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ABSTRACT

DEVELOPMENT OF CORE-SHELL STRUCTURE POLYMER COATED NANO-

ADDITIVES FOR TRIBOLOGICAL APPLICATIONS

Kimaya Vyavhare, PhD

University of Texas at Arlington, 2020

Supervising Professor: Pranesh B. Aswath

Lubricating oils are of paramount importance for controlling frictional energy losses in
automotive engines and maintaining the overall performance of the vehicle components. These
oils contain various P and S based chemical species to help reduce friction and wear of metallic
parts, and thus, enhance durability and energy efficiency of engines. Unfortunately, the beneficiary
performance of the current engine oil additive technology i.e. zinc dialky! dithiophosphate (ZDDP)
comes with a major drawback of reducing the lifespan and efficiency of an automobile’s pollutant-
reducing catalytic converter, thus increasing harmful emissions in the surrounding. This research
work is a step towards making engines more efficient and sustainable through the development of
functionalized nanoparticles as environment-friendly lubricant anti-wear additives. For this
purpose, surface tailored nanoparticles were employed to deliver chemical species at tribological
contacts for improving anti-friction and anti-wear characteristics. Plasma polymerization
technology was used to coat or encapsulate nanoparticles with chemistries known to provide good
tribological outcomes. In this study, different nanoparticles (ZnO, CaCOz3) were plasma treated
with different chemistries (fluorine, boron) and tribologically tested along with other anti-wear
additives including ashless thiophosphates additives to overcome the current challenges of

lowering phosphorus content in engine oil and improving the fuel efficiency. The objective of this

xiii



thesis work is to study the tribological performance of plasma functionalized core-shell structure
nanoparticles under boundary lubrication regime and develop a comprehensive understanding of
their tribofilm properties and its implications on friction and wear outcomes. As the first approach,
an experimental methodology was developed to synthesize core-shell structure ZnO nanoparticles
coated with fluorocarbon polymer films and prepare oil formulations with a low concentration of
ZDDP. These nano-lubricants were tribologically tested and properties of in-situ formed anti-wear
tribofilms were studied using advanced surface characterization techniques like X-ray absorption
near-edge spectroscopy (XANES), X-ray photoelectron spectroscopy (XPS), Scanning probe
microscopy (SPM), and Scanning electron microscopy (SEM). Results indicate that core-shell
structure ZnO nanoparticle can effectively deliver coated fluorine chemistry at a tribological
interface to form advance tribofilms and significantly improve friction and wear properties.
Additionally, the plasma polymerization approach was extended and applied to different coating
chemistry like boron and nanoparticles like CaCOs. Overall results indicate that the developed
polymer-coated ZnO and CaCOsz nanoparticles are very effective in reducing harmful levels of
phosphorus in oils without compromising tribological properties. Additionally, they exhibit
synergistic interactions with conventional additives to form robust tribofilms leading to enhanced
friction and wear protection at sliding contacts. The surface tailored nanoparticles-based additives
(Zn0O, CaCO0:s) developed in this study can contribute to research advancement in lubrication
technology and, as such, lead to the development of more energy-efficient and environmentally

friendly outcomes when used in automotive engines.
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Chapter 1. Introduction

1.1 Motivation

Transportation activities are a vital aspect of our day-to-day life and contribute gravely to
global energy consumptions and environmental pollution. The major environmental impact of the
automotive sector is due to fuel consumption and emissions of greenhouse gases that are driving
global warming. [1] As a result, government agencies around the world have imposed rigorous
standards for fuel efficiency, emissions, safety, and durability, for example: In the US, the
Environment Protection Agency has set standards for new cars to reach 36 miles per gallon by
2025. [2] To improve fuel efficiency and decrease the amount of fuel required for vehicle

operation, it is important to minimize energy losses from the vehicle engine.

More than half of the fuel energy use in an internal combustion engine goes to exhaust and
cooling, while the rest is transferred to mechanical power out of which 33 % is used to overcome
frictional losses in major mechanical parts. [3] As friction is a major consumer of engine energy
(almost 25 — 30% of total energy), maintaining effective tribology of engine components seems to
be a promising solution to curb fuel usage and hence reduce greenhouse gas emissions. [3]
Improved tribological performance can be achieved in three ways: enhancing the tribological
properties of the materials used for the mechanical parts; coating surfaces to improve tribological
behavior; or developing lubricants that improve tribological behavior. [1] Of all the approaches
used lubricant development offers the potential to provide low-friction at engine sliding contacts
at a low cost. Most recently, in May 2020, OEMs launched new low viscosity oils for passenger
cars following ILSAC GF-6 standards to meet the demands of better fuel economy, tailpipe
emissions, and engine wear protection. Low-viscosity oils can effectively reduce viscous energy

losses in-vehicle, however, their application requires engine components to operate in boundary

1



to mixed lubrication regimes for a prolonged time, thus causing increased friction and wear of
engine components. This necessitates the formulation of low viscosity engine oils with high-
performance anti-wear additives capable of forming solid tribofilms to enhance the durability of
moving mechanical interfaces experiencing direct metal-metal contact in boundary lubrication

regime.

Impact of friction and wear on energy consumption

= Energy Industry

Industry

Residential

Transportation

Minimize friction and wear losses

Increase end-use energy efficiency

\

Improve energy source economy

Reduce Green house gas emissions

Figure 1. Contribution of the transportation sector to overall global energy consumption. [1]
The current additive technology uses zinc dialkyl dithiophosphate (ZDDP) class of anti-
wear additives due to their ability to form effective tribofilms at sliding interfaces, which act as
protective layers for the underlying metal. [4] This is in addition to ZDDP’s low cost and good
solubility in oil. However, despite being an effective anti-wear additive, thiophosphate byproducts
of ZDDP contribute to the poisoning of catalytic converters, which increases automotive tailpipe

emissions. [5-7] Because of this side-effect the amount of ZDDP in current GF6 engine oils is
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restricted to 0.08 wt.% of phosphorus. With the continued growing concerns of global warming,
coupled with the need for improved emission control technologies to meet stringent environmental
regulations, automotive lubricant formulators will likely have to further reduce SAPS (sulfated
ash, phosphorus, and sulfur) amounts, especially phosphorus to below 0.05 wt.% and eventually
eliminate phosphorus and sulfur compounds in engine oils. [8-10] Moreover, the current ZDDP
additive technology is inadequate to provide wear protection in low viscosity oils (GF-6, PAO6,
Group V ails), and increasing their concentration is not an option considering stringent government
regulations. Therefore, it is important to identify new anti-wear additive technology capable of
either replacing or reducing the phosphorus concentration in engine oils and providing required
tribological protection in the novel low-viscosity base stock blends.

With the advent of nanotechnology, nanomaterials/nanoparticles have emerged as high
performance environmentally friendly additives for the next generation of lubricants. Nanosized
additives provide better lubricating performance over their micron-sized counterparts due to their
ability to compensate for the material loss by easily entraining within micro-sized surface
asperities and depositing on the worn surface. However, the practical application of nano-additives
faces several challenges such as poor solubility in nonpolar lubricants, agglomeration, and
precipitation. This research work focuses on the development of functionalized metal oxide
nanoparticles (ZnO and CaCOs) as the lubricant additive to improve friction and wear of mineral
base oil. In this study, a simple and effective plasma polymerization technique was employed to
molecularly surface tailored nanoparticles and improve their dispersibility in base oils. Herein,
nanoparticles are encapsulated with polymer coatings through a process of plasma-enhanced

chemical vapor deposition (PECVD), hence forming a core-shell like structure.



The primary objective of this study is to develop nano-additive formulation with low
phosphorus concentration and therefore, ZnO and CaCOz core-shell nano-additives were mixed
with a significantly low concentration of ZDDP at 350 ppm of P in a mineral base oil. Specifically,
ZnO and CaCOs nanoparticle chemistries were selected for this study to enhance formation of
highly cross-linked metal phosphate based tribofilms which helps to improve anti-wear properties.
A detailed systematic evaluation of the tribological behavior of unfunctionalized and plasma
functionalized nanoparticles with and/ without ZDDP was performed through reciprocating
tribological tester in the boundary lubrication regime. Advance surface sensitive techniques like
high-resolution scanning electron microscopy (SEM), surface probe microscopy (SPM), X-ray
photoelectron spectroscopy (XPS), and X-ray near-edge absorption spectroscopy (XANES) were
employed to elucidate the chemical and physical properties of the tribofilms formed on the worn
surfaces. Through these different techniques, the study aims to develop a phenomenological model
of the structure of tribofilms and relate it to the tribological properties of nano-additives. Combined
analysis of tribological test and tribo-surface characterization results is crucial in understanding
the lubrication mechanism of these novel core-shell nano-additives. The outcomes of this research
work reveal that core-shell nanoparticles can indeed reduce the amount of ZDDP in the engine oil,
thus reducing the catalytic poisoning, while simultaneously improving the anti-wear performance
and durability of engine components.

1.2 General Background

1.2.1 Tribology and Lubrication

Tribology is the science and engineering field dealing with the study and application of
friction, lubrication, adhesion, and wear at the interacting surfaces in relative motion. The word

tribology is derived from the Greek term “tribos” meaning rubbing so that the literal term would



be “science of rubbing.” Tribology is particularly important in today's world because a significant
amount of energy is wasted due to friction in mechanical components or surfaces relative to
motion. For example, in an internal combustion engine, more than half of the fuel energy generated
goes to exhaust and cooling, while the rest is transferred to mechanical power out of which 33 %
is used to overcome frictional losses in major mechanical parts. [3] As friction is a major consumer
of engine energy (almost 25 — 30% of total energy), maintaining effective tribology of engine
components seems to be a promising solution to curb fossil fuel usage and hence reduce
greenhouse gas emissions. [3] Improved tribological performance can be achieved in three ways:
enhancing the tribological properties of the materials used for the mechanical parts; coating
surfaces to improve tribological behavior or developing advance lubrication that improves

tribological behavior. [1]

Lubrication involves the introduction of a layer of material (liquid, solid, or both) between
sliding surfaces to minimize shear strength and prevent friction and wear at the tribological contact.
The material used to perform this task is called as a lubricant. The components in internal
combustion engines are commonly lubricated with a liquid type of lubricant. For example, crank
train, valve train, piston, connecting rod, and bearing assembly make up the most critical
lubrication systems in engines and are continuously lubricated with lubricants primarily made of
mineral or synthetic base carrier oil together with the additive package (detailed in section 1.2.2).
The lubrication system where liquid lubricants are used experiences three different types of
lubrication regimes depending on different variables like load, surface roughness, amount of
lubricant, the velocity of sliding surfaces, fluid layer thickness, etc. These lubrication regimes are

categorized as follows:



Fluid film lubrication — In fluid film lubrication type, the sliding surfaces are separated by a fluid
film pressurized by an external supply. The thickness of the fluid film is great enough for the
asperities on the sliding surfaces not to make contact, and therefore, the load is supported by the
fluid film. In fluid film lubrication, the physical properties of the lubricant (e.g. viscosity, traction,
load-bearing capability, etc.) determine the performance capability. Fluid film lubrication is
divided into (i) hydrodynamic lubrication and (ii) elastohydrodynamic lubrication. In
hydrodynamic lubrication fluid film separating the sliding surfaces is pressurized by viscous
dragging of the lubricant into a narrowing gap. Again, the fluid film thickness is great enough for
the surface asperities to come in contact. Journal bearings and thrust bearings are examples of
hydrodynamic lubrication systems. On the contrary, under high loads, highly localized pressures
within squeezed thin lubricant film lead to enhanced lubricant viscosity and to an elastic distortion
of the surfaces which help to keep surface asperities apart. This form of fluid film lubrication is
known as elastohydrodynamic lubrication. [11,12]

Boundary Lubrication — In boundary lubrication, direct asperity-asperity contact occurs between
the sliding surfaces. This regime is observed at very high contact loads and low sliding speed.
Even when liquid lubricants are used boundary lubrication occurs at the start-up and stopping of
the instrument. Here, metal to metal contact results in shearing the surface asperities coming into
contact, thus resulting in severe wear. Under boundary lubrication condition, lubricant additives
primarily anti-wear additives (e.g. ZDDP, etc.) play a significant role in protecting sliding surfaces
by either getting physically or chemically absorbed to the surfaces of moving parts or decomposing
to form new ions to activate the substrate surfaces and subsequently reacting to form chemically
active species which adhere onto the wear prone surfaces to enhance protection. The antiwear

chemistries present in the lubricant aided by frictional heating, react with the freshly exposed



active surfaces and form protective surface thin films also known as tribofilms. Thus, in boundary
lubrication, both the chemistry of the lubricant and the material properties of the interacting
surfaces, dictate the performance of the lubricant.

Mixed Lubrication — Under more severe lubrication conditions, e.g. under extreme contact loads,
the fluid film is no longer able to fully support the load and the surface asperities come into contact.
Under these conditions, the lubrication regime becomes a mixed regime of boundary and EHD
fluid film lubrication regimes. In real-life applications, tribological systems are comprised of
different sizes of asperities, which when came in contact produces a wide range of stresses at the
contact zone. Such systems do experience a mixed regime of boundary and elastohydrodynamic
lubrication.

Mathematically lubrication regimes present at any tribological contact are identified by
estimating fluid film thickness using the four most common elastohydrodynamic lubrication
theories. [13] Fluid film thickness defines friction and wear outcomes of any tribological system
lubricated with liquid lubricants. Besides, the ratio of fluid film thickness and surface roughness

commonly referred to as lambda (L) helps to determine the type of lubrication regime as follows:
A = lmin (1)

h min = minimum thickness of the lubricant film.

o*  =root mean square roughness of the two surfaces.

Based on the A value, lubrication regimes can be divided into 3 types. Hydrodynamic lubrication
(A>~5), elastohydrodynamic lubrication, or mixed lubrication (1<A<S5), and boundary lubrication
(A<1). Within the same fluid lubrication system, the mechanism of lubrication can change as
sliding condition changes, and this was first illustrated by Richard Stribeck in 1902 in the form of

a graph known as the Stribeck curve. [14] Stribeck curve defines a relation between the coefficient
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of friction and lubrication parameters (absolute viscosity of the oil, relative speed, component
geometry, and load) and plays an important role in identifying the boundary, mixed and

hydrodynamic lubrication regimes as shown in figure 2. [15]

— | 1 o "

A S
Iy Mixed
lubrication

= ; _
c ' ; &
: — Al |8
|9 {
= g . R SSon | &
S s S
5 . T
: l) Boundary 1)) Hyd(odynamnc E
o lubrication lubrication é
ke T
.
(NN

Velocity x Viscosity
Load

Figure 2. Friction coefficient plotted as a function of fluid viscosity and shear velocity divided by
the load (Stribeck curve) with corresponding lubrication film thickness. The plot displays three
lubrication regimes: Boundary lubrication, mixed lubrication, and hydrodynamic lubrication. [16]

In the Stribeck plot, as one moves from the left, the effect of very high loads, low sliding
speed, and thin fluid film thickness results in direct contact between surface asperities of two
bodies in relative motion. This condition is known as the boundary lubrication regime. In this case,
direct contact between asperities leads to an extremely high coefficient of friction. With the further
increase in speed and decrease in load, the surfaces begin to separate, and the fluid film starts to
form. This gradual film formation leads to a reduction in surface contact and a corresponding drop
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in the coefficient of friction. This regime is known as mixed lubrication. With the continued
increase in viscosity and a decrease in load, fluid film thickness increases, and a condition is
reached where surface asperities are completely separated. This regime is known as hydrodynamic
lubrication. Because of the high fluid film thickness in this regime, fluid friction comes into play
and results in a gradual increase in the coefficient of friction as shown at the farthest right side of
the plot. Most of the tribological systems try to have combined mixed to hydrodynamic lubrication
to maintain friction as less as possible. However, complex tribological systems like internal
combustion engine experience operation at extremely high contact load and slow speed. In such
scenarios, the boundary lubrication regime does exist and the performance, in this case, is
controlled by the high-performance additive package in engine oil primarily anti-wear additives
like ZDDP.

1.2.2 Lubricant Additives

Lubricants play a major role in providing good fuel economy and it also protects the engine
parts from wear, thus directly relating to engine durability. Their performance and effectiveness
mainly depend on their chemistry and composition. Generally, lubricant consists of 90 % base oil
and 10 % additives. Additives serve many roles like anti-wear and anti-corrosive agents,
antioxidants, extreme pressure (EP) additives, dispersants and detergents, rust and corrosion

inhibitors, friction modifiers, foam depressants, viscosity index improvers, etc.

1.2.2.1 Zinc dialky! dithiophosphate (ZDDP)

The lubricant additive ZDDP was introduced in engine oil in the 1940s and to date remains
the additive of choice for almost all modern engine lubricants. [17] ZDDP plays different functions
of wear prevention, antioxidant, and corrosion inhibition to ensure the reliable operation of sliding

interfaces in the internal combustion engine. It is well known that ZDDPs dissociate in the
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unforgiving conditions in a combustion engine to generate reaction products that, under high
temperature and pressure, create sacrificial films, which protect the contacting surfaces from
subsequent damage. [18] These films are commonly referred to as tribofilms and so far a
considerable volume of research has been carried out to explore the properties and mechanism of

formation of the ZDDP tribofilms. [19-24]

Academic research activity on ZDDPs in 1950 — 1960 showed that ZDDPs form
phosphorus, zinc, and sulfur-rich chemical films only on the rubbing surfaces where actual sliding
contact occurs and not on the rolling contacts or at the contacts where the hydrodynamic film
thickness is significantly greater than the surface roughness. [17,25-27] In 1980 — 2000
combination of various surface analytical techniques like Auger electron spectroscopy, X-ray
absorption near-edge spectroscopy, X-ray photoelectron spectroscopy, secondary ion mass
spectrometry, etc. were used by researchers to elucidate the chemistry of ZDDP tribofilms and it
was showed that the ZDDP tribofilms consists of a relatively thin sulfur-rich region close to the
steel substrate and thicker layers of zinc and iron polyphosphates and/or phosphates as shown in
figure 3. [28-41] Though the main cation present in the upper levels of the tribofilms pads is zinc,

the proportion of iron to zinc increases progressively towards the metal surface.
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Figure 3. Schematic of ZDDP tribofilms pad structure and composition. [17]

Furthermore, in the late 1990s application of atomic force microscopy and in-situ spacer
layer interferometric method resolved several contradictions on the thickness of ZDDP tribofilms
and it was proved that the ZDDP tribofilms rapidly grow on rubbing surfaces in a pad-like structure
consisting of flat-topped thick film regions about 3-5 um in diameter separated by narrow regions
where little or no film is present. [42-46] ZDDP tribofilms are typically 80-150 nm thick
depending on the type of oil and rubbing conditions, for example, thicker films are observed in
nonpolar base oil containing only ZDDP [47] and relatively thinner films are formed with fully
formulated engine lubricants. [48] Research efforts have also been extended in determining precise
molecular reaction pathways or steps leading to ZDDP tribofilm formation, and now it is believed
that ZDDP tribofilms are formed due to stress-assisted, thermally activated chemical reactions at
sheared contacts. [8,21] Gosvami et al. in 2015 used a single-asperity contact of an AFM tip sliding
on an iron oxide substrate in ZDDP solution to study tribofilm formation and found out that the
formation rate is exponentially dependent on both temperature and pressure i.e. ZDDP tribofilm
formation is a mechanochemical process. [49] Most recently in 2020, Zhang and Spikes et al. used
an alternative approach to prove the ZDDP tribofilm formation process is mechanochemical in
origin by using a tribological test rig capable of testing ZDDP oil under full elastohydrodynamic
conditions with negligible asperity contacts. [50] Results revealed that the initial decomposition
of ZDDP to form thiophosphate byproducts is the rate-determining step for tribofilm formation
and this decomposition reaction is driven by macroscopic shear stresses as well as temperature.
They proposed that under full-film EHL conditions, ZDDP tribofilm formation is promoted by
shear stress applied through the base oil molecules rather than hydrostatic pressure, which induces

asymmetric stress on adsorbed ZDDP molecules to promote their decomposition and initiate rapid
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phosphate polymerization. [50] However, despite the importance of ZDDP thiophosphate
byproducts to form tribofilms, they can lead to poisoning of after-exhaust treatment systems which
increases automotive tailpipe emissions. Importantly, existing ZDDP additive technology provides
inadequate wear protection in ultralow viscosity lubricants, which are promoted to meet aggressive
fuel efficiency and emission standards. Increasing the ZDDP concentration for low-viscosity
lubricants is prohibited by already stringent emission regulations that ultimately aim to eliminate
sulfur and phosphorus-containing additives in engine oil. Due to these restrictions and short-
comings, the need for research is fueled to replace and/or reduce the amount of ZDDP in engine
oil through development of new lubricant anti-wear additives such as boron based additives, ionic

liquids, nanomaterials, etc.
1.2.2.2 Nanomaterials/Nanoparticles as lubricant additives

The advent of nanotechnology has expanded the realms of research towards the use of
nanoparticles or nanomaterials as additives in lubricating oil. Nano lubricant approach is of
considerable interest for overcoming the drawbacks of conventional lubricant additives and
improving the performance of low-viscosity lubricants. Nanoparticles have unique physical and
chemical characteristics which makes them promising candidates for lubricant additive
applications including anti-wear and extreme pressure additives, as well as friction modifiers. The
main advantages of nanoparticles are their small size in the nanometer range and high chemical
reactivity which allows them to easily enter the microscale surface asperities of the friction
interface or deposit in micro defects of friction surfaces to play the role of “self-repairing”.
Additionally, most nanoparticles are environmentally friendly and therefore, their application can

aid to minimize the use of hazardous additives and meet the requirements of green tribology.
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To date, various nanomaterials such as carbon-based, inorganic fullerenes, metal, metal
oxides, metal sulfides, nano-composites, and polymeric nanoparticles have been used in
lubricating oil with potentially interesting friction and wear properties. Among the diverse class of
nanomaterials, metal and metal oxide nanoparticles have received particular attention owing to
their excellent friction-reducing, anti-wear, and self-repairing ability. Padgurskas et al.
investigated the tribological properties of different mineral oils containing Fe, Cu, and Co
nanoparticles and their combinations. Test results suggested that Cu-containing nano lubricants
significantly reduced friction and wear compared to other NPs when added individually. In
particular, the presence of Cu, Fe, and Co NPs reduced friction by 49%, 39%, and 20%,
respectively, compared to lubricants without additives. [51] Ag and Au metal nanoparticles have
also exhibited promising anti-wear and anti-friction properties. [52,53] Kumara et al. synthesized
organic-modified Ag nanoparticles as an additive for PAO base oil and reported remarkable
improvement in friction by 35% and wear by 85%. [54] Studies have been done with TiO>
nanoparticles where they are found to stabilize the friction and form TiO2 films on the contacting
surfaces. [55-57] Metal oxide composite nanoparticles have also exhibited promising tribological
properties. Wei et al. reported that a composite mixture of Al203/TiO2 nanoparticles provided
superior anti-wear and anti-friction properties than the individual nanoparticles. [58,59] ZnO
nanoparticles are also one of the promising green lubricant nano additives with stable structure,
good thermal stability, and high surface area and energy. Considering these favorable properties,
it is understandable that many studies have been conducted using ZnO nanoparticles as oil
additives. [60-66] Alves et al. observed that ZnO nanoparticles exhibit good friction-reducing and
antiwear abilities. [67] Battez et al. studied the tribological properties of ZnO nanoparticles as an

additive in PAO base oil and found that ZnO nanoparticles can form tribofilms thereby showing
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excellent tribological properties [61,68]. Nanoparticles of polytetrafluoroethylene (PTFE) [69],
MoS; [70,71], TiO2 [55], La(OH)z [72], PbS [73], LaFs [74], titanium borate [75], zinc borate [76],
ferric oxide [77], calcium borate [78], Ni [79] and CaCOs [80,81] have also been explored for their
use in lubricant oil. Some of the suggested mechanisms behind the excellent tribological
performance of these nanoparticles are rolling effect [82], a protective film by tribochemical
reactions [83], ball-bearing effect [84], adsorption on the surface to compensate for material loss,

mending effect [85] and third body material transfer [86,87], which are summarized in figure 4.

(a) Rolling effect (c) Protective film

(b) Polishing effect (d) Mending effect

Figure 4. Schematic of possible lubrication mechanisms of nanoparticles.

To date, metal-containing nanoparticles have emerged as a new class of environmentally
friendly lubricant additives capable of replacing hazardous sulfur and phosphorus-containing
additives like ZDDP. However, several challenges remain for their practical tribological
application. Metal and metal oxide nanoparticles exhibit poor solubility in nonpolar base oils,
which causes problems of unstable suspension and sedimentation. Additionally, the high specific

surface energy of nanoscale particles makes them prone to agglomeration and precipitation in the
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base oil. The aggregation of nanoparticles limits their ability to protect tribological interfaces.
Adequately dispersed nanoparticles can improve wear and friction resistance by forming tribofilms
consisting of nanoparticle agglomerates, discrete nanoparticles, or nanoparticle-reinforced
tribopolymer networks. There are two approaches to achieve adequate dispersion or suspension of
nanoparticles in lubricant oil. The first is to incorporate dispersant along with nanoparticles in a
base oil. The other is to synthesis surface tailored nanoparticles through physical or chemical
methods like sol-gel, use of amphiphilic chemicals or alkoxysilanes, etc. Both strategies modify
the surface of nanoparticles by absorption or chemical reaction to form an organic layer. Till 2005,
various dispersants like Aliquat 336 [68], Estisol 242 [12], oleic acid [12], and sorbitol
monostearate [47,105] were mixed with nanoparticles and studied to achieve stable dispersion of
nanoparticles in the lubricant oil. However, these studies reported a very short stability time of
nano-lubricants, in some cases dispersion was lost in less than two weeks. Furthermore, the amount
of dispersant required was more than the amount of the nanoparticles in this method, and the
properties of nano-lubricant were changed. Also, the dispersant can absorb the contacting surfaces
and hindered the tribochemistry and tribofilm forming capability of nanoparticles. For example,
Rabaso et al. reported loss of tribological benefits of inorganic fullerene-like MoS2 nanoparticles
when used in the mineral oil with succinimide-based dispersants. They observed that the
succinimide-based dispersant can improve the dispersion of the nanoparticles in the oil by reducing
agglomeration, however, affects the tribochemistry of the contact, by excessive adsorption on the
steel surfaces preventing adhesion of a low friction MoS: on the interacting surfaces, ultimately
leading to poor friction and wear properties. Due to several shortcomings of the dispersant method,
various surface modification techniques were used to prepare well-dispersed nano-lubricants like

chemically reacting surfactants with nanoparticles before addition in lubricant oil, using a
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surfactant to modify the precursor and synthesizing nanoparticles with a pre-attached surfactant,
surface silanization with alkoxysilanes, surface-induced-atom-transfer-radical polymerization,
water bath or probe ultrasonication, etc. Some of the most recent research has focused on the
interaction of ionic liquid and nanoparticles. These studies reported improvement in the dispersion
stability of nano-lubricants due to the synergistic interaction of ionic liquids with nanoparticles. In
this thesis, an interesting approach of plasma-assisted chemical vapor deposition is used to
molecularly surface tailored metal oxide nanoparticles to achieve a uniform and stable dispersion

in a mineral base oil.

1.2.3 Plasma enhanced chemical vapor deposition (PECVD)

Plasma enhanced chemical vapor deposition (PECVD) or plasma-assisted chemical vapor
deposition (PACVD) is a thin film fabrication technique of polymeric materials, which has
successfully overcome the disadvantages of wet chemical fabrication and other deposition
methods. [88] Plasma polymerization is a complex process and takes place through initiation,
propagation, and termination stages. In the PECVD process, a high energy plasma discharge is
used to dissociate a gaseous or liquid precursor into sub-monomers or free-radical fragments and
ions. A free radical in the plasma stream initiates the process of polymerization of the precursor
resulting in the formation of the polymer, which gets deposited on the substrate. And due to the
presence of the radicals in each chain of the produced polymer, cross-linking of the polymer also
occurs; therefore, the final resulting plasma polymer coating has a cross-linked structure. [89,90]
The structure of the plasma polymeric thin films is not similar to the conventional polymers
because of the higher density of cross-linked and branched structures. [90,91] Films synthesized
through plasma polymerization have good adhesion to the substrate materials and usually exhibit

good stability in air and various chemical solvents. Usage of inert gas plasma in PECVD extends
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its applicability to a wide range of precursors, reactive organic, inorganic, and inert materials.
[92,93] Composition of these polymerized films can be controlled through optimization of internal
plasma parameters like homogeneity of discharge, distribution of various species in the plasma,
and energy of the species, and the external parameters such as reactor geometry, applied voltage,

frequency, total pressure, flow rate, temperature, and length of the deposition. [89,94]

PECVD is a versatile deposition technique that is used in a variety of applications like
developing electrical insulation and conductive films, fabrication of integrated circuits, transistors,
photovoltaic, photonic, and dielectric devices, surface treatment of biological implants,
synthesizing biomaterials for applications in biosensors, etc. PECVD is also well recognized for
the functionalization of nanoparticles/nanomaterials through the addition of functional groups such
as amine, carboxylic, and silane groups. Timmons and co-workers have successfully demonstrated
the significance of RF plasma polymerization technique for functionalization and surface
modification of nanoparticles using a 360° rotating plasma reactor. For example, they employed a
pulsed plasma polymerization process to introduce amine (-NH.) groups to surfaces of
superparamagnetic iron nanoparticles (y-Fe203) for biomedical applications. In this study, the
pulsed plasma PECVD technique is used to molecularly surface tailor metal oxide nanoparticles
to enhance their tribological properties and develop core-shell structure nano-additives for
automotive lubricants. These plasma functionalized nano-additives show a promising way to
reduce the amount of ZDDP in the engine oil, while simultaneously improving the anti-wear and
anti-friction benefits. Application of plasma polymerization to synthesize lubricant additives is not
limited to a specific nanoparticle-polymer film system and thus it can be utilized for different

mechanical systems other than an internal combustion engine.

1.3 Research Objectives
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The primary objective of the proposed research project is to develop low phosphorus-
containing environment-friendly engine oil lubrication through the use of surface-modified
nanoparticles based additives. In pursuit of this goal, the research work concentrates on the use of
plasma polymerization techniques to functionalize nanoparticles with chemistries known to be
favorable for tribological application. This approach is applied to different nanoparticles to make
core-shell nanostructures, wherein nanoparticles are functionalized with multilayered coatings.
These functionalized nanoparticles are then mixed with oils and their performance is evaluated
under tribological conditions similar to actual operating conditions in the internal combustion
engine. Detailed mechanistic aspects will be explored through different advanced characterization
tools to understand the lubrication mechanism of these functionalized nanoparticles. It is hoped
that the findings from this work will contribute to the development of a promising alternative for
harmful existing lubricant additives like ZDDP and hence, will be extremely valuable to the field

of lubrication science.

Hypothesis.....

It has been widely accepted by the researchers in this field of science that the antiwear
and/antifriction performance of the well-known additives (like ZDDP, MoDTC, PTFE) depends
upon their capability to form protective films called as tribofilms at contact surfaces under high
temperature and shear forces. For example, the antiwear mechanism of industrially dominant
additive, ZDDP involves its thermal and tribological degradation leading to the formation of an
amorphous glassy antiwear film comprised of metal polyphosphates and/ metal sulfides/sulfates.
Chemical processes involved in this mechanism are known to be influenced by the availability of
active elements like P or S provided due to the degradation of ZDDP. Also, in recent years,

nanoparticles have emerged as potential friction modifiers and antiwear additives. Various
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mechanisms for their behavior have been proposed, such as nanoparticles can disintegrate and

form layered structure tribofilm, they can act as a third body and prevent the material loss, etc.

Based on this fundamental understanding of the additive lubrication mechanism, the author
postulate that the plasma functionalized nanoparticles would act as a carrier and deliver coated
chemistries at the tribological interfaces to form protective glassy antiwear films. Additionally,
nanoparticles can itself contribute to additional antifriction and antiwear protection of the rubbing
surfaces. This bifold mechanism would be expected to provide improved tribological performance
than existing lubricant additives. Preliminary, this approach involves coating nanoparticles in the
form of polymeric thin-film through plasma surface treatment. Functionalization chemistries will
be similar to those that have been shown to form antiwear films and benefit in tribological
applications. Later, these nanoparticles will be subjected to tribological testing and various
analytical tools will be used to study tribofilms formed under the lubricated mechanical rubbing
action. The knowledge of the chemical nature and composition of formed tribofilms will then

complement the proposed hypothesis.

1.3.1 Developing Core-shell Structure Nanoparticles

The most important aspect of this research work is the careful selection of the nanoparticles
considering particle size, shape, oxidative, chemical, and thermal stability, and cost factor.
Nanoparticles like ZnO, and CaCOs which have been proven to exhibit good antiwear and
antifriction capabilities were selected for the study. The main rationale behind using ZnO and
CaCOzg is to exploit the benefit of extra Zn and Ca chemistries to promote formation of cross-
linked polyphosphate-based tribofilms leading to improved friction and wear properties. Secondly,
perfluorohexane, trimethyl boroxine, and glycidyl methacrylate monomers were selected for

plasma polymerization considering their properties like vapor pressure, toxicity, and handling
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stability. Plasma polymerization process optimization was carried out by finding perfect
experimental parameters such as RF power input, the duty cycle for pulsing signal, monomer
pressure, coating time, and monomer flow rate to get the best possible coating stability and
thickness. For this purpose, initial studies were performed using Si wafers and KBr discs to
examine film deposition and stability in the air. Later, FTIR characterization was used to identify
the presence of the desired chemical functional group. Additionally, chemical composition data on

developed functionalized nanoparticles were obtained using XANES surface-sensitive technique.

1.3.2 Evaluating Tribological Performance of Functionalized Nanoparticles with and Against

ZDDP

Environmental regulations and human health concerns drive the research in the
development of low phosphorus-containing engine oil additives. Zinc dialkyl dithiophosphate
(ZDDP) is one of the most prominent additives to dominate the lubrication landscape despite being
the main source of phosphorus in conventional engine oil and thus, a contributor to automotive
catalytic deactivation and environmental emissions. This proposed research work aims on
evaluating the potential of functionalized nanoparticles to either replace or reduce the amount of
ZDDRP currently used in engine oils. Hence, as the first approach to developing low phosphorus
oils, formulations were prepared with an additive mixture of functionalized nanoparticles and very
less concentration of ZDDP. Antiwear behavior of these novel nano-additives was scrutinized
under mixed to boundary lubrication condition under pure sliding contact and wear results were

compared with ZDDP antiwear additive at identical test conditions.

1.3.3 Multiscale Tribofilm Characterization and Understanding Lubricating Mechanism
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The second objective of this study is to understand the chemical properties of the tribofilms
formed under the lubrication of functionalized nano-additives. An in-depth characterization of the
worn surface morphology was performed using advance characterization techniques like XPS,
XANES, AFM, and HR-SEM. Knowledge gained on the physiochemical properties of in-situ
formed tribofilms shed insight into the mechanism of wear and tribofilm formation using
nanoparticles by themselves and in synergistic mixtures with ZDDP. In the final approach,
phenomenological models of tribofilms formed under nano-additives lubrication were suggested

by combining the knowledge gained from the overall surface characterization results.

1.3.4 Extending Approach to Different Nanoparticles and Chemistries

The plasma polymerization process developed by the tribological research group of
material science and engineering at UTA is very versatile and can be extended to different
nanoparticles and monomers to prepare high-performance nano-additives. Herein, the plasma
functionalized approach was extended to deliver chemistries at tribological surfaces to provide
better anti-wear and anti-friction properties by using ZnO and CaCOs nanoparticles and fluorine
and boron coating chemistries. Additionally, the anti-wear and anti-friction behavior of
functionalized nanoparticles was investigated with new generation additives like ashless

dithiophosphates.

1.4 Dissertation Structure

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

below.

Chapter 1. Introduction: This chapter gives the reader a broad overview of the research work

carried out and forms the basis for the following chapters of this dissertation. A brief background
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on the fundamentals of tribology and lubricant additives is provided in this chapter. Literature
review and details on anti-wear lubricant additive ZDDP, nanoparticles application in lubrication,
in-situ tribofilm formation, and plasma-enhanced chemical vapor deposition are also mentioned.
It highlights the fundamental drive for this research work and outlines general objectives followed

by a detailed hypothesis and specific aims.

Chapter 2. Tribochemistry of fluorinated ZnO nanoparticles and ZDDP lubricated interface and
implications for enhanced anti-wear performance at boundary lubricated contacts: This chapter
highlights the initial practical application of the proposed hypothesis of using plasma
polymerization technique to synthesize lubricant nano-additives. Details on experimental methods
used to develop core-shell structure ZnO nanoparticles and tribological testing under boundary
lubrication conditions are provided in this chapter. Here, perfluorohexane and glycidyl
methacrylate monomer were used to coat ZnO nanoparticles initially with fluorocarbon coating
followed with methacrylate-based coatings. Tribofilms formed by fluorinated core-shell ZnO
nano-additives based lubrication were characterized using AFM, SEM, XANES, and XPS. The
results of this study suggest that the plasma polymerization technique can be effectively applied
to develop nano-additives capable of forming tribofilms and improving tribological properties like

that of conventional additives like ZDDP, ionic liquids, borate esters, etc.

Chapter 3. Polymer coated ZnO nanoparticles driven robust interfacial tribofilms leading to
improved wear protection under boundary lubrication regime: In this chapter, plasma
polymerization experimental approach was extended to different coating chemistry and boron
coated core-shell ZnO nanoparticles were synthesized by using trimethyl boroxine monomer. The
synergistic interaction and enhanced tribological performance of fluorinated ZnO nanoparticles

observed from research work discussed in chapter 3 formed basis for this chapter and sparked the
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idea of coating ZnO nanoparticles with other tribologically beneficial chemistries like boron. Wear
and friction results and tribofilm characterization results discussed in this chapter also suggests

that boron coated ZnO nanoparticles interact synergistically with ZDDP.

Chapter 4. Tribofilm formation, friction and wear properties of a plasma functionalized CaCOs
nanoparticles in the presence of ashless dithiophosphate and ZDDP anti-wear additives: In this
chapter, an experimental methodology for developing polymer-coated core-shell structure nano-
additives was applied to different nanoparticles, CaCOs. Boron-coated CaCO3 was tribologically
evaluated with ashless dithiophosphate (DDP) and ZDDP anti-wear additives. Once again, core-
shell structure CaCOs nano-additives interacted synergistically with both DDP and ZDDP.
XANES and SPM techniques gave critical insights into the differences in the chemistry of

tribofilms formed due to the interaction of boron-coated ZnO with DDP and ZDDP.

Chapter 5. General Conclusions: This chapter summarizes the major findings of this dissertation
and interconnects the results of each chapter to support the central idea of this research work. It
also provides insight into the future work and how the developed plasma polymerization technique
of functionalizing nanoparticles could be extended to other tribological and lubrication

applications.
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ABSTRACT

Surface-capped zinc oxide (ZnO) nanoparticles were engineered to deliver beneficial anti-
wear and anti-friction chemistries at sliding interfaces with a focus on potentially reducing
environmentally hazardous zinc dialkyl dithiophosphate (ZDDP) additive in automotive
lubricants, without compromising tribological performance. A plasma polymerization technique
was employed to coat ZnO nanoparticles, initially with fluorine rich polymer films to enhance the
formation of surface protective tribofilms, followed by methacrylate-based coatings to reduce
agglomeration and, simultaneously, induce stable dispersion of nanoparticles in the base oils.
Formulation with an additive mixture of fluorinated ZnO and ZDDP (350 ppm phosphorus level)
exhibited a reduction in the coefficient of friction and significantly improved wear performance.
The improved tribological performance is attributed to the synergistic interaction between
fluorinated ZnO and ZDDP and to the physical and chemical properties of the formed tribofilms.
In-situ electrical contact resistance data highlighted the role of fluorinated ZnO nano-additives in
reducing the incubation time for stable tribofilm formation. AFM, SEM, XANES, and XPS results
revealed that oils with fluorinated ZnO form relatively thick, patchy tribofilms with hierarchical
chemical structure enriched with zinc polyphosphates, coupled with minor amounts of metal
fluorides, zinc and iron sulfates and sulfides, further improving wear resistance under low

concentration of ZDDP.

KEYWORDS

Anti-wear additives, ZDDP tribofilms, ZnO nanoparticles, plasma functionalization, XANES,

nano-additives.
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1. INTRODUCTION

The current trends toward improved fuel economy and tighter emission controls have
pushed the automobile industry toward low viscosity engine oils formulated with increasingly
efficient additives [1-3]. Thinner engine oils reduce hydrodynamic friction and increase engine
efficiency. However, in contrast, their usage can require engine components to operate in boundary
to mixed lubrication regimes, thus causing increased friction and wear of rubbing surfaces. This
necessitates the formulation of engine oils with high-performance anti-wear additives capable of
forming solid tribofilms to enhance durability of moving mechanical interfaces experiencing direct

contact in the internal combustion engine.

Tied in with the demands of fuel economy and efficiency is a concern of the effect of
phosphorus and sulfur-containing anti-wear additives on the efficiency of exhaust after-treatment
devices [4,5]. One such example is of zinc dialkyldithiophosphate (ZDDP) additive which is
universally used in automotive lubricants due to its multifaceted functions and relatively
inexpensive cost. The ZDDP undergoes thermo-mechanical decomposition to form surface-bound
phosphate tribofilms capable of effectively preventing wear and failure of tribological contacts [6—
9]. However, despite being an effective anti-wear additive, the amount of ZDDP utilized in current
GF6 engine oils is restricted to 800 ppm of phosphorus, because formation of thiophosphate
byproducts contribute to poisoning of catalytic converters thus increasing automotive tailpipe
emissions [10-12]. With the continued growing concerns of global warming, coupled with the
need for improved emission control technologies to meet stringent environmental regulations,
lubrication formulators will likely have to further reduce SAPS (sulfated ash, phosphorus, and

sulfur) amounts, especially phosphorus to below 500 ppm [2,4]. Clearly, it is important to develop

36



novel high-performance additive technologies capable of either reducing or replacing ZDDP thus

providing better wear protection of engine components operating with low-viscosity lubrication.

In recent years, inorganic metal oxide nanoparticles like TiO2 [13-15], SiO2 [16-20], CuO
[21,22], ZnO [23-26], and Fe304 [27] have been suggested as promising environment-friendly
lubricant additives to reduce friction and wear between the sliding surfaces. Nanosized additives
provide better lubricating performance over their micron-sized counterparts due to their ability to
compensate for the material loss by easily entraining within micro-sized surface asperities and
depositing on the worn surface. However, the practical application of nano-additives faces several
challenges such as poor solubility in nonpolar lubricants, agglomeration, and precipitation [28].
To date, three major methods have been employed to improve the dispersibility of nanomaterials
in lubricant base stocks: addition of dispersants, ultrasonic dispersion, and chemical surface
modification [29]. Uniform dispersion of nano-additives in the lubricating oils is very crucial to
protect and minimize wear losses of sliding contacts. Several experimental studies have reported
the efficacy of dispersed nanoparticles to generate protective interfacial tribofilms composed of
nanoparticle agglomerates, sintered nanoparticles, or nanoparticle reinforced tribopolymer
networks [23,30-40]. For example, Battez et al. used organic dispersants to achieve uniform
suspension of ZnO nanoparticles in polyalphaolefin (PAO6) oil. They showed improvement in the
extreme pressure behavior of PAO6 and ZnO mixtures with the increase in ZnO concentration and
correlated it to the ability of dispersed ZnO nanoparticles to deposit tribofilms on the wear track
[34]. Sui et al. used an extensive chemical method to synthesize hairy silica nanoparticles, grafted
with alkyl and amino organic ligands, for use as high-performance SiO2 nano-additive for PAO
lubricants. The presence of bifunctional ligands was shown to enhance the adsorption of

nanoparticles on the metal surfaces to form protective tribofilms, rather than just filling the grooves
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on the wear tracks [20]. Khare et al. investigated the mechanism of anti-wear tribofilms formed
with a dispersion of ZrO2 nanoparticles capped with organic ligands in a PAO4 synthetic oil. Using
in-situ atomic force microscopy, they proposed that the dispersed ZrO nanoparticles interact with
the sliding nanoscale interfaces to form tribofilms, through a process of stress-activated

tribosintering [41].

In the present study, core-shell structure polymer-coated ZnO nanoparticles are developed
and are used in combination with extremely low amount of ZDDP (350 ppm of P) to improve anti-
wear and anti-friction properties of very low phosphorus containing oils. Considering good thermal
and chemical stability, non-toxicity, commercial feasibility, it is understandable that few studies
have been conducted using ZnO nanoparticles as lubricant additive [23,24,26,34,42,43]. Alves et
al. observed that ZnO nanoparticles exhibit good friction-reducing and antiwear abilities when
used as an additive in the vegetable based oil lubricant [44]. Battez et al. showed improvement in
the extreme pressure properties of ZnO nanoparticles dispersed in a polyalphaolefin oil and
attributed the performance to their ability to deposit tribofilms on the contact. Through SEM-EDS
results it was hypothesized that tribofilms were developed via a process of tribosintering [23],
however, neither the tribofilm forming mechanism nor the properties of tribofilms were verified
experimentally or through reliable characterization technique. A distinguishing feature of this
research work is that the plasma enhanced chemical vapor deposition (PECVD) technique was
employed to molecularly surface tailor ZnO nanoparticles with multilayered polymer coatings.
Initially, ZnO nanoparticles were encapsulated with fluorocarbon-based polymer films, followed
with subsequent deposition of methacrylate-based coatings. Such bi-layered shell coatings not only
help to induce adequate dispersion of nanoparticles in the oil but, importantly, also delivers

tribologically beneficial anti-wear chemistries (like fluorine) at the sliding interface. We aim to
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use fluorine coated ZnO nanoparticles in the oil containing reduced amount of ZDDP and explore
the nature of the interaction of ZnO nanoparticles with ZDDP to develop an understanding of how
nano-additives will behave in a commercial fully formulated oil. Additionally, as the tribochemical
reactions occurring at sliding interfaces control the friction and wear outcomes, this study
concentrates on determining the physiochemical properties of the interfacial tribofilms and
understanding tribofilm forming mechanism of novel core-shell structure fluorinated ZnO

nanoparticles.

Herein, a detailed systematic evaluation of the tribological behavior of non-functionalized
and functionalized ZnO nanoparticles, with or without ZDDP, was performed through tribological
testing in the boundary lubrication regime. In addition to measurements of friction values and wear
volume loss, electrical contact resistance data was measured, in-situ, during tribological tests to
help elucidate the dynamics of tribofilm formation. Topography and morphology of tribofilms
generated from nanoparticle lubricant additives were studied through high resolution scanning
electron microscopy (SEM) and surface probe microscopy (SPM). To identify the compounds
formed due to tribochemical reactions and their distribution across the interface, X-ray
photoelectron spectroscopy (XPS) and X-ray near-edge absorption spectroscopy (XANES) were
applied. In particular, a thorough analysis of tribo-surface characterization was carried out to
propose a phenomenological model of tribofilms and anti-wear mechanism. The outcomes of this
study reveal that fluorinated ZnO core-shell nanoparticles can indeed reduce the amount of ZDDP
in the engine oil, thus reducing the aforementioned catalytic poisoning, while simultaneously

improving the anti-wear performance and durability of engine components.

2. EXPERIMENTAL DETAILS

2.1. Materials
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ZnO nanoparticles, having a manufacturer measured size of 10-30 nm, were purchased
from Sky Spring Nanomaterials. Perfluorohexane (CsF14) and glycidyl methacrylate (C7H1003)
were procured from Sigma Aldrich. Group Il mineral base stock (GS Caltex Kixx Lubo 4 cSt)
was used for preparing test oils. The ZDDP used in this study, derived from secondary alcohol,

the details of which can be found elsewhere [45,46].

2.2. Synthesis of ZnO Core-Shell Structure Nano-additives

ZnO core-shell structure nano-additives were prepared by encapsulating ZnO nanoparticles
with fluorine rich coatings through a plasma-enhanced chemical vapor deposition process. A
homebuilt 360° rotating plasma reactor was selected in this research work to achieve uniform
deposition of plasma films and minimize nanoparticles aggregation during the coating process.
ZnO nanoparticles were coated with fluorocarbon plasma-induced films, using perfluorohexane
as monomer. The deposition process was carried out using a continuous wave (CW) plasma for
initial 10 mins, followed with sequential reduced to lower duty cycle pulsed plasmas from 20:20
(plasma on time:plasma off times in seconds) to 20:60, for 10 minute periods at each ratio.
Applying CW plasma first ensures good adhesive strength between the coating and the substrate,
and the lower duty cycle pulsating plasma provides a gradient layer structure with each layer
tightly bound to another. The monomer pressure was maintained at 300 mT and RF power was
kept at 60 W throughout the process. X-ray photoelectron spectroscopy (XPS) was employed to
characterize and ensure fluorine rich plasma coatings on the ZnO nanoparticles exposed to
perfluorohexane plasma. Figure 1 shows the fluorine 1s XPS spectra for plasma functionalized
ZnO nanoparticles. The peaks around 689-690 eV binding energy represent the presence of organic

films containing carbon-bonded fluorine on the surface of ZnO nanoparticles. Additionally,
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developed plasma fluoropolymer coatings were characterized using FTIR and results are added in

Supporting Information section (refer figure S1).

Subsequently, another plasma coating was deposited on top of these particles using
glycidyl methacrylate as the precursor monomer. The purpose of this secondary methacrylate
coating is to protect initially deposited fluorocarbon films and, simultaneously, assist in the
subsequent dispersion of nanoparticles in the non-polar oil. The plasma process for methacrylate
coatings was run at 100 W power and 70 mT pressure. Coatings were deposited using CW plasma

for 20 mins followed with a 20:50 (in secs) pulsating signal for 40 min.

Fluorine 1s
~.Organic Fluorine (CF))

Intensity (a.u)
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Figure 1. Fluorine 1s XPS spectrum for fluorinated ZnO nanoparticles.

2.3. Preparation of Nano-lubricant
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Plasma functionalized ZnO nanoparticles were added to the base oil at 0.33 wt.% and
formulations were prepared with or without ZDDP. 0.33 wt.% concentration for nanoparticles was
selected as it is close to the percolation threshold of non-functionalized ZnO nanoparticles
providing better tribological benefits. Results of tribological test carried out to determine
percolation threshold of non-functionalized ZnO are provided in Supporting Information (refer to
figure S2). Additionally, it should be noted, we have observed that plasma functionalized PTFE
nanoparticles at a similar concentration of 0.33 wt.% resulted in improved tribological
performance [47]. Table 1 provides details of the oil formulations used in this study. Since the
current level of phosphorus used by the lubricant industry is between 600-800 ppm, oil blends
were prepared with ZDDP at two different phosphorus levels: i) 700 ppm and ii) 350 ppm to
evaluate and compare the tribological performance of the low phosphorus nano-lubricants with
that of conventional lubricant. To achieve homogenous mixtures, functionalized nanoparticles
were mixed in the base oil using probe sonication for about 30 mins. After sonication, the
dispersion of ZnO nanoparticles was observed to be retained in the base oil over the two weeks

observation time (refer to figure S3).

Table 1. Overview of Test Oil Formulations and Additives

Coded Name Details of Formulations

BO Group 11 base oil (without any additives)

ZnO Base oil + ZnO (added at 0.33 wt.%)

ZDDP_350 Base oil + ZDDP (added at 350 ppm of P)

ZDDP_350 + ZnO Base oil + ZDDP (350 ppm of P) + ZnO (0.33 wt.%)

ZnOFM Base oil + ZnOFM (fluorinated ZnO nanoparticles added at
0.33 wt.%)
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ZDDP_350 + ZnOFM

Base oil + ZDDP (350 ppm of P) + ZnOFM (fluorinated ZnO

nanoparticles added at 0.33 wt.%)

ZDDP_700

Base oil + ZDDP (added at 700 ppm of P)

2.4. Tribological Evaluation of ZnO Nano-additives

The tribological performance of nano-lubricants was evaluated by high-frequency

reciprocating rig friction and wear tester with a cylinder-on-flat configuration. Schematic of the

test configuration and detail of test parameters for cylinder on reciprocating flat contact under pure

sliding are shown in Table 2.

Table 2. Schematic of Tribological Test Configuration and Details of Test Parameters

Tribological Test

Cylinder-on-flat line contact test configuration

Load

Test
lubricant

Steel

N —
Cylinder

Cylinder 52100 Steel (58-60 HRc); 4 mm x 6 mm; Sa: 8-9 nm.
Flat 52100 Steel (58-60 HRc); 12 mm x 12 mm; Sa: 8-9 nm.
Applied Load 82N

Initial Hertzian  Contact
Pressure

500 MPa
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Maximum Hertzian Contact | 530 MPa
Pressure

Temperature 100 °C

Speed 300 rpm

Stroke length 6 mm

Duration 60 min; 240 min

The tribometer with reciprocating movement was selected based on the standards for
evaluating lubricants, but test parameters like contact pressure and sliding velocity and line sliding
contact were adapted to simulate tribological conditions experienced at the piston ring and cylinder
liner contact in an automobile engine. In the internal combustion engine, the highest wear at the
piston ring-cylinder liner contact occurs for the top dead center (TDC) during the power stroke,
where the conditions like high contact pressure, slow sliding velocity, and boundary lubrication
condition prevail leading to maximum wear losses. The focus of this study is to evaluate the anti-
wear capability of developed nano-additive for automobile applications. Therefore, a high
frequency reciprocating cylinder-on-flat configuration operating at high load and low-speed
testing condition was selected to mimic line contact in the automobile engine’s piston ring on
cylinder interaction. Similar test conditions were used by previous researchers for tribological
automotive applications [48-53]. Wear at piston-cylinder contact also occurs during the bottom
dead center or mid-stroke region under mixed-hydrodynamic lubrication regime, however, the

wear behavior of these zones is not the focus of this study.

As the highest wear of the piston ring-cylinder liner occurs under boundary lubrication
conditions, mathematical calculations were carried out to ensure the boundary lubrication regime
does exist under selected testing parameters. The lubrication regime was confirmed by calculating
fluid film thickness (using the Dowson-Higginson equation [54,55]) and lambda value (using the
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ratio of fluid film thickness and surface roughness). Lambda value was less than unity and thus,
suggested operation of tribological tests under boundary lubrication. All test specimens were
thoroughly cleaned with Stoddard solution, isopropanol, and acetone before the start of the test.
10 pl of test oil was introduced between the cylinder and flat contact. Two tests were performed
for base oil formulation (BO), while three tests were carried out for all other test formulations like
ZnO, ZnOFM, ZDDP_350, ZDDP_350 + ZnO, ZPP_350 + ZnOFM, and ZDDP_700 for 60 min
duration. These repeats for 60 min tests were carried out with especially oils containing nano-
additives to ensure variation in the wear outcomes and their overall performance (including
tribofilm properties). Additionally, tribological tests were performed for 240 min duration for all
test oils under similar load and speed to evaluate tribological performance and durability of
functionalized ZnO additives over prolonged rubbing conditions. After completion of the test,
samples were cleaned with heptane and were preserved for characterization by submerging in the

additive-free PAO (poly-a-olefin) oil.

The tribological test setup used in this study was built in-house at Argonne National
Laboratory and was equipped to record the coefficient of friction (COF) and electrical contact
resistance (ECR) data in-situ during the test. To collect ECR data, the electric circuit was set-up
by applying a potential between the conducting steel cylinder and flat. During the test, the electric
potential builds up across two counter steel surfaces and is recorded, along with the COF values,
as functions of rubbing time. ECR data helps to track the formation of non-conductive tribofilms

at the cylinder and flat interface.

Counter-bodies (i.e. both cylinder and flat test specimen) after tribological tests were
employed to assess wear rate and wear performance using optical microscopy and white light

interferometry. The material loss or wear volume of the flat was very difficult to calculate, as it
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was manifested as scratches and material deposition. Wear analysis of flat test specimen was
confirmed through optical images and surface profiling, and results are added in the Supporting
Information section (refer to figure S4). As the material loss of flat specimen was negligible, wear
scars developed on the cylinder test specimen was used to evaluate the wear performance of
formulated nano-lubricants. Initially, wear scar width was measured at nine locations by imaging
the wear scar on the optical microscope and then an average of the wear scar width was used to
calculate wear volume loss. Additionally, the Bruker Contour GT interferometer was employed to
examine the 3D surface profile of the worn-off surface of the cylinder. Wear surface developed on
the flat was later subjected to the previously described surface characterization and analysis of the

physical and chemical properties of tribofilms.

2.5. Characterization of Tribofilms

The topography and morphology of tribofilms formed with lubrication of nano-additives
and ZDDP were investigated by microscopic examination of the worn surfaces generated on the
flat test specimens. SEM (model type: Hitachi S-3000N) was used, in secondary electron mode at
an accelerating voltage of 10-20 kV, to image worn surfaces at a magnification of 2000X.
Additionally, high-resolution surface probe microscopy (SPM) 3D images of the rubbed surfaces
were acquired using atomic force microscopy in contact mode to study surface characteristics and

elucidate wear mechanisms in play at tribological contacts.

The chemical nature of the tribofilms formed in-situ during tribological tests were
characterized using X-ray photoelectron spectroscopy (XPS) and X-ray absorption near-edge
spectroscopy (XANES). The XPS surface analysis was conducted with a Kratos Axis Ultra using
a monochromatic Al Ko X-ray source. The beam spot was an elliptical with dimensions 300 pum

x 700 um. XPS spectra were obtained by sputtering the samples using an ion gun (beam energy
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4.20 keV) for about 4 min and then irradiating center/edge regions of the worn surfaces with a
beam of X-ray at power of 150 W. A survey scan was conducted to identify the major elements
present, while high-resolution scans were obtained for elements of interest (Zn, Fe, P, F, O). XPS
data were processed using the Casa XPS Software. The spectra calibration was carried out by

setting the binding energy of the C1s peak to 284.8 eV.

XANES experiments were performed at the Canadian Light Source synchrotron facility.
The phosphorus L (P-L) edge spectra were collected at the variable line spacing plane grating
monochromator (VLS-PGM) beam station that operated at the energy range of 5.5-250 eV with a
photon resolution of more than 10000 E/ A E. The zinc L (Zn-L), iron L (Fe-L), and oxygen K (O-
K) edge spectra were acquired using a spherical grating monochromator (SGM) beamline
operating at the energy range of 250-2000 eV, with a photon resolution of more than 5000 E/ AE.
Spectra at both VLS-PGM and SGM beam stations were collected using 100 pm x 100 pm beam
spot size. XANES spectra were acquired in total electron yield (TEY) and fluorescence yield (FY)
mode for all samples. TEY spectra are more surface sensitive, whereas FY spectra give information

from the bulk of the samples.

3. RESULTS AND DISCUSSION

3.1. Coefficient of Friction and Wear Volume

The coefficient of friction (COF) data collected in-situ during tribological tests is
summarized in figure 2. These friction profiles roughly represent the presence or exclusion of the
tribofilms formed by the additives in the oil at the tribological contacts. Friction profiles for BO
and ZnO appear to be very unstable with high friction values indicating that no tribofilms were

formed on the counter surface during these tests. The friction response for ZDDP_350 is relatively
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stable with some variance in the friction values at the end of the test. Interestingly, formulation
with ZDDP and non-fluorinated ZnO additive mixture exhibits low COF values for the first 25
minutes of the test, but as the test continues rapid increase and drops are observed, indicating that
smooth surface providing low shear strength was gradually formed and removed during this test.
The friction response of fluorinated ZnO-based lubrication appears to be comparatively stable than
ZDDP_350 and ZnO. COF data for lubrication with an additive mixture of ZDDP and fluorinated
ZnO nanoparticles exhibits the most stable frictional response, with the least COF values. The
friction profile for ZDDP_700 is unstable at the beginning of the test, however, near the end it

appears to be similar to that of ZDDP_350 + ZnOFM based lubrication.

(A) BO
(B) ZnO
ZDDP_350
(D) ZDDP_350 + ZnO
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Figure 2. Coefficient of friction as a function of HFRR test time for all seven oil formulations.
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Figure 3. Wear volume losses of cylindrical steel pins for all seven oil formulations.

Wear volume losses were calculated by measuring average wear scar width on the
cylindrical pins after each test using optical microscopy and are summarized in figure 3. Black
error bars shown in figure 3 represent the standard deviation between the wear volume values
calculated for two repeat tribological tests. As anticipated base oil without any additives exhibits
the worst wear outcomes. The addition of non-fluorinated ZnO and ZDDP at 350 ppm of P by
themselves in the oil has improved the wear performance. However, surprisingly, a mixture of
these additives in the base oil resulted in an increase in the wear volume. This suggests that ZDDP
exhibits antagonistic behavior when used with non-fluorinated ZnO nanoparticles. When

fluorinated ZnO nanoparticles were employed with ZDDP 350, best wear outcomes are observed.
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In fact, wear results are better than that of a formulation containing ZDDP at 700 ppm. Similar
inferences can be deduced from the optical profilometry results shown in supporting section (figure
S5), wherein cylinder lubricated with ZDDP_350 + ZnOFM lubrication is also showing minimal
volume loss and surface damage of all. Thus, the friction and wear results reflect synergism
between fluorinated ZnO and ZDDP. Additionally, results indicate the benefit of ZnO
nanoparticles coated with extra fluorine chemistry in enhancing the anti-wear properties of ZDDP
even at a reduced amount of phosphorus of 350 ppm.

To ensure the ability of the developed fluorinated ZnO nano-additives to protect
tribological interfaces overextended rubbing time, tribological tests were also conducted for the 4
hour testing duration. Friction and wear results of 4 hour tribological tests are added in the
supporting section. Similar to a 1 hour tribological test, oil with fluorinated ZnO and ZDDP
additive mixture for 4 hour test exhibits stable friction values and lower wear volume losses and
thus, strongly confirming the effectiveness of fluorinated ZnO nano-additives to protect
tribological contacts over long rubbing times.

3.2. Electrical Contact Resistance

Dynamics of tribofilms formed by lubricant additives at the rubbing surfaces can be
successfully examined using ECR measurements. ZDDP forms amorphous glassy short or long-
chain polyphosphates-based tribofilms, which are known to have very high electrical resistivity.
At the initial stage of the tribological test when tribofilms are not formed, direct contact of surface
asperities of two bodies in relative motion result in very low contact resistance. However, as the
test progresses with the formation of protective tribofilms, the resistance between the contacting
surfaces increases and can be used as a way of determining effectiveness of tribofilm formation.

The voltage drop across the tribocontact of a steel cylinder and flat ranges from 0 to 100 mV. Plots
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in figure 4 display potential drop measured in-situ during the tribological test as a function of

rubbing time.
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Figure 4. Electrical contact resistance data recorded during tribological test of formulations (A)

ZnO:; (B) ZDDP_350; (C) ZDDP_350 + ZnO:; (D) ZnOFM; (E) ZDDP_350 + ZnOFM:; (F)

ZDDP_700.
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The segregation of data points around 0 mV suggests the absence of non-conductive
tribofilms at the contact while data points around 100 mV represent the formation of stable
interfacial tribofilms by lubricant additives. ECR data for non-functionalized ZnO nano-additives
clearly indicate that no tribofilms were formed during this test. For ZDDP_350, data points appear
to be scattered and there was a clear breakdown of the films at the end of the test as evidenced
from the drop in potential after ~2250 sec. This indicates that ZDDP, at the lesser concentration of
350 ppm of P, is not enough to form stable tribofilms and protect interacting surfaces against high

shear stresses.

In the case of ZDDP_350+Zn0, potential drop at 100 mV at the beginning of the test
followed by a sudden decrease to 0 mV indicates stable tribofilms were formed at the initial stages,
however, were apparently gradually removed due to interactions between ZDDP and non-
functionalized ZnO nanoparticles. This strongly suggests non-functionalized ZnO hinders stable
tribofilm formation and their interaction with ZDDP is antagonistic in nature, as also supported by
the friction and wear data. ECR data for a formulation containing fluorinated ZnO nanoparticles
does hint formation of films at the lubricating interface as opposed to non-functionalized ZnO.
Nanoparticles are known to form tribofilms through physical adsorption and/ deposition on the
wear tracks, however, in this case as ZnO is semi-conductive, the ECR technique by itself cannot
be used effectively to interpret the presence of these nanoparticle-based tribofilms. XPS surface
characterization confirming the formation of ZnO rich tribofilms by the lubricant containing

fluorinated ZnO nano-additives is available in the Supporting Information (refer figure S6).

Interestingly, the formulation containing  fluorinated ZnO and ZDDP
(ZDDP_350+ZnOFM) exhibits more stable tribofilm formation than ZDDP_350, with an

incubation time of ~500 sec. It is important to note that providing extra zinc and fluorine
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chemistries from ZnOFM additives in addition to ZDDP reduces the incubation time for tribofilm
formation and leads to form stable film till the end of the test, as contrasted to the tribofilm
formation for the formulation ZDDP_350 that fails near the completion of the test. Additionally,
in the case of ZDDP_700, tribofilms were initially breaking down and the stability was achieved
around 800 sec. These differences in the incubation time and stability clearly demonstrate the
additional benefit from plasma coatings in effectively promoting the formation of protective
tribofilms which cannot be achieved by the ZDDP alone, certainly not at the lesser concentration

of 350 ppm of P.

3.3. Topography of the Interfacial Tribofilms using SEM and AFM

The secondary electron SEM images of the worn surfaces derived after the tribological test
are shown in figure 5. A typical SEM image of the wear scar formed with lubrication containing
anti-wear additives exhibits bright and dark regions. The bright region represents the surface
features derived from conductive metal surfaces (Fe substrate), while the dark region indicates the
presence of non-conductive tribofilms. SEM image of ZDDP_350 lubricated wear surface exhibits
regions of mild scratches that are covered with small patches of tribofilms (evidenced from dark
patches in the SEM image). Wear surface lubricated under the formulation of non-fluorinated ZnO
with ZDDP_350 appears to have rougher regions with deep scratches along with some micro
pitting, indicating abrasive wear mechanism was in play during this test. On the other hand, surface
lubricated with an additive mixture of fluorinated ZnO with ZDDP_350 exhibits better coverage
of tribofilms with the patch sizes larger than what is seen in ZDDP_350. Similarly, in comparison
with ZDDP_350, ZDDP_700 shows relatively darker spots and mild scratches suggesting the

presence of large patches of non-conductive tribofilms over the wear surface.
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To further compliment the findings of SEM results, SPM images were obtained using AFM
in the direct contact mode. SPM images shown in figure 6 are procured by probing 45 pum x 45

pum area of the wear surface while keeping the Z-axis (+ 400 nm) constant.

(A) ZDDP_350 (B) ZDDP_350 + ZnO

S-4800 10.0kV 8.8mm x2.00k SE(M) 20.0um

(C) ZDDP_350 + ZnOFM
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Figure 5. SEM images illustrating morphology of wear surfaces derived from (A) ZDDP_350; (B)

ZDDP_350 + ZnO; (C) ZDDP_350 + ZnOFM; (D) ZDDP_700.

The topography of wear surface lubricated with ZDDP_350 clearly shows the formation of
patchy and porous tribofilms with small pad/island-like features which are typical of ZDDP
tribofilms [48,49,56]. SPM image of ZDDP_350 + ZnO lubricated surface exhibits deep scratches

with high peak to valley heights supporting results of severe wear losses and inadequate tribofilm
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formation with the additive interaction of ZDDP and non-fluorinated ZnO nanoparticles. SPM
images of both ZDDP_700 and ZDDP_350 + ZnOFM reveal the presence of thick, smooth and

continuous patches of tribofilms covering rough surface asperities.

(A) ZDDP_350 (B) ZDDP_350 + ZnO

Figure 6. SPM images detailing 3D wear profile and topography of the wear scars derived from

formulations (A) ZDDP_350; (B) ZDDP_350 + ZnO; (C) ZDDP_350 + ZnOFM; (D) ZDDP_700.

Differences in the surface profiles for ZDDP_350 and ZDDP_350 + ZnOFM indicates that the
friction and wear benefits due to fluorinated ZnO nanoparticles, with lower concentration of
ZDDP, could be the reflection of differences in physical/chemical properties of the formed

tribofilms.
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3.4. Chemical Characterization of Tribofilms
3.4.1. XANES
3.4.1.1. Phosphorus Characterization ( P L23-edge)

Phosphorus L-edge XANES spectra for various oil formulations subjected to a 1 hour
tribological test along with the relevant model compounds are presented in figure 7. The P L-edge
spectra were recorded in both TEY (left side) and FY (right side) modes, wherein the TEY
technique probes ~ 5 nm of the surface and FY method probes ~ 60 nm [57]. Thus, the information
identified through P L-edge provides better detail of the chemistry (at the uppermost surface and
in the bulk of tribofilms) as the sampling depth is close to the average thickness of the tribofilms
(~ 50-100 nm in most cases) [58-60]. TEY spectra as shown in figure 8(a) are characteristic of
polyphosphates glasses, as observed in our previous studies of ZDDP tribofilms [14,47—
49,51,53,61,62]. P L-edge spectra of model compounds show distinguished peaks (marked as a,
a’, b, ¢, ¢’ and d) corresponding to specific electronic transitions of phosphorus 2p electrons.
Details on each peak and their significance can be found elsewhere [49,59,63,64]. Peak positions
in the spectra of ZDDP_350 tribofilms are highly similar to the positions of iron phosphate
(FePOa), in particular, the position of pre-edge a in the tribofilm aligns closely with peak a’ of iron
phosphate. The broad main absorption peak of ZDDP_350 tribofilms covers both ¢ and ¢’ peak
positions of zinc and iron phosphates respectively. This indicates that the mixture of zinc and iron
phosphates exists, with the Fe?* or Fe3* as the major cation on the surface of these tribofilms rather
than Zn?*. TEY spectra for ZDDP_350 + ZnO exhibits extremely low-intensity main absorption
peaks and it is difficult to determine whether it is from zinc or iron phosphates. This observation
hints the absence or very low concentration of glassy phosphate films in the near-surface region

of the tribofilms.
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Figure 7. Phosphorus L edge XANES (a) TEY spectra (b) FY spectra of model compounds and

tribofilms generated with ZDDP_350, ZDDP_350 + ZnO, ZDDP_350 + ZnOFM, and ZDDP_700.

TEY spectra for ZDDP_350 + ZnO exhibits extremely low-intensity main absorption peaks

and it is difficult to determine whether it is from zinc or iron phosphates. This observation hints

the absence or very low concentration of glassy phosphate films in the near-surface region of the

tribofilms. On the contrary, samples ZDDP_350 + ZnOFM and ZDDP_700 exhibit the very strong

intensity of characteristic peaks and reveals the presence of phosphates in the tribofilms.

Comparison of peak position with model compounds strongly indicates zinc phosphates as the

dominant species at the surface whereas the contribution from iron phosphates to the chemical
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makeup of these films is limited. The difference in the intensity of peak a relative to peak ¢ shown
in P L edge TEY XANES spectra has been previously used to determine the chain length of
polyphosphates [57]. Kim et al. [65,66] and Yin et al. [63] have proposed that the ratio of peak
intensities a/c increases with the increase in polyphosphate chain length, wherein the a/c ratio
below 0.2 is attributed to orthophosphate or pyrophosphate; the value between 0.2 to 0.3 represents
short-chain polyphosphate; the value between 0.3 to 0.6 indicates medium-chain polyphosphate
and the ratio greater than 0.6 indicates long-chain polyphosphates. Figure 7(a) clearly indicates
that the near-surface regions of tribofilms formed under this study are comprised of short/medium
chain polyphosphates. It is important to note that the lubrication with fluorinated ZnO
nanoparticles and ZDDP_350 has resulted in the formation of longer chain polyphosphates

compared to the oil containing only ZDDP_350.

Phosphorus based bulk chemistry of tribofilms can be elucidated from the FY XANES
spectra shown in figure 7(b). The main absorption peak for ZDDP_350 appears to be in between
peak position ¢ and ¢’ suggesting the presence of a mixture of zinc and iron phosphates in the bulk
of these tribofilms. FY spectra for ZDDP_350 + ZnO clearly indicates the absence of phosphorus-
based compounds in the chemical make-up of tribofilms formed with this lubrication. FY spectra
of samples ZDDP_350 + ZnOFM and ZDDP_700 are almost similar and, upon comparing with
model compounds, strongly indicate that the majority core of tribofilms are comprised primarily

of zinc polyphosphates.

3.4.1.2. Zinc Characterization (Zn Ls2-edge)

Figure 8 shows the Zn L-edge spectra of the model compounds ZnO, ZnSO4, Zn3(POa)>,

and ZnF», together with spectra of the tribofilms, as recorded in TEY and FY modes. Peaks a and
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b in the Zn L-edge spectra of all samples (except ZDDP_350 + ZnO) matches very well with the

characteristic peaks of zinc phosphate.
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Figure 8. Zinc L edge XANES (a) TEY spectra (b) FY spectra of model compounds and tribofilms

generated with ZDDP_350, ZDDP_350 + ZnO, ZDDP_350 + ZnOFM, and ZDDP_700.

The sample with ZDDP_350 exhibits the presence of zinc phosphate in the near-surface

region (TEY), while interestingly no signal for Zn is observed in the bulk (FY) of the tribofilms.

The tribosurfaces generated from the mixture of ZDDP_350 and non-functionalized ZnO
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nanoparticles appear to have no signal for zinc in both TEY and FY mode. The sample with the
binary additive mixture of ZDDP_350 and fluorinated ZnO nanoparticles exhibits a strong
presence of zinc phosphates in the surface and bulk of the tribofilm. It appears there is higher
concentration of zinc phosphate (higher intensity of peak a) in the film generated from ZDDP_350
+ ZnOFM than the film from ZDDP_350 suggesting the contribution of ZnOFM nanoparticles in
promoting the formation of stable phosphate-rich tribofilm. The TEY and FY spectra for
ZDDP_700 resemble ZDDP_350 + ZnOFM with only a difference in the intensity of peaks a and
b, thus indicating slightly less concentration (low intensity of peak a) of zinc phosphates in these
films. Additionally, a close comparison of tribofilm spectra with the spectra of ZnSOj4 hints of a
small contribution from zinc sulfate in the tribofilm while the majority proportion of zinc is

associated with phosphorus.

3.4.1.3. Oxygen Characterization (O K-edge)

O K-edge spectra of tribofilm samples and model compounds are displayed in figure 9.
Pre-edge and main absorption peak positions in ZDDP_350 spectra appear to be very similar to
FePO4 spectra, however, the main absorption peak (around 542 eV) is very broad and suggests the
presence of zinc bound sulfur/phosphorus species in addition to iron phosphate. Spectra of
ZDDP_350 + ZnO sample exhibits similar characteristic features of Fe>Os spectra and thus, further
confirms antagonistic interaction between ZDDP and non-functionalized ZnO nanoparticles
resulting in severe wear and oxidation of exposed steel substrate. On the contrary, the O K-edge
spectra of the ZDDP_350 + ZnOFM sample reveals a strong presence of zinc phosphates (aligned
peak a, b, and c) in the tribofilms. The main absorption peak is broad and overlaps with peak ¢
and d indicating less concentration of iron-bound phosphorus and sulfur species in these tribofilms.

O K-edge spectra of ZDDP_700 is quite similar to ZDDP_350 + ZnOFM spectra and thus,
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indicates tribofilms are primarily composed of zinc phosphate with a minor concentration of iron

phosphate and zinc sulfate.
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Figure 9. Oxygen K edge XANES TEY spectra of model compounds and tribofilms generated

with ZDDP_350, ZDDP_350 + ZnO, ZDDP_350 + ZnOFM, and ZDDP_700.

3.4.1.4. Iron Characterization (Fe Ls2-edge)

The TEY Fe-L edge spectra of the iron-containing model compounds Fe3(PQOa)2, Fe203,

FePO4, FeFs, and FeS are compared with Fe-L edge spectra of tribofilm samples in figure 10. Fe-
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L edge spectra display two main peaks (marked as a and b/c) for both Fe 2* and Fe 3" model
compounds with the only difference being the relative intensities of these peaks. When the
oxidation state of iron is increased from Fe #* (Fes(POa)2) to Fe 3* (Fe203/FePQs), the intensity of
second peak (b/c) is increased [67]. Thus, in this study, the most intense peak is used for fingerprint
analysis.

Iron L edge TEY a byc

FeS I

FeF |

3

FePO, I

Fe,O, \ ::

Fe (PO,),

BO + ZDDP_350

BO + ZDDP_350 + ZnO

T
730

T T T
715 720 725

Photon energy (eV)

I I
705 710
Figure 10. Iron L edge XANES TEY spectra of model compounds and tribofilms generated with
ZDDP_350, ZDDP_350 + ZnO, ZDDP_350 + ZnOFM, and ZDDP_700.

The spectra from ZDDP_350 exhibits high intensity broad second peak suggesting the

presence of Fe** associated with the mixture Fe.Os and FePOs in the near-surface region of
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tribofilms. The sample with ZDDP_350 + ZnO has the main peaks (a and b) exactly aligned with
the characteristic peaks of the Fe,Oz model compound. The ZDDP_350 + ZnOFM sample has
high-intensity peak a in exact alignment with Fes(PO4). model compound indicating that the near-
surface region of these tribofilms is less oxidized, with the significant amount of iron present in
the form of iron phosphates. Additionally, the intensity of peak c in the tribofilm sample is slightly
greater than the Fes(POa). suggesting that tribofilm may have a minor concentration of Fe3*
compounds (FeS/ Fe,Oz/FePO4). On the contrary, spectra of ZDDP_700 clearly show the
dominance of Fe** and indicates the presence of different iron species or mixtures of Fe20s, FePOs,
and FeS. These observations further support the formation of protective iron phosphate-rich
tribofilms due to synergistic interactions of fluorinated ZnO nanoparticles with ZDDP at the

tribological interface.
3.4.2 XPS

XPS can contribute in elucidating the tribofilm chemistry through its ability to record
elemental composition and to identify the chemical state of elements through binding energies of
atoms. As discussed in wear measurement and XANES results, a very interesting difference is
observed for formulations containing only ZDDP and an additive mixture of ZDDP with
fluorinated ZnO nanoparticles, and therefore samples lubricated under these two formulations
were selected for detailed chemical analysis using XPS. Figure 11 depicts high-resolution XPS
spectra obtained for P, Zn, F, O, and Fe elements. XPS spectra reveal information from the 5-8 nm
of the tribofilm surfaces. XPS Zn 2p and P 2p core peaks for both samples A and B are almost
identical with a distinctive difference in the peak intensity. Zn 2p peaks at the binding energies of
~1022.4 eV and ~ 1045.5 eV for sample B with fluorinated ZnO nanoparticles appears to be at

relatively higher intensities than sample A.
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Figure 11. XPS spectra for flat test specimens derived from formulations (A) ZDDP_350; (B)

ZDDP_350 + ZnOFM.
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Additionally, the information from O 1s spectra reveals the rich chemistry with an
interesting shift in the binding energies of a core level peak. The sample with only ZDDP exhibits
strong signal for metal oxides (~ 530.2 eV) and weak signal for metal phosphates (~ 531.9 eV),
while sample lubricated with fluorinated ZnO based oil shows a weak signal for metal oxides and
a strong signal for metal phosphates. This strongly indicates the potential of the additive mixture
of ZDDP and fluorinated ZnO nanoparticles to form stable metal phosphate tribofilms with Zn and
P rich composition. The Fe 2p core-level spectrum exhibits two peaks at binding energies of ~
710.4 eV and ~ 723.4 eV, corresponding to the 2ps2 and 2p12 components of Fe?*, respectively.
Detection of these peaks with a noisy signal can be attributed to the presence of iron oxides on
both samples, probably in the sub-surface regions of the tribofilms. Additionally, a high intensity
of Fe 2p core peaks for the sample clearly suggests more exposure of nascent steel substrate to
oxygen during sliding wear and formation of unstable protective phosphate-based tribofilms
during the ZDDP_350 tribological test. XPS spectra for F 1s exhibit crucial information on the
contribution of fluorine plasma films in providing improved friction and wear benefits during the
tribological test. The F 1S spectra show a high-intensity peak for metal fluorides (~ 685 eV) for
the sample with fluorinated ZnO nanoparticles, while the sample with only ZDDP detects no signal
for fluorine, thereby suggesting plasma functionalized ZnO nanoparticles were successfully able
to deliver fluorine chemistry at the tribological interface. Overall XPS results hint the
incorporation of extra Zn and F atoms from core-shell ZnO nano-additives in the chemical
structure of glassy phosphate tribofilms and their contribution in promoting stable tribofilm

formation with the low concentration of ZDDP (350 ppm of P) in the oil.

3.5. Anti-wear Mechanism and Phenomenological Make-up of Tribofilms
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The addition of fluorinated ZnO nanoparticles to ZDDP_350 lowered and stabilized
friction values and remarkably improved wear performance as compared to base oil containing no
additives. Interestingly, ZDDP_350+ZnOFM also exhibited superior tribological performance
than ZDDP_350. Elucidating the differences in the properties of tribofilms formed with
formulation (A) ZDDP_350+ZnOFM and (B) ZDDP_350 can provide critical insights into the role

of plasma functionalized ZnO in enhancing the anti-wear performance of ZDDP.

Combined SPM, XANES and XPS results were used to create feasible layered models of
tribofilms for these samples as shown in figure 12. The in-operando stress-induced tribofilms
formed with formulation (A) has a layered pad-like structure. The bottom layer close to a steel
substrate is comprised of iron oxides, while the center region has the presence of zinc and/ iron
sulfates and/sulfides. The upper region 5-60 nm of tribofilms is dominated with the formation of
glassy zinc phosphates with a trace amount of iron phosphates formed near the bulk region of
tribofilm. The topmost layer up to 5-8 nm exhibits the presence of metal fluorides presumably
formed due to the contribution of fluorine atoms from the plasma coated ZnO nanoparticles. The
schematic of the layered tribofilm formed with ZDDP_350 formulation is shown in figure 12(B).
Interestingly, top layers in ZDDP_350 tribofilms are dominated with iron-bound phosphorus in
contrast to ZDDP_350+ZnOFM wherein zinc phosphate was present in the near-surface region of
tribofilms. Beneath these top layers of short-chain iron phosphates are iron and/ zinc
sulfates/sulfides. The bulk of ZDDP_350 tribofilms contains the majority of iron oxides, while the
contribution from phosphorus and sulfur chemistries is not significant.

We hypothesize that the improved stability of ZnO nanoparticles in the base oil-induced
due to methacrylate polymeric coatings facilitate adsorption and entrainment of core-shell

nanoparticles between surface asperities in contact at the tribological interface. The high
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Figure 12. Schematics of tribofilms generated from samples (A) ZDDP_350 + ZnOFM (B)

ZDDP_350.
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Figure 13. Schematic diagram explaining anti-wear mechanism and tribofilm formation in the
presence of lubrication containing fluorinated ZnO nanoparticles.
temperature and shear/compressive stresses experienced at the asperity contacts can remove shells

of encapsulated nano-additives and induce interactions between chemical species of ZnOFM and

ZDDP.
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Phenomenological model of fluorinated ZnO nanoparticles tribological mechanism is
shown in figure 13. The determination of the exact steps involved in this synergistic interaction is
beyond the scope of this research work. It is also interesting to note that the chain length and
concentration of zinc phosphates present in the tribofilms generated by ZnOFM+ZDDP_350 are
greater than that of ZDDP_350. It can be postulated that the extra Zn atoms provided from ZnOFM
are enhancing cross-linking of phosphate films and promoting the increased formation of zinc

polyphosphates which were initially formed by ZDDP at the interface.

4. CONCLUSIONS

This study demonstrates the efficacy of surface capped ZnO nano-additives to deliver
tribologically beneficial chemistry at the interface and their contribution in the operando formation
of surface protective tribochemical films. Core-shell ZnO nanoparticles coated with fluorocarbon
polymeric films were synthesized by pulsed plasma polymerization and were used as additives to
formulate nano-lubricants with a reduced amount of ZDDP. Fluorinated ZnO nano-additives
exhibited remarkably significant improvement in lubricating performance, especially in terms of
wear protection in comparison to ZDDP. In fact, the oil blend formulated with fluorinated ZnO
nanoparticles and reduced amount of ZDDP (350 ppm of P) outperformed the formulation with
the industrially used amount of ZDDP (700 ppm of P). However, when non-functionalized ZnO
nanoparticles were used in lubricating oil by themselves, or in combination with ZDDP, worst
friction and wear outcomes were observed. This deterioration in tribological properties was
attributed to the antagonistic interaction of non-functionalized ZnO nanoparticles and ZDDP and

their failure to promote stable tribofilm formation at the interface.

In the testing conditions employed in this study, synergistic interactions between

fluorinated ZnO and ZDDP generated patchy chemical tribofilms with relatively higher thickness
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than that of the only ZDDP derived tribofilms. Compared to only ZDDP (350 ppm of P) containing
lubrication, a mixture of fluorinated ZnO and ZDDP (350 ppm of P) formed tribofilms much faster
and this highlighted the prominent role of extra F and Zn atoms in promoting the generation of

stable interfacial tribofilms.

XANES and XPS analysis revealed that tribofilms derived from the mixture of fluorinated
ZnO and ZDDP has the surface and bulk chemistry dominated with zinc polyphosphates with
small, but certainly beneficiary, presence of metal fluorides in the near-surface region. In contrast,
lubrication with only ZDDP (350 ppm of P) resulted in the formation of thin surface layers of zinc
and/ iron polyphosphates covering bulk (the majority of layers) with iron oxide films. The
advanced tribological performance of nano-additives is attributed to these differences in the
physical and chemical properties of tribofilms. The key steps involved in the anti-wear
performance of additive mixture of capped ZnO nanoparticles and ZDDP are the entrainment of
nano-additives at the tribological interface, removal of shell coatings under shear/compressive
stresses, and subsequent contribution of extra Zn and F atoms from nano-additives in enhancing

cross-linking and concentration of zinc phosphates films generated by ZDDP.

In summation, this work clearly indicates that the encapsulated ZnO nano-additives notably
protect wear of sliding surfaces and thus, show great potential for replacement, and/or reduction,
of the advantageous, but problematic, phosphorus-containing additives used in conventional

lubricants.
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SUPPORTING INFORMATION

Friction and wear tribological test results for optimum concentration ZnO and 4 hour duration tests

are supplied as the supporting information. FTIR characterization results of plasma polymer

coatings and digital image of formulated nano-lubricant is also provided. Optical profilometry

characterization results of wear scar developed on cylinder test specimen are included with 2D and

3D images. Additionally, XPS Fluorine 1s spectra for ZnOFM test specimen exhibiting presence

of fluorinated ZnO nanoparticle rich tribofilm is added for the reference.
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Supporting Information

1) FTIR characterization of plasma fluoropolymer film deposited on ZnO nanoparticles.
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2) Wear results obtained after tribological test conducted for determining optimum concentration

of non-functionalized ZnO nanoparticles. Results clearly indicates improved anti-wear

performance at 0.3 wt.% concentration of ZnO nanoparticles.
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Figure S2. Average wear volume of results of oil formulations containing non-functionalized

ZnO nanoparticles at 0, 0.3, 0.5, and 1.0 wt.% in Group 11 base oil.
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3) Uniform dispersion of fluorinated ZnO nanoparticles in Group 111 base oil.

Figure S3. Image of oil formulation prepared with fluorinated ZnO and Group 111 base oil after

sonication.
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4) Optical images of the wear scar developed on flat steel test specimen.
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Figure S4. Optical images of the wear scar developed on flat steel specimen with test oils (A)

BO; (B) ZnO; (C) ZDDP_350; (D) ZDDP_350 + ZnO; (E) ZnOFM; (F) ZDDP_350 + ZnOFM.
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5) 4 Hour tribological tests to determine tribological performance of developed fluorinated ZnO

nano-additives for extended rubbing time.
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6) Wear scar developed on steel cylinder specimen characterized using optical profilometry.
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Figure S6. Two and three- dimensional representation of the volume loss of cylinder test specimens

obtained using optical profilometry.
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7) XPS characterization of tribofilms formed by fluorinated ZnO nanoparticles based lubrication

for 1 Hour tribological test.
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Figure S7. Characterization of wear scar developed during ZnOFM 1 hour tribological test (a)

Optical image of wear surface of the steel flat (b) XPS fluorine 1s and zinc 2p spectra for flat

steel specimen.
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ABSTRACT

This work provides a comprehensive characterization of the tribochemistry across the
interfaces formed between sliding ferrous surfaces and polymer-coated and/ un-coated ZnO
lubricant additives from the perspective of developing nano-lubricants to improve friction and
wear of moving engine components. The functionalized nano-additives were synthesized by
encapsulating ZnO nanoparticles with boron and acrylate-based polymer films as-deposited via
plasma polymerization. Subsequently, various oil formulations were prepared with non-
functionalized ZnO and boron coated ZnO nanoparticles (ZnOBM), including mixtures containing
the conventional additive zinc dialkyl dithiophosphate (ZDDP). Tribological tests were carried out
using reciprocating cylinder-on-flat tribometer operating under boundary lubrication regime.
Extensive characterization techniques like atomic force microscopy, X-ray absorption near-edge
spectroscopy and X-ray photoelectron spectroscopy were employed to elucidate morphology,
topography, and chemical composition of interfacial tribofilms. Mechanical test results revealed
that ZnOBM additives (by themselves) and in combination with ZDDP significantly improve wear
performance (up to 95%) compared to the base oil. Electrical contact resistance results acquired
in-situ during tribological tests demonstrated that lubricants containing ZnOBM nanoparticles at
sliding interfaces undergo tribochemical reactions to form stable tribofilms that reduce friction and
wear. Spectral analyses indicated that ZnOBM nanoparticles, by themselves, form iron borate and
zinc oxide-based interfacial tribofilms and lead to superior tribological performance. Interestingly,
ZnOBM nanoparticles interact synergistically with ZDDP to form a hierarchical interface of
boron-doped tribofilms, with zinc-iron polyphosphates at the surface and iron oxide, zinc, and/
iron sulfides in the bulk. These encouraging results suggest the potential effective use of the

developed ZnOBM nanoparticles as a high-performance automotive lubricant additive.
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1. INTRODUCTION

Achieving the optimum lubrication of tribological interfaces in minimizing friction and
wear in internal combustion engines remains an important goal in terms of achieving improved
energy efficiency, minimized fuel consumption, and reduced automotive gas emissions.! The
moving mechanical interfaces of engine components frequently operate under boundary
lubrication and are protected against friction and wear by solid sacrificial films known as
“tribofilms”. The efficacy of tribofilms to ensure slippage and long wear life relies on the effective
interaction of lubricant additives-solid contacts, film formation kinetics, mechanical, and chemical
properties of the tribofilms. Clearly, the tribological performance of boundary lubricated sliding

contacts are strongly dependent on the ability of lubricant additives to form effective tribofilms.

Lubricants, containing nanoscale material additives, have been investigated for over a
decade in terms of tribological applications. Due to their small size and relatively large surface
areas, nanomaterials can easily penetrate within microscale asperities of diverse geometrical
contacts, fill the nano-grooves or serve as a roller on the interface, thus providing increased contact
surfaces to distribute high shear stresses, and reduce friction and wear.? Additionally, the
application of nanomaterials as an engine oil additive provides superior wear protection, with less
adverse impact on the exhaust emission catalysts, compared with the conventional engine oil
additives like ZDDP.3*2 Extensive research efforts have been devoted to evaluating both the
potential of metal**'" and metal oxide'®?* nanoparticles to improve tribological protection of
interfaces operating under mixed or boundary lubrication. Among these additives, zinc oxide
(ZnO) nanoparticles have received considerable interest reflecting their non-toxicity, high surface
energy, unique antioxidant, electrical, and thermal conductivity properties. Several researchers

have attributed tribological properties of ZnO nanoparticles to their size and concentration in the
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base 0ils.?>3% ZnO nanoparticles can improve anti-wear performance by creating a lubricant film
and reduce the friction of moving surfaces. Kalyani et al. examined the effect of the particle size
of ZnO nanoparticles on the tribological behavior of paraffin oil and, using SEM-EDX elemental
analysis of worn surfaces, confirmed the adsorption of ZnO nano-additives on the rubbing
surfaces.>> However, relatively high surface energy makes ZnO nanoparticles significantly
susceptible to agglomeration and precipitation in the nonpolar lubricant base stock. These
dispersibility problems negatively affect tribological performance and make nano-additives

inactive at the high stress moving contacts.

In this paper, we report a significant advance in this line of research centered on the use of
surface-modified ZnO nanoparticles additives to create stable protective tribofilms and improve
tribological performance. In the present study, chemical surface tailoring of ZnO nanoparticles
was achieved using plasma-enhanced chemical vapor deposition technique (PECVD) to deposit
films of specific composition on these particles to not only provide adequate dispersions in the oil
but to also evaluate the potential value of added chemical moieties (i.e boron-based films) in terms
of improving overall tribofilm efficacy. In effect, the ZnO nanoparticles are used as active carriers
to provide boron chemistry at the tribological contacts to assist in the formation of anti-wear films
of oxide glasses, similar to that of glassy phosphate-based tribofilms formed by phosphorus in
ZDDP. We postulated that boron coated ZnO nano-additives might form both chemically reacted
tribofilms and tribo-stress compacted films to enhance significantly the wear protection of

boundary lubricated moving interfaces.

It is well established that formation and removal kinetics of interfacial tribofilms, enriched
with triboactive elements from lubricant additives, can favorably improve wear protection and

friction reduction. Extensive surface and in-situ interfacial characterizations have been carried out
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on tribofilms derived from phosphorus-containing lubricant additives, such as ZDDP and ionic
liquids.3** For example, Ramoun et al. used auger electron spectroscopy, X-ray absorption near-
edge spectroscopy (XANES), and nano-indentation techniques to evaluate chemical and physical
properties of ZDDP derived tribofilms and reported that films are grown from bottom to top in
chemically varying layered structures, wherein the top layer is enriched with zinc and iron
phosphates.*>* The driving force for the formation of such phosphate-based tribofilms was
investigated by Gosvami et al.*” and Zhang et al.*? They proposed that ZDDP derived tribofilms
formed as a result of stress-assisted, thermally activated chemical reactions at the sheared contacts
and that the growth rate increases exponentially with both temperature and compressive stresses.
In contrast, Mosey et al., using first-principles molecular dynamics simulation, suggested that the
tribofilms are formed due to pressure-induced cross-linking of zinc phosphate molecules generated
from thermal or catalytic decomposition of ZDDP at the tribological contact.*® They proposed that
zinc atoms act as a network forming agents to connect loosely interacting zinc phosphate
molecules providing higher cross-linked, longer chain polyphosphates films.*°, Unlike ZDDP,
metal-free additives, require a source of metal cations to form tribofilms. Most recently, Zhou et
al. showed that ionic liquid tribofilms, enriched in iron phosphates and iron oxides, form through
multi-step processes including direct interaction of nascent ferrous surface, IL decomposition
products, and wear debris mixing via mechanical and chemical deposition.>® The aforementioned
tribofilm formation mechanism or growth models for phosphorus-containing additives are not
applicable to nano-additives. Well dispersed nanoparticles in lubricating oils provide tribological
benefits via any one or combination of the following lubricating mechanism: rolling effect,
mending effect, polishing effect, tribofilm formation. Tribofilm formation is the most prevailing

theory and most researchers have attributed better lubrication performance of nano-lubricants to
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the adsorption and formation of protective layers of nanoparticles on the rubbing surfaces.?
Tribofilms formed by nano-additives are reported to be composed of nano-particles agglomerates,
discrete nanoparticles, or nano-particle reinforced tribopolymer networks.>! For example, Sui et
al. proposed that bifunctionalized hairy silica nanoparticles when used as lubricant additive fill the
nanogrooves and form protective films on the wear surface, which continuously delaminate and
regenerate during the rubbing process. The tribofilm forming mechanism was attributed to the
functionalization of silica nanoparticles with amino and alkyl ligands.>? Recently, Khare et al. used
colloidal probe atomic force microscopy to study in-situ kinetics of nanoparticle tribofilm growth
at nanoscale resolution. They proposed that tribofilms from nanoparticle anti-wear additive
nucleate due to entrapment of nanoparticles at surface irregularities and grow via a process of

stress-induced tribosintering.*!

Based on the tribofilm lubricating mechanism of both phosphorus-based anti-wear
additives and nano-materials, we hypothesized that the combination of boron-coated ZnO
nanoparticles, with a significantly lower amount of ZDDP (350 ppm of phosphorus) as a lubricant
additive, could lead to a further improvement in tribological performance. The complex stress-
assisted thermochemical reactions between ZDDP decomposed products, boron, zinc oxide, and
nascent metal surface during the rubbing process would hopefully enhance tribofilm formation,
strengthen the protective tribofilms through cross-linking, and improve the binding of the tribofilm
to the metallic substrate, ultimately leading to enhanced anti-wear and anti-friction protection.
Additionally, as noted earlier, ZDDP poisons catalytic exhaust treatment systems and thus increase
automotive tailpipe emissions. As such, a reduction of ZDDP concentrations is of significant
interest with respect to developing improved environmentally friendly lubricants. Currently,

additive technology contains ZDDP at 700-800 ppm of phosphorus and any further reduction in
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phosphorus concentration will significantly decrease wear protection in low viscosity oils. We
postulated that the additional chemistries provided by coated ZnO nanoparticles might permit
reduction of ZDDP, without compromising tribological properties. For that reason, a concentration
of ZDDP of only 350 ppm was tested in these experiments. To explore this hypothesis, ZnO
nanoparticles (20-30 nm size) were surface modified by PECVD and were initially encapsulated
with boron based polymer films followed with acrylate based coatings to promote dispersion of
ZnO nanoparticles in the base oil. Test oil formulations were prepared with both functionalized
and non-functionalized ZnO nanoparticles, in combination with and without ZDDP, to draw
comparative conclusions. In this study, the tribological experiments were conducted on a ferrous
interface, under boundary lubrication condition. Electrical contact resistance (ECR) measurements
were collected in-situ during the rubbing test to correlate the presence or absence of tribofilm
formation with frictional behavior and to assess the time required to form stable tribofilms.
Advanced surface characterization techniques, i.e. AFM, XANES, and XPS, were employed to
elucidate the fundamental tribochemistry at the interface between the boundary layer nano-
lubricant and ferrous rubbing surfaces. The spectroscopic results obtained permit identification of
the chemical composition of the layered tribofilms formed due to interaction of coated ZnO and
ZDDP additives. From these data, a lubricating mechanism of boron coated ZnO nano-additives
is proposed. Understanding how the interface between novel ZnO nanoparticle lubricant additives
and sliding surfaces works through tribochemical characterization will enable development of
nano-lubricants for automotive applications with a potential of reducing energy consumption and
harmful emissions.

2. EXPERIMENTAL METHODOLOGY
2.1 Materials
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ZnO nanoparticles, 10-30 nm in size, were obtained from a commercial source (Sky Spring
Nanomaterials). Trimethylboroxine and glycidyl methacrylate were purchased from Sigma
Aldrich. The anti-wear additive ZDDP was procured from Oronite. It was derived from secondary
alcohol, the details of which can be found elsewhere.>® Group 111 mineral base stock (GS Caltex
Kixx Lubo 4 cSt) was used for preparing test oil formulations.

2.2 Preparation of Boron-coated ZnO Nano-additives

A plasma enhanced chemical vapor deposition (PECVD) technique was employed to
encapsulate ZnO nanoparticles with boron rich polymer films. This technique allows precise
control over the chemistry and thickness of the films. In this study, a home built 360 ° rotating
reactor was used as shown in figure 1(a) to minimize nanoparticle aggregation to help achieve
more uniform deposition of plasma polymer films on the ZnO nanoparticles. Initially, ZnO
nanopartciles were subjected to a boron rich plasma created using trimethylboroxine organic
monomer. The process parameters for plasma deposition were as follows: power — 60 W; monomer
pressure — 120 mT; monomer flow rate — 2 sccm; RF frequency — 13.56 MHz. Herein, a continuous
wave signal was applied first at 60 W power for 20 mins and later, pulsating plasma signal was
used with sequentially reducing duty cycle from 20:30 to 20:60 (plasma on : plasma off times in
ms) for 10 min each. Total deposition time was 60 min. Fourier transform infrared spectroscopy
(FTIR) and XANES was conducted to examine chemical composition of plasma films deposited
from trimethyl boroxine monomer. FTIR and XANES spectra of these films shown in Supporting
Information section (Figure S1) confirms presence of borate-based polymer films on the surface
of ZnO nanoparticles. To increase the subsequent dispersibility of nano-additives in the mineral
oil, the boron-coated ZnO nanoparticles were then encapsulated with methacrylate based polymer

films using glycidyl methacrylate as a precursor monomer. Coatings containing methacrylate
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ligands were deposited at power — 100 W, monomer pressure — 70 mT, continuous wave plasma —
20 min, pulsating plasma with duty cycle (20:50) — 40 min. Details on plasma reactor and pulsating
plasma polymer coatings can be found in our previous research work. >+

(a) Capped ZnO (c)
Zn0 NPs Formulated

NPs Nano-lubricant
Monomer i

l Load

g“e B Borate based l Steel
g’ \g coating cylinder
He 0™ B Methacrylate gl
() . |

based coating

oil
with
boron
coated
Zn0
NPs

-

Wear scar Wear scar used to
employed for evaluate volume
tribofilm study loss

Figure 1. Schematic of (a) Synthesis of core-shell structure boron coated ZnO nanoparticles; (b)
Digital pictures of test oils formulated with boron coated ZnO nanoparticles and uncoated ZnO
nanoparticles depicting dispersibility of nanoparticles for 17 days; (c) Tribological tests conducted

in the cylinder-on-flat configuration.

Developed plasma functionalized core-shell structure ZnO nanoparticles were later mixed
into Group 111 mineral base oil at 0.3 wt.% , with or without ZDDP additive. Initially, tribological
tests were conducted with oils containing non-functionalized ZnO nanoparticles to determine
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optimum concentration of 0.3 wt.% at which improvement in both wear and friction was achieved.
Results of concentration tribological tests are provided in Figure S2, Supporting Information.
Therefore, in this study all nano-lubricants were prepared by mixing nanoparticles at 0.3 wt.%.
The composition of the various test oil formulations utilized are provided in Table 1. Since one of
the aims of this research work is to reduce phosphorus concentration in the lubricants, oil blends
were formulated by adding ZDDP at only 350 ppm of phosphorus. In contrast, conventional engine

lubricants contain ZDDP at 600 — 800 ppm of phosphorus.

Table 1. Details of Oil Formulations Used for Tribological Tests

Coded name Formulation details
BO Group 111 mineral base oil without any additives
BO + ZnO Non-functionalized ZnO nanoparticles added at 0.3 wt.% in base oil
BO + ZnOBM Boron coated ZnO nanoparticles added at 0.3 wt.% in base oil
BO + ZDDP ZDDP mixed at 350 ppm of phosphorus in base oil

BO + ZDDP + | ZDDP at 350 ppm of phosphorus and non-functionalized ZnO nanoparticles
ZnO at 0.3 wt.% mixed in base oil

BO + ZDDP + | ZDDP at 350 ppm of phosphorus and boron coated ZnO nanoparticles at 0.3

ZnOBM wt.% mixed in base oil

Homogenous mixing of boron-coated ZnO nanoparticles was achieved through probe
sonication for 20 min. Figure 1(b) illustrates the dramatic differences in the dispersibility of coated
and uncoated ZnO nanoparticles in the base oil observed over span of two weeks. For a formulation
containing uncoated ZnO nanoparticles, an upper layer appears to be clearing out merely after 1
day, indicating instability and sedimentation of non-functionalized ZnO in the mineral base oil.
However, a stable and homogenous system was observed with the plasma coated ZnO

nanoparticles- based formulation during the entire test period of 20 days, highlighting the ability
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of deposited methacrylate plasma coatings to prevent agglomeration or sedimentation of

nanomaterials in the polar base oil.

2.3 Tribological Tests

A high-frequency reciprocating rig tribometer, in cylinder-on-flat test configuration, was
employed to assess the anti-friction and anti-wear performance of formulated nano-lubricants as
shown in figure 1(c). For this purpose, AISI 52100 steel cylinder of 4 mm x 6 mm dimension
(Surface roughness (Sa): 8-9 nm; Hardness: 60-62 HRc) and steel flat of 12 mm x 12 mm
dimension (Surface roughness (Sa): 10 nm; Hardness: 59-60 HRc) was utilized. Tribological tests
were conducted at 100 °C under an 82 N load for 60 min duration. A flat steel substrate was set in
reciprocating motion at a stroke length of 6 mm and with a speed of 300 rpm. The rationale behind
selecting line contact test configuration and above mentioned test parameters is to closely simulate
the operating contact pressure and temperature experienced during piston and cylinder liner
interaction in an internal combustion engine. After completion of tribological tests, the wear scars
developed on both cylinder and flat were subjected for tribological performance evaluation and
tribofilm analysis, respectively as depicted in figure 1(c). Before the start of the test, all steel
samples were cleaned with Stoddard solution, isopropanol, and acetone. 10 pl of oil formulation
was introduced at the sliding interface and boundary lubrication condition was maintained
throughout the completion of the test. All tests were repeated twice to examine variations in friction
and wear results for each formulation. After the completion of tribological tests, flat and cylinder
specimens were stored in additive-free PAO (poly-a-olefin) oil for tribo-surface characterization.
2.4 Tribofilm Characterization Techniques

Wear scars generated on the flat steel test specimens after completion of the tribotests were

employed to elucidate chemical and physical properties of tribofilms. The topography and
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morphology of tribological surfaces were studied using AFM in direct contact mode. A sharp
conductive AFM tip was used to raster scan the sample and acquire high resolution 3D images of
wear scars detailing surface characteristics.

XANES was employed to evaluate the chemistry and geometric makeup of the chemical
compounds in the tribofilms. XANES experiments were conducted at the Canadian Light Source
synchrotron facility. Phosphorus and Sulfur K-edge spectra were obtained at a soft X-ray
microcharacterization beamline (SXRMB), operating at the energy range from 1.7 keV to 10 keV
with a photon resolution more than 3.3 x 10-4 InSb (111). The photon beam spot size was kept at
1 mm x 2 mm. The phosphorus L-edge and boron K-edge spectra were collected at a variable line
spacing plane grating monochromator (VLSPGM) beamline, which provides an energy range from
5.5 eV to 250 eV, a photon resolution of more than 10000 E/AE, and was operated using 100 um
x 100 um beam spot size. The zinc and iron L-edge and oxygen K-edge spectra were acquired at
a spherical grating monochromator (SGM) beamstation using 100 pum x 100 pm beam spot size at
the energy range of 250-2000 eV and a photon resolution of more than 5000 E/AE. Spectra at the
SGM beamline were collected using 100 um x 100 um beam spot size. XANES spectra were
acquired in total electron yield (TEY) by probing the near-surface region of the sample and in
fluorescence yield (FY) mode by measuring photon-absorption from the bulk of the sample. For
XANES analysis, flat steel samples were cleaned thoroughly using hexane to remove oil residue
and then loaded inside the vacuum chamber. Each sample was scanned at two different spots
(center, left edge, or right edge of the wear scar) to confirm uniformity of the results.

A Kratos Axis Ultra system, equipped with a monochromatic Al Ka X-ray source, was
used for XPS analyses. XPS spectra were collected by sputtering the samples using an ion gun

(beam energy 4.20 keV) for about 4 min. Center/edge regions of the worn surfaces were irradiated
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with a X-ray beam of 300 um x 700 pm spot size and power of 150 W. A survey scan was
conducted to identify the major elements present, while high-resolution scans were obtained for

elements of interest (Zn, Fe, P, F, O).

3. RESULTS AND DISCUSSION

3.1 Friction and wear behavior

The coefficient of friction (COF) data recorded in-situ during tribological test as a function
of time is presented in figure 2(a). Friction profiles for two repeat tribological tests were essentially
similar and, for that reason, instantaneous COF results from only one test is shown in detail for
each of the six different formulations in figure 2(a). An average COF was calculated for the last
10 min of both tests and is represented, for all formulations, in figure 2(b). Average COFs for the
last 10 minutes were used to eliminate initial variability and, at the same time, to more effectively
compare friction behavior, or improvement in steady state friction, for the various additives after

extended sliding duration.

Friction profile for the BO sample shown in figure 2(a) exhibits varying and unstable
friction response with the highest COF values compared to other formulations. Similarly, COF
graph for BO + ZnO sample appears to have severe variance and high friction values throughout
the test. However, in sharp contrast with these two samples, the friction coefficient obtained for
oil containing only coated ZnO nanoparticles exhibits impressively lower and stable friction
values. The friction response for sample (D) with only ZDDP is relatively stable for the first 35
min of the test but then exhibits higher COF values compared to oils containing coated ZnO
nanoparticles (sample (C) and (F)) at longer test times. The most dramatic variation in friction

behavior is observed for sample (D), containing a mixture of non-functionalized ZnO and ZDDP,
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wherein for the initial 20 min the friction coefficient remained low, in fact lowest of all but then

started to increase with great variance and instability.
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Figure 2. (a) Coefficient of friction measured as a function of time (b) average coefficient of
friction for last 10 min duration of the test for formulations (A) BO; (B) BO + Zn0O; (C) BO +

ZnOBM: (D) BO + ZDDP; (E) BO + ZDDP + ZnO: (F) BO + ZDDP + ZnOBM.
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Figure 3. Wear performance of the lubricants assessed through volume loss of the cylindrical test
specimens for formulations (A) BO; (B) BO + ZnO; (C) BO + ZnOBM; (D) BO + ZDDP; (E) BO

+ ZDDP + ZnO; (F) BO + ZDDP + ZnOBM.

The friction response of sample (D) is comparatively poorer than sample (C) with only ZDDP,
which indicates that the presence of non-functionalized ZnO hindered the performance of ZDDP
and instead of lowering friction fails to protect counter surfaces against high shear stresses. Sample
(F) with the mixture of ZDDP and encapsulated ZnO nanoparticles exhibits the steadiest friction
response of all with lower COF values especially after 20 min of the test. Additionally, analysis of

the data shown in figure 2(b) indicate that the samples (B) and (D) showed 2% and 18% reduction
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respectively, and samples (C) and (F) resulted in 24% and 26% reduction respectively compared

to the BO sample (A).

Wear performance of nano-additives was assessed through analysis of wear scar developed
on the cylinder test specimen using optical profilometer and microscope. Figure 3 displays volume
loss measured after tribological tests of all formulations. To measure wear volume, average wear
scar width value was obtained using optical microscopic images of the wear scars developed on
the cylinder test specimens. It was very difficult to calculate the wear volume or material loss on
flat test specimen as wear was exhibited through material redeposition and surface scratches (see
Figure S3, Supporting Information). Therefore, to assess wear performance, wear scars developed
on cylinder test specimens were used. Black error bars shown in Figure 3 represent the standard
deviation between the wear volume values calculated for two repeat tribological tests. The BO
sample exhibited the worst wear outcomes of all as no performance enhancing additives were
added in this test oil. Sample (B) has high volume loss compared to the rest of the nano-lubricants,
which also correlates with the coefficient of friction and wear profile analysis discussed earlier.
On the other hand, boron coated ZnO nano-additive sample (C) exhibits better anti-wear
performance (i.e. lower wear volume) in comparison with only non-functionalized ZnO (B) and
only ZDDP (D). Surprisingly, wear volume for sample (E), containing a mixture of ZDDP with
non-functionalized ZnO nanoparticles, is higher than the sample (D) with only ZDDP. Several
studies have reported synergistic interaction of nanoparticles like WS,, PTFE, MoS3z with ZDDP
anti-wear additives.>*%¢-% However, in this present study antagonistic interaction can be identified
between non-functionalized ZnO nanoparticles and ZDDP, which resulted in high wear losses and
high coefficients of friction. Notably, addition of encapsulated ZnO nanoparticles with ZDDP

improved the wear performance, especially in comparison to wear data of sample (D) with only
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ZDDP and sample (B) with only non-functionalized ZnO nanoparticles based lubrication. Similar,
wear performance analysis can be made from the optical micrographs and 2D and 3D surface
profilometry results shown in figure S4 in the supporting information section. The wear profile
and pin surface of samples (C) and (F) in figure S4 appear to be quite similar and exhibit improved
surface protection against high shear stresses achieved through boron coated ZnO nano-additives
based lubrication.

Tribological test results reveal the advantage of functionalization of nanoparticles and extra
anti-wear chemistries provided via boron coated ZnO nanoparticles in enhancing anti-friction and
anti-wear protection under boundary lubrication regime. The effect of synergistic interaction
between coated ZnO and ZDDP on tribofilm formation and properties of tribofilms is further
evaluated and discussed in the follow sections.

3.2 Incubation time for the tribofilm formation

The tribometer used in this study was equipped with an electric setup wherein 100 mV
potential was applied between countersurfaces of steel cylinder and flat to record electrical contact
resistance (ECR). The ECR measurements monitor the in-situ formation of the protective
tribofilms at the sliding interface during the test.>® When the conductive steel cylinder and flat
move against each other, the additives added in the oil form non-conductive glassy tribofilms at
the interface which ultimately increases the resistance and voltage drop across the two counter
surfaces. When no tribofilms are formed, direct contact between steel surface asperities results into
very low resistance and voltage drops to 0 mV. It is well known that ZDDP forms glassy
polyphosphate tribofilms. Thus, the ECR data in this study can be used to effectively determine

the incubation times and overall dynamics of the tribofilms formations.

Figure 4 displays the voltage drop values recorded in-situ as a function of the test time.
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Figure 4. Electrical contact resistance data plotted as the function of test time for formulations (A)

BO + ZnO; (B) BO + ZnOBM; (C) BO + ZDDP; (D) BO + ZDDP + ZnO; (E) BO + ZDDP +

ZnOBM.
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Voltage drop readings represented as red dots, segregated or close to 100 mV, correspond to more
net coverage of tribofilms at the surface while the values close to 0 mV indicate that no stable
interfacial tribofilms were formed by lubricant additives. ECR data for non-functionalized ZnO
nano-additives clearly indicates that no tribofilms were formed during this test as the majority of
data points are close to 0 mV. In contrast, the voltage data points for the sample with functionalized
nanoparticles (ZnOBM) appear to be dispersed initially but after the first 25 min numerous data
points are in the high region of the plot (75-98 mV) compared to sample (A), thus suggesting that
functionalization of the ZnO nanoparticles with additional boron species available at the interface
promotes tribofilm formation. The ECR plot for ZDDP sample (C) shows that the voltage drop
reaches a maximum value in a very early stage of the test, thus suggesting a very short incubation
time for the tribofilm formation in this case. It is important to note here that the data points are
scattered and there is a clear breakdown of tribofilms near the end of the test. These observations
indicate that the ZDDP added at 350 ppm of phosphorus was probably not enough to form stable
tribofilms throughout the completion of the test. The ECR graph for BO + ZDDP + ZnO sample
clearly shows removal of initially formed tribofilms further confirmation of the antagonistic
interaction of non-functionalized ZnO nanoparticles and ZDDP. Interestingly, the ECR plot for
the sample with the mixture of functionalized ZnO and ZDDP demonstrated stable tribofilm
formation after merely only 10 min of testing. Additionally, the voltage drop data points are
segregated, and not so dispersed as those of sample (C), highlighting the benefit of boron coated
ZnO nanoparticles in promoting stable tribofilm formation, even in the presence of the low

concentration of phosphorus (350 ppm).

3.3 Tribological Surface Characterization

3.3.1 Atomic Force Microscopy (AFM) Analysis
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AFM was employed, in direct contact mode, to elucidate the general morphology of the worn
surfaces generated with the six different test samples. Surface areas of 45 x 45 um area were
probed for each sample, keeping the z-axis (x 400 nm) constant. The topographical images
obtained are shown in figure 5. Each sample was scanned at four different spots. The BO + ZnO
sample exhibits regions of high surface roughness and deep scratches, and thus correlates to the
higher material loss discussed earlier. The 3D wear profile of the ZDDP lubricated surface exhibits
pad like morphology identifying the presence of patchy and porous tribofilms in the direction of
sliding . ZDDP is well-known to form tribofilms on the sliding surfaces with island like features
separated by valleys that prevent wear at the tribological interface.®® Interestingly, topography of
the surface generated with the additive mixture of non-functionalized ZnO nanoparticles and
ZDDP shows the absence of anti-wear pads and the presence of regions of deep scratches with
high peak to valley ratios. These observations further support removal of protective tribofilms due
to antagonistic interaction between ZDDP and non-functionalized ZnO nanoparticles. On the
contrary, SPM images of worn surfaces lubricated with only functionalized ZnO nanoparticles
(BO + ZnOBM) and with the additive mixture of functionalized ZnO and ZDDP (BO + ZDDP +
ZnOBM) reveal the presence of smooth continuous long patches of tribofilms, elongated in the
direction of sliding. The binary additive system of ZnOBM and ZDDP appears to have formed
comparatively thicker anti-wear pads than only ZDDP based lubrication and thus demonstrates the

additional benefit of boron chemistry to form protective tribofilms at the sliding surface.

3.3.2 XANES Analysis of Interfacial Tribofilms

Results discussed in the earlier sections of ECR and surface analysis by AFM indicate that
the improved tribological performance of functionalized ZnO nanoparticles might be due to the

differences in the properties and formation mechanisms of the interfacial tribofilms.
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(a) BO + ZnO (b) BO + ZDDP

Figure 5. AFM topographical images of the wear scar generated on the flat steel specimen for
formulations (a) BO; (b) BO + ZnO; (c) BO + ZnOBM,; (d) BO + ZDDP; (e) BO + ZDDP + ZnO;

(f) BO + ZDDP + ZnOBM.
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To elucidate differences in the chemical composition of the tribofilms generated by different
additive combinations, XANES analysis was used to investigate local coordination chemistry of
critical elements in these tribofilms, namely zinc (Zn L-edge), sulfur (S K-edge), phosphorus (P
L-edge and P K-edge), boron (B K-edge), and iron (Fe L-edge). XANES was operated in total
electron yield (TEY) and fluorescence yield (FY) modes and results from both modes are coupled
to determine qualitative distribution of compounds at different sampling depth. In TEY mode, the
near-surface region (5-60 nm) of the sample is probed, while the information from the bulk (>

800nm) is obtained using FY mode.

Phosphorus Characterization (P L 3-edge and K-edge)

The local geometry and chemical information of the P containing species in the tribofilms
is evaluated through P L-edge and P K-edge XANES. Since the L-edge has better photon resolution
and narrower linewidth, the P L-edge is more sensitive to determine the structural and chemical
characteristics than that of the P K-edge. It is reported that the sampling depth is ~ 5 nm for P L-
edge TEY mode, ~ 60 nm for P L-edge FY, and ~ 50 nm for P K-edge TEY.52%2 Therefore, the
simultaneous P L-edge TEY and P L-edge FY and P K-edge FY analysis can provide
complementary information about the phosphorus based chemistry at the uppermost surface and
in the bulk of the tribofilm.

Figure 6(a) and 6(b) illustrates P L-edge TEY and FY spectra of tribofilms generated from
different anti-wear additive chemistries along with that from model compounds. P L-edge TEY
spectra exhibit three characteristic peaks, identified as peaks (i) or (i’), (ii) or (ii’), and (iii). The
transition of P 2p electrons to the 3p-like antibonding states results in the main absorption edge
peak (ii) or (ii’).%* The pre-edge shoulder in P L-edge spectra, i.e. peak (i) and (i’) originates from

the transition of the spin-orbit split of P 2p electrons into the first unoccupied 3s antibonding
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state.54%° Peak (iii) is a characteristic peak of phosphate coordination irrespective of the cation
which arises due to P 2p to 3d electron transition.®® TEY spectra for tribofilms generated with
only ZDDP based lubrication exhibits strong main absorption peak aligned to that of the FePO4
model compound. However, its corresponding FY spectra displays very noisy signal and low
intensity characteristic peak superimposing with FePOs model compound. These results suggest
that the phosphorus is primarily present as iron phosphates in the tribofilm and the concentration
of phosphorus bonded species decreases from the surface to bulk of the tribofilm. The tribosurface
generated from the additive mixture of non-functionalized ZnO and ZDDP has very weak signals
for phosphorus in both TEY and FY mode, which make it difficult to determine whether the signal
is from zinc or iron phosphates in the films. These observations confirm that the interaction of
non-functionalized ZnO and ZDDP is detrimental and did not promote stable formation of
tribofilms at the sliding surfaces, and as a result, poor wear performance was observed as noted
earlier. The main absorption edge of the TEY spectra from the BO + ZDDP + ZnOBM sample
aligns well with the iron phosphate model compound.

However, it is important to note that the full width half maxima of the characteristic peak
is greater than the width of the peak (ii’) of FePO4 and the broader characteristic peak of the sample
also overlaps with the peak (ii) of Zn3(POa)2. This hints a small contribution from zinc phosphate
in the chemical makeup of the tribofilms, while the majority proportion of the phosphorus is
associated with iron in the near-surface region of these films. Furthermore, upon comparing the
main absorption edge of FY spectra with the model compounds using a drop line, the energy of
the main peak was found to be in between the main absorption edge of Zn3(POs). and FePO4
suggesting the presence of a mixture of zinc phosphate and iron phosphate in the bulk of the

tribofilms formed with boron coated ZnO and ZDDP additive mixture.
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Figure 6. XANES phosphorus L-edge recorded in (a) TEY mode and (b) FY mode, and (c)
phosphorus K-edge in TEY mode of model compounds and samples: BO + ZDDP, BO + ZDDP

+ Zn0, and BO + ZDDP + ZnOBM.
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The P K-edge spectra of tribofilm samples collected in TEY mode is presented and
compared with reference compounds Zn3(PO4)z, BPO4, and FePOy in figure 6(c). The main
absorption edge in P K-edge TEY spectra is attributed to the transition of a P 1s electron into an
unoccupied valence electronic state formed by the overlap of P sp® hybrid and O 2p orbitals. The
characteristic peak for zinc phosphate (i) is at slightly lower photon energy than peak (ii) for iron
phosphate. Additionally, the iron phosphate spectrum has a distinctive pre-edge peak which helps
to differentiate it from zinc phosphate. BPO4 has an absorption peak at 2153.3 eV higher than that
of Zn3(PO4)2 and FePOs4. P K-edge TEY spectra of tribofilm sample formed with the mixture of
non-functionalized ZnO nanoparticles and ZDDP exhibits peak (ii) which is associated with iron
phosphate. A slight pre-edge is also evident in the P K-edge TEY spectra which further confirms
presence of iron phosphate based tribofilms on the worn surface. The main absorption peak for
BO + ZDDP and BO + ZDDP + ZnOBM samples appears to be aligned with the peak (i) of zinc
phosphate. However, the presence of FePO4 cannot be eliminated completely as the absorption
peak (ii) of FePOs slightly overlaps with the characteristic peak of the samples. These results
indicate that the bulk chemistry of these tribofilm samples is comprised of the mixture of zinc and

iron phosphates with the dominance of zinc phosphates.

Zinc Characterization (Zn L-edge)

Figure 7(a) presents the Zn L-edge XANES spectra for tribofilms and some relevant model
compounds, recorded in the TEY mode. Zn L-edge features (1030 — 1045 eV) are associated with
the transition of Zn 2p electron to the Zn 4s and antibonding Zn 3d states. Additional details on
the characteristics can be found elsewhere.[%31 Zn L-edge spectra of the sample generated with only
ZDDP based lubrication strongly indicates that the environment around zinc ions is associated

more with phosphates than sulfates or sulfides.
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Figure 7. (a) XANES zinc L-edge recorded in TEY mode and (b) XANES iron L-edge recorded

in FY mode of model compounds and samples: BO + ZDDP, BO + ZnO, BO + ZnOBM, BO +

ZDDP + Zn0O, and BO + ZDDP + ZnOBM.

On the contrary, Zn L-edge spectra from only functionalized ZnO sample appears to be
different than the spectra of BO + ZDDP and Zn3(POs). model compound. The shape, peak
position and intensity closely resembles with ZnO model compound and thus, indicates presence
of protective anti-wear ZnO based tribofilms at the sliding surface lubricated with encapsulated
ZnO nano-additives. The tribosurfaces generated with the mixture of ZDDP and ZnO (non-
functionalized) have a very weak signal for zinc and indicates absence of Zn based phosphates,

sulfates, and sulfides. Interestingly, the features of the spectra for the BO + ZDDP + ZnOBM
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sample closely aligns with that of zinc phosphate model compounds. This information further
substantiates the inferences derived from the phosphorus L-edge results and establishes that the
tribofilms generated by mixture of ZDDP and functionalized ZnO contains both zinc and iron

phosphates at the near surface region (~ 50 — 60 nm).

Iron Characterization (Fe L23-edge)

Figure 7(b) shows the stacked TEY of Fe L-edge spectra of various iron containing
reference compounds and tribological samples. The Fe L-edge of reference compounds exhibit
main absorption edge peaks (i) and (ii). Analyzing splitting and intensity of these peaks is very
beneficial in tracking different oxidation states of iron. For example, spectra of model compounds,
Fe3(PO4)2 and FePOs reveal that the intensity ratio between main absorption peaks (i) and (ii)
changes with the change in oxidation state of iron. When Fe?* changes to Fe®*, the second peak
becomes the prominent one. Spectra of the BO + ZDDP sample exhibit characteristic splitting and
main peaks (i) and (ii) with almost the same intensity, indicating that the tribofilms are comprised
of mixture of different iron phosphates with a slightly major concentration of Fe3(POa)2.
Additionally, samples with only ZnO nanoparticles, only ZnOBM nanoparticles, and mixture of
ZDDP with ZnO nanoparticles have their main peak position aligned with the Fe>Os model
compound. However, the features in the TEY spectra of sample BO + ZDDP + ZnOBM are
superimposing with the spectra of FePO4 model compound and thus, indicate that iron is primarily
associated with phosphates and not with sulfates or sulfides.

Boron Characterization (B K-edge)

The boron chemistry in the tribofilms was also investigated to elucidate the role of surface
modified ZnO nanoparticles in providing better anti-wear and anti-friction properties. The B K-

edge TEY XANES spectra, shown in figure 8(a), exhibit three characteristic features; a peak at
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~194 eV (associated with trigonal B), a broader peak at 197-199 eV (the edge feature of tetrahedral
B), and a broad peak at 200-201 eV for tetrahedral B and 203-204 eV for trigonal B®" Tribofilms
formed with boron-coated ZnO nanoparticles-based lubrication reveal the presence of boron in
trigonal co-ordination as the sharp peak at ~194 eV can be identified in its B K-edge spectra aligned
with B203 and H3BO3z model compounds. The spectra for sample BO + ZDDP + ZnOBM exhibit
a very distinctive broad peak at 197 eV with a shoulder at 194.7 eV which matches with the iron
borates (FesBOs, FeBO3) in the literature.®® Since the results of Fe L-edge spectra (figure7(b))
revealed the presence of Fe®*, the combined analysis of Fe L-edge and B K-edge further confirms
that these tribofilms are comprised of iron borates, in addition to iron phosphates, wherein iron is
present as FesBOs or FeBO3 or FePO4 in an Fe3* oxidation state. Additionally, in figure 7(b) peak
(i) appears to be shifted by 0.7 eV, in comparison to reference compounds, which also suggest the
formation of borate complex.®”%° Based on these results, it can be concluded that encapsulated
ZnO nanoparticles were able to deliver beneficial boron chemistry at the sliding interface and

contribute to tribofilm formation.

Sulfur Characterization (S K-edge)

Sulfur K-edge TEY spectra for tribofilms are shown in figure 8(b) and are compared with
model reference compounds. Acquisition depth of the collected emission electrons is about 50 nm
at the S K-edge and, accordingly, the information acquired from TEY mode do not refer to the
surface but to the bulk of tribofilms.”® Sulfur can exist in different oxidation states (-2 to +6) and
the information derived from S K-edge is extremely useful in differentiating among the chemical
species of sulfur through characteristic peaks (i), (ii) and (iii). As shown in figure 8(b), the energy
at the main absorption edge for different model compounds shifts toward lower energy as the

oxidation states are reduced.
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Figure 8. (a) XANES boron K-edge recorded in FY mode and (b) XANES sulfur K-edge recorded
in TEY mode of model compounds and samples: BO + ZDDP, BO + ZnOBM, BO + ZDDP +

ZnO, and BO + ZDDP + ZnOBM.

Peak (iii), around ~2482 eV, corresponds to sulfate species (S*) (i.e. ZnSO4, FeSOs,
Fe2(S04)s), while peaks (i) and (ii) represent the main absorption edge for sulfides (S?) such as
ZnS at ~2473 eV and FeS at ~2471 eV. Spectra for samples BO + ZDDP and BO + ZDDP + ZnO
are very similar to that of ZnS spectra with the presence of additional peak (iii) corresponding to
zinc sulfate. This indicates that zinc sulfide is the main chemical state of sulfur, but there is also
some smaller presence of zinc sulfate in these tribofilms. Interestingly, S K-edge spectra for the
BO + ZDDP + ZnOBM sample exhibited a very weak signal, but a peak (ii) aligning with ZnS
compound can be identified. This indicate that the tribofilms formed due to interaction of ZDDP
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and functionalized ZnO nano-additives contains sulfur in very minute concentration in the form of

zinc sulfide 50 nm beneath the surface.

3.3.3 XPS analysis of the interfacial tribofilms

The elemental composition of the tribofilms generated with the lubricant containing only
ZDDP, only functionalized ZnO nanoparticles and the mixture of ZDDP with functionalized ZnO
nanoparticles were examined using high resolution XPS spectroscopy. XPS provides valuable
compositional information of the top 0 to 5-8 nm of the surface and, as such, compliments findings
of the XANES studies to help understand the lubricating mechanism of nano-additives. Figure 9
displays zinc, phosphorus, boron, oxygen XPS spectra acquired from the aforementioned
tribosurfaces.

Zinc (Zn) 2p

The Zn 2p spectra, as shown in figure 9(a), are identical for all three samples, exhibiting
two peaks at ~1022.2 eV (2psr2) and ~1045.4 eV (2p12) due to spin-orbit splitting.”* However,
there is a clear difference in the intensity of characteristic peaks within these samples indicative of
the differences in the relative amount of zinc bounded species in the tribofilms. For the BO +
ZDDP sample, the signal for zinc is relatively weak and is attributed to the presence of zinc
phosphate on the surface. On the contrary, sample BO + ZDDP + ZnOBM exhibits sharp and
strong intensity peaks for Zn 2p highlighting additional contribution from ZnO nanoparticles to
the phosphorus based tribofilms. Spectra from BO + ZnOBM further compliments the finding
from the XANES study, thus confirming the formation of zinc based tribofilms on the sliding
surface lubricated with functionalized ZnO nanoparticles.

Phosphorus (P) 2p

The plot shown in figure 9(b) reveals the strong presence of phosphorus in the tribofilms

formed by ZDDP alone and, as well, in the additive mixture of ZDDP with ZnOBM. The peak
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position at ~133.7 eV is attributed to iron phosphates while the peak position at ~133.3 eV to zinc
phosphates. For the BO + ZDDP sample, it appears that both zinc phosphates and iron phosphates
contribute to the overall phosphorus signal. The spectra of BO + ZDDP + ZnOBM sample suggest
that the dominant phosphorus based chemical species in the tribofilms are zinc phosphates with
relatively low amounts of iron phosphates.

Iron (Fe) 2p

Figure 9(c) is useful in determining the chemical state of iron atoms present in the
tribofilms. The observed Fe 2p XPS spectra exhibit characteristic peak shape and positioning at
the binding energy of ~ 712 eV, which is consistent with the XPS spectra of Fe2Os model
compound.’? Additionally, there is no strong signal at 707 eV corresponding to metallic iron in
steel substrate.”’* These observations imply that the Fe atoms are in the highest oxidation state
Fe®* and confirm the presence of iron oxides (Fe203) in the tribofilms. Interestingly, comparison
of the intensity of the Fe 2ps;» peak in figure 9(c) provides some explicit information on the
concentration of iron oxides in the tribofilms. The plot for the BO + ZDDP sample shows stronger
signal for iron and thus suggest that tribofilms formed in this case are mainly rich in iron oxide.
Weak signal for iron in the BO + ZDDP + ZnOBM tribofilm sample indicates that the major
contributions to the chemical make-up of the films are from zinc and iron phosphates, which are
protecting the sliding surface from wear.

Oxygen (O) 1s

Oxygen 1s spectra, as shown in figure 9(d), gives an insight into the different oxygen
bonded atoms and their contribution to the overall chemical nature of the tribofilms formed with
the different additive chemistries. The oxygen signal consists of three peaks, wherein the low
binding energy peak (i) at 530.1 +0.1 eV is attributed to iron oxide,”’® while the main peak (iii)

at ~ 531.8 +0.1 eV originates from non-bridging oxygen in poly-phosphate chains and from other
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oxygen containing groups such as carbonates, hydroxides or sulphates.”>"’® In some cases, an
additional signal (peak (ii)) at 530.5 0.1 eV is detected and is attributed to the presence of zinc
oxide.”® The peak at 533.4 eV is assigned to B-O, which links phosphate groups to form phosphate
chains.” The oxygen spectra for only ZDDP tribofilm sample shows intense peak for metal oxide
primarily from iron oxide (Fe2Oz), which is consistent with the information from the iron 2p
spectra. The O 1s spectra for tribofilm sample BO + ZnOBM has a low intensity peak (ii) at 530.35
eV primarily from zinc oxide (not from iron oxide), and a broad peak between 531 and 532 eV
energy range probably due to presence of carbonate species, as there is no phosphorus available in
this lubrication. The tribofilm sample generated with ZDDP and boron coated ZnO nanoparticles
shows a strong signal for metal phosphates, in comparison to metal oxides, again corroborating
the formation of zinc and iron phosphate based beneficiary tribofilms at the tribological contacts.

Boron (B) 1s

To understand the role of boron coated ZnO nano-additives in promoting stable tribofilm
formation in providing enhanced anti-wear and anti-friction protection, B 1s XPS spectra was
recorded. Figure 9(e) exhibits a B 1s plot for tribofilm samples generated with only functionalized
ZnOBM nanoparticles and with the mixture of ZDDP and ZnOBM. For the BO + ZnOBM sample,
B 1s spectra has a peak at binding energy 191.7 (£ 0.1 eV) which corresponds to the binding energy
of B,O3 model compound’®, thus suggesting the presence of borates in this tribofilm. It is important
to note that sample BO + ZDDP + ZnOBM exhibits XPS peaks with much broader full width half
maxima than the BO + ZnOBM. Zhang et. al. has reported that P 2s XPS cross section coincides
with B 1s cross section ® and, as a result, if phosphorus is present in the sample it interferes
significantly with boron characterization and B 1s spectra. This is especially true if the phosphorus
concentration is high in the sample. Therefore, in this case, it is reasonable to assume that the

strong signal at 191.3 eV is due to the presence of the mixture of zinc and iron phosphates (as
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detected through XANES P L-edge TEY spectra) at the surface of the tribofilms, while the low
intensity peak at 191.7 eV is from the borates. Overall, these results indicate that boron species
provided through plasma functionalized ZnO nanoparticles are aiding in protective tribofilm
formation, thus helping to improve anti-wear performance even at the low concentration of ZDDP.
3.4 Chemical make-up of the tribofilms and lubricating mechanism

The friction and wear characteristics of the sliding contacts under mixed and boundary
lubrication are primarily governed by the interfacial tribofilms. The tribofilms formed due to
complex thermo-mechanical interaction of lubricant and sliding surfaces exhibit lower hardness
and elastic moduli than the underlying substrate, which allows them to distribute applied contact
pressure thus sacrificially cushion shearing stresses at the interface to effectively prevent wear. In
this study, ~ 100 nm heterogenous patchy tribofilms are formed over the ferrous contacts, wherein
the thickness and composition of these films appear to be varying with the lubricant additive
chemistry. Information from AFM, XANES, and XPS are correlated in this section to create
schematics of layered films, representing the hierarchical composition developed across the
tribofilm thickness, to elucidate wear mechanism of nano-additives, as shown in figure 10. AFM
results clearly demonstrated non-continuous pad like structure of tribofilms separated by valleys,
however, for the simplicity of understanding a pictorial view of a continuous long tribofilm patch,
with vertically varying chemical composition, is shown in figure 10(a). The schematic of tribofilm
sample BO + ZDDP exhibits a layered structure dominant with iron phosphates in the near-surface
region of the film and iron oxides in the near-metal interface. XANES P L, P K, and Fe L-edge
spectra and XPS elemental results on P, Fe, and O provided the information for this schematic. As
evident from P L and Zn L-edge TEY spectra, zinc phosphates are also present in lesser amount

in the topmost region of this tribofilm. Sulfides are located between phosphates and iron oxides.
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Additionally, zinc, phosphorus, iron, oxygen, and sulfur data, from both XANES and XPS,
provide insights in the chemical architecture of tribofilms formed from the additive mixture of
non-functionalized ZnO and ZDDP (BO + ZDDP + ZnO). These tribofilms are enriched in iron
oxides with minor concentration of iron phosphates. It is postulated that the incompatibility of
ZDDP and non-functionalized ZnO nanoparticles to form stable phosphate films resulted in severe
material loss of the iron substrate and exposed nascent iron surface to react with oxygen, ultimately
leading to such tribofilm structure. Chemical composition of these tribofilms further corroborates
findings of ECR and high wear losses in this case. Chemistry of tribofilms derived from boron
coated ZnO nanoparticles based lubrication is distinctly different from the tribofilms formed by
ZDDP as shown in figure 10(a). XANES Zn L-edge TEY spectra and XPS O 1s spectra for BO +
ZnOBM sample support the presence of zinc throughout the thickness of the tribofilm, primarily
in the form of zinc oxides. Additionally, boron XANES and XPS spectra suggest the formation of
a complex glassy structure near the metal interface region, consisting of boron oxide, hydrogen
borates, and iron borates. The tribofilm model for BO + ZDDP + ZnO represents arrangement of
different chemical species wherein it has trace amounts of iron oxide and zinc sulfide in the bottom
layers but above it, near the surface, it contains high concentrations of iron and zinc phosphates.
As evident from B K and Fe L-edge XANES and B 1s XPS spectra, this tribofilm also contains a
mixture of different metal borates, including the strong presence of iron borates.

Based on the chemical properties of tribofilms, ECR results and tribological test results, an
anti-wear mechanism is proposed for plasma functionalized ZnOBM nano-additives and is
schematically displayed in figure 10(b). The detection of boron based compounds in the bulk of
the tribofilm indicates that the ZnOBM nano-additives were able to deliver boron chemistry at the

tribological interface via compressive stress induced removal of polymer shells, which were
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initially encapsulating ZnO nanoparticles. Presence of iron borates in the case of both BO + ZnO
and BO + ZDDP + ZnO tribofilm samples further indicate that the surface protective anti-wear
films were partly formed due to stress induced tribochemical reaction between boron and nascent
iron substrate. Additionally, formation of strong Zn-based tribofilms, on the worn surfaces
lubricated with ZnOBM nano-additives, could be attributed to the stress-induced tribosintering
anti-wear mechanism of nanoparticles. In this anti-wear mechanism, metallic nanoparticles are
welded without melting at sliding surfaces forming a compact surface protective tribofilm, capable
of providing load-bearing effect and limiting direct metal-metal contact.8%-8* As reported by Viesca
et al. carbon coated Cu nanoparticles as additives in PAO6 lubricant reduces friction and wear by
the tribosinterization of nanoparticles due to being compacted on the contact surfaces at high
temperatures and pressure generated by friction.® To further investigate the wear mechanism of
the ZnOBM nano-additives and substantiate findings of XANES, AFM, and XPS on nanoparticles
induced tribofilm, the wear scar developed on the flat specimen was examined using SEM. As
shown in figure 10(b), the optical image displays a wear surface covered with a large and thick
protective film and a high-magnification micrograph of the marked region exhibits groves and
scratches covered with protective film. In comparison to the metal surface, protective film formed
by nanoparticles appears to be flat and smooth, which can effectively reduce friction and wear.
Thus, based on surface characterization results, it is reasonable to propose that ZnOBM lubricating
mechanism include formation of interfacial anti-wear tribofilms through combination of
tribochemical reaction and tribosintering of nanoparticles to significantly improve anti-wear and

anti-friction characteristics.

Finally, it is important to note the differences in the vertically heterogenous structure of

tribofilm formed by BO + ZDDP and BO + ZDDP + ZnOBM oils. Tribofilm model for the mixture
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of ZDDP and ZnOBM exhibits the dominance of zinc phosphates in comparison to that of
tribofilms formed by only ZDDP containing oil, where surface of tribofilms is enriched in iron
phosphates. Earlier studies have shown that the presence of the long chain zinc phosphates yield
better tribological properties and are generally considered to be more beneficial than iron
phosphates.*® Thus, the chemistry of tribofilms formed by synergistic interaction of ZDDP and
ZnOBM highlights the participation of tribosintered ZnOBM nanoparticles in promoting stable
formation of advantageous zinc phosphate films and strengthening the protective layer to improve

the overall lubrication performance of mineral base oil containing merely 350 ppm of phosphorus.

4. CONCLUSION

This research work illustrates that boron coated ZnO nanoparticles when used by
themselves and in combination with 350 ppm of ZDDP in the base oil can effectively improve
anti-wear performance and provide lower friction coefficients compared to oils containing only
ZDDP, or ZDDP with non-functionalized ZnO nanoparticles. Notably, this study reports reduction
in the amount of ZDDP or phosphorus concentration to 350 ppm using surface capped ZnO
nanoparticles without compromising tribological protection of the sliding contacts.

Using high contact stress, cylinder on flat reciprocating tribometer with ECR test setup,
the effect of functionalized and non-functionalized nano-additives on the overall dynamics of
tribofilm formation was studied. It was observed that non-functionalized ZnO nanoparticles by
themselves were not able to form tribofilms at the sliding surfaces and when used with ZDDP,
they removed preformed tribofilms and hindered stable tribofilm formation. However, in sharp
contrast, it was discovered that surface molecularly tailored and adequately dispersed ZnO
nanoparticles are extremely effective in providing anti-wear film formation at the tribological

interface.
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Results derived from AFM, XPS, and XANES surface characterization techniques were
correlated to understand the physical and chemical nature of tribofilms formed with nano-
additives. Thin patchy tribofilms are formed when surfaces in contact are lubricated with
formulation containing only ZDDP whereas in the case of additive mixture of ZDDP and coated
ZnO nanoparticles tribofilms are comprised of thicker pads and are continuous in nature.
Tribofilms formed with oil containing only ZDDP dominantly contains iron phosphates and iron
oxides with minor concentration of zinc phosphate/sulfate/sulfide. In contrast, lubrication
containing both ZDDP and boron coated ZnO nanoparticles resulted in the formation of majority
layers of zinc and/iron phosphates and iron borates covering bulk layers of iron oxides, and iron
and zinc sulfates and/sulfides. The improved tribological performance of this additive combination
is attributed to the stable tribofilm formation with crosslinked zinc and iron polyphosphates
network and iron borates due to extra Zn and B atoms introduced at the tribological interface by
surface capped nanoparticles.

The enhanced anti-wear protection, coupled with reduction of ZDDP concentration,
reported here will help automotive engine oil formulators to resolve concerns of catalytic converter
poisoning and greenhouse gas emissions. Additionally, the knowledge gained here on tribological
performance of ZnO plasma functionalized nanoparticles and their tribofilm properties will help
promote further development of nano-lubricants for tribological applications that will extend the
durability and energy efficiency of a multitude of other mechanical systems.
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FTIR and XANES characterization of plasma polymer films deposited on ZnO
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cylinder test specimen for all test formulations are also provided. Friction and wear results of
tribological tests carried out to determine optimum concentration of ZnO nanoparticles to be mixed

in mineral base oil are also added for the reference.
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Supporting Information

1) Chemical properties of plasma deposited borate-based polymer films and ZnO nanoparticles

covered with borate-based films. Results of FTIR and XANES confirms deposition of borate based

polymer films on ZnO nanoparticles.
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Figure S1. Surface characterization to confirm chemical nature of polymer films deposited on ZnO

nanoparticles. (a) FTIR spectra of plasma films generated polymer films from trimethylboroxine

monomer on KBr card (b) XANES Boron K-edge spectra of boron-coated ZnO nanopartciles

developed using plasma polymerization.
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2) Friction and wear results of tribological tests carried out to find optimum concentration of ZnO

nanoparticles in mineral base oil.
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Figure S2. Average wear volume and average coefficient of friction test results of lubricants
containing non-functionalized ZnO nanoparticles at different concentrations (0, 0.3, 0.5, 1 wt.%).
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3) Optical images of the wear scar developed on flat steel specimen.
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Figure S3. Optical images of the wear scar developed on flat steel specimen with test oils (A) BO;
(B) BO + ZnO; (C) BO + ZnOBM; (D) BO + ZDDP; (E) BO + ZDDP + ZnO; (F) BO + ZDDP +
ZnOBM.
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4) Optical Profilometry Results
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Figure S4. Optical micrographs (left) and profilometry 2D and 3D images (right) of the wear scar
developed on cylindrical test specimen lubricated with formulations (A) BO; (B) BO + ZnO; (C)
BO + ZnOBM; (D) BO + ZDDP; (E) BO + ZDDP + ZnO; (F) BO + ZDDP + ZnOBM.
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Abstract

The surface-modified CaCOz nanoparticles were synthesized through plasma-enhanced
chemical vapor deposition (PECVD) to develop eco-friendly lubricant additive technology for
internal combustion engines with the focus on reducing and/ replacing harmful additives like zinc
dialkyl dithiophosphate (ZDDP) in the engine oil. Various oil formulations were prepared with
functionalized CaCOs nanoparticles in combination with ashless dialkyl dithiophosphate (DDP)
and ZDDP at a very low concentration of phosphorus. Tribological test results indicate synergistic
interaction of functionalized CaCOs nanoparticles with ZDDP and DDP providing enhanced
friction and wear performance under boundary lubrication. A comparative study of the tribo-
surfaces morphology and chemistry has been assessed by atomic force microscopy and X-ray
absorption near-edge spectroscopy. Improved wear protection by functionalized CaCO3:BM
nanoparticles under boundary lubrication was attributed to the formation of Calcium and Boron-
rich 50-80 nm thick tribofilms on the worn surface. XANES results revealed that plasma
functionalized CaCOz nanoparticles interact with ZDDP and DDP and participate in tribofilm
formation through tribo-chemical reactions and metal cation supply to form stable and thicker
tribofilms. These results strongly suggest the potential application of plasma functionalized CaCO3

nano-additives to reduce the concentration of harmful P-based additives in automotive lubricants.
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1. INTRODUCTION

The lubrication in mechanical devices like engines has always required continuous
improvement to reduce emissions, improve fuel economy, increase durability, and reduce
frictional losses — thus improving overall energy efficiency [1-6]. Lubrication at sliding/rolling
contacts in the engine is an interfacial phenomenon with three regimes: boundary, mixed, and
hydrodynamic lubrication, wherein hydrodynamic lubrication provides the lowest friction and
wear. Maximum friction and wear losses occur at the boundary and mixed lubrication regimes in
engine locations such as the top-ring-reversal region of the piston ring-cylinder liner interface,
rolling-sliding contact at cam-follower surfaces, and sliding surfaces in the valve train [7]. Anti-
wear additives play a crucial role in reducing wear and preventing the failure of boundary or mixed
lubricated interfaces experiencing direct surface asperity collisions due to inadequate lubricant
load support. Particularly, anti-wear additives are of prime importance in low viscosity oils which
are currently being used in modern engines to substantially reduce viscous energy loss in the
engine. Developing more effective automotive lubrication in combination with low viscosity base
stock and high-performance additive package can be the most economical and effective route to

improve engine efficiency and durability.

Anti-wear additives protect surfaces in relative motion from subsequent damage by
undergoing mechanochemical dissociation and forming surface bond tribofilms. The capability of
tribofilms to protect sliding contacts mainly depends on their intrinsic properties and their adhesion
to the substrate. For example, zinc dialkyl dithiophosphate (ZDDP) is the additive used in current
commercial automotive lubricants because of their ability to form effective tribofilms, which act
as a sacrificial layer to protect the underlying metal surface [8]. ZDDP tribofilms are well known

to form on steel-steel sheared contacts as a result of stress-assisted, thermally activated chemical
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reactions [9-11]. To date, extensive research work has been conducted to study the properties and
tribofilm forming mechanism of ZDDP. Several studies have shown that these tribofilms are
formed at only high temperatures while at room temperature weakly bounded tribofilms are
formed, while in some cases, no tribofilms are observed [12, 13]. ZDDP tribofilms exhibit patchy
morphology and lower elastic modulus and hardness than that of materials of engine components
(like steel), which allows them to sacrifice or distribute applied stresses under mild friction at the
sliding interface to prevent wear [14]. However, despite being a cost-effective multipurpose
additive, their application in engine oil is questioned in recent years due to their several
disadvantages like poisoning of exhaust after-treatment systems by thiophosphate byproducts,
inadequate wear protection in ultralow viscous lubricants, and micro-pitting in thin-film
lubrication [14]. These disadvantages drive the need to eliminate or partially replace ZDDP in the
oil. However, an alternative solution was found by introducing several engine oil specifications
between 1994 to 2020 that subsequently reduced the permitted maximum concentration of
phosphorus and sulfur in the engine oil [15]. Current engine oil specification allows phosphorus
level up to 0.08 wt.%, however, there is a strong possibility that in the future permissible
phosphorus content in an engine oil might be substantially reduced further [15, 16]. More crucially,
any further reduction in ZDDP content than 0.08 wt.% of phosphorus will affect the tribological
performance of currently used low viscosity lubricants (like GF6). Therefore, it is important to

find novel additives capable of either replacing or reducing ZDDP content in the engine oil.

In recent years, various nanomaterials have been explored as additives in lubricant base oil
from the perspective of developing energy-efficient lubrication which can impart superior
tribological performance and lower emissions than conventional additives like ZDDP [17-24].

The integration of nanomaterials into tribological systems has several benefits over their micron-
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sized counterparts mainly due to their extremely small size and high specific surface area [25].
Nanoscale materials are believed to have a different mechanism for friction and wear reduction as
compared to P-based lubricant additives. For example, metal and metal oxide nanoparticles may
get physically pressed or smeared on the rubbing surfaces at high contact pressure to form
protective surface layers or tribo-sintered films, which helps to decrease resistance to shear stress
and provides a cushion against direct asperities collision [19, 25, 26]. Hard carbon-based or
ceramic particles are reported to act as mini-ball bearings at the sliding interface [27, 28]. On the
other hand, soft carbon-based nanomaterials exfoliate to form a protective film upon rubbing [29,

30].

CaCOs nanoparticles are of our particular interest because of their excellent chemical
stability, frictional and wear reduction properties, and potential to be used as a green lubricant
additive in commercial oils [31-34]. Practical lubrication application of metal oxide nanoparticles
faces major challenges like agglomeration and sedimentation in the base oil. Several studies have
shown the efficacy of using a surface modification to improve the solubility of metal oxide

nanoparticles in oils [18, 35-38].

In this study, we have encapsulated CaCOs nanoparticles with plasma polymerized acrylate
ligands to molecularly surface tailored the CaCOs nanoparticles and improve their suspendability
in the base oil. We are using the plasma-enhanced chemical vapor deposition (PECVD) technique
to coat nanoparticles with two different polymer films not only to modify the surface of
nanoparticles but also to use them as a carrier to deposit tribologically beneficial chemistries at the
sliding interface to promote the formation of tribofilms. Initially, CaCO3 nanoparticles were coated
with boron-based polymer films, and then subsequently the second film of acrylate-based

chemistry was deposited on top of boron-coated CaCO3 nanoparticles. This plasma functionalized
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calcium carbonate (CaCOsBM) nanoparticles were characterized using Fourier transform infrared
spectroscopy (FTIR) and X-ray absorption near-edge spectroscopy (XANES). The main objective
of this study is to assess the anti-wear performance of plasma functionalized CaCO3:BM
nanoparticles to partially replace P-containing anti-wear additives and develop environmentally
friendly lubricants with 350 ppm of phosphorus (i.e. almost half of that is used in commercial
lubricants). Secondly, we aim at elucidating the compatibility of novel CaCO3BM nanoparticles
with P-based additives like zinc dialkyl dithiophosphate (ZDDP) and ashless dialkyl
dithiophosphate (DDP) and thoroughly examine their interaction, formation of tribofilms, and
overall, anti-wear mechanism. For this purpose, oil formulations were prepared with CaCO3:BM
nanoparticles in combination with/without ZDDP, and DDP and tribological properties were
assessed through high frequency reciprocating tribometer under the boundary lubrication regime.
In addition to friction and wear properties, electrical contact resistance data was acquired in-situ
during tribological tests to evaluate the dynamics of tribofilm formation at the sliding interface.
Furthermore, surface characterization techniques like atomic force microscopy (AFM) and
XANES were employed to determine the morphology and chemical make-up of tribofilms. The
results obtained provide fundamental insights into the anti-wear mechanism and nature of the

tribofilms formed.

2. Experimental details

2.1 Materials

To synthesis functionalized nano-additives, CaCOz nanoparticles of size 30-40 nm were
obtained from a commercial vendor, Sky Spring Nanomaterials. For plasma functionalization of
CaCOg different precursors like trimethyl boroxine, and glycidyl methacrylate monomers were

purchased from Sigma Aldrich and used in analytical grade reagents without further purification.
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Test lubricants were formulated using ZDDP and DDP phosphorus-based anti-wear additives in

Group 11 mineral base oil. Group Il mineral base oil (Viscosity @100°C - 4cst) was procured

from GS Caltex, while ZDDP and DDP additives were obtained from Oronite. The chemical

structure of all anti-wear additives used in this study is shown in Table 1.

Table 1. The coded names, structure, and chemical names of anti-wear additives.
Code Chemical name Structure Wt.% P
DDP Ashless dialkyl RO S 9.3
dithiophosphate \ p /
RO/ N —— (CHz)n — COOH
ZDDP Zinc dialkyl s 7.27
RO S OR
dithiophosphate \ b / ; \P/
n
Ro/ \S/ \S/\OR
CaCO3BM Plasma N/A
functionalized CaCOs
CaCOs
nanoparticles Coating from Trimethyl boroxine

2.2 Preparation of functionalized CaCOz3 nano-additives and test lubricants

A core-shell structure functionalized CaCO3 nanoparticles were synthesized via a plasma

processing technique, specifically plasma-enhanced chemical vapor deposition (PECVD). A home

built 360° degree continuously rotatable plasma reactor was used in this study to ensure uniform

and efficient coating of the CaCOs nanoparticles. It is believed that the effective mass transport
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and agitation of the nanoparticles are achieved due to the rotating motion of the reactor, which in
turn helps to continuously expose the fresh surface of CaCO3 nanoparticles to the plasma generated
reactive molecules and ions. Initially, 3g of CaCOs nanoparticles were loaded inside the
borosilicate glass reactor and were exposed to a plasma generated with trimethyl boroxine
monomer.

This deposition process was carried out using a continuous wave (CW) plasma for initial 20 mins,
followed with pulsating wave plasma (PW) generated with sequentially reducing duty cycle from
20:30 (plasma on time: plasma off times in seconds) to 20:60, for 10 minute periods at each ratio.
The technique of using both CW and PW plasma to achieve adhesive polymer film is reported in
our previous work [39-41]. The monomer pressure was maintained at 120 mT and RF power was
kept at 60 W throughout the process. To facilitate effective chemical characterization of plasma
polymer films, Fourier transforms infrared (FTIR) analysis was carried out on trimethyl boroxine
films deposited on a flat substrate like KBr card and Si wafer. Additionally, to confirm the uniform
deposition of plasma polymer films on nanoparticles, CaCOs3 nanoparticles exposed to trimethyl
boroxine monomer were characterized using the X-ray absorption near edge (XANES) technique.
XANES boron K-edge spectra shown in figure 1(b) exhibit the presence of boron-based films on
the surface of CaCOs nanoparticles. Subsequently, methacrylate-based polymer films were
deposited on the top of boron-based coatings to assist the dispersion of the CaCO3 nanoparticles
in the base oil. For this purpose, glycidyl methacrylate monomer was used and the deposition
process was carried out using power — 100 W, monomer pressure — 70 mT, continuous-wave

plasma — 20 min, pulsating plasma with a duty cycle (20:50) — 40 min.

Table 2. Test lubricant details and additive composition.

Coded name Lubricant Additive Composition
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BO Group 1 mineral base oil No additives were added

CaC0OsBM Plasma functionalized CaCOs mixed | CaCO3BM — 0.5 wt.%

with group 11 mineral base oil

ZDDP350 Zinc dialkyl dithiophosphate mixed | ZDDP — 0.035 wt.% of P

with group I mineral base oil

DDP350 Ashless dialkyl dithiophosphate mixed | DDP — 0.035 wt.% of P

with group 111 mineral oil

ZDDP350_CaCO3BM | Plasma functionalized CaCOs mixed | CaCO3BM — 0.5 wt.%

with ZDDP in group 111 mineral base oil | ZDDP — 0.035 wt.% of P

DDP350_CaCO3:BM | Plasma functionalized CaCOs mixed | CaCO3BM — 0.5 wt.%

with DDP in group 11 mineral base oil | DDP — 0.035 wt.% of P

ZDDP700 Zinc dialkyl dithiophosphate mixed | ZDDP —0.07 wt.% of P
with group 11 mineral base oil to mimic

commercial oils

Different oil formulations were prepared by mixing functionalized CaCOsBM
nanoparticles to mineral group 111 base oil to assess their anti-wear and anti-friction performance.
Initially, tribological tests were conducted to determine the optimum concentration of nano-
additives by using oils containing non-functionalized CaCOs nanoparticles at different
concentrations (0, 0.3, 0.5, 1), and results of which are shown as a bar graph in figure 1(c). Based
on the friction and wear results of the concentration test, CaCO3BM nanoparticles were added to
the base oil at 0.5 wt.% percolation threshold. Table 2 details the coded name and concentration

of additives used to prepare six oil formulations.
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(a) FTIR Spectra of polymer films (b) XANES characterization of CaCOsBM
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Figure 1 (a) FTIR characterization of plasma polymer films generated with trimethyl boroxine
monomer; (b) XANES characterization of plasma functionalized nanoparticles; (c) Preliminary
tribological test results with non-functionalized CaCOs nanoparticles indicating an optimum
concentration of 0.5 wt.%; (d) Image of functionalized CaCO3sBM nanoparticles uniformly

dispersed in the mineral base oil after probe sonication.
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Here, P-containing additives were added to the base oil at 350 ppm of P concentration. It should
be noted that 700 — 800 ppm of P is used in conventional engine lubricants, but as one of the aims
of this study is to reduce the detrimental level of phosphorus in engine oil, test lubricants were
formulated at 350 ppm. Probe sonication for 15 min was employed to ensure homogenous mixing
of CaCO3BM, ZDDP, and DDP additives in the base oil. Functionalized CaCO3zBM nanoparticles
retained dispersion in the base oil for over a month of observation time.
2.3 Tribological Tests and Worn Surface Characterization

A linear reciprocating tribometer with the cylinder-on-flat configuration at Argonne
National Laboratory was employed to evaluate the tribological performance of the oil dispersed
with or without functionalized CaCOs additives and base oil. Tests were performed with an AISI
52100 steel cylinder (4mm x 6mm) reciprocating or sliding against AISI 52100 steel flat (12mm
x 12mm x 4mm). The upper steel cylinder was a standard grade bearing steel of surface roughness
~15 nm (Sa) and the hardness was measured to be ~60 HRc. The steel flat surface was polished
using 1200 grit SiC abrasive paper to reach a roughness of ~12 nm (Sa) and the hardness was
measured to be in the range of 58-60 HRc. All contact surfaces were thoroughly cleaned with
Stoddard solution, isopropanol, and acetone before the test. Tribological tests were conducted at
100 °C temperature under a normal load of 82 N and speed of 300 rpm with a 6mm stroke for a
sliding duration of 60 min. These test parameters were selected to closely simulate the contact
pressure and sliding speed experienced at the cylinder liner-piston ring interface in the internal
combustion engine. Lubricant film thickness was calculated using the Dowson-Higginson
equation [42] to ensure all tests were run under the boundary lubrication regime. Three replicates
were run for each lubricant. After completion of the tests, both cylinder and flat samples were

cleaned using heptane to remove oil residue and were preserved for tribofilm characterization in
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additive-free poly-alpha olefin oil. The coefficient of friction data was measured in-situ during
tribological tests using DasyLab software. The non-contact 3D optical profilometer and optical
microscope were used to measure the wear volume of cylinder test samples.

Worn surfaces generated on the steel flat samples were subjected to extensive surface
characterization. The morphology and topography of interfacial tribofilms formed by additives
were elucidated through analysis of worn surfaces generated on flat test specimens using atomic
force microscopy (AFM). The high-resolution imaging capability of AFM allows us to acquire the
3D morphology of tribofilms at nanometer-scale resolution. AFM was used in the contact mode to
obtain 3D scanning probe microscopic images of the rubbed surfaces detailing wear characteristics
and mechanism in play at the tribological contact.

X-ray absorption near edge spectroscopic (XANES) was employed to determine the
chemical make-up and properties of the tribofilms. XANES characterization was carried out at the
Canadian Light Source synchrotron facility. For XANES analysis, flat steel samples were cleaned
thoroughly using isopropyl alcohol and then loaded inside the vacuum chamber. Each sample was
scanned at two different spots (left edge, or right edge, and center area of the wear scar) to ensure
consistency in the results. The phosphorus L-edge and boron K-edge data were collected at a
variable line spacing plane grating monochromator (VLS-PGM), operating at the energy range
from 5.5 eV to 250 eV with a photon resolution of more than 10000 E/AE. The phosphorus,
calcium, and sulfur K-edge data were acquired at a soft X-ray micro characterization beamline
(SXRMB), which provides an energy range from 1.7 keV to 10 keV and a photon resolution of
more than 3.3 x 10-4 InSb (111). The zinc L-edge, iron L-edge, and oxygen K-edge spectra were
acquired at a spherical grating monochromator (SGM) beam station operating at the energy range

of 250-2000 eV and a photon resolution of more than 5000 E/AE. Spectra at both VLS-PGM and
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SGM beam stations were collected using 100 um x 100 um beam spot size, while the large spot
size of 1 mm x 2 mm was used at the SXRMB beam station. Both high energy K-edge and low
energy L-edge spectra were acquired in the total electron yield (TEY) and fluorescence yield (FY)
two different detection modes. TEY mode provides chemical information of the surface layers/
near-surface region whereas the FY mode detects information from the bulk of the sample. For
example, the sampling depth of P L-edge TEY mode is only ~ 5 nm, while in P L-edge FY mode
~60 nm of the bulk of the sample is probed.

3. Results and Discussion

3.1 Coefficient of Friction and Wear VVolume

The coefficient of friction (COF) data recorded in-situ during the tribological test is plotted
in figure 2 as the function of test time for all formulations. The average coefficient of friction is
also provided in figure 3. Variance in the friction profile helps to speculate the presence or removal
of smooth surface providing low shear strength at tribological contacts. The friction profile of the
sample (A) BO exhibits unstable and high values of COF throughout the completion of tests. On
the other hand, the friction response of sample (B) CaCO3BM is relatively stable. For the first 25
min of sliding, rapid increase and drop in COF values are observed, but as the test continues COF
value drops and becomes stable. Surprisingly, the ZDDP sample exhibits the most dramatic friction
response, wherein for the initial 15 min some variance and high COF are observed, but after that
COF values drop and increase and for the last 25 min becomes stable. Interestingly, sample (E)
with the combination of ZDDP and CaCO3BM exhibits lower COF values than the sample (C)
with only ZDDP. Sample (F) with the mixture of ZDDP and CaCO3zBM nanoparticles exhibits the
steadiest friction response of all, however, COF values near the end of the test are slightly higher

than the COF values for sample (B) with only CaCO3BM and sample (D) with only DDP. It is
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important to note that after 40 min of the test, the friction profile for samples (B), (D), (E), and (F)
appears to be stable and similar with low COF values. The stability in the friction profile indicates

that the boundary tribofilms formed by these additives are very robust under applied normal load
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Figure 2. Friction results for samples BO, CaCO3:BM, ZDDP350, DDP350,
ZDDP350_CaCO3BM, DDP_CaCO3zBM, and ZDDP700.
contact pressure. As shown in figure 3, oil formulations containing only CaCOsBM, only ZDDP,

and only DDP exhibits the highest average COF value while binary additive formulations
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containing CaCOsBM with ZDDP and DDP displays the lowest average COF value. Notably,
DDP_CaCO3BM exhibits lower COF than ZDDP_CaCO3BM. This indicates that the addition of

CaCOsBM to ZDDP and DDP results in an improvement of friction response.
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Figure 3. Average coefficient of friction calculated for 60 min duration tribological tests for all

oil formulations.

The wear performance of CaCO3BM nano-additives and binary additive mixtures of
CaCOsBM with ZDDP and DDP was benchmarked against the oil containing only ZDDP and only
DDP additives. To assess wear appearance and surface deformation on worn surfaces, 3D and 2D

surface profilometry images of the area of contact of cylinder sample were procured through
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profilometer, which is added in the Supporting Information section for reference. Wear volume
results of cylinder test specimens measured using optical profilometer are displayed in figure 4.
The black color error bar on the bar chart represents the standard deviation of wear volume results
of three repeat tests for each formulation. BO test oil exhibits the highest volume loss on the
cylinder whereas the addition of both nano-additives and P-containing additives to the base oil led
to a significant reduction in wear. Notably, the addition of plasma functionalized CaCO3:BM
resulted in an 89.37% improvement in the wear performance of base oil. Interestingly, sample (C)
with ZDDP at 350 ppm exhibited increased wear as compared to sample (D) with DDP at 350 ppm

of P level.
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Figure 4. Wear volume results for samples (A) BO (B) CaCO3BM (C) ZDDP350 (D) DDP350 (E)

ZDDP350_CaCOsBM (F) DDP350_CaCO3sBM and (G) ZDDP700.
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(C) ZDDP350

— = 200 4m

Figure 5. Optical microscopic images of the wear scar developed on cylinder test specimen with
lubrications (A) BO; (B) CaCOsBM; (C) ZDDP350; (D) DDP350; (E) ZDDP350_CaCOsBM,; (F)

DDP350_CaCO3BM:; and (G) ZDDP700.
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(B) CaCO:BM (C) ZDDP350

(E) ZDDP350_CaCOsBM

Figure 6. Optical micrographs of worn surfaces generated on flat steel specimen with formulations
(A) BO; (B) CaCOsBM; (C) zZDDP350; (D) DDP350; (E) ZDDP350_CaCOsBM; (F)

DDP350_CaCO3BM:; and (G) ZDDP700.

The mixture of CaCO3BM with ZDDP and DDP (i.e. sample (E) and (F)) resulted in significant

improvement in wear performance indicating synergistic interaction of developed CaCO3:BM

155



nanoparticles with ZDDP and DDP. It is important to note that formulation (F) of CaCO3BM and

DDRP resulted in the lowest wear volume compared to all other formulations.

Figure 5 and 6 shows the optical microscopic images of wear scar generated on the cylinder
and flat test specimen. Wear surfaces on both cylinder and flat have visually distinguishable
features that reveal the formulation with an additive mixture of CaCO3BM and DDP offered
excellent wear protection compared to other lubricants. Additionally, wear volume results of the
cylinder were calculated mathematically by measuring the width of the wear scar shown in figure
5, however, similar inferences were derived as of profilometry results and are therefore not
included here. Overall friction and wear results highlight the advantage of extra chemistries
deposited by CaCOsBM in enhancing tribological properties without relying on reduced

phosphorus concentration.

3.2 Tribofilm formation using electrical contact resistance

The high-frequency reciprocating rig tribometer used in this study was equipped with an
electric setup design to record electrical contact resistance (ECR) across the counter bodies. Many
researchers have shown that the highly resistive film is formed by P-based additives during the
rubbing process and have successfully used the ECR technique to detect the presence or absence
of lubricating films at the tribo-contact [43, 44]. Here, the potential of 100 mV was applied
between the steel cylinder and flat, and the voltage drop recorded ranges from 0 to 100 mV. At the
beginning of the stage, when the steel cylinder slides against flat and no tribofilm is formed, the
resistance of the circuit is low, and the voltage drop value is close to 0 mV. As the rubbing
continues, insulating tribofilms are formed which causes an increase in resistance of the circuit
and then the voltage drop value shoots up close to 100 mV of ECR in-situ during tribological tests

allows to effectively analyze overall dynamics of tribofilm formation.
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Figure 7. Electrical contact resistance data plotted as the function of test time for formulations (a)

BO:;

(b) CaCO3BM; (c) ZDDP350;
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Importantly it helps to determine the incubation time required for anti-wear additives to form

tribofilms at the interface.

Figure 7 shows ECR voltage drop signals plotted as the function of test time. Data points
near 0 mV correspond to no tribofilm and near 100 mV to the presence of effective tribofilm.
Sample (a) with functionalized CaCO3sBM nanoparticles exhibits the majority of data points in the
upper half of the plot, apparently suggesting the formation of a thin protective film by nanoparticles
at the interface after 15 min of sliding. In the case of ZDDP sample (b), data points appear to be
dispersed for the first 15 min and after that are segregated near 100 mV. This indicates that
tribofilms were forming and gradually breaking down during initial rubbing while later stability
was achieved and maintained throughout the test. For sample (c) with DDP, tribofilm formation
begins after 5 min of rubbing as opposed to sample (b) ZDDP. Additionally, tribofilms formed by
DDP appears to be stable for the majority of test time with some minor breakdowns. Surprisingly,
the voltage data points for the sample with a mixture of CaCO3:BM and ZDDP appear to be
dispersed initially but after ~5 min numerous data points are close to 100 mV compared to sample
(b) with only ZDDP, thus indicating that boron coated CaCOsz nanoparticles available at the
interface promote highly stable tribofilms of ZDDP even at a lower concentration of 350 ppm of
P. Thus, ECR data for samples with an additive mixture of CaCO3sBM and ZDDP compliments
wear volume results discussed in section 3.1. Additionally, the ECR plot of sample (e) is drastically
different from the ECR plot of sample (c). Data points for sample DDP_CaCO3zBM reaches a
maximum value in a slightly early stage and remains relatively stable than the sample with only
DDP. These differences in incubation time and stability further supports that developed CaCO3:BM
nano-additives interact synergistically with ZDDP and DDP additives and form robust tribofilms

leading to enhanced anti-wear protection of boundary lubricated contacts.
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3.3 Morphology and Topography of Tribofilms

AFM was used to observe and compare general topographical and morphological features
of tribofilms formed due to the interaction of CaCOz nano-additives with ZDDP and DDP. Figure
8 shows AFM images of the 45 um x 45 um area probed around the wear scar along with the scale
bar. Each sample was scanned at four spots close to the center region, while only one representative
scan is shown in figure 8. It is apparent from all AFM images that in both nano-additives and P-
containing additives a tribofilm is formed obscuring visibility of the ground steel surface. Looking
first at CaCO3BM, AFM image reveals several discrete small tribofilms or pad-like features along
with evidence of directionality. It appears that pads are elongated in the direction of sliding. This
nanoparticle reinforced tribofilm exhibits thinner and slightly rougher surface characteristics than
ZDDP and DDP tribofilms. 3D topographical image of the ZDDP sample exhibits the presence of
relatively homogenous tribofilms with thin and elongated pads oriented in sliding direction. These
films have uniformly elevated features and appear to be smoother than CaCO3BM. The observed
morphology of ZDDP tribofilms resembles ZDDP films reported in the literature by various
authors [45-49]. AFM image of the DDP sample as shown in figure 8(c) reveal that the surface of
tribofilms is quite heterogenous with the combination of large and small size pads. However, it
should be noted that the pads formed by DDP have a higher thickness and are covering a larger
area than the pads formed by ZDDP. Najman et al. studied tribological properties of extreme
pressure organo-sulfur additives and correlated poor anti-wear performance of additives to the
formation of tribofilms containing smaller pads. Similarly, here the better wear volume results of
DDP than ZDDP can be associated with the formation of wider and thicker pads. Interestingly,

surface characteristics of tribofilms formed due to interaction of CaCO3BM and ZDDP exhibits
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better coverage of tribofilms with pad size larger than what is seen in the case of only ZDDP

lubricated sample.

(a) CaCO:BM (b) ZDDP350

Figure 8. AFM topographical images of the wear scar generated on the flat steel specimen for
formulations (a) CaCO3:BM; (b) ZDDP350; (c) DDP350; (d) ZDDP350_CaCOsBM; (e)

DDP350_CaCOsBM.
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Also, pads are continuous and elongated in the direction of sliding. Some areas of this sample
appear to have deeper scratches in the sliding direction. On the contrary, surface lubricated with
CaCOsBM and DDP combined additive mixture reveal the best coverage of patchy tribofilms
covering rough surface asperities. Although the pad appears to be smaller in diameter, the height
(/thickness) of the pads is similar to that of the ZDDP_CaCOsBM tribofilm sample. These
topographical differences indicate the benefit of synergistic interaction of functionalized
CaCOsBM and DDP and/ ZDDP in strengthening properties of tribofilms and enhancing wear

protection at the tribological interface.

3.4 Tribochemical analysis using XANES

3.4.1 XANES K-edge characterization

Calcium K-edge

To interpret the role of CaCO3sBM nanoparticles in promoting tribofilm formation and
confirm interaction with P-based additives, calcium K-edge FY absorption spectra for all samples
were recorded and compared with model compounds CazP.07, CaO, CaCOs, CaHPO4, Caz(PO4)2
as shown in figure 9(a). Ca K-edge FY has characteristic three discernable peaks labeled as a, b,
and c. Details on the peak position and electronic transitions can be found elsewhere [50, 51]. The
Ca K-edge spectra of CaCO3BM nanoparticles-based lubrications reveal the presence of calcium
chemistry on the tribo-surface. It is evident from these plots, that the sample with only CaCO3:BM
has its pre-edge peak a aligned exactly with the CaCO3z model compound, whereas its main peak
the position is between the white line of CaCO3 and CaO, which indicates a small contribution
from CaO to the chemical makeup of tribofilms while the majority of calcium is associated with

CaCOzsin these tribofilms.
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The peak positions and intensities in FY spectra from ZDDP_CaCO3BM and DDP_CaCOs:BM
reveal the presence of calcium phosphates in the tribofilms. It is difficult to distinguish among the
calcium phosphate compounds, however, careful observation of peak b hints at the presence of

CaHPOy in both tribofilms.

Boron K-edge

Boron K-edge was acquired for all formulations to confirm the capability of plasma
functionalized CaCO3BM nanoparticles to deliver coated boron chemistries at the tribological
interface. Boron K-edge FY spectra of tribofilm samples compared with model compounds in
figure 9(b) reveal important information on the co-ordination and intermediate-range structure of
B in the tribofilms. Boron K-edge FY spectra exhibit characteristic three peaks a, b, and c. Peak a
at 194.0 eV and c at 203 eV are attributed to boron in trigonal co-ordination, while peak b at 198.4
eV corresponds to boron in tetrahedral co-ordination [52, 53]. Spectra of B2O3z and H3BOs are
signatures of boron in trigonal co-ordination. On the other hand, the spectrum of BPO4 represents
boron in the tetrahedral form wherein small intensity peaks a and c possibly originates from surface
modification. From figure 9(b) it is evident that, in the absence of ZDDP and DDP additives,
CaCO3zBM forms tribofilms mainly composed of trigonal boron species. FY spectrum of sample
CaCO3zBM exhibits a strong intensity peak a indicating that boron is present in the form of
H3BO3/B20s in the tribofilm. Additionally, there is a low-intensity noisy peak b possibly
suggesting that partial transformation might have occurred to produce tetrahedral boron species.
Zhang et al. also reported that in tribofilms formed by borated additives, boron species transformed
from trigonal co-ordination to tetrahedral co-ordination on rubbing. The spectrum of the sample
with CaCO3sBM and ZDDP appears to be quite different than the spectra of model compounds.

Spectra exhibits a strong intensity peak at 196.7 eV and a shoulder on the lower energy side at
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194.6 eV which corresponds to trigonal boron in HsBOs and B20Oz. Here, the 196.7 eV peak is in
between peak a and peak b. This unique peak position indicates the presence of a complex metal
borate as calcium, zinc, and iron species are also present in this tribofilm [54, 55]. Interestingly,
the blending of CaCOsBM and DDP additives has resulted in different boron chemistries and
distinct boron K-edge spectrum. The strong intensity peak at 193.3 eV matches with iron borates
(FeoFe3*BOs) in the literature [56] whereas the low-intensity shoulder around 1955 eV
corresponds to P 2s from the phosphate structure [57]. As the cross-section of B 1s is much larger
than that of P 2s, B K-edge XANES peaks are at a higher intensity (i.e. peak at 193.3 eV) than the
P 2s peak [57]. The P L-edge FY results (discussed later) suggests that these tribofilms contain
FePO4 and therefore, the shoulder around 195.5 eV seen in figure 8(b) can be assigned to FePO4

present in the bulk of tribofilms.
Phosphorus K-edge

XANES phosphorus K-edge TEY spectra of tribofilm samples and model compounds,
BPOQy4, Cas(POs)2, FEPO4, and Zn3(PO4), are displayed in figure 9(c). The main absorption peak as
seen in P K-edge spectra arises due to the transition of an electron from phosphorus 1s orbital to
unoccupied 2p orbital. The main absorption peak b of FePOy is slightly at higher energy than peak
a of Zn3(POa)2 and Caz(PO4)2 model compounds. Additionally, FePOa4 has distinctive pre-edge
peak a’ which is absent in Zn3(POs)2 and Caz(POas)2. Cas(POs)2 has a unique shoulder after the
main absorption peak and BPO4 has the main absorption edge at a higher energy level than FePOa.
Tribofilm samples, ZDDP and DDP contain iron phosphates as the main absorption peak exactly
matches with peak b of FePO4. The tribofilms formed due to the interaction of CaCO3BM and
ZDDP does not contain iron phosphates as the pre-edge peak a’ is missing and the peak b of FePO4

does not match that of the tribofilm. The high-intensity peak aligns with peak a and thus, indicates
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the dominance of Zn3(PO4)2 in the chemical make up of these surface films. Phosphorus K-edge
TEY spectra of DDP_CaCO3BM sample exhibits peak position and features similar to TEY
spectrum of FePOs model compounds and thus, indicates that these tribofilms are mainly
comprised of iron phosphates in the bulk. Both ZDDP and DDP, when mixed with CaCO3BM
nano-additives, give rise to zinc phosphate and iron phosphate-based tribofilms respectively and
there is no formation of boron phosphate. Thus, the P K-edge results indicate that the boron
chemistry from the shell of CaCO3BM nanoparticles has no influence on the chemical environment
of phosphorus in the tribofilms. However, Ca K-edge FY spectra for ZDDP_CaCO3:BM and
DDP_CaCO3BM did detect the presence of calcium phosphate in the bulk of tribofilms, suggesting
that the core of CaCO3BM nanoparticles does react with decomposition products of ZDDP and
DDP. P K-edge FY spectra acquired for all samples were very similar to spectra obtained in TEY

mode and hence, are not discussed here.

Sulfur K-edge

Sulfur K-edge is sensitive to oxidation states of sulfur and is useful in determining sulfur
species in the sample containing complex composition. Sulfur K-edge FY spectra for model
compounds, shown in figure 9(d) have characteristic peaks a, b, and c. The main absorption peak
of sulfides is at lower photon energy i.e. FeSz (peak a) is at 2471.5 eV, and ZnS (peak b) is at 2473
eV. The peak positions for sulfate compounds (ZnSOa, FeSOs4, and Fe2(SO4)3 are at higher energy
around 2482 eV. Tribofilms formed by all oil formulations have sulfur in several oxidation states
as evident from peaks a, b, and c. The spectrum for the ZDDP sample has features similar to the
ZnS model compound with the presence of additional peak c corresponding to the ZnSO4
compound. This suggests zinc sulfide is the main chemical state of sulfur with a minimum

concentration of zinc sulfates in these tribofilms. Likewise, the sulfur K-edge plot for
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ZDDP_CaCO3BM has its main feature aligned with ZnS. Looking at the XANES spectrum of
DDP, we can see that peak a and c aligns perfectly with FeS, whereas the FY spectrum of
DDP_CaCO3BM has a high-intensity peak and mid-intensity peak (marked by dotted lines) at
2477.7 eV, which matches with a characteristic peak position of FeS in the literature [58]. Also,
there is a low-intensity shoulder on the higher energy side of peak ¢’ which can be probably
attributed to a minor concentration of iron sulfates. These observations indicate that sulfur from
the decomposing DDP additive reacts with iron or surface oxide to produce iron sulfide. This iron
sulfide can then react partially with oxygen or iron oxide to form some sulfate (and sulfite) as in

the case of DDP_CaCO3zBM.

3.4.2 XANES L-edge characterization

Phosphorus L-edge

The phosphorus L-edge TEY and FY spectra of tribofilms are plotted along with model
compounds FePO4, Znz(POa4)., Caz(PO4)2, and BPO4 and are shown in figure 10(a) and 10(b),
respectively. Compared to phosphorus K-edge, phosphorus L-edge provides detailed chemical
information of near-surface region ~5 nm and of bulk ~60 nm depth of tribofilm. Additionally,
phosphorus L-edge spectra help to determine the chain length of polyphosphate glasses present on
the sample surface. The L-edge spectra are characterized by peaks a, a’, b, ¢, and ¢’. Details on
these peak positions and electronic transitions can be found elsewhere. The TEY spectrum of
ZDDP exhibits the strong presence of zinc phosphates at the near-surface region, while
interestingly FY spectrum of this sample shows a very strong intensity peak at ¢’ and thus, reveals
the presence of iron phosphates in the bulk of these tribofilms. On the contrary, the phosphorus L-
edge TEY and FY spectra of DDP reveal a strong presence of iron phosphates throughout the

surface to the bulk of tribofilms.
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TEY spectra for tribofilms generated with ZDDP_CaCO3zBM exhibit a strong main absorption
peak aligned to that of the Zn3(PO4)> model compound. However, its corresponding FY spectra
display a high-intensity characteristic peak in between ¢ and ¢’ peaks, thus indicating that the

mixture of zinc phosphates and iron phosphates are present in the bulk of these tribofilms.

The chain length of detected zinc and iron phosphate glass can be determined from
phosphorus L-edge spectra by calculating the ratio of intensity of a/a’ peak to peak c/¢’ [59, 60].
The chain lengths are mentioned next to the respective spectrum in figure 10(a). An a/c ratio of
less than 0.40 represents the presence of short-chain length polyphosphate glasses, while a chain
length greater than 0.70 suggests long-chain polyphosphate glass [61]. A film with an a/c ratio
between 0.40 and 0.60 is termed a medium-chain polyphosphate [62]. From a/c values in figure
10(a), it is evident that the interaction of CaCO3BM nano-additives with ZDDP and DDP is
resulting in the formation of tribofilms with increased chain length than the oils containing only

ZDDP and DDP.
Iron L-edge

The Fe L-edge TEY spectra provide some vital information regarding the iron atoms
present in the tribofilms for different test samples. From figure 10(c), we see that the L-edge
spectra of model compounds display two main peaks at 707.1 eV and 708.5 eV irrespective of the
oxidation state of Fe. The splitting and intensity ratios between the two main peaks are attributed
to the interplay of crystal-field, spin-orbit, and electronic interactions (Coulomb and exchange)
[63]. The most intense peak is used for fingerprint analysis i.e. to detect Fe?* or Fe** compounds
in the tribofilm sample. It is important to note that the intensity of the second peak increases
noticeably when the oxidation states of iron are increased from Fe?* to Fe®*. The spectrum of the

CaCO3BM sample matches exhibits main absorption peaks in alignment with the Fe2Oz model
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compound. The characteristic splitting as seen in the spectrum of both ZDDP and
ZDDP_CaCO3BM samples is almost the same, showing a slightly higher intensity of Fe?* peak.
This indicates that these tribofilms are comprised of a mixture of different iron phosphates with a
slightly major concentration of Fe3(POa4)2. Fe L-edge spectra of the DDP sample show the main
intensity peak at 708.5 eV highlighting the strong presence of FePO4 phosphates in the tribofilm.
Interestingly, the interaction of DDP and CaCO3BM has resulted in the formation of tribofilms
containing Fes(PO4)2, as the main absorption peak and overall features of the sample, Fe L-edge
spectra matches with Fe3(PO4)> compound. It is important to note that there might be a minor
concentration of Fe>O3 present in the tribofilms formed with lubricants containing ZDDP and DDP
additives, as the characteristic peak of Fe>Os overlaps with the main absorption peak of these
tribofilm samples. From the analysis of Fe L-edge spectra of all tribofilm samples, it can be
concluded that iron is majorly associated with the phosphorus and not with the sulfur at ~50 nm

beneath the top surface.
3.5 Discussion on Tribofilm formation and Wear Reduction Mechanism

This study has confirmed the ability of boron coated CaCOsBM nanoparticles to interact
synergistically with P-based additives to form thick tribofilms and improve anti-wear performance
than ZDDP under comparable boundary lubrication conditions. Here, the aim is not just to seek
alternative or supplement for ZDDPs but also to further understand the tribofilm formation and
anti-wear mechanism of the developed binary additive system of CaCOsBM and P-based anti-
wear additives. Therefore, results from XANES and AFM were compiled to create
phenomenological models of tribofilms and gain insight into the lubricating mechanism as shown
in figure 11. In general, there are four feasible lubricating mechanisms for metal nano-additives:

a) Ball bearing effect- where spherical nanoparticles act like tiny ball bearings at the contact zone
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and changes sliding motion to roll, thereby reducing the effective COF; (b) polishing effect- Hard
nanoparticles smoothen off the surface asperities to reduce the roughness of the lubricating surface
and improve tribological characteristics; (c) mending effect- nanoparticles deposit or fill the
grooves and scars on the tribo-surface and compensate for the material loss; (d) Tribofilm
formation- nanoparticles under high temperature and pressure get smeared or compacted to form
adsorbed or tribo-sintered films or nanoparticles can participate in the tribo-chemical reactions
with sliding metal surface to form tribofilms, which allows decrease resistance to shear for lower
friction and prevent direct metal-metal contact to reduce wear. In this study, for plasma
functionalized CaCOsBM nanoparticles bearing effect and the smoothening effect was not
observed since the worn surfaces produced with CaCO3sBM nanoparticles were slightly rougher.
XANES analysis and comparison in figure 9 and 10 reveal that CaCO3sBM nanoparticles form
tribofilms containing iron borates, B2Os, H3BOs, CaO, CaCOg, and iron oxides. Zhang et al.
reported the tribological behavior of the CaCO3 nanoparticles in PAO base oil and XPS analysis
revealed the deposition of similar tribofilms enriched with CaCO3 on contact surfaces leading to
friction and wear reductions. From figure 11(a), boron-based compounds are present near the
sliding surface while the top surface of tribofilm patches is dominated by Ca-based compounds.
This indicates that the boron chemistry was provided at the tribological surface through the
removal of the outer polymer shell of CaCO3:BM nanoparticles under high tribo-stresses.
Additionally, the presence of calcium oxide and iron borates hints that nanoparticles contributed
to tribofilm formation through a chemical reaction and not simply by mechanical mixing. Tribo-
chemistry plays a vital role in determining mechanisms of action of anti-wear additives. Here,
figure 11(b) exhibits the chemical makeup of tribofilms formed due to interaction of CaCO3:BM

and ZDDP, wherein the bottom layer close to steel substrate is comprised of iron oxides and iron
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and/ zinc sulfides/sulfates. The topmost region is dominated by medium-chain zinc phosphates
with the presence of iron phosphates, calcium phosphates, and metal borates near the bulk region
of the film. On the contrary, the tribofilm model formed due to the interaction of CaCO3BM with
DDP as shown in figure 11(c) is slightly different. These tribofilms are comprised of medium and
short-chain length iron phosphates both in the near-surface and bulk of tribofilms along with the
iron borates. These differences in the tribo-chemistry support the previous tribofilm forming
mechanism proposed for both ZDDP and DDP [11, 15, 62, 64-67]. ZDDP is well-known to
decompose and then self-react to deposit a tribofilm primarily composed of zinc and iron
phosphates and oxides [9, 46, 68]. Such a mechanism does not apply to ashless DDP additive
because they do not self-supply metal cations [62]. The two apparent sources of Fe cation supply
for DDP are the contact surface and wear debris and therefore, the tribofilms formed due to ashless
DDRP in figure 10(c) majorly contain iron-based compounds. It is important to note that, in both
cases, calcium phosphates are present deeper in the tribofilm which strongly indicates that the
CaCOsBM nanoparticles are participating in tribofilm formation by providing stabilizing Ca
cations to assist Zn or Fe in forming phosphates in the tribofilm.

ECR results exhibited that the DDP by itself forms tribofilms at a slower rate than ZDDP,
however, the addition of CaCOsBM nanoparticles to DDP accelerated the formation of their
tribofilms. It has been reported that ashless additives forms tribofilms much slower than ZDDP
because they need Fe cations by initial wear or rubbing to develop a phosphate film [67]. However,
here it can be proposed that the metal cation supply through CaCO3BM nanoparticles promoted
the stable formation of DDP tribofilms at a faster rate. Furthermore, additional Ca and B
chemistries provided by CaCOsBM nanoparticles boost the thickness of ZDDP and DDP

tribofilms as illustrated in AFM figure 8.
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To evaluate the durability of nanoparticle assisted tribofilms, tribological tests were carried
out with ZDDP350 and ZDDP350_CaCOsBM lubricants over 2 hours and 4 hours of extended
sliding duration. The results of these tests (summarized in figure 12) indicate that the tribofilms
formed through the interaction of CaCO3:BM and ZDDP are durable and effectively protect
interacting surfaces over prolonged rubbing. XANES results exhibit that after extended rubbing
the outermost longer-chain polyphosphates changes to shorter chain length phosphates i.e.
orthophosphates. This depolymerization of both ZDDP350 and ZDDP350 CaCO3BM tribofilms
is attributed to the high tribo-stresses and temperature at the tribological contacts during extended
rubbing. Many studies have proposed that the chain length of zinc polyphosphates decreases with
the increase in rubbing time [69]. Here, the strength/durability of the tribofilms can be attributed
to its phosphate chain length and thus change with rubbing time. Overall, it is evident from this
study that the tribo-chemical reaction of CaCO3BM nanoparticles with ZDDP and DDP promoted
the formation of stable phosphate-rich tribofilms that lead to a corresponding improvement in

tribological properties, especially wear.

4. CONCLUSION

In this study, high-performance surface-modified CaCO3s nano-additives were synthesized
using plasma polymerization technique to develop low phosphorus-based lubricants and seek a
replacement for harmful P-based anti-wear additives. The addition of functionalized CaCOs:BM
nanoparticles in the base oil reduced friction by up to 25% and wear by up to 89% in boundary
lubrication. However, when used with P-based additives, the CaCO3BM nano-additives displayed
lower friction values, and especially with DDP additive, functionalized CaCO3sBM exhibited the
lowest wear volume up to 97% improvement compared to all other formulations. Additionally, the

additive mixtures of CaCO3BM nano-additives with ZDDP and DDP at 350 ppm of P displayed
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superior tribological performance than the lubricant containing industrially used ZDDP amount of
700 ppm of P. This significant improvement in tribological performance was attributed to the
synergistic interaction of functionalized CaCOz nano-additives with ZDDP and DDP. ECR test
results revealed that the interaction of CaCO3BM nanoparticles with ZDDP and DDP promoted
the stable formation of poly-phosphate based glassy tribofilms. Additionally, through AFM surface
characterization, it was found out that for both ZDDP and DDP, the addition of CaCO3BM nano-
additives leads to the formation of thick patches of tribofilms, comparable to those formed by
lubricants containing only ZDDP and only DDP. Further, tribo-surface chemical analysis by
XANES indicated that the CaCO3sBM nanoparticles under high temperature and pressure
conditions formed calcium oxide and iron borate enriched tribofilms on the sliding interface.
Interestingly, in the presence of ZDDP and DDP, CaCO3BM nano-additives participated in the
tribofilm formation by tribo-chemical reactions and Ca metal cation supply. In conclusion, the
additional Ca and B chemistries provided by plasma functionalized CaCO3sBM nanoparticles at
the tribological interface compensated for reduced phosphorus concentration in the lubricants

without affecting the tribological performance.
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CHAPTER 5

GENERAL CONCLUSIONS

In pursuit of tribological solutions to improve the fuel economy and the energy efficiency
of passenger car vehicles, in this research work, we have developed an innovative technology to
prepare high-performance environmentally friendly nano-additives for the automotive engine oils.
Currently, the automotive lubricant market is dominated by P-containing additives like ZDDP.
ZDDRP in engine oil provides exceptional wear protection of engine components experiencing
direct contact during sliding, however, at the same time ZDDP affects service-life and performance
of exhaust catalytic converters leading to increased automotive emissions in the atmosphere.
Considering the contribution of the automotive sector to greenhouse gases, ZDDP must be
eliminated or at least reduced in modern lubrication technology. In addition to problems of
increased emissions, existing additive technology is not sufficient to minimize frictional losses and
fuel usage in modern automobile engines. Therefore, it is important to develop novel high-

performance additives for engine oils to benefit both industry and society.

In this study, the plasma polymerization technique especially plasma-enhanced chemical
vapor deposition (PECVD) was applied to develop novel nano-additives and solve problems of
engine lubrication. PECVD coating method was employed to functionalize nano-particles and
achieve their adequate dispersion in a polar base oil. Additionally, the aim was to use PECVD
coated nanoparticles as the carrier to deposit polymer film chemistries at the tribological contacts
to ultimately improve the anti-wear and anti-friction performance of lubricants. To achieve this,
surface tailored nanoparticles were subjected to the tribological tests, and their performance was

compared with conventional additives like ZDDP. Furthermore, to resolve problems of ZDDP, test

184



lubricants were formulated with a low concentration of ZDDP (approximately 50% reduced than
commercial oils). The study includes a comprehensive and fundamental scientific approach to

elucidate the tribological mechanism of novel core-shell structure nano-additives.

Initially, the experimental methodology was designed with a 360° rotating plasma reactor
to synthesize core-shell structure ZnO nanoparticles. Here, the ZnO core was encapsulated with a
bi-layer shell coating of fluorocarbon and methacrylate-based polymer films. These fluorinated
ZnOFM nanoparticles were later mixed with a mineral base oil and formulations were prepared
with and/without ZDDP. Methacrylate coating encapsulating fluorocarbon coating successfully
provided an effective dispersion of nanoparticles for several weeks. Tribological test results
indicated that ZnOFM nanoparticles by themselves or in combination with ZDDP provide superior
anti-wear and anti-friction protection. Chemical surface analysis exhibited stable formation of
tribofilms under nanoparticles based lubrication, these tribofilms were comparatively thick and
continuous as to ZDDP formed tribofilms. Results proved that extra chemistries delivered through
plasma coated ZnO nanoparticles can contribute to enhance properties of tribofilms formed at

sliding contacts and enhance overall tribological performance.

Considering the positive results of fluorinated ZnO nanoparticles, the developed PECVD
technique was extended to coat ZnO nanoparticles with another tribological beneficial chemistry.
A similar experimental methodology was applied to synthesize core-shell nano-additives with ZnO
nanoparticles and boron-based polymer films. The boron coated ZnO nano-additives were
subjected to boundary lubrication tribological tests. The results of this study exhibited synergistic
interaction between functionalized ZnO nanoparticles and ZDDP additive. Tribochemical analysis
of worn surfaces collected after tribological tests revealed that interaction of ZDDP and non-

functionalized ZnO nanoparticles did not lead to the formation of tribofilms, on the other hand,
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synergistic interaction between functionalized ZnO and ZDDP promoted the formation of

beneficial zinc phosphate-based tribofilms.

To explore the versatility of plasma polymerization technology for the preparation of
lubricant additives, further experiments were conducted with CaCOgz nanoparticles and boron-
based monomer. Similar to the previous chapter, functionalized CaCO3BM nanoparticles were
prepared by initially coating them with boron-based films followed with methacrylate coating.
However, in this study, the compatibility of plasma functionalized ZnO nanoparticles was assessed
with other environmentally friendly P-containing additives, DDP. A linear reciprocating
tribometer was employed to evaluate tribological performance and interaction of CaCO3:BM
nanoparticles with both DDP and ZDDP additives. Again, it was observed that functionalized
CaCOsBM nanoparticles interacted synergistically with the ashless DDP additives and exhibited

enhanced anti-wear and anti-friction behavior.

In conclusion, core-shell structure polymer-coated metal oxide nanoparticles delivered
tribological beneficial chemistries at tribological contacts and promoted the robust formation of
tribofilms leading to enhanced anti-wear and anti-friction performance. This dissertation work
established a new class of lubricant nano-additives via plasma polymerization technique. This
research work effectively exhibited the applicability of the developed plasma surface modification
technique to different nanoparticles and coating chemistries. Additionally, the knowledge gained
here on the tribological performance of plasma functionalized metal-oxide nanoparticles and their
tribofilm properties will help promote the future development of nano-lubricants containing a
mixture of surface-modified nanoparticles for the tribological applications that will extend the
durability and energy efficiency of a multitude of different mechanical systems in addition to

automotive engines.
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