray source). Figure 3 shows the Silicon 2p XPS spectra for PHGM particles. The peaks
around 101 eV binding energy represent the presence of siliceous plasma coating on the surface

of PTFE nanoparticles.
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Figure 3. Silicon 2p XPS spectrum for functionalized PTFE nanoparticles (PHGM).
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2.4 Tribological Evaluation

1 Hour Tests: Group Il base stock (GS Caltex Kixx Lubo 4 cSt) was used as the carrier
oil for all the tests performed in our study. Phosphorus level for ZDDP was kept at 350 ppm and
four different oil formulations were prepared and the details about each test formulation is shown
table 2. To make a homogenous mixture and achieve uniform dispersion of functionalized nano-
additives in base oil, each blend was subjected to probe sonication for about 30 mins just before
the test and 2-3 drops of this mix were used for testing. The test configuration selected was high-

frequency reciprocating cylinder on flat surface (Ra 13 nm), which closely simulates the
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tribological interaction of piston ring on liner in the actual automobile engines. The results for
tribological tests shown in this work were performed using a Bruker’s UMT machine under 82 N
load, which results in an initial Hertzian contact pressure of 500MPa. Tests were run at 5Hz
reciprocation speed for a duration of 60 minutes for each formulation at 100° C. Stroke length was
6 mm and both cylinder (4mm X 6mm) and flat (14mm X 14 mm) were 52100 hardened steel.
Data acquisition was done using Bruker’s UMT software. All test specimens were cleaned
thoroughly prior to the tests using Stoddard solvent, isopropanol and acetone to get rid of any
residue of oil and other contaminants from the surfaces. The samples were cleaned with heptane
after the tests and the rubbed surfaces were then preserved by submerging in PAO oil.

4 Hours Tests: Three different oil formulations were prepared using the same approach as
mentioned above. Phosphorus level was kept at 700 ppm in one formulation and 350 ppm in
another and rest of the details are shown in table 3. Other than the duration of the test i.e. 4 hours,
rest of the parameters and conditions were kept the same. Repeats were carried out for all the tests
(2 hour and 4 hours) to see the reproducibility of the experiments. In order to conduct an
assessment of wear volume losses, the cylinders after the tests were first cleaned with heptane and
then examined under optical microscope and 3D optical interferometer.

Table 2. Details of oil formulations for 1 hour tests.

Test Name used in figures Formulation
A. |B.O Group 11 Base oil (B.O): B.O
B. | B.O+ZDDP 350 B.O+ZDDP with 350 ppm of Phosphorus

treat rate; B.O + ZDDP 350

C. | B.O+ ZDDP 350 + 0.33wt% PTFE B.O+ZDDP with 350 ppm of Phosphorus

treat rate + 0.33 wt% PTFE
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D. | B.O+ ZDDP 350 + 0.33wt% PHGM B.O+ZDDP with 350 ppm of Phosphorus

treat rate + 0.33 wt% PHGM

Table 3. Details of oil formulations for 4 hour tests.

Test Name used in figures Formulation
E. |B.O Group 111 Base oil (B.O)
F. | B.O+ ZDDP 700 B.O+ZDDP with 700 ppm of Phosphorus
treat rate
G. | B.O+ZDDP 350 + 0.33wt% PHGM B.O+ZDDP with 350 ppm of Phosphorus
treat rate + 0.33 wt% PHGM

2.5 Tribofilms Characterization Procedure

To understand the tribochemistry of the boundary films formed at the sliding interfaces,
surface sensitive techniques such as XPS and XANES were employed. XPS analysis were
performed with the Kratos Axis Ultra system using monochromatic Al K, X-ray source. This
spectroscopic technique reveals the presence of an element, its abundance on the sample surface
(typical detection depth ~5 nm) and the chemical bonding state. For analysis, steel flat specimens
were first cleaned with hexane to remove the oil from the surface and then loaded on the sample
holder. Before data collection each specimen was sputter cleaned using ion gun (beam energy 4.20
keV) for about 10 mins and then the x-ray gun was slowly ramped up to 150 W power before data

accumulation. The spot size of the x-ray beam for data collection was kept at 300 um x 700 pm.

XANES work was performed at Canadian Light Source synchrotron facility at Saskatoon
Canada. This study was particularly helpful in looking at phosphorus and sulfur species in the

tribofilms of the samples at different depths of penetration. Phosphorus and sulfur K-edge spectra
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were collected at Soft X-ray Microcharacterization Beamline (SXRMB) beam station which
provides with an energy range from 1.7 keV to 10 keV, a photon resolution of 3.3 x 10 InSb (111)
and was operated using 1 mm x 2 mm spot size. The phosphorus L-edge data was collected at
Variable Line Spacing Plane Grating Monochromator (VLSPGM) beam station. This beam line
has a photon resolution of greater than 10,000 E/AE and the energy range from 5.5 eV to 250 eV.

For our experiments, the spot size of the photon beam was kept at 100 pm x 100 pm.
3. RESULTS AND DISCUSSION
3.1 Friction and wear volume

For 1 hour tests, the base oil (A), oil with only ZDDP (B), and oil with ZDDP and non-
functionalized PTFE (C) particles samples exhibited essentially the same friction profile.
However, in sharp contrast with these three samples, the friction coefficient obtained for the oil
formulation with ZDDP and functionalized PTFE nanoparticles (D) exhibited dramatically
lowered and stable values as shown in figure 4 (a). In a study by Dassenoy et al. *® that involved a
dispersion of PAO, WS; nanoparticles and ZDDP, it was reported that synergistic effects between
nanoparticles and ZDDP enhanced tribological performance. In the current study, the ZDDP and
PTFE nanoparticles when used together in the oil did not yield any synergistic effects. However,
when functionalized PTFE (PHGM) was mixed in with ZDDP, lower friction coefficient is seen
due to synergism between additives.® 8! In addition, for 4 hours tests, the oil with ZDDP 350 +
0.33wt% PHGM nanoparticles exhibited stable friction behavior. It has lower values for friction
coefficient at the beginning of the test and towards the end the values are almost similar to the oil
with higher amount of ZDDP (700 ppm of P level) as shown in figure 4 (b).

Figure 5 shows the optical profilometry of the cylinders represented in 2D at the center

region of the cylinder and the 3D representation is of the area of contact in the cylinders after
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tribological tests. It is evident that the oil with ZDDP and functionalized PTFE nanoparticles
(PHGM) exhibited better wear characteristics for both 1 and 4 hours tests. In addition, the wear
surface on the flat specimen have visually distinguishable features that reveal oil with ZDDP and
PHGM offered excellent wear protection as shown in figure 6. The wear volume was calculated
by measuring the wear scar on the cylinder using an optical microscope. The wear results were
promising for the oil formulation with the PHGM that demonstrated significant reduction in wear
volume compared to the other samples, the results are shown in figures 7 (a) & (b) . The presence
of PTFE nanoparticles coated with siliceous chemistry enhanced the anti-wear properties of ZDDP

even at reduced amount of phosphorus in the oil.® >3-
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Figure 4. Friction behavior for base oil, oil with ZDDP, PTFE nanoparticles and functionalized
PTFE (PHGM) nanoparticles; (a) Friction data plot for 1 hour tests; (b) Friction outcomes for 4

hours tests.
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Figure 5. Optical profilometry of the cylinders represented in 2D at the center region of the cylinder
and the 3D representation is of the area of contact in the cylinders from 1 hour ((i) B.O, (ii) B.O +
ZDDP 350, (iii) B.O + ZDDP 350 + 0.33wt% PTFE & (iv) B.O + ZDDP 350 + 0.33wt% PHGM)
and 4 hours ((v) B.O+ ZDDP 700 & (vi) B.O+ ZDDP 350 + 0.33wt% PHGM) of tribological

testing.
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Figure 6. Optical micrographs of wear surfaces of the flat steel specimens from 1 hour ((i) B.O,
(ii) B.O + ZDDP 350, (iii) B.O + ZDDP 350 + 0.33wt% PTFE & (iv) B.O + ZDDP 350 + 0.33wt%
PHGM) and 4 hours ((v) B.O+ ZDDP 700 & (vi) B.O+ ZDDP 350 + 0.33wt% PHGM) of

tribological testing.
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Figure 7. Comparison of wear volume losses for base oil, oil with ZDDP, PTFE nanoparticles and
functionalized PTFE (PHGM) nanoparticles; (a) Wear data for 1 hour tests (A,B,C & D); (b) wear

volumes for 4 hours tests (E,F & G).
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3.2 Tribochemical Characterization

An extensive comparative study of the tribochemistry of the films was performed which
includes specimens from one hour tests; test B (B.O + ZDDP 350) and test D (B.O + ZDDP 350
+ 0.33wt% PHGM).
3.2.1 XPS analysis

X-ray photoelectron spectroscopy (XPS) was used for elemental analysis of the samples
after tribological testing. The results obtained are shown in Figure 8. Each graph provides a
contrast between the sample which contained only the base oil and ZDDP (350ppm P-level) and
the sample containing the base oil with ZDDP (350ppm P-level) and 0.33wt% PHGM [added
plasma surface functionalized PTFE nanoparticle]. As depicted earlier in the wear measurement
results, a very dramatic difference is observed in contrasting these samples. For zinc 2p and
phosphorus 2p, we see sharp peaks (~1022.6 eV & ~1045.7 eV for Zn 2p; ~134.3 eV for P 2p) in
the sample tested with oil containing functionalized nanoparticles when compared to the sample
consisting only of base oil and ZDDP. This sample also exhibits very low intensity peaks for Fe
2p as compared to the other. This clearly indicates the presence of stable tribofilms containing
both zinc and phosphorus on the surface. Whereas the overall concentration of oxygen looks
relatively similar in O 2p spectra for both samples, there is a distinct shift in peak shape, with an
increased presence of higher binding energy electrons from the sample containing the
functionalized nanoparticles. The peak for the sample without nanoparticles is at lower binding
energy (~530.1 eV) and corresponds to oxides of iron whereas for the sample with functionalized
nanoparticles there is a shift in the peak position towards higher binding energy values (~531.9 eV
& ~533.8 eV). The phosphorus and silicon species bound to oxygen contribute to this peak shift

and this again confirms the presence of phosphates protecting the surface and reducing the wear.
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The peaks in spectra for Si 2p (~103 eV) and F 1s (~689.4 eV) show the presence of siliceous (Si-
O) and carbon bound fluorine chemical species in the tribofilm for sample with ZDDP and PHGM
nanoparticles whereas the other sample fails to show any evidence for both the elements. These
results suggest that functionalized PTFE nanoparticles were successfully able to deliver the
siliceous chemistry to the interacting interfaces and contributed to the formation of protective films

by acting in synergy with ZDDP in the oil.
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Figure 8. XPS spectra for specimens from 1 hour tests; Green plot: B.O + ZDDP 350 + 0.33wt%

PHGM,; Blue plot: B.O + ZDDP 350.
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3.2.2 XANES analysis

X-ray absorption near edge structure spectroscopy, normally identified simply as XANES,
is an analytical technique wherein absorption spectra involving core electron excitation to higher
energy unoccupied states are obtained. It is used to determine the local coordination of the elements
and the information can be obtained from both surface and bulk of the sample. XANES spectra
provide detailed information concerning both the geometric make up and electronic structure of
the absorbing atom.® %2 X ANES analyses have played a particularly significant role in tribological
studies and it has been broadly employed in investigating the chemical composition of the
tribofilms formed from different oil additives.® 27 27 36.61.64.65 | the present case, the XANES
study focused on phosphorus and sulfur chemistry in the tribofilms. It included fluorescence yield
(FLY) mode spectra, which gives information from bulk of the sample and total electron yield
(TEY) mode spectra, which is more surface sensitive, for both K and L shell electrons. As shown
in Figures 9, 10 & 11, there are important differences observed in contrasting the phosphorus L
and K edge spectra, and sulfur K edge spectra obtained from one hour test specimens with oils that
contain Base Oil + ZDDP (350 ppm of P level) and Base Oil+ ZDDP (350 ppm of P level)+
0.33wt% PHGM. For phosphorus K and L edge, the initial two spectra in each graph are those
obtained for pure samples of zinc phosphate and iron (111) phosphate, obtained for both K (Fig. 9a)
and L (Fig. 9b) level electrons. In each case there is a clear energy shift of the phosphorus
fluorescence to higher value for the P atoms associated with Zn, compared to Fe. For sulfur K
edge, there are two sets of spectra obtained from pure samples in FLY (Fig. 10) and TEY (Fig. 11)
mode. First set of spectra is from sulfide compounds namely zinc sulfide, iron sulfide and pyrite,
and the second set is from sulfate species like zinc sulfate, ferrous sulfate and ferric sulfate.

Phosphorus K and L edge

56



Phosphorous K-edge TEY spectra for model compounds, shown in the figure 9(a), have peaks ¢
(2152.2 eV) and ¢’ (2153.22) that correspond to electronic transition from 1s to vacant p state. The
energy for peak ¢ (for zinc phosphate) is slightly lower than peak ¢’ (for iron oxide). The peak
position of the spectra from the specimen tested with ZDDP and functionalized nanoparticles
(PHGM) overlaps exactly with that of zinc phosphate model compound. Whereas the specimen
tested with only ZDDP has peak position overlapping with iron phosphate. Clearly, the K-edge
spectra from the tested samples provide further confirmation that stable tribofilms of zinc
phosphate are prominently present only on the surface of sample which contained the added
functionalized nanoparticles.

Phosphorous L-edge TEY XANES spectra provides us with significant additional chemical
information as the sampling depth is around 5-15 nm. As shown in the figure the different peak
positions for model compounds are marked as a, b, ¢, ¢’ and d. Each peak has its own significance
assigned to specific electronic transitions. Peak a can be correlated with zinc phosphate’s P 2p spin
orbital splitting, whereas peaks assigned as ¢ and ¢’ correspond to transitions to the to* molecular
orbital in zinc and iron phosphate respectively.®® The peak d, around 146.0 ev, is characteristic of
various different types of phosphates present in both samples.®” Again, from the plots in figure
9(b), it can be deduced that tribofilms generated on the flat specimen tested with oil containing
plasma functionalized PTFE nanoparticles is primarily composed of zinc phosphate as all the peak
positions (a, b & c) align with the peaks for zinc phosphate model compound. The peaks for other
sample (ZDDP 350 only) line up with those of iron phosphate model compound and is indicative
of respective chemistry in the tribofilm. Phosphorus L-edge spectra is also very useful for the
estimation of chain length of polyphosphates present in the tribofilm on the surface and for this

purpose, the ratio of peak intensities of peak a and c is calculated. A peak height a/c ratio up to 0.3
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to 0.4 corresponds to the presence of shot chain polyphosphates and a/c ratio above 0.6 represents
long chain polyphosphates.3®: 61 68.6% The spectra for sample with PHGM as additive has a/c ratio
of ~0.5 which indicates medium chain polyphosphates are present in the top 5-15 nm of the
tribofilm. It is quite evident in the plots that tribofilms for the sample with functionalized
nanoparticles has phosphorus mainly in the form of zinc phosphate (medium chain) whereas the
other sample, i.e. the one without nanoparticles, has phosphorus present as iron phosphate.
Sulfur K edge

The sulfur K edge spectra for model compounds are shown in both FLY (Fig. 10) and TEY
(Fig. 11) mode. The peak position for each kind of sulfide compound is easily distinguishable from
the other. The main peak positions for FeS (peak a), FeS> (peak a’) and ZnS (peak b) are located
at 2470 eV, 2471.5 eV and 2473 eV respectively. The peak positions of all the sulfates species are
centered around 2481.5 eV (peak ¢ & ¢’). Figure 10 shows the S K edge spectra in FLY mode, the
peak positions for sample with ZDDP and functionalized nanoparticles (PHGM) align with that of
ZnS and Zn/Fe sulfate model compounds. The difference in peak intensities clearly suggest that
the tribofilm is rich in zinc sulfide and sulfur in the form of sulfates is relatively low. Whereas, the
sample without nanoparticles (ZDDP 350 only) shows only one prominent peak which overlaps
with peak position of sulfates and the other peaks overlapping with Zn/Fe sulfides appear very
noisy. This tells us, for this sample, sulfur is present mostly in the form of sulfates and amount of
sulfides is very low in the tribofilm. The S K edge TEY data is shown in figure 11 and the
information regarding sulfur chemistry in the sample with functionalized nanoparticles is
essentially the same as we got from FLY mode which indicates that sulfur is mainly present in the

form of zinc sulfide in the tribofilm when ZDDP and PHGM is used and amount of sulfate is
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significantly lower than sulfides. In addition, the TEY mode plot for sample with only ZDDP has
a peak overlapping with zinc sulfide’s peak position and there is no peak for sulfates.

Overall, the S K edge data from both FLY and TEY mode suggests that the sample with ZDDP
and functionalized nanoparticles has a stable protective tribofilm which is rich in sulfur compared
to the sample with only ZDDP where amount of sulfur is very low. In addition, the sulfur chemistry
and its presence across the thickness of tribofilm is also very different in both the samples. Sample
with nanoparticles has ample amount of zinc sulfide and zinc sulfate present in the film along with
iron sulfide/sulfate. Whereas, the presence of sulfur for sample with only ZDDP is mainly in the
form of iron bound sulfates and other species of sulfur such as zinc sulfide/sulfate, iron sulfide are
present at a very low concentration and therefore they fail to provide with any friction and wear
protection.

Another crucial piece of information that can be deduced from P and S K edge spectra is
the relative abundance of P and S in the tribofilm.”® As depicted in Figure 12, the amount of
phosphorus in the tribofilm for the sample with ZDDP and functionalized PTFE nanoparticles is
significantly higher than that of sulfur species. The data from FLY and TEY modes for the oil with
ZDDP + PHGM suggests that, compared to the bulk (FLY data: P/S ratio, 3.05), the near-surface
region of the tribofilm has a higher amount of phosphorus (TEY Data: P/S ratio, 3.59) which is
present mainly in the form of medium- to longchain phosphates of zinc. However, for the sample
with only ZDDP, the sulfur chemistry is clearly more abundant than the phosphorus chemistry,
and its presence is almost similar in the bulk (FLY data: P/S ratio, 0.37) and near-surface (TEY

data: P/S ratio, 0.43) regions of the film.
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Figure 9. Phosphorus K and L edge XANES TEY spectra of model compounds and tribofilms

generated with B.O + ZDDP 350 + 0.33wt% PHGM and B.O + ZDDP 350.
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Figure 10. Sulfur K edge FLY XANES spectra of model compounds and tribofilms generated with

B.O + ZDDP 350 + 0.33wt% PHGM and B.O + ZDDP 350.
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Figure 11. Sulfur K edge TEY XANES spectra of model compounds and tribofilms generated with

B.O + ZDDP 350 + 0.33wt% PHGM and B.O + ZDDP 350.
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3.3 Phenomenological Modeling

All the chemical information from XPS and XANES analysis was taken into account to
develop phenomenological models for tribofilms for samples; a) B.O+ZDDP (350) + 0.33wt%
PHGM and b) B.O+ZDDP 350, as shown in figure 13. XPS analysis provided us with critical
information regarding the presence of silicon and fluorine chemistry doped into amorphous zinc
phosphate glassy films. In addition, the distinctive chemical make-up of the tribofilms for both the

samples was evident from oxygen, zinc, phosphorus and iron XPS spectra. XANES
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characterization gave more insight into phosphorus and sulfur chemistry, their local chemical
environment and relative amounts in the tribofilms. As shown in the figure 13 (a), the tribofilm for
sample with ZDDP and plasma functionalized nanoparticles has Si and F doped long chain Zn/Fe
phosphates in the top region and underneath it has short/medium chain phosphates. The sulfides
and sulfates of Zn/Fe are mostly present in the bulk of the film and close to the steel substrate.
However, the tribofilm for sample with only ZDDP has iron oxide as one of the main constituent
(Fig. 13 (b)) and the contribution from phosphorus and sulfur chemistry is not very significant.
The overall amount of sulfur species is higher than phosphorus and it is primarily present in the
bulk of the film in the form of sulfate and sulfide of Zn/Fe. The phosphorus in the film is mostly

iron phosphate.

The synergistic interaction of ZDDP and PTFE nanoparticles coated with siliceous
chemistry contribute to the formation of phosphorus and sulfur rich protective tribofilm at the
rubbing contacts. Whereas, ZDDP by itself at such low level of phosphorus fails to form any stable
tribofilm at the surface to provide with anti-wear/anti-friction benefits. The presence of the stable
tribofilms with phosphates of Zn and the presence of sulfides of Zn in the tribofilm formed with
ZDDP+PHGM are contributing factors for the significantly improved wear and frictional

performance even at 350 ppm of P in the oil.
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Figure 13. Phenomenological models for tribofilms generated with (a) B.O + ZDDP 350 +

0.33wt% PHGM and (b) B.O + ZDDP 350.
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4. CONCLUSIONS

The results obtained clearly reveal that the addition of the plasma functionalized PTFE
nanoparticles to the base oil with ZDDP provide a very significant improvement in reducing wear,
clearly outperforming samples having only ZDDP, or ZDDP plus un-functionalized particles. It is
also shown that these functionalized particles provide improved tribological properties in base oils
containing a two-fold reduction (from 700 ppm to 350 ppm P level) in ZDDP to that observed in
samples devoid of these particles. However, compared to base oil containing higher amount of
ZDDP (700 ppm P level), we observed significant improvement in only wear with friction
coefficient being almost similar for both formulations. The improved wear performance is
attributed from the stable tribofilm formation with polyphosphates of Zn doped with Si and F when
ZDDRP is used in combination with functionalized nanoparticles of PTFE. On the other hand oils
with just ZDDP at 350 ppm resulted in primarily formation of oxides of Fe with very small
amounts of phosphates of Zn and largely sulfates of Zn and Fe that are less protective. The
improved wear performance coupled with the reduced concentration of ZDDP, should help reduce
automobile catalyst deactivation due to phosphate glass deposits and reduce overall greenhouse
gas emissions. Reduced friction can translate into improved fuel efficiency of internal combustion

engines.
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Abstract

Plasma functionalized polytetrafluoroethylene (PTFE) nanoparticles were employed to
investigate their tribological interactions with zinc dialkyldithiophosphate (ZDDP) and ionic
liquids (IL), as measured under boundary lubrication conditions. PTFE nanoparticles were coated
with consecutive plasma deposited siliceous and methacrylate coatings to deliver chemistries at
the rubbing interfaces. Separately, secondary ZDDP, phosphonium cation and phosphate anion IL
and IL with dithiophosphate anion were mixed with the functionalized nanoparticles and evaluated
for their compatibility and performance using a tribometer with cylinder on flat test configuration.
Detailed comparative studies were carried out for seven separate formulations including base oil,
oils with only additives, and oils with additives and functionalized PTFE particles. Results from
these tests clearly reveal strong synergistic interactions of ZDDP and ILs with functionalized
nanoparticles that provide favourable enhanced friction and wear performance. Comprehensive
chemical analysis of the tribofilms were done using X-ray photoelectron spectroscopy (XPS) and
X-ray absorption near edge structure spectroscopy (XANES). The data from these surface analyses
reveal that functionalized PTFE nanoparticles collaborate synergistically with ZDDP and ILs to
form silicon and fluorine doped tribofilms at the interactive surface, thus providing superior

tribological performance compared to samples without nanoparticles.

Keywords: Additives, Thin Film, Synergism, XPS, XANES
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1. Introduction

Engine oils play an important role in improving the longevity of mechanical parts of the
engine, as well minimizing energy losses from mechanical friction. In order to develop an engine
oil that can minimize both friction and wear, carrier base oils are typically blended with an additive
package, one which usually represents about 10wt% of the final blend. These additives consist of
a complex mix of different chemicals including antiwear compounds, friction modifiers,
detergents, antioxidants, corrosion inhibitors, dispersants etc. [1-3] In view of the recent findings
of negative environmental effects of such additives, an engine oil must satisfy guidelines provided
by different regulatory bodies, such as the ILSAC (International Lubricants Standardization and

Approval Committee for gasoline fueled vehicles).

These constantly updated regulations and guidelines have strongly promoted research in
the oil lubrication industry to develop novel, more environmentally friendly additives, having
similar or better tribological performance than the existing additives, including the currently
widely employed zinc dialkyldithiophosphate (ZDDP). [2,4,5] ZDDP is one of the most studied
and best performing antiwear additives for engine oils and has dominated the oil industry for more
than sixty years. [6-9] Nevertheless, due to some of its undesirable and detrimental effects on the
catalytic convertor, several research groups have focused on development of low phosphorus and
metal free additives. [10-12] For example, the numerous candidate replacements of potential
effective alternatives to ZDDP include ashless additives, ionic liquids, borate esters, inorganic
nanomaterials, carbon derived nanostructures like carbon nanotubes and graphene. . [13-27]
However, each of these potential additives also involve challenges, which need to be resolved, if
they are to be ultimately used in lubricant oils. For example, ILs, being highly polar in nature

involve solubility issues when mixed with generally used non-polar base oils. Similarly,
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nanomaterials when used as such, pose issues such as agglomeration and poor dispersion in oils.
Therefore, additional surface modification for nanomaterials is an essential and key step to make
uniform and long standing oil formulations. [28-31] Other interesting alternate approaches to
potential improved oil formulations involve use of mixtures of additives such as ionic liquids,
nanoparticles etc., including their use in conjunction with ZDDP to deliver desired tribological
properties. [19,32-37] Indeed, recent publications support the potential of such additive mixtures

to provide enhanced friction and wear behavior. [38,39]

The present study is a significant extension of previously reported work involving
development of plasma surface functionalized polytetrafluoroethylene (PTFE) nanoparticles for
use as lubricant additive in oils. [40] In this prior study, it was clearly demonstrated that mineral
base stock, containing plasma functionalized PTFE nanoparticles (coated with siliceous and
methacrylate chemistry at 0.33wt%) and ZDDP at 350 ppm phosphorus treat rate, provided
favorable synergistic interaction when studied under boundary lubrication conditions. Remarkable
reductions in both coefficient of friction and wear volume loss values were observed. In the present
work, tribological interaction of functionalized PTFE nanoparticles and two different ionic liquids,
containing the phosphonium cation, were investigated. The experiments were conducted in an oil
bath containing a mix of IL and coated nanoparticles. Friction and wear results obtained were
compared with outcomes for base oil, oil with ZDDP and oil with ZDDP and nanoparticles.
Extensive surface analytical studies, concentrating on the chemistry of the tribofilms formed, were
carried using X-ray photoelectron spectroscopy (XPS) and X-ray absorption near edge structure
spectroscopy (XANES). The results obtained provide valuable insights into the chemical make-up

of the tribofilms formed.
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2. Experimental

Polyfluortetraethylene (PTFE, (CF.CF2),) nanoparticles (MP1150; 200 nm), were
purchased from the Dupont Corporation. Hexamethyldisiloxane (HMDSO, (CH3)3SiOSi(CHs3)3)
and glycidyl methacrylate (C7H1003) were procured from Sigma-Aldrich. Zinc
dialkyldithiophosphate (ZDDP) was supplied by Oronite amd the two ionic liquids,
trihexyltetradecylphosphonium bis (2-ethylhexyl) phosphate and tetrabutylphosphonium O,O-
diethyl-phosphoro-dithionate were provided by AC2T Research GmbH Austria. The
functionalized PTFE nanoparticles were prepared using a home-built 360° rotating plasma reactor.
This plasma deposition technique was employed to deposit thin polymeric films on the PTFE core
nanoparticles. Two consecutive deposition processes were employed. Initially, a siliceous film was
deposited from polymerization of the HMDSO monomer. This was followed by deposition of the
second coating, produced from polymerization of glycidyl methacrylate monomer. This second
coating was employed to help disperse the nanoparticles in the relatively non-polar lubricant oil.
Additional details on the plasma polymerization set-up and processes used are described in a
previous article. [40] The surface modified PTFE nanoparticles are referenced simply as PHGM
in this report. Chemical structures of the other additives used in this study, namely the ZDDP and

ionic liquids, are shown in table 1.

Table 1. Chemical structures of the additives used for the study.

Materials Chemical Structures
Zinc dialkyl dithiophosphate (ZDDP) o s s oR
P n P
RO S OR
S
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Trihexyltetradecylphosphonium bis (2- 0

ethylhexyl) phosphate 0—P—0
0
Tetrabutylphosphonium O,O-diethyl- 5
0—P—0

phosphoro-dithionate

All blends employed in the tribological evaluations of these additives were prepared using
group 111 mineral oil, obtained from GS Caltex (Kixx Lubo 4 cSt). The phosphorus treat rate for
all the additives was kept at 350 ppm. Table 2 shows the chemical composition details regarding
the various formulations employed in this study, along with the code names adopted to identify
each of these formulations throughout this manuscript.

Table 2. Details of the seven formulations used in this study.

S. No. Formulation Coded Name
l. Base oil (group 11 base stock) BO
Il. BO + ZDDP ZD
Ii. BO + ZDDP + 0.33 wt% Plasma Functionalized PTFE ZD + PHGM
V. BO + Trihexyltetradecylphosphonium bis (2-ethylhexyl) phosphate IL1

V. BO + Trihexyltetradecylphosphonium bis (2-ethylhexyl) phosphate + | IL1 + PHGM

0.33 wt% Plasma Functionalized PTFE

VI. BO + Tetrabutylphosphonium O,0O-diethyl-phosphoro-dithionate IL2

VII. BO + + 0.33 wt% Plasma Functionalized PTFE IL2 + PHGM

80



Tribological studies were carried out at the Luled University of Technology, Sweden,
using a reciprocating Cameron-Plint tribometer in a cylinder on flat test configuration. The steel
flat was clamped in a temperature controlled oil bath, while the cylinder specimen was fastened to
the reciprocating arm. The steel flats were 12 x 12 mm with a thickness of 1.7 mm, composed of
hardened AISI 52100 steel and ground to a surface roughness of 40 nm Ra with a unidirectional
lay. The pins (4 x 6 mm) used for the tests were AISI 52100 steel pins, as procured from RBC
bearings. Prior to testing, the oil samples containing nanoparticles were sonicated for one hour to
ensure a uniform dispersion of nanoparticles. Once finished, 2 ml of this blend was quickly put in
the oil bath. Tests were run at a constant normal load of 82 N which resulted in a Hertzian contact
pressure of approximately 500 MPa. In order to achieve boundary lubrication regime, the
reciprocation speed was kept at 5 Hz with 5 mm stroke length. All the tests were run at 100° C, for
a duration of 1 hour. After completion of the test, the flat and cylinder samples were cleaned in an
ultrasonic bath with heptane, after which they were rinsed in ethanol and dried in air. These
samples were later preserved for surface characterization by submerging them into synthetic oil.
Optical microscopy (Olympus STM6) was used to measure wear scar width on the test pins and to
further calculate the wear volume losses. Wear surfaces generated on the steel flats from oils with
additives were subjected to extensive surface characterization. For topographical information,
worn surfaces were inspected by Hysitron Triboscope™ in scanning probe microscopy (SPM)
imaging mode XPS (Kratos Axis Ultra; monochromatic Al K, X-ray source; power-150 W; spot
size-300 um x 700 um) and XANES analyses were employed to provide a thorough chemical
characterization of the tribofilms formed on the flat specimens. The XANES experiments were
carried out at the Canadian Light Source in Saskatoon, Canada. A variable line spacing plane

grating monochromator (VLS-PGM) beamline was used to obtain phosphorus L-edge analyses. A
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soft X-ray microcharacterization beamline (SXRMB) was employed to identify the presence and
coordination of silicon atoms (Si K-edge) in the tribofilms. Typical operating parameters for VLS-

PGM and SXRMB beamline are shown in Table 3.

Table 3. Operating parameters for VLS-PGM and SXRMB beamlines.

Parameters VLS-PGM SXRMB
Energy range 5.5-250 eV 1.7 keV to 10 keV
Resolution > 10,000 E/AE ~3.3x 10* E/AE
Beam Spot Size 100 pm x 100 pm 1 mmx4mm
3. Results

3.1 Friction and Wear Behavior: Figure 1 shows the coefficient of friction measurements
obtained as a function of testing time for the seven oil formulations employed. As expected, the
friction profile for sample with just base oil looks very unstable, exhibiting the highest values for
coefficient of friction (CoF). In addition, the sample with only ZDDP (ZD) exhibits virtually
similar friction behavior as base oil during the initial and final phase of the test, exhibiting COF
values which are virtually the same as that of the base oil at the end of the test. In contrast, samples
containing the other additives (i.e. PHGM and the ILs) all exhibited substantially lower COF
values. For example, sample ZD + PHGM produced up to 25% reduction in coefficient of friction
values compared to samples with only ZD and base oil. Similar friction benefits were reported for
formulations containing ZDDP and plasma functionalized PTFE nanoparticles in our previous
work where the tests were conducted with only 2-3 drops of formulation instead of using an oil
bath as used in this study. [40] The samples containing just ionic liquids (IL1 and IL2) exhibit

superior friction behavior compared to samples with only ZD and base oil. Among the two ionic
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liquids, IL2 performs better than IL1. The friction outcome for sample with IL1 + PHGM
nanoparticles is almost similar to that of IL1 alone and there is no substantial reduction in friction.
However, sample IL2 + PHGM, clearly stands out as the best formulation in this study with respect
to reduced coefficient of friction values. As shown in Figure 1, the presence of plasma
functionalized PTFE nanoparticles with IL2 produced an approximate 18% reduction in CoF

values when compared to IL2 alone, and almost 40% when compared to base oil and ZDDP only

samples.
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Figure 1. Coefficient of friction (CoF) as a function of time for the seven formulations: BO, ZD,

ZD + PHGM, IL1, IL1 + PHGM, IL2 and IL2 + PHGM.
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Figure 2 shows wear volume losses for pins from the seven different oil formulations
examined. Optical microscopy was used to measure wear scar width, which was then subsequently
employed to determine the wear volume loss, on the pin. Samples with just base oil (BO) gave the
worst wear outcome. Additionally, and perhaps not too surprising, high wear volume loss was
observed for the sample with only ZDDP (ZD) since the amount of phosphorus (350 ppm)
employed was significantly lower than the 800 ppm level normally employed to provide
sustainable and prolonged antiwear protective tribofilm formation. Notably, however, the sample
with ZD + PHGM, exhibited the lowest wear volume among all 7 formulations tested, providing
further confirmation of the synergistic tribological interaction of plasma functionalized PTFE
nanoparticles with different additive chemistry, as previously reported. [19,38-40] Finally, both
ionic liquids IL1 and IL2 exhibit superior antiwear performance than ZDDP at 350 ppm
phosphorus treat rate. For samples with a mix of ionic liquid and functionalized PTFE
nanoparticles i.e. IL1 + PHGM and IL2 + PHGM, the wear volume loss values show an additional
drop of almost 25% compared to having only the IL present. Overall, the friction and wear
outcomes from tribological testing of these different additive chemistries strongly advocate the
utility of the plasma functionalized PTFE nanoparticles to provide synergetic benefits to
lubrication oils containing ZDDP or ionic liquid additives in terms of lower friction and superior

antiwear protection under boundary lubrication regime.
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Figure 2. Wear volume losses for pins after tribological testing with BO, ZD, ZD + PHGM, IL1,

IL1 + PHGM, IL2 and IL2 + PHGM.

3.2 Surface Topography: Figure 3 illustrates 3D images of the worn surfaces generated on the
steel flats after tribological testing. The SPM imaging technique was employed to inspect an area
of 60 x 60 pm on the wear surface to get these images. The SPM images (4: A & B) clearly show
that worn surfaces for the samples with only ZDDP (ZD) and ZDDP with functionalized PTFE
(ZD + PHGM) appear as typical ZDDP tribofilms but, nevertheless, several distinctive features
are observable in contrasting these two surfaces. [41] The highlighted differences between the two

images are the heights and lateral widths of the tribofilm patches. Sample ZD has small patches at
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the surface, whereas ZD + PHGM has deep valleys suggesting thicker patches which are
significantly bigger than ones on other sample. In addition, the tribofilm patches at the surface for
sample with ZD + PHGM are more in number than the other. In the case of samples containing
the ionic liquid additives, the wear surfaces with and without PHGM nanoparticles (4: C, D, E &
F) look alike. This similarity, in the surface profiles of tribofilms from ionic liquids with and
without functionalized particles, suggests that the friction and wear benefits could be the reflection
of differences in chemical/mechanical properties of the tribofilms and these differences do not
induce any drastic change in their physical architecture like we see in case of ZDDP with PHGM

nanoparticles.
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Figure 3. 3D SPM images of wear surfaces on flat specimens generated from BO, ZD, ZD +

PHGM, IL1, IL1 + PHGM, IL2 and IL2 + PHGM.
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3.3 Tribochemical Analysis: A thorough surface analysis was done for the tribofilms generated
with different additive chemistries. XPS and XANES techniques were employed to find the
chemical constituents of the tribofilms in an attempt to elucidate the role of different chemical

species as contributors to the observed friction and anti-wear benefits.

3.3.1 XPS Characterization:

Figure 4 shows phosphorus, iron, oxygen and fluorine XPS spectra acquired from
tribofilms on flat specimens from the different oil formulations. These spectra are useful in
providing insights into the tribological properties and resulting lubrication mechanism of the
additives used in this study. All the samples were initially subjected to plasma sputter cleaning for

10 minutes (beam energy-4.20 eV) and subsequently spectra were recorded.

Phosphorus (P) 2p

The plots in figure 4a reveal a strong presence of phosphorus in the tribolfilms of all the
samples employed. However, there are some notable evident shifts in the peak positions within
these samples indicative of the chemical state of the phosphorus atom in the tribofilm. The plot for
sample ZD has a strong signal at ~134.3 eV (peak a) which is attributed to the presence of zinc
bound phosphates at the surface. For the sample with ZD + PHGM, it was observed that both zinc
phosphates and long chain phosphates contribute to the overall phosphorus signal. [42,43] These
findings are consistent with the information from SPM images where the sample with ZD + PHGM
particles showed bigger patches of tribofilm at the surface. The spectra from samples with ionic
liquids, with and without PHGM nanoparticles (IL1, IL1 + PHGM, IL2, IL2 + PHGM), are all
similar in phosphorus intensity and peak position at ~ 133.8 eV (peak a’) which are attributed to

the presence of iron phosphates in these tribofilms. [44]
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Iron (Fe) 2p

The XPS spectra for the samples in figure 4b provides with some explicit information
concerning the presence of iron atoms in the chemical make-up of the tribofilms and, at the same
time, reveals some interesting secondary information regarding thickness of these tribofilms. There
are two main peaks in these spectra. The first one, peak a, at ~706.7 eV, is attributed to metallic
iron in the steel and the second peak b, at ~710.6 eV, is from iron oxides. [43,45] Since all the
samples were subjected to plasma sputtering for same time period (10 min at beam energy 4.20
keV), the signal from metallic iron from steel (~ 706.7 eV) can be correlated to tribofilm thickness.
[45] It is evident from figure 5b that the samples with ZD and ZD + PHGM have relatively similar
thickness and as, as shown in figure 5a, the tribofilms are mostly composed of zinc phosphate and
the contribution from iron oxide is very low, hence the weak signal. The plot for IL1 shows a more
intense signal for metallic iron which suggests that the tribofilm formed was not thick enough in
the first place and it also shows the presence of iron oxide in the tribofilm. Interestingly, the rest
of the samples, IL1 + PHGM, IL2 and IL2 + PHGM, exhibit similar spectra for iron 2p.The
contribution from metallic iron is weak which indicates that these tribofilms were thick enough to

withstand sputter cleaning and limit the signal from steel surface.

Fluorine (F) 1s

XPS spectra for fluorine displays crucial information regarding role of plasma
functionalized PTFE nanoparticles in providing enhanced friction and wear benefits for the
additives. Figure 4c represents plots for samples containing additives with nanoparticles, obtained
before and after sputter cleaning of the surfaces. Sample ZD + PHGM and IL1 + PHGM show
presence of carbon bound fluorine (peak b ~ 689 eV) in the pre-sputtered surface scans whereas

they exhibit relatively weak signals at ~ 685 eV, a peak attributable to metal fluorides, in the post
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sputtered surface plots. [43,46,47] However, the sample with IL2 + PHGM shows an intense signal
for metal fluorides in both pre and post sputtered surface scans. The overall information suggests
that for samples ZD + PHGM and IL1 + PHGM, the PTFE nanoparticles provide with material
transfer films at the top of the tribofilms and in the bulk, the fluorine from PTFE gets incorporated
as metal fluoride. Whereas, for IL2 + PHGM, the fluorine from PTFE nanoparticles is only
incorporated as metal fluoride throughout the thickness of the glassy tribofilm. It seems reasonable
to assume that incorporation of these fluorine atoms into the glassy structure is helping to

contribute to the antifriction and antiwear performance for the ZDDP and ionic liquids.
Oxygen (O) 1s

Figure 4d provides valuable information concerning the relative contribution of metal
oxides and metal phosphates to the chemical architecture of the tribofilms. There are two peaks in
each spectra and their relative intensities give important qualitative information. Peak a at ~ 530.2
eV is attributed to metal oxides which in this case are mostly oxides of iron and peak b at ~ 531.7
eV is due non-bridging (P-O-) oxygen ions associated with phosphorus. [43,48] In addition, there
is a shift towards higher binding energy (peak ¢ ~532.2 eV) for samples with ZD and ZD + PHGM,
which is due to presence of both zinc cations and bridging (P-O-P) oxygen ions. Sample ZD shows
strong a signal for zinc phosphate in the tribofilm and weak iron oxide signal whereas the sample
with ZD + PHGM displays contribution from three different species including zinc phosphate,
polyphosphates and iron oxide. The oxygen XPS spectra for IL1, IL1 + PHGM and IL2 appear
almost identical and they suggest that the dominant chemical species in the tribofilms are iron
phosphates with relatively low amount of iron oxides. However, for the sample with IL2 + PHGM,

it looks like that even though iron phosphates are abundant in the tribofilm, the presence of iron
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oxides are also very significant. The overall information from these spectra does not reveal any

substantial differences between samples with and without PHGM nanoparticles.
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Figure 4. Phosphorus 2p, Iron 2p, Fluorine 1s and Oxygen 1s XPS spectra for ZD, ZD + PHGM,

IL1, IL1 + PHGM, IL2 and IL2 + PHGM.
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3.3.2 XANES Characterization: Whereas XPS spectra provide chemical information of external
surfaces, X-ray absorption near edge spectroscopy provides the capability to acquire additional
chemical information concerning sub-layers of the tribofilms, including important insights into the
local coordination of individual elements. [9,49-51] Using the right X-ray energy and detector
systems, it is possible to examine both the surface, as well as overall bulk, of the tribofilms to
estimate qualitatively the distribution of different elements across the thickness of the film. The
information from top 5-50 nm can be obtained using total electron yield (TEY) mode and
information from the bulk can be gathered using fluorescence yield (FLY) detection mode. For
this study, low energy X-ray beamline was employed to get phosphorus L-edge data in TEY mode
and silicon K-edge analysis was done using high energy X-ray beamline in FLY detection mode.
The collective information from XANES analyses, coupled with the XPS data, were used to
provide an insight into the chemistry of the tribofilms formed from ZDDP and ionic liquids with
plasma functionalized PTFE nanoparticles to help further understand the underlying lubrication
mechanism.
Phosphorus L-edge

Figure 5a shows the phosphorus L-edge TEY spectra for zinc phosphate, iron phosphate,
ZD + PHGM, IL1 + PHGM and IL2 + PHGM samples and this information as obtained from the
top 5-15 nm of the tribofilms. Both model compounds (zinc and iron phosphate) used in this study
have been extensively studied using XANES and all the peaks in the Fig 5A spectra (a, b, c, ¢’
and d) have been precisely identified and reported in the literature. [50,52,53] In addition, the ratio
(a/c) of relative intensities of peak a and ¢ or ¢’ can be used to determine the chain length of
polyphosphates in the tribofilm under investigation. An a/c ratio of 0.3 to 0.4 suggests the presence

of short chain phosphates; if the ratio is above 0.6 it indicates that long chain phosphates are
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present. [19,54,55] In this study, the sample with ZD + PHGM has its main peak aligned with the
peak position (c) of zinc phosphate model compound and has a/c ratio of 0.5. For samples IL1 +
PHGM and IL2 + PHGM, the main peaks positions in the spectra are matching with iron
phosphate’s peak position (¢’) and the a/c ratios are 0.27 and 0.33 respectively. These results
clearly show that phosphate species for the sample with ZDDP are bound to zinc and are medium
chain polyphosphates whereas the tribofilms for samples with ionic liquids have short chain iron
polyphosphates.
Silicon K-edge

Figure 5b illustrates silicon K-edge XANES spectra in FLY mode for calcium and sodium
silicate model compounds and test samples with PHGM nanoparticles. The spectra for all three
samples, ZD + PHGM, IL1 + PHGM and IL2 + PHGM display similar features and the signal
intensities are also very low and noisy. The most prominent peak in the spectra for all four test
samples match the main peak position (a) of the model compounds at ~ 1848 eV. These results are
indicative of incorporation of siliceous chemistry from plasma functionalized nanoparticles into
the tribofilm in some form of silicate but at a relatively low quantity. However, it is reasonable to
assume that doping of tribofilms chemistry with even small amount of siliceous chemistry along
with fluorine from functionalized PTFE nanoparticles is enough to provide remarkable tribological

benefits. [40]
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Figure 5. Phosphorus L-edge TEY and Silicon K-edge FLY XANES spectra for ZD + PHGM,

IL1 + PHGM and IL2 + PHGM samples.

4. Discussion

Numerous research studies, during recent years, have investigated synergistic interaction

of a wide variety of antiwear additives such as ZDDP, ashless-dithiophosphates, nanoparticles,
ionic liquids, borate esters etc. when added to various lubrication oils and then subjected to
rigorous tribological tests. [13-18,20-27] The overall evidence accumulated from these studies
provide strong support that these additives can indeed lower friction coefficients and significantly
decrease overall wear. The present work is a significant, extension of these studies in that an
unusual combination of additives have been investigated. Specifically, we have included tests

which involved combinations of ILs with nanoparticles, wherein the particles utilized were
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molecularly surface tailored using a pulsed plasma polymerization deposition approach.
Additionally the data obtained include comparison with oil formulations which contained the more
traditional ZDDP additive.

As evidenced in the results section, very large scale reductions in both friction coefficients
and wear were achieved with ILs and mixtures of ILs plus functionalized PTFE samples, even in
the absence of added ZDDP. From the XPS and XANES data reported, it is clear that highly
effective tribological films can be obtained without having to resort to ZDDP addition. As noted
earlier, the elimination of ZDDP would represent a major advance in terms of environmental
considerations, particularly helping to reduce unwanted engine emissions and extend the lifetimes
of catalytic converters. It is also of interest to note that the tribofilms formed from ZDDP + PHGM,
as well as ILs +PHGM, combinations contain polyphosphate chains as shown in Fig 5a, although
these chains are somewhat shorter for the samples containing the ILs. Nevertheless, these shorter
chains appear to be very effective in terms of wear outcomes. An additional, and conceivably,
important finding is the presence of silicon atoms in the films, presumably contributed by the
HMDSO polymeric film deposited on the PTFE particles. Finally, we note that all samples which
included the functionalized PTFE nanoparticles produced films which contained some amount of
fluorine atoms, the ZDDP +PHGM and IL1 + PHGM samples contained it in both organic and
inorganic (metal fluoride) forms, but in the IL2 + PHGM samples, it is mostly in the form of metal
fluorides. It is interesting to note that the latter sample provided the best overall outcome in terms
of CoF and wear results. However, at this point in time, it is not clear why the IL2 +PHGM
combination resulted in increased fluorine incorporation in the tribofilm, but may simply reflect

the different chemical reactivity of this IL.
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5. Conclusions

We conclude by noting that both the phosphonium cation, ionic liquids exhibited
significantly better friction and wear behavior than zinc dialkyldithiophosphate at 350 ppm
phosphorus treat rate. However, when used with plasma functionalized polytetrafluoroethylene
(PTFE) nanoparticles, sample with tetrabutylphosphonium O, O-diethyl-phosphoro-dithionate
ionic liquid (IL2 + PHGM) displayed lowest values for coefficient of friction and sample with
ZDDP (ZD + PHGM) gave lowest wear volume loss. Among the two ILs, the one with both
phosphorus and sulfur chemistry (IL2) performed better than the other, with and without
functionalized PTFE nanoparticles. Surface analysis information from XPS and XANES
experiments suggests that tribofilms from ILs are mostly composed of short chain, iron phosphates
and for ZDDP samples, the chemistry is dominated by the presence of medium to long chain, zinc
phosphates. Interestingly, the role of functionalized PTFE nanoparticles in forming the protective
film is clearly revealed by presence of inorganic/organic fluorine and silicon chemistry in the
surface films. Tribofilms from functionalized PTFE with ZDDP and IL1 contain both carbon
bound and iron bound fluorine along with small amount of siliceous chemistry. Whereas, for 1L2
with functionalized nanoparticles, it is observed that in the tribofilm, fluorine is present only in the
form of metal fluorides along with other phosphates and silicates. All the results reported in this
study establish synergistic interaction of ZDDP and ionic liquids with plasma tailored PTFE
nanoparticles that provide with enhanced friction and wear properties due to incorporation of small

amount of fluorine and silicon chemistry in the tribofilms.
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Abstract

Interaction of zinc dialkyl dithiophosphate (ZDDP) with titanium dioxide nanoparticles
and plasma functionalized TiO> was investigated, under boundary lubrication conditions, to
evaluate tribological performance of these additives when employed in a mineral base oil. A pin
on reciprocating flat test configuration was selected to determine the tribological properties of the
individual additives and mixtures in the oil. Friction coefficients, wear loss and electrical contact
resistance (ECR) data from seven different formulations were measured. Tribofilms generated
were subjected to extensive surface analysis using X-ray photoelectron spectroscopy (XPS) and
X-ray absorption near edge structure spectroscopy (XANES) to determine tribochemistry
variations. Results from tribological tests, coupled with chemical characterization of the tribofilms,
suggest that both ZDDP and TiO2 nanoparticles, by themselves, form effective protective films at
the rubbing surfaces. However, when used as a mix in the oil, they surprisingly behave
antagonistically in terms of providing anti-wear films, resulting in severely increased wear. In
contrast, TiO2 nanoparticles coated with boron rich plasma films showed relatively better anti-
wear performance than when the uncoated ones were used singularly in the oil or as a mix with

ZDDP.

Keywords: Tribology, TiO2 nanoparticles, Plasma functionalization, ZDDP

105



1. Introduction

In recent years, reflecting significant advances in the fields of nanomaterials and
nanotechnology, there has been a dramatic increase in research involving nanoadditives to
lubricants to help reduce friction and wear in a wide range of important applications. In fact,
published works involving nanoparticle additives have documented significant improved anti-
wear and anti-friction performances.[**] Overall, the variety of nanoadditives employed can be
broadly categorized as metal, metal sulfides/oxides and carbon derived.[>*% Among them, WS,
MoS;, Cus, graphite/graphene, boron based, TiO2, and PTFE have shown improved performance
under a wide variety of tribological test conditions.[*%1-?°! Studies have included comparison of
the tribological benefits of different nanoadditives with the best industrially established lubricant
additives. In particular, these studies have examined the potential of using nanoadditives to
replace, or minimize currently employed non-particle additives, by providing improved

performance and, at the same time, being more environmentally friendly.

For tribological systems experiencing a boundary lubrication regime such as the piston ring
liner in automobile engines with direct contact of surface asperities of interacting interfaces, the
chemical properties and efficacy of the additives to form protective tribofilms become exceedingly
important. One of the most researched and currently widely used additive in the lubrication
industry is zinc dialkyldithiophosphate (ZDDP). It is one of the best anti-wear additives and also
provides a secondary benefit of working as an antioxidant in the engine 0il.126-3 ZDDP is known
to provide exceptional anti-wear benefits by forming sacrificial protective tribofilms at the rubbing
surfaces. These films are primarily composed of long to medium chain phosphates of zinc at the
surface, and other iron and zinc bound sulfur/phosphorus species in the bulk of the tribofilm. 3134

However, ZDDP poses a major drawback by creating sludge in the oil and the volatile species of

106



phosphorus and sulfur, resulting from its decomposition. These volatile P and S effluents reduce
the efficiency of the catalytic converter, thus directly increasing the amount of harmful

emissions. 35361

In light of these concerns, a broad range of alternative approaches have been explored in
recent times to improve tribological benefits, while simultaneously reducing harmful side effects
on the environment. One such widely sought approach would be to substantially reduce the amount
of ZDDP in the oil by addition of an environmently friendly nanoadditive to maintain and,
hopefully, even enhance tribological performances. Numerous recent published papers have

focused on understanding the interaction of nanoadditives with ZDDP for such applications.[*31737-

41]

The present study investigates the tribological compatibility of ZDDP with TiO>
nanoparticles and plasma surface functionalized TiO> nanoparticles when used together as an
additive mix in the oil. In previous work, we have reported the tribological benefits of plasma
functionalized PTFE nanoparticles.[*  Herein we report detailed examination of the potential
benefits of employing TiO2 nanoparticles to achieve the goal noted above. It includes studies of
pure and surface modified TiO2 nanoparticles. In the latter case, plasma enhanced chemical vapor
deposition was employed to deposit films on TiO2 nanoparticles using trimethylboroxine and
gylcidyl methacrylate monomers. The outer methacrylate layer serves the purpose of particle
dispersion in the oil as well as protects the underlying boron rich film until it reaches the interacting
surfaces. This study also includes systematic assessment of the separate individual additives in
order to draw comparative conclusions. For tribological evaluation of the respective additives and
the additive mix, pin on reciprocating flat (line contact) test configuration was used. Friction and

electrical contact resistance (ECR) data were recorded during the test procedure and optical
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microscopic techniques were employed to calculate wear volume loss from the post-test
specimens. The tribofilms generated on the rubbed interfaces were subjected to extensive chemical
surface characterization using X-ray photoelectron spectroscopy (XPS) and X-ray absorption near
edge spectroscopy (XANES). The information obtained from these spectroscopic surface analyses

identified the chemical architecture of the tribofilms.

The outcomes of this study reveal that under similar test conditions, ZDDP, TiO>
nanoparticles and functionalized TiO2 nanoparticles, employed separately by themselves, display
good anti-wear performance via creation of different effective tribofilms. However, when ZDDP
and uncoated TiO> additives are used as a mixture, they exhibit surprisingly antagonistic behavior
that leads to severe wear. In sharp contrast, the mix of boron coated TiO» additives and ZDDP
display a synergistic interaction which leads to an early incubation of a very stable tribofilm
providing good wear performance. XPS and XANES data revealed the chemical make-up of the

tribofilms and this information was further used to create phenomenological schematics.

2. Results and Discussion

2.1 Friction and Wear outcomes: Figure 1 shows friction spectra collected for seven different
oil formulations whose details are listed in Table 1 of the experimental section. These friction
plots are dynamic representation of tribofilm formation and exclusion throughout the duration of
the test. Samples with ZDDP at 700 ppm P level (B), TiO2 nanoparticles only (D) and TiBGM
(boron and methacrylate coated TiO2) nanoparticles only (F) exhibited the lowest and almost same
coefficient of friction values towards the end of the 1 hour tests. However, the friction profiles for
samples D and F were the most stable ones throughout the test compared to rest of the samples.
Sample with reduced amount of ZDDP i.e. 350 ppm P level (C) performed better than the base oil

(A) in terms of friction outcomes but showed relatively higher coefficient of friction values

108



compared to other oil samples containing additives. The sample with base oil, ZDDP at 350 ppm
P level and TiO2 nanoparticles (E) displayed the most dramatic friction behavior. For the initial 30
mins of the test, the coefficient of friction remained high and relatively unstable and then started
to decrease. After 40 mins, the friction profile stayed relatively smooth exhibiting values
essentially comparable to that of samples B and D. Sample G with ZDDP at 350 ppm P level and
TiBGM nanoparticles showed an unsteady friction profile for the initial 20 mins and then remained
very stable, with coefficient of friction values similar to that of sample C, after longer test times.
—— A) Base QOil (B.O)

—B)B.O + Z700

—— C)B.O +Z350

——D)B.O+TiO,

E)B.O + 2350 + TiO,

—F)B.O + TiBGM
G)B.O + Z350 + TiBGM

Coefficient of Friction

' I v | M 1 ! 1 ' 1 ' I v |
0 500 1000 1500 2000 2500 3000 3500
Time (sec)

Figure 1. Coefficient of friction as a function of time for sample A) Base Oil (B.O) ; B) B.O +
ZDDP at 700 ppm P level; C) B.O + ZDDP at 350 ppm P level; D) B.O + 0.33wt% TiO2; E) B.O
+ ZDDP at 350 ppm P level + 0.33wt% TiO2; F) B.O + 0.33wt% TiBGM; G) B.O + ZDDP at 350

ppm P level + 0.33wt% TiBGM.
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The wear scar formed on the steel pin from each test was measured using optical microscopy and
this value was used to calculate the wear volume loss. Figure 2 represents the wear volumes
outcomes for the steel pins after tribological testing. As expected, sample A, having just base oil
displayed the worst wear outcomes and sample B with ZDDP at 700 ppm P level gave the best
wear protection. Interesting wear results were observed for the rest of the samples. Sample C with
ZDDRP at 350 ppm P level showed increased wear as compared to sample B. In contrast, sample D
with TiO2 nanoparticles gave wear volume loss values only slightly higher than sample B but lower
than 50% of sample C’s value. The results for sample E, containing both ZDDP at 350 ppm P level
and TiO2 nanoparticles, was quite surprising as the wear volume value was almost 4 fold higher
than sample C and 12 fold higher than sample D. In sharp contrast, the functionalized TiO>
nanoparticles (TiBGM) exhibited better anti-wear performance in the oil when used by themselves
(F), as well as when used with ZDDP (G). Whereas some well-known additives, such as ionic
liquids, borate esters, tungsten disulfide nanoparticles etc., have shown favorable synergistic
interaction with ZDDP 113143431 jn this study, ZDDP exhibited unanticipated antagonistic
behavior when used with TiO. nanoparticles under boundary lubrication conditions. However,
when TiO nanoparticles coated with boron chemistry were employed with ZDDP, they negated
the hostile interaction and resulted in providing wear outcomes almost similar to ZDDP (350 ppm
P level) by itself. This reflects the benefit of having extra anti-wear chemistry in the form of plasma
film at the rubbing contacts which is being delivered via nanoparticles. Similar benefits of plasma

functionalized PTFE nanoparticles were reported in our previous work.[*?]
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Figure 2. Wear volume losses for sample A) Base Oil (B.O) ; B) B.O + ZDDP at 700 ppm P level,
C) B.O + ZDDP at 350 ppm P level; D) B.O + 0.33wt% TiO2; E) B.O + ZDDP at 350 ppm P level
+ 0.33wt% TiO2; F) B.O + 0.33wt% TiBGM; G) B.O + ZDDP at 350 ppm P level + 0.33wt%

TiBGM.

Surface profiling for steel pins was performed using a white light interferometer. Figure 3 shows
the 3D representation of the worn surfaces after tribological testing. The wear profiles obtained
for all seven samples are reasonably consistent with the findings of friction coefficient
measurements, as noted above. Notably, sample E’s pin surface reveals severe wear and, looks

very different than that of sample G’s surface as it is virtually flat and thus similar to that of sample
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A. The improved wear protection provided by functionalized TiO2 nanoparticles in presence of

ZDDP is visually evident in the 3D pictures.

A) Base Qil (B.O) B) B.O + Z700 C)B.O + 7350 D) B.O +TiO2

s

E) B.O +Z350 +TiO2 F) B.O + TiBGM G) B.O + Z350 + TiBGM

Figure 3. 3D profiles of the worn surfaces after tribological testing for sample A) Base Oil (B.O)
; B) B.O + ZDDP at 700 ppm P level; C) B.O + ZDDP at 350 ppm P level; D) B.O + 0.33wt%
TiOy; E) B.O + ZDDP at 350 ppm P level + 0.33wt% TiO2; F) B.O + 0.33wt% TiBGM; G) B.O

+ ZDDP at 350 ppm P level + 0.33wt% TiBGM.

2.2 Electrical contact resistance (ECR) data: The ECR measurements provide a convenient way
to examine the dynamics of tribofilm formation by lubricant additives between the interacting steel
surfaces.’14 The tribofilms formed by ZDDP are mostly glassy films of short to long chain
phosphates and behave as insulating thin films. Figure 4 shows the ECR data as a function of time
for all the samples containing additives. The potential applied between the steel pin and the flat

was 100 mV and the voltage drop (left y-axis) recorded for each test is represented with dots in

112



these plots. In addition, to compare the extent and subtleties of tribofilm formation from these
different formulations, the line plot (white curve) in each graph shows normalized integrated
voltage drop (right y-axis) wherein the maximum value of potential drop for sample A i.e. base
oil with ZDDP at 700 ppm P level was used for data normalization. It is evident from the figure
that ZDDP at 700 ppm P level rapidly forms a stable tribofilm and it stays there throughout the
test, whereas for ZDDP at 350 ppm P level (B) the data points are much more scattered thus
showing tribofilm forming and breaking over time. These data are in accord with the
aforementioned wear outcomes (Figure 2 and 3). The voltage drop data points for samples with
TiO2 nanoparticles (C) also look dispersed, but the majority of them are in the upper half of the
plot, showing the continuous presence of a thin protective film between the rubbing surfaces. The
ECR data for the sample containing both reduced ZDDP and TiO> nanoparticles (D) also
compliment the wear volume loss results. The data points in this plot are very discrete thus
revealing the inability of the additive mix to form a stable protective tribofilm between the two
surfaces. Only towards the end of the test was some indication of film formation observed. The
ECR data for sample with only TiBGM nanoparticles (E) has more numerous data points in the
high 90-100 mV region of the plot, compared to sample C, thus suggesting the formation of a more
stable tribofilm at the surface due to the presence of additional boron species. Similarly, ECR data
for the sample containing both TiBGM nanoparticles and ZDDP (F) demonstrate the additional
benefits from boron chemistry to form protective film at the surface. The data points show the
presence of a very stable tribofilm after just the initial 10 mins and it remains throughout the
duration of the test, just like sample A. The significant differences in the ECR plots for sample D

and F reveal that the presence of boron chemistry from functionalized particles reduces the
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incubation time for tribofilm formation and this film remains effective until the end of test, unlike

the tribofilm for sample B that fails before the completion of the test.
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Figure 4. Electrical contact resistance (ECR) data plots recorded during tribological testing of
sample A) B.O + ZDDP at 700 ppm P level; B) B.O + ZDDP at 350 ppm P level; C) B.O +
0.33wt% TiO2; D) B.O + ZDDP at 350 ppm P level + 0.33wt% TiO»; E) B.O + 0.33wt% TiBGM;

F) B.O + ZDDP at 350 ppm P level + 0.33wt% TiBGM.

2.3 Tribofilm Characterization: Highly surface sensitive spectroscopic techniques were used to
perform a comprehensive examination of the tribofilms to understand their chemical make-up.
The flat steel specimens from tribological testing were subjected to XPS and XANES analysis to

obtain a comparative study of the tribochemistry from different additives.

2.3.1 XPS analysis of the Tribofilms: Figure 5 shows XPS spectra obtained for phosphorus, iron,
zinc, titanium and oxygen elements in the tribofilms of the samples. The plots for each element
shows the contrasting differences in its chemical state and relative quantitative amounts presence
in the tribofilms of the selected samples. For the sample with only ZDDP (at 350 ppm P level) we
observe sharp peaks for phosphorus 2p (133.8 eV) and zinc 2p (1022.4 eV & 1045.3 eV) and a
very weak signal for iron 2 p. In addition, there is no signal in titanium 2p spectra, as expected. In
the case of the sample having only TiO2 nanoparticle additives, there are no peaks for phosphorus
and zinc in the spectra as these elements are not present in the oil itself. We do observe a signal
for iron 2 p spectra (710.9 eV & 724.8 eV) and it is slightly more intense than the sample with
only ZDDP. There are intense peaks for titanium 2p signal (458.4 eV & 464 eV) in the spectra
which indicates the presence of a titanium rich tribofilm at the surface. The phosphorus and zinc
XPS spectra for the sample which showed the worst wear outcomes, i.e. oil with both ZDDP and
TiO2 nanoparticles, do not show any significant peaks, suggesting the inability of ZDDP to form
zinc phosphate rich protective tribofilm, presumably due to the presence of TiO2 nanoparticles in

the oil. Additionally, the sharp iron peaks observed indicates the absence of a stable film at the
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surface as the steel substrate is apparently exposed. The weak signal in titanium 2p spectra
indicates that a small amount of titanium is present at the sample surface but apparently not
sufficient to provide significant wear protection. A strong signal for titanium and a weak signal for
iron in XPS spectra for the sample with TIBGM nanoparticles again shows the presence of titanium
rich film at the surface. The phosphorus, iron, titanium and zinc spectra from sample with TIBGM
nanoparticles and ZDDP establish the advantageous role of boron rich plasma coating on TiO>
nanoparticles in promoting the formation of protective films. There is a fairly strong signal in
phosphorus and zinc spectra suggesting that the tribofilm is rich in zinc and other metal phosphates.
A weak signal for iron shows that major contribution to the chemical make-up of the film is from

zinc and titanium which is protecting the surface from wear.

The information from oxygen 1s spectra reveals the overall chemical nature of the
tribofilms formed with different additive chemistries and gives an insight into the contribution of
different chemical species. The sample with only ZDDP shows intense peak for metal phosphates
(~ 531.7 eV) and weak signals for metal oxides (~ 530.1 eV) and other organic (C=0) species (~
533.6 eV) in the tribofilm. The oxygen spectra for the sample with only TiO2 nanoparticles shows
intense peaks for metal oxides which is mostly coming from titanium bound to oxygen and small
contribution from iron oxide. In contrast, the sample with both ZDDP and TiO2 nanoparticles
reveals that the metal oxide peak is primarily from iron bound to oxygen, which is consistent with
the information from iron 2p spectra. The peak between 531-532 eV must be due to metal
carbonates or other oxygen vacancies and not from phosphates as there is no signal in phosphorus
spectra for this sample. The oxygen spectra for the sample with only TiBGM nanoparticles has a
strong peak for a Ti-O bond and in addition, the signal also has contribution from boron bound

oxygen around 533 eV. Again, there is broad peak in the 531 to 532 eV energy range which would
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possibly be due to some carbonate species as there is no phosphorus in this sample as well. The
sample with TIBGM nanoparticles and ZDDP has an oxygen spectra resembling that of the ZDDP
sample, with some additional contributions from oxygen bound to titanium, iron and boron.
Overall, from the XPS results, it is evident that ZDDP, TiO2 nanoparticles and TiBGM
nanoparticles by themselves are capable of forming protective films at the surface and provide
anti-wear performance. However, when ZDDP and TiO2 nanoparticles are used together in a mix,
they work antagonistically and fail to form any kind of stable tribofilms and, as a result, poor wear
outcomes. However, in contrast, when functionalized TiO2 nanoparticles are used with ZDDP,
they form a very stable tribofilm primarily composed of phosphates with small but significant

contribution from other species of titanium and boron.
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Figure 5. XPS spectra (P 2p, Fe 2p, Zn 2p, Ti 2p & O 1s) for samples A) B.O + ZDDP at 350 ppm
P level, B) B.O + 0.33wt% TiO, and C) B.O + ZDDP at 350 ppm P level + 0.33wt% TiO2; D) B.O

+ 0.33wt% TiBGM; E) B.O + ZDDP at 350 ppm P level + 0.33wt% TiBGM.

2.3.2 XANES analysis of the Tribofilms: X-ray absorption near edge spectroscopy is a powerful
surface analysis technique which has been extensively used to study the chemistry of tribofilms.[*6-
St provides crucial information about the element’s local coordination environment, as well as
its geometric make-up, within the film. Depending on the energy of the x-ray and the detection
mode used, both surface and bulk of the tribofilms can be examined. The total electron yield (TEY)

detection mode provides information from the top 5-50 nm of the film, whereas the fluorescence
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yield (FLY) mode helps to study the bulk of the tribofilm. In this study, XANES was used to
compliment the findings of XPS spectroscopy and also to provide a better insight into the

mechanism of tribolfilm formation from the different additives under investigation.
Phosphorus L edge

Figure 6(a) shows the P L-edge spectra in TEY mode for model compounds and samples
A to E. The sampling depth in this case is about 5-15 nm. The P L-edge spectra for zinc and iron
phosphate model compounds have been thoroughly studied and the significance and identity of
each of the peaks (a: 136.6 eV, b: 137.7 eV, c¢: 139.3 eV, d: 147.2 eV & ¢’: 139.6 eV), are well
documented in the literature.525 |t is evident, from the plots, that the sample with only ZDDP
(A) has its peaks aligned exactly with the peak positions for zinc phosphate. Whereas, for the
sample with both ZDDP and TiO- nanoparticles (C), the signal is very weak and it is difficult to
tell whether it is from iron or zinc phosphates in the film. These results further confirm the
incompatibility between ZDDP and TiO2 nanoparticles in terms of promoting effective tribology
films, thus resulting in severe wear, as noted earlier. However, for the sample containing
functionalized nanoparticles and ZDDP (E), the peak intensities reveal the strong presence of
phosphates in the tribofilm. The peak positions hint at iron phosphates being the dominant species

at the surface and the contribution from zinc/boron phosphates is limited.
Zinc L edge

The Zn L-edge TEY spectra in Figure 6(b) confirm the results from P L-edge spectra as
well as Zn 2p XPS spectra. Again, the sample with only ZDDP (A) shows the strong presence of
zinc in the tribofilm as the peaks match well with the zinc phosphate model compound’s peaks

(a: 1031 eV & b: 1054.3 eV). The tribosurfaces generated from the mix of ZDDP and TiO:
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nanoparticles (C) have no signal for zinc at all. Interestingly, the spectra for sample E which
contains plasma functionalized TiO2 nanoparticles (TiBGM) with ZDDP, has its peak positions
matching with that of zinc phosphate model compound. This adds more to the information obtained
from phosphorus L-edge data and establishes that tribofilm for this sample contains both zinc and

iron phosphates.
Boron K edge

Boron K-edge TEY spectra provide valuable information regarding the role of plasma
functionalized TiO2 nanoparticles in this study. Figure 6(c) shows the spectra for boron model
compounds and samples B to E. As expected, the samples with unalterated TiO2 nanoparticles (B
and C) did not show any signal for boron. The peak positions and intensities in TEY spectrum
from the sample with only functionalized nanoparticles (D) reveal the presence of borates in the
tribofilm. The features in the spectra match that of borates of iron from the literature.[® However,
the features in the spectra from sample with both TiBGM nanoparticles and ZDDP (E) are quite
distinct from model compounds, as well as from sample (D). There is a strong peak at 196.5 eV
and it has a shoulder on the lower energy side at 194.5 eV which matches with hydrogen borate’s
peak a. This distinct peak position suggests the presence of a complex metal borate complex as

zinc, iron and titanium are also present in the tribofilm.[45
Iron L edge

The Fe L-edge TEY spectra in Figure 6(d), shows plots for four different model
compounds namely: Fe2Os, FePO4, FeSO4 and FeS. The sample with only ZDDP (A) has its main
peak positions (b: 712.7 eV & d: 714.6 eV) aligning with those of the FePO4 model compound.

However, due to the contribution from other iron species, such as FeS and Fe;Os in the tribofilm,
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the intensity for peak d is higher than that of peak b. The sample with only TiO2 nanoparticles (B)
, ZDDP and TiO2 nanoparticles (C) and TiBGM nanoparticles (D) have their main peak position
superimposing the Fe2O3 model compound’s peak ¢ (714.2 eV). However, the features in the signal
for sample with both ZDDP and TiBGM nanoparticles (E) show that iron is primarily present in
the form of phosphate/sulfate/sulfide. This yet again establishes that ZDDP with TiO2
nanoparticles combination fails to provide any wear protection and the tribofilm at the surface is
mainly rich in iron oxide. In contrast, in the presence of functionalized nanoparticles TiBGM, the
boron chemistry provides an additional benefit by promoting the formation of stable phosphate

rich protective films at the surface.
Titanium L edge

As shown in Figure 6(e), the Ti L-edge TEY spectra adds some vital information regarding
the titanium atoms present in the tribofilms for different test samples. It provides additional
information regarding the local chemical and geometric arrangement of titanium which was not
available from the Ti 2p XPS spectra. The shapes, positions and heights for peaks a (~ 462 eV)
and b (463.7 eV) in the Ti L-edge spectra from the TiO> model compound and test samples look
quite dissimilar. However, the positions and shapes for peaks ¢ (467.4 eV) and d (469.4 eV) from
the test samples are consistent with the TiO2> model compound. The variations in the features of
peak a and b suggests that the titanium present in the tribofilms of the test samples no longer exists
in anatase phase and during the test it apparently experienced chemical and structural
transformation to a higher site symmetry.l®-%% The spectra from the samples with only TiO:
nanoparticles (B), ZDDP with TiO2 nanoparticles (C) and ZDDP with TiBGM nanoparticles are
consistent with the transformation of low symmetry anatase TiO into a higher symmetry titanate,

[57.59 jt appears that the tribofilm has titanium in the form of iron titanate, i.e. ilmenite (FeTiOs).
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However, in the case of sample C and E, it is not possible to distinguish between the presence of

iron titanate or zinc titanate in the tribofilm.
Oxygen K edge

Figure 6(f) shows the O K-edge TEY spectra for six model compounds (Fe2O3, FePOa,
FeSOs, Zn3 (PO4)2, ZnSO4 and TiO2) and three test samples. XANES spectra for oxygen K edge
gives us information from the bulk of the tribofilm. It has been reported, in previous works of
Aswath et al. 328% that the zinc bound phosphates species are predominantly present in the top
region of the tribofilms and iron phosphates/sulfates exist in the bulk. Likewise, the O K-edge plot
for the sample with only ZDDP (A) has its main features aligned with those of iron sulfate (d:
538.9 eV) and iron phosphate model compounds. The peak itself is very broad and this hints to the
contribution from zinc bound phosphorus/sulfur species. The spectrum does not show any peaks
at iron oxide peak positions. The contrasting differences in O K-edge spectra for the samples reflect
the overall chemistry of their respective tribofilms. The spectra for samples B and D have peak
positions matching with those of TiO2 model compound (e: 531.9 eV & f: 534.5 eV). This suggests
that the titanium bound oxygen species dominate in the tribofilm and the contribution from Fe-O
species is very limited. In addition, due to the aforementioned transformation of anatase TiO> to
titanate form i.e. FeTiOs, the features on the higher energy side (~537 eV to 550 eV) are very
distinctive compared to the model compound.®? For sample C (containing both ZDDP and TiO;
nanoparticles), the two peaks in the lower energy side of the spectrum (530 to 537 eV) are close
to the peaks from Fe2O3 (b: 531.5 eV) and FePOxq (c: 532.4 eV) model compounds and represent
the rich iron content in the tribofilm. The Ti L-edge XANES spectraand Ti 2p XPS spectra provide
sufficient evidence to validate the presence of titanium in the tribofilm and therefore the Ti-O

species are also contributing to the overall metal-oxygen signal in the spectrum. The features in
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the high energy range are also credited to the Ti-O bonds in the tribofilm as they look similar to
that of sample B. However, the spectrum from sample containing both ZDDP and functionalized
TiO2 nanoparticles (E) has the main intense peak close to iron phosphate/sulfate peak positions.
The smaller peaks in the lower energy side do not exactly match with TiO> model compound peaks
and this could be due to formation of a complex glass structure involving trace amount of titanium,

boron and zinc along with profusely existing iron phosphates/sulfates.
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Figure 6. (a) Phosphorus L edge TEY, (b) Zinc L edge TEY and (c) Boron K edge TEY (d) Iron
L edge TEY (e) Titanium L edge TEY (f) Oxygen K edge TEY XANES spectra for samples A)
B.O + ZDDP at 350 ppm P level, B) B.O + 0.33wt% TiO2 and C) B.O + ZDDP at 350 ppm P level
+ 0.33wt% TiO2; D) B.O + 0.33wt% TiBGM; E) B.O + ZDDP at 350 ppm P level + 0.33wt%

TiBGM.
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2.4 Schematics for Tribofilms: Figure 7 shows the phenomenological schematics of the
tribolfilms for samples subjected to XPS and XANES analysis. Chemical information, from both
techniques, were extrapolated to develop these representations. Figure 7(A) shows the tribofilm
generated from the sample with only ZDDP at 350 ppm of phosphorus. The typical components
of a ZDDP tribofilm are shown in the figure containing long to medium chain zinc phosphates at
the top and underneath there are phosphate/sulfate/sulfide species of zinc. In the bulk of film, iron
bound species dominate the chemistry of the film. For the sample with only TiO2 nanoparticles, Ti
L-edge and Fe L-edge XANES data provided the foundation for Figure 7(B). It represents an
arrangement of the chemical species in the tribofilm where it has trace amount of iron oxide in the
bulk and above it there is strong presence of iron bound titanium. Figure 7(C) provides insight into
the chemical architecture of the tribofilms formed from the mixture of ZDDP and TiO>
nanoparticles in the oil. Consistent with the spectroscopic data, the model 7(C) shows a large
quantity of iron throughout the thickness of the tribofilm, which is primarily available in the form
of iron oxides and a smaller amount of iron phosphates. As the Ti L-edge and O K-edge XANES
spectra suggest, there is also a trace quantity of titanium present in the form of titanate in the
tribofilm as well. Again, the information from boron K-edge, iron L-edge and titanium L-edge
XANES spectra helped in modelling the schematic of the tribofilm for the sample with plasma
functionalized nanoparticles, as shown in Figure 7(D). As evident in the XANES data, iron
titanates are the dominant chemical species in the tribofilm with a trace amount of iron borates.
Finally, Figure 7(E) represents the model of tribofilm for sample containing both ZDDP and
functionalized TiO2 nanoparticles (TiBGM). The phosphorus, zinc and iron data from both XPS
and XANES support the presence of phosphates of iron and zinc in the upper region of the

tribofilm. The boron and titanium XANES spectra suggest that a complex glassy structure is
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present at the surface where titanium is forming titanates and boron is making borates with
available iron and zinc. In the bulk of the tribofilms, iron is present in the form of sulfates/sulfides
along with short chain phosphates. Information from both XPS and XANES spectra were
employed to expose the incompatibility of combined ZDDP and TiO2 additives, as well as to
understand the role of plasma functionalized TiO additives in promoting the formation of stable

tribofilms with ZDDP.

For the sample containing functionalized TiO. nanoparticles the contribution of boron bound iron
species to the tribofilm is not very significant compared to titanium bound iron species. This is
because the amount of available boron chemistry from the functionalized TiO2 nanoparticles at the
tribological interface is limited. In addition, iron titanate (FeTiOs) has a lower standard enthalpy
of formation (-1153.9 kJ/mol) compared to iron borate (FeBOs; >1800 kJ/mol) and therefore the
interaction between iron and titanium species is thermodynamically favored in this case. For
sample with both functionalized TiO2 nanoparticles and ZDDP, we have additional chemical
species present at the interface including P, S and Zn along with Fe, Ti and B. Due to the lower
enthalpy of formation values for iron-sulfur and iron-oxygen species (FeS: -102 kJ/mol, FeS,: -
178 kJ/mol, Fe203: -824.2 kJ/mol) they form first at the surface along with zinc bound sulfur
species (ZnS: -204.6 kJ/mol; ZnSO4: -980.14 kJ/mol). The other chemical species that were found
using XPS and XANES studies, including zinc phosphate, iron phosphate, titanates and borates of
Zn and Fe, have significantly higher enthalpy of formation and they form a complex glass structure

where the phosphorus chemistry predominates over titanium and boron chemistry.
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Figure 7. Schematics of tribofilms generated from samples A) B.O + ZDDP at 350 ppm P level,
B) B.O + 0.33wt% TiO. and C) B.O + ZDDP at 350 ppm P level + 0.33wt% TiO»; D) B.O +

0.33wt% TiBGM; E) B.O + ZDDP at 350 ppm P level + 0.33wt% TiBGM.

3. Conclusion

This study demonstrates that TiO2 nanoparticles exhibit promising anti-wear and anti-wear
properties when used as additives in the base oil. However, the TiO, particle data also revealed

some completely unexpected aspects. When a mixture of ZDDP (350 ppm P) and TiO>
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nanoparticles was employed surprisingly worst wear protection and wear volume loss value were
observed since these combined additives failed to promote the formation of a stable tribofilm.
However, in the case of plasma surface modified TiO2 nanoparticles, better anti-wear performance
was observed by themselves and also when used with 350ppm of ZDDP in the oil. In terms of
TiO surface modification, it was discovered that the introduction of boron atoms can play a
prominent role in promoting the formation of protective anti-wear films at the surface. Detailed
XPS and XANES spectroscopic analysis were provided to elucidate the chemistry of the tribofilms
and how these chemistries varied from the various oil formulations employed in this study.
Notably, the plasma surface modification technique employed in this work, to introduce boron
atoms, is applicable to providing a very wide range of additional nanoparticle surface films

containing other potential film forming atoms.
4. Experimental Section

Titanium dioxide (TiO2) nanoparticles (avg. size: 25 nm), trimethylboroxine and gylcidyl
methacrylate were procured from Sigma Aldrich USA. The secondary Zinc dialkyl
dithiophosphate (ZDDP) used for this study is approx. 30% neutral and 70% basic in nature. [61
To achieve uniform deposition of plasma films on TiO2 nanoparticles as well as to address the
particle aggregation problem, they were subjected to a homebuilt 360° rotating plasma reactor.
Trimethylboroxine was employed as the organic monomer to deposit boron rich thin films on TiO2
nanoparticles via plasma polymerization. The deposition process was carried out using a
continuous wave (CW) plasma for initial 1 hour, followed with sequential lower duty cycle pulsed
plasma deposition from 50:20 (plasma on time : plasma off time, in milliseconds) to 50:50, 15
mins each. Typical plasma operating parameters are as following: Pressure - 100 mT; Power - 60

W; monomer flow rate - 2 sccm; RF frequency - 13.56 MHz. Afterwards, another plasma coating
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was deposited on top of these particles using gylcidyl methacrylate as the monomer. This process
was run for 1 hour at 100 W peak power at 100 mT pressure. A pulsed plasma with 20:50 duty
cycle was employed throughout the deposition. The TiO2 nanoparticles coated with boron and
methacrylate chemistry are referred as TIBGM nanoparticles in the text. Further details on the

plasma process employed are provided in reference 42.

The base oil used as the carrier for additives to perform the tribological testing is a group
Il base stock (GS Caltex Kixx Lubo 4 cSt). Details regarding the oil formulations used in this

study are shown in Tablel.

Table 1. Details of oil formulations used for tribological tests.

Test | Formulation Coded Name
A Group 111 Base oil Base Qil (B.O)
B. B.O + ZDDP at 700 ppm of Phosphorus B.O + Z700

C. B.O + ZDDP at 350 ppm of Phosphorus B.O + Z350
D. B.O + 0.33 wt% TiO2 nanoparticles B.O + TiO2

B.O + ZDDP at 350 ppm of Phosphorus + 0.33 wt% TiO>
E. B.O + Z350 +TiO>
nanoparticles

F. B.O + 0.33 wt% TiBGM nanoparticles B.O + TiBGM

B.O + ZDDP at 350 ppm of Phosphorus + 0.33 wt% TiBGM
G. B.O + Z350 +TiBGM
nanoparticles
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ZDDP was used at two different phosphorus levels: i) 700 ppm and ii) 350 ppm. To make
a homogenous suspension of TiO> nanoparticles in the base oil, they were subjected to probe
sonication for 15 mins right before the start of the test and 2-3 drops of this mix was used to
lubricate the surface of the steel sample. The flat (14mm X 14 mm; Ra 13 nm) and pin (4mm X
6mm) samples used in the study were 52100 hardened steel. The specifics regarding tribological
testing are as following: load-82 N; hertzian contact pressure-500 MPa; speed-5Hz; temperature-
100° C; stroke length-6 mm; duration-60 min. A high-frequency reciprocating cylinder on flat
configuration, which mimics the line contact in automobile engine’s piston ring on liner
interaction, was employed for tribological testing. The testing conditions were preferably chosen
to observe the additives performance under boundary lubrication conditions. The test setup was
built in-house at Argonne National Lab and it was equipped to record both friction and electrical
contact resistance data (ECR). In order to collect the ECR data, a potential (100 mV) was applied
between the two conducting surfaces which in this case are steel flat and pin. During the test, the
two surfaces move against each other, and the additives in the oil form a protective film which
ultimately cuts-off the electrical circuit. As a result, an electric potential builds up across the two
surfaces and it is measured along with the friction data as a function of time. The pre-test sample
cleaning procedure involved step-by-step cleaning with Stoddard, isopropanol and acetone in a
sonication bath to remove any contaminants from the surfaces. Post-test samples were first gently
rinsed with heptane and then optical microscopy (Olympus STM6) and white light interferometry
(Bruker Contour GT) were used to conduct wear volume calculations, and to examine the 3D
surface profile. Each time, the sample was subjected to a characterization technique it was rinsed

with heptane and then again lubricated with polyalphaolefin (PAO) oil after analysis.
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Surface sensitive techniques namely, XPS (Kratos Axis Ultra; monochromatic Al K, X-
ray source) and XANES were used to identify the chemical make-up of the tribofilms. XPS
provides chemical information from the top 5-8 nm of the surface and it was used to identify the
elements and their relative presence in the tribofilms. The XPS spectra were recorded at following
run-time parameters; power: 150 W; spot size: 300 um x 700 um. XANES experiments were
performed at SGM (spherical grating monochromator) and VLS-PGM (variable line spacing-plane
grating monochromator) beamlines at the Canadian Light Source in Saskatoon Canada. These
beamlines were employed to identify the different chemical species in the tribofilms, such as
oxygen (K edge), iron (L edge), titanium (L edge), zinc (L edge) and phosphorus (L edge) and
their local coordination environments. Typical operating parameters for SGM are: energy-200-
2000 eV; photon resolution->5000 E/AE; spot size-50 um x 50 pm and for VLS-PGM beamline

are: energy-5.5-250 eV; photon resolution-> 10,000 E/AE; spot size-100 pm x 100 pm.
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CHAPTER 5

GENERAL CONCLUSIONS

Automobiles have long become an inherent part of our life and any scientific advances in
this field will obviously have potential far reaching beneficial effects. For example, one-third of
the fuel energy consumed is used to overcome friction in the engine, transmission, tires, and
brakes. Thus, any new lubrication technology that reduces these frictional losses, increases
longevity of the engine parts and lowers automobiles negative environmental effect, will be of
both scientific and socio-economic importance. Over the years, with the advent of new engine
designs and strict environmental regulations, there has been an increasing demand for novel
lubricant additives which can perform under more extreme conditions and, at the same time, help

reduce the harmful emissions.

The objective of this dissertation study was to explore and develop a novel approach to
improved lubrication, one which involved a convergence of tribology and plasma polymerization
techniques. In this approach, an innovative idea was implemented whereby nanoparticles are
molecularly tailored using plasma polymerization techniques and these novel nano-additives were
then evaluated for their tribological benefits in lubricant oils. Their performance was compared
with the best anti-wear additive in the field, i.e. ZDDP, to estimate the commercial feasibility of
these new additives. The study involved a thorough scientific effort to elucidate both physical and

chemical phenomena involved in these processes.

Initially this technique was employed using PTFE nanoparticles, wherein core shell nano-
additives were synthesized by depositing silica rich plasma coatings on nanoparticles. An

additional methacrylate coating was deposited on top of the functionalized nanoparticles, using the
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same plasma deposition method, to protect the siliceous chemistry and to achieve stable dispersion
of these nanoparticles in the oil. These plasma functionalized PTFE nanoparticles were then mixed
with oils containing a reduced amount of ZDDP and these oil formulations were then evaluated
for their tribological performance. Results of the experiments strongly suggest that functionalized
PTFE synergistically interact with reduced amount of ZDDP and provided superior anti-wear and
anti-friction properties compared to ZDDP itself. Chemical analysis of the tribofilms revealed that
these plasma modified particles promoted the formation of fluorine and silicon doped phosphate

films at the tribological contacts.

Following the compatibility experiments between functionalized PTFE nanoparticles and ZDDP,
more experiments were conducted along the same lines wherein functionalized nanoparticles were
blended with oils containing ionic liquids. The objective was to investigate the interaction between
these nanoparticles and ionic liquids and also to compare their tribological performance with
blends containing ZDDP. Again, it was observed that functionalized PTFE nanoparticles interacted
synergistically with the ionic liquid additives and displayed enhanced anti-wear and anti-friction

behavior.

In order to examine the general extent and applicability of this technique, the same method
was employed to make core-shell nano-additives with TiO2 nanoparticles and boron rich monomer
(TMB). The plasma functionalized TiO2 nanoparticles were then investigated for their tribological
properties and their interaction with reduced amount of ZDDP. The results of this study also

showed synergistic interaction between boron functionalized TiO2 nanoparticles and ZDDP.

The overall outcomes of this dissertation work establish plasma functionalization of
nanoparticles as an effective way of delivering chemistries at tribological interfaces for superior

anti-wear and anti-friction benefits. The knowledge acquired from this study adds a new dimension
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to the lubricants additive research. Ideally, it can result in substantial reduction in the use of ZDDP
or, even more ideally, possibly entirely eliminate its use via replacement with more
environmentally friendly additives. An important inherent feature of the present work is that, in
principle, the plasma surface functionalization readily permits an extremely wide range of surface
chemistry modifications to virtual any nanoparticle, as based simply on an appropriate choice of
monomer. Additionally, it will accommodate usage of mixtures of different nanoparticles, with
each particle surface modified to provide specific atoms to molecularly tailor the compositions of

the requisite tribological films.
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