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Over the last several decades the lubrication industry has been striving to bring
bio-based lubricants known as biolubricants to prominence. The reasons for the increased
environmental initiatives are due to depletion of oil reserves, increases in oil price,
stringent government regulations on petroleum-based oils, and most importantly,
concerns for protecting the environment. With an estimated, 50% of all lubricants
entering the environment and much of these being composed of toxic mineral oils,
biolubricants have begun to witness a resurgence. This experimental investigation seeks
to develop a new class of ecofriendly biolubricants that are less toxic to the environment,
derived from renewable resources, and provide feasible and economical alternatives to

traditional petroleum-based lubricants. Advantages of biolubricants include their higher



lubricity, lower volatility, higher shear stability, higher viscosity index, higher load
carrying capacity, and superior detergency and dispersancy when compared to petroleum-
based lubricants.

This work highlights the evolution of biolubricants derived from natural oils and
fats to green lamellar solid additives to a new class of “greener” functional fluids known
as room temperature ionic liquids (RTILs). The attraction to biolubricants began with
natural oils due to their low friction and wear characteristics owing to fatty acid
monolayers that enable high lubricity. Despite these accolades, natural oils suffer from
thermal-oxidative instability and high pour points. To improve upon the tribological
properties, natural oils were combined with solid powders additives. Currently, RTIL
lubricants derived from bio-based feedstock represent a more promising potential
solution to many of the problems associated with previous biolubricants. In a final study
the RTILs where shown to benefit from the use of solid powder additives to further
improve upon their tribological performance.

In this experimental investigation, friction and wear tests were carried out using a
pin-on-disk tribometer under ambient and high temperature conditions to evaluate the
tribological performance of the wvarious natural and synthetic biolubricants. A
thermogravimetric analysis (TGA) was conducted to study the thermal response of the
lubricants in a high temperature oxygen-free environment. Scanning electron microscopy
and surface profilometry studies were performed to assess the surface roughness.

These experiments investigated the performance of natural oils as neat bio-based

lubricants to understanding the effects that long chain fatty acids have on the tribological



performance of natural oils. The experiments revealed that natural oils with low
unsaturation numbers due to high concentrations of oleic acid demonstrated to have the
superior friction and wear properties as well as high thermal-oxidative stability.
Extensive testing of multiple natural oils with various particulate additives composed of a
variety of types, sizes, and shapes revealed that natural oils benefit tremendously from
nanometer-sized spherical shaped particles. However, this is not without its complexities
as surface roughness, sphericity, particle size, and capillary effects all influenced the use
and performance of particulate additives.

In an effort to refine the natural oils composed of particulate additives, RTILs
were chosen because of their ability to lubricate in boundary lubrication due to their
inherent polar molecules; their ability to be tuned for specific applications; and most
notably their lack of vapor pressure providing new opportunities for liquid lubricants.
Investigations into the ionic liquid lubricants revealed that longer alkyl chains on the
cations with aromatic carboxylate anions exhibited the most lubricity as neat lubricants
i.e. lubricants with negligible additives. Again, these lubricants were subjected to
particulate additivation and it was revealed that smaller nanometer sized particles
independent of the particle type provided the greatest benefit to lowering friction and
minimizing wear. The performance of the ionic liquids improved with the particulate
additives and it was further verified that phosphonium and imidazolium cations combined
with food grade carboxylate anions such as saccharinate, salicylate, or benzoate formed
biolubricants that maintained superior tribological properties as well as maintained a high

degree of thermal-oxidative stability. This experimental investigation has illuminated the
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potential of RTIL biolubricants to satisfy the growing environmental, health, economic,
and performance concerns of modern lubricants. The mechanisms governing the
chemical compositions, improved tribological performance, and thermal response of the
lubricants are extensively discussed along with their viability as sustainable and

renewable biolubricants.
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Chapter 1 Introduction

1.1 Fundamentals of Lubrication

A lubricant is a substance introduced between two moving surfaces to reduce
friction, minimize wear, distribute heat, remove contaminants, and improve efficiency.
The importance of lubricants and sustainable lubrication systems cannot be fully
appreciated until understanding the implications of not using an appropriate lubricant or a
lubricant at all. In 1979, it was estimated that over $200 billion was spent in North
America on machine maintenance [1]. Within the $200 billion, approximately one-third
($66.7 billion) could have been avoided with the use of adequate lubricants. More
recently, estimates claim that the amount of energy wasted due to insufficient knowledge
applied to the science of friction, lubrication, and wear resulted in roughly 0.4% of the
gross domestic product (GDP) being wasted [2]. In the United States, this means that
over $60.36 billion of the $15.08 trillion GDP was wasted due to energy loss [3]. When
considering the many applications that utilize lubricants such as internal combustion
engines, turbines, hydraulic systems, compressors, vehicle and industrial gearboxes, and
journal and thrust bearings, it becomes easy to understand the importance that lubricants
play in the compliance, effectiveness, and operation of many of these applications.

Within the lubrication market there are a vast number of applications which
require specifically formulated lubricants that have given rise to the upwards of 10,000
different lubricants that satisfy more than 90% of all lubricant applications worldwide [2].

Figure 1.1 dissects the global lubrication market as of 2004, which consumed roughly



37.4 million tons of lubricant [2]. This figure illustrates how automotive and industrial
lubricants are the most prevalent. Industrial lubricants amount to 32% and were
composed of 12% hydraulic oils, 10% other industrial oils, 5% metalworking fluids, 3%
greases, and 2% industrial gear oils [4, 5]. The 10% of other industrial oils within the
industrial lubricants section consist of a wide range of lubricants such as air and gas
compressor oils, bearing and circulating system oils, refrigerator compressor oils, and
steam and gas turbine oils. In the automotive lubricants section, the most commonly used
liquid lubricants were engine oils (petrol and diesel engine oils), automatic transmission
fluids, gearbox fluids, brake fluids, and hydraulic fluids.

Marine Oils, 5%

Industrial Gear Oils, 2%

Industrial Lubricants, 32%

Figure 1.1: 2004 Worldwide lubrication consumption [2]



Lubricants originally consisted of natural oils and fats derived from plant and
animal-based raw materials which date back to 1400 B.C. The modern lubrication market
developed after the first oil well was drilled in 1959 in Titusville, PA. Since then,
lubricants have evolved from mineral oils to petrochemically modified synthetic oils
arriving in the 1960s, to today’s bio-based lubricants harvested from raw materials
derived from the oleo-chemical industry. Recently, bio-based lubricants have begun to
seek prominence for their environmental-friendliness and superior tribological properties.
The current trend in the lubrication industry is to develop more bio-based lubricants due
to estimates indicating that nearly 50% of all lubricants sold worldwide pollute the
environment, through spillage, evaporation, and total loss applications [6]. An example of
lubrication pollution is that of the diesel engine particulate emissions, where
approximately one third of the engine oil vaporizes thus polluting the atmosphere. The
large quantity of lubricant loss into the environment is the reason behind the development
of environmentally friendly lubricants. Although the lubrication market is shifting to
become more environmentally responsible by reducing the use of petroleum-based
lubricants due to concerns of protecting the environment, depletion of oil reserves, and
increases in oil price, mineral oil remains to be the largest constituent and the foundation
to most lubricants [6].

Lubricants generally consist of about 90% base oils, less than 10% additives, and
minute portions of other components. The exact formulation of a lubricant is typically
linked to the specific application or intended use designated by the lubricant manufacture.

Lubricants vary dramatically due to the wide functionality of a lubricant to dissolve or



transport foreign particles, carrying away contaminants and debris, prevent corrosion or
rust, seal clearances, dissipate heat and minimize friction and wear of components. In
general, there are three categories of lubricants: liquid, solid, and gaseous. For the
purpose of providing relevant background information, the focus will be on lubrication
fundamentals pertaining to liquid and solid lubricants.
1.1.1 Types of Lubricants

Liquid lubricants may be characterized in a variety of methods and the most
common method is by the type of base oil used. Notable base oil types are lanolin (wool
grease, a natural water repellant), water, mineral oils (derived from crude oil), natural oils
(derived from plants and animals), and synthetic oils (consisting of oleo-chemical
compounds synthesized from compounds other than crude oil) [7]. Liquid lubricants are
often viscous fluids that require circulatory pumping systems or rotary mechanical
systems such as bearings or gears to distribute the fluid through the various machine
elements. The primary function of a liquid lubricant is to control friction, wear, and
surface damage over the intended life of a system. Secondary functions of liquid
lubricants are to prevent corrosion and remove heat, dirt, and wear debris. In some
instances, liquid lubricants are used to transfer either force or energy as in hydraulic
systems.

Solid or dry lubricants are generally powders or semi-solids in the form of a
grease or solid-liquid suspension. Some of the commonly known powder lubricant
materials are graphite (C), molybdenum disulphide (MoS,), tungsten disulphide (WS,),

and titanium dioxide (TiO,) [8-14]. Solid lubricants offer lubrication at temperatures (up



to 350°C) that are higher than many liquid oil-based lubricants. Solid lubricants such as
Teflon or PTFE (Polytetrafluoroethylene) are typically used as a coating layer to provide
a non-stick surface [15]. Solid-liquid suspensions consist of solid lubricants mixed into a
liquid fluid such as water or oil to form a colloidal suspension. These slurry, two-phase,
or compound lubricants are often utilized in metalworking processes such as forging and
extrusion. Solid lubricants can also be used in a less viscous approach where they are
applied as suspension in a carrier fluid such as vegetable oil [6, 16, 17].

Greases are complex semi-solid lubricants consisting of liquid-base oils mixed
with various thickening agents derived from soaps or other organic or inorganic
substances [18]. Greases can also include a multitude of additives such as powder
lubricants and their consistency closely resembles that of a paste [19]. They range in
multiple viscosities and are available in semi-solid (synonymous with semi-liquid) form
to solid form known as block greases. Greases are often processed in special grease-

making facilities, as they require special equipment for their production.

1.1.2 Lubrication Regimes

Lubricants are used to reduce the frictional force between surfaces, known as a
tribological system. A tribological system (or tribosystem), consists of four components
as described in Fig. 1.2: (1) a contacting surface; (2) an opposing contacting surface; (3)
the contacting interface along with the lubricant medium in the interface; and (4) the
environment and all external properties [2, 20, 21]. Tribosystems can consist of numerous

components and systems. For example, a plain bearing is a tribosystem. In this example,



the material pair is the shaft and bearing shell, with the lubricant located in the annuls gap.
Other examples of material pairs that form tribosystems are in combustion engines such
as the piston rings and cylinder wall and the camshaft lobes and tappets [7]. In
metalworking, the tool and the work piece also constitute as a material pair forming a

tribosystem.

Structure of a Tribosystem

14. Environment

3. Interface and lubricant

I. Contacting surface medium in the interface

2. Opposing contacting surface

Figure 1.2: Structure of a tribosystem: (1) contacting surface; (2) opposing contacting

surface; (3) interface and lubricant medium in the interface; and (4) environment

A lubricant functions by introducing a medium with a lower shear strength than
the opposing surfaces. In some lubricated tribosystems, the lubricant may not completely
prevent asperity contact between the surfaces. However, the lubricant will reduce the
number of asperity contacts and it may also reduce the shear strength of the junctions
formed during asperity contact. In other cases, the lubricant completely separates the

surfaces and no asperity contacts are formed at all. Lubrication regimes are normally



associated with dominant lubrication mechanisms involved in the mechanical system as
illustrated in the Stribeck curve as shown in Fig. 1.3 [2] for liquid lubrication. The three
main lubrication regimes can be referred to as boundary lubrication,
mixed/elastohydrodynamic lubrication, and hydrodynamic lubrication, with new

definitions of these lubrication regimes presented in this experimental study.
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(1) Boundary friction (h=>0)

(2) Mixed film friction (h = R)

(3) Elastohydrodynamic lubrication (h > R)
(4) Hydrodynamic lubrication (h >> R)

Figure 1.3: Demarcation of lubrication regimes: (A) film thickness vs. Hersey’s number;

(B) coefficient of friction vs. Hersey’s number (i.e. Stribeck curve)

1.1.2.1 Boundary Lubrication
Boundary lubrication or boundary friction is the lubrication regime with the most

asperity contact between the surfaces occurring due the presence of a thin fluid film



graphically depicted in Fig. 1.3(a) and illustrated in Fig. 1.4. Boundary lubrication is a
complex process and is controlled by additives in the oil that form a thin molecular layer
(monolayer) of fluid film through physical adsorption, chemisorption, and tribochemical
reactions on the contacting surfaces [22]. One of the more common boundary lubrication
additives are fatty acids which adhere to the metallic surfaces and form a tightly packed
monolayer [23, 24]. This monolayer helps to reduce the asperity contacts that lead to high
values of friction and wear. The development of a monolayer film is vital in boundary
lubrication because in many practical applications thick, long-lasting, lubricant films
cannot be sustained between opposing surfaces and thus these monolayer films help to

reduce the amount of surface interaction [25].

Lubricant

> Surface

Tribo-interface

Figure 1.4: Boundary lubrication at the interface of a tribosystem; full contact of the

asperities and lubrication occurs through surface interactions

1.1.2.2 Mixed/Elastohydrodynamic Lubrication

Mixed film lubrication is the combination of full film hydrodynamic lubrication
and boundary lubrication. In this lubrication regime, the surfaces are transitioning away
from boundary lubrication into hydrodynamic lubrication where there may be frequent

asperity contacts, but at least a portion of the bearing surface remains supported partially



by a hydrodynamic film [22] as shown in Fig. 1.5. In mixed lubrication, the effects of
monolayers formed by physical absorption, chemisorption, and chemical reaction remain

critical to prevent unwanted adhesion during the asperity contacts [2].

Lubricant

> Surface

Tribo-interface

Figure 1.5: Mixed lubrication/elastohydrodynamic lubrication at the interface of a
tribosystem partial asperity; contact where fluid film is on the order of the surface

roughness

Elastohydrodynamic (EHD) lubrication is a subset of hydrodynamic (HD)
lubrication in which the elastic deformation of the contacting solids plays a significant
role in the HD lubrication process. The film thickness in EHD lubrication is thinner
(typically 0.5-5um) than that in HD lubrication and the load is still primarily supported
by the EHD film [22]. In this transitional region, there is less asperity contact than that of
mixed lubrication with more of the contacting surfaces being supported by the

hydrodynamic fluid film.
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1.1.2.3 Hydrodynamic Lubrication

Hydrodynamic lubrication also known as fluid-film or thick-film lubrication
involves two non-parallel surfaces in relative motion with a layer of fluid pulled in
between the surfaces to develop adequate hydrodynamic pressure to support the load of
the opposing surfaces and prevent asperity contact [2]. In this lubrication regime, the
surfaces are no longer in contact as illustrated in Fig. 1.6 and the fluid has established

itself in significant form to create a thick-film.

Lubricant
\ } > Surface

Tribo-interface

Figure 1.6: Hydrodynamic lubrication at the interface of a tribosystem; full separation of

the two surfaces by the lubricant occur

1.1.2.4 Stribeck Curve

The Stribeck curve shown in Fig. 1.3(b), is a plot of the coefficient of friction
against a nondimensional number known as Hersey’s number (also referred to as the
Stribeck number). Hersey’s number was instrumental in demarcation of the
aforementioned lubrication regimes [22]. Hersey’s number is given by (nv/p), where ‘n’
is the lubricant viscosity, ‘v’ is sliding velocity, and ‘p’ is load per unit width. The values
of the coefficient of friction that are depicted in the original Stribeck curve remain

constant when Hersey’s number approaches zero in the boundary lubrication regime.



11

Experimental work done by Fischer et al. [26] led to the modification of the Stribeck
curve. They showed that the coefficient of friction does not remain constant in the
boundary lubrication regime, but reduces as the value of Hersey’s number increases. The
slope of this curve is determined by the efficiency of the boundary lubricant. At low
values of Heresy’s number the thickness of the lubricant film, h develops much less than
the surface roughness, R. In boundary lubrication (illustrated in Fig. 1.4) thin monolayers
develop causing the film thickness to approach zero, resulting in significant asperity
contact and high friction. An increase in sliding speed or a decrease in load at constant
viscosity can cause the film thickness to steadily increase therefore shifting the
lubrication regime from boundary lubrication into mixed or elastohydrodynamic
lubrication. This transition results in lower coefficient of friction values and thicker
hydrodynamic fluid films. In the mixed lubrication regime the fluid film thickness can be
on the same order of magnitude as the surface roughness (h=R) and in the
elastohydrodynamic lubrication regime the fluid film thickness can be greater than the
surface roughness (h>R). As the sliding speed continues to increase or the load decreases
with a constant viscosity, this allows progress through the elastohydrodynamic regime
allowing a full uninterrupted fluid film to develop that is significantly thicker than the
surface roughness (h>>R). When the fluid film is much greater than the surface
roughness then the hydrodynamic lubrication regime dominates. In this lubrication
regime, internal friction in the lubricating film adds to external friction causing the
coefficient of friction to increase as shown in Fig. 1.4. Other methods have been

proposed to quantify the various lubrication regimes. The Hamrock and Dowson model
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provided a formula for calculation of minimum film thickness in lubricated contacts [27-
30]. The fluid film thickness parameter, A decides the lubrication regime with boundary
lubrication characterized by a value of A less than 1; mixed or elastohydrodynamic
lubrication described as 1 < A < 3; and hydrodynamic lubrication characterized by a value
of A greater than 3 [7, 22, 25, 31-34]. The fluid film thickness parameter, A given in Eq.
1.1(a), is the ratio of fluid film thickness, h and the composite surface roughness, o.

=2 Eq. 1.1(a)

o =0+ o} Eqg. 1.1(b)
In Eq. 1.1(a), the composite surface roughness is given in Eq. 1.1(b) where and o; and o,
are RMS roughness of the two mating surfaces. The calculation of minimum film

thickness for metals and polymers are presented in various publications throughout the

literature [35-39].

1.1.3 Rheology of Liquid Lubricants

The characteristics of lubricants and their properties involve understanding the
rheology of liquid lubricants. Many of the important characteristics of a lubricant include
viscosity, consistency, flow properties, thermal stability, oxidative properties, and
physiochemical properties. Viscosity of a fluid may be defined as its resistance to flow.
Different oils exhibit different viscosities. Lubricant viscosity changes with temperature,
load, shear rate, and pressure. Viscosity is important in the selection process of oils,
because many oils have similar characteristics, but their viscosities differ. Viscosity

directly relates to a lubricant’s film strength and ability to keep moving parts separated.
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The importance of proper viscosity selection is vital for the success of many lubrication
systems. If an application operates at high speeds, low loads, and low temperatures, then
it is generally accepted to use a low viscosity lubricant. Conversely, if an application
operates at low speeds, high loads, and high temperatures then higher viscous lubricants
should be utilized [2]. Ultimately, when choosing a lubricant based on viscosity, it is
important that the lubricant is viscous enough to adequately provide a continuous fluid
film in the contacting interface, but not too viscous as to create fluid friction due to
viscous shearing. Viscous shearing is the phenomena that occurs when the oil is too thick
for a given application and the shear planes or layers of the fluid begin to drag over one
another causing increased fluid friction also known as churning.

Lubricants have three important thermal properties: specific heat, thermal
conductivity, and thermal diffusivity. These parameters are important in evaluating the
thermal effects during lubrication, such as the operating temperature of the surfaces and
the cooling properties of the oil. The temperature characteristics are important in the
selection process of a lubricant for a specific application. Other important thermal
properties of a lubricant are pour point, cloud point, flash point, fire point, volatility and
evaporation, oxidation and thermal stability, as well as surface tension. The pour point of
a liquid is the lowest temperature at which it becomes semi-solid and loses its flow
characteristics. This property is important in the lubrication of any system exposed to low
temperature, such as automotive engines, construction machines, military devices, and
space applications, because it provides a lower bound for the operating temperature

specification. The cloud point of a fluid is the temperature at which dissolved solids such
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as paraffin waxes are no longer soluble and begin to precipitate as a second phase giving
the fluid a cloudy appearance during heating. The cloud point has a practical application
in capillary or wick fed lubrication systems in which the forming wax could potential
obstruct the oil flow. The only thermal properties, which define the fire hazard of a
lubricant, are the flash and fire points. These properties are extremely important for safe
application and use of a lubricant. The flash point of a lubricant is the temperature at
which its vapor will flash ignite. The fire point of oil is the temperature at which enough
vapor is produced to sustain burning after ignition. The fire point is always higher than
the flash point. In general, the flash point and fire point of oils increases with increasing
molecular weight. For a typical lubricating oil, the flash point is about 210°C whereas the
fire point is about 230°C [40]. In many extended use or variable temperature applications
the loss of lubricant due to evaporation can be substantial. In particular, at elevated
temperatures, oils may become more viscous and eventually dry out due to evaporation.
The measure of evaporation losses defines the volatility of a lubricant.

Oxidation stability is the resistance of a lubricant to molecular decomposition or
reaction at elevated temperatures in an oxygen-enriched environment. Oxidation typically
occurs in ambient environments where the air is composed of about 21% oxygen.
Lubricating oils rapidly oxidize when exposed to air at elevated temperatures, resulting in
a strong impact on the useful life of an oil. Oxidation of oils is a complex process that
includes thermally activated and physicochemical reactions that depend on the level of oil
refinement, temperature, presence of metal catalysts, and operating conditions. Different

compounds react at different temperatures and under different conditions [41, 42]. A
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lubricant that oxidizes rapidly requires more frequent maintenance or replacement
resulting in higher operating costs. All substances when heated above a certain
temperature will naturally start to decompose, even if no oxygen is present. In this
context, thermal stability is the resistance of a lubricant to molecular decomposition or
reaction at elevated temperatures in the absence of oxygen. For example, when mineral
oil is heated it degrades to methane, ethane and ethylene. Similarly, natural oils that are
composed of fatty acids and esters have significant thermal instability due to the present
of double bonds in the unsaturated fatty acids. The presence of the double bonds in
natural oils affects the thermal stability and causes the oil to breakdown at various
temperatures into organic compounds, which adversely affect the functionality of the oil.
Thermal stability of oils can often be improved through multiple types of refining
processes such as epoxidation, metathesis, acylation, estolide formation,
transesterification, and selective hydrogenation [43-56].

Surface tensionis a property of aliquidthat allows it to resist an external
force. Many lubricants show varying degrees of wettability and spreadability on surfaces.
The wettability and spreadability characteristics of a lubricant are dependent on surface
tension, which is especially sensitive to physicochemical changes. Depending on the
degree of oxidation or the amount of additives present in a lubricant, the oils can have
different wetting and spreading properties. Surface and interfacial tension are related to
the free energy of the surface and the attraction between the surface molecules, thus
influencing the wetting and spreading characteristics. Surface tension refers to the free

energy at a gas-liquid interface, while interfacial tension refers to interface between two
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immiscible liquids. A liquid with a high surface tension resulting in less physical
spreading across the surface thus acting as a poor lubricant. On the contrary a liquid with
a small contact angle, having a low surface tension, and thus spreading easily across the
surface acting as a good lubricant. The temperature range over which a lubricant can be
used is of extreme importance because at high temperatures, oils can decompose or
degrade, while at low temperatures oils may become solid or freeze. Oils can decompose
by thermal and oxidative degradation. The decomposition of oil can cause a secondary
effect where damage to the sensitive lubricated equipment may occur. A prime example

of secondary damage is corrosion caused by the acidity of oxidized oils.

1.1.4 Lubricant Additives

Base oils (vegetable oils, mineral oils, and synthetic oils) cannot always satisfy
the demands of a high performance lubricant by themselves [6]. For this reason, additives
are mixed with base fluids to improve upon the lubricant’s ability to reduce friction and
wear, increase viscosity, improve viscosity index, resist corrosion and oxidation, increase
component and lubricant lifetime, and minimize contamination [25]. Additives are
synthetic chemical substances mixed with base oils to improve various characteristics of
lubricants so the oils can placate the higher demand placed on them and satisfy
specification requirements. Additives often improve existing properties, suppress
undesirable properties, and introduce new properties to the base oils. One of the most
important properties that additives enhance is a lubricant’s ability to form protective films,

which is especially important in boundary lubrication conditions. The use of additives has
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a large influence on the performance of lubricants that make it possible to fulfill the
increasing complex demands placed on lubricants. Nevertheless, there are some
properties that cannot be influenced by additives, such as volatility, air release properties,
thermal stability, thermal conductivity, compressibility, and boiling point. Many of these
properties require chemical modifications through various refinement processes. When
blending additives with base oils, it is important to have a well-balanced and optimized
composition to improve the performance of the lubricant. This usually requires the
formulation of high performance base oils that are derived from highly refined oils and
then mixed with additives to further enhance the lubricant’s properties. Lubricant
additives are usually organic or organometallic chemicals that are added to oils to
improve the lubricating capacity and durability of the oil. Specific purposes of lubricant
additives are to [1, 2]:

(1) enhance the wear and friction characteristics,

(2) improve the oxidation resistance,

(3) minimize corrosion,

(4) control of contamination by reaction products, wear particles, and other debris,

(5) reduce excessive decrease of lubricant viscosity at high temperatures,

(6) decrease the pour point, and

(7) inhibit the generation of foam.
Many of the most common additive bundles used in lubricant formulations are antiwear
additives, extreme pressure additives, oxidation inhibitors, corrosion inhibitors,

detergents and dispersants, viscosity improvers, pour point depressants, and foam
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inhibitors. In some instances other additives like dyes and odor improvers are also added
to the oils.

Additives, which improve wear and friction properties, are the most important
additives used in lubricant formulations and will be a critical part to the presented
experimental investigation. In machinery, when two surfaces engage in metal-to-metal
contact and begin to move relative to each other, hydrodynamic lubrication does not
occur at the onset or in the case of severe stress, hence, the lubricating system runs in the
boundary or mixed lubrication regime. In this case, wear and friction improvers are
necessary in any metalworking fluid, engine oil, hydraulic fluid or lubricating grease to
prevent welding of the moving parts, reduce wear, and lower friction. Wear and friction
improvers consist of chemical additives that can be divided into three groups: adsorption
or boundary additives; antiwear (AW) additives; and extreme pressure (EP) additives.
‘Boundary’ additives are friction and wear modifiers such as fatty acids that are added to
oil to minimize the asperity contact. The term ‘antiwear’ commonly refers to wear
reduction at moderate loads and temperatures whereas the term ‘extreme pressure’ refers
to high loads and temperatures. All of these additives control the lubricating performance
of the oil, making their usage very important. If oil lacks its lubricating ability, excessive
wear and friction will result, causing damage to the moving parts with usually an increase
in energy consumption. Of particular importance in the current investigation are the role
of boundary additives and extreme pressure additives for their ability to influence the

tribological performance of lubricants.
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Another important additive type is adsorption or boundary additives, also known
as “friction modifiers”, that control the adsorption type of lubrication and are often used
to prevent stick-slip phenomena [57]. Adsorption additives are vital in boundary
lubrication. The additives most commonly used in industry are fatty acids, esters, and
amines of the fatty acids. These types of additives generally consist of a polar carboxyl
group (-OH) at one end of the molecule that reacts with the contacting surfaces through
an adsorption (adherence) mechanism to form a surface film as illustrated through the
intermolecular contact depicted in Figure 1.7. The molecules attach to the charged
surface by the polar carboxyl group to form a layer of molecules, which maintains load
support that minimizes asperity contact as well as reduces friction and wear by having
low interfacial shear stress [40]. The low shear stress is a result of the weak bonding or
repulsion between opposing alkyl groups of the fatty acid molecules. The surface films or
monolayers produced are only effective in boundary lubrication at relatively low

temperatures and low loads.
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Fatty Acid
Molecule &an

«——Alkyl Chain (i.e. CH;)
i{i «——Carboxyl Group (i.e. —COOH)

Figure 1.7: Intermolecular contact and load support of adsorbed fatty acid molecules on a

surface forming a monolayer

The important characteristic of these additives is their molecular structure
consisting of an unbranched chain of carbon atoms with sufficient length to ensure a
stable and durable film that allows for the formation of close packed monolayers. In
natural oils, these molecules are generally unsaturated fatty acids have chain lengths of
18 or 16 carbon atoms consisting of oleic, linoleic, stearic, and palmitic acids [6]. In
some specialized lubricants, unique additives are utilized which combine adsorption or
boundary properties with corrosion protection or some other property for a specific
application [57]. Depending on the type of additive used, adsorption additives are highly

sensitive to the effects of temperature and can lose their effectiveness at temperatures
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between 80°C and 150°C. With increased temperature, these additives can reach a critical
temperature threshold where the energy input to the surface is high enough to cause the
additive to desorb rendering it inept. This critical temperature can be controlled by
changing the additive’s concentration, where a higher concentration results in a higher
critical temperature. However, there is a downside to using a higher concentration as it
also causes the lubricant to be more expensive, thus for specific applications it is

important to compare lubricant performance with cost.

1.2 Tribology of Solid Lubricants

Over the last seven decades, extreme operating conditions encountered in many
industrial and engineering applications - particularly those within the aerospace industry -
have driven the evolution of more advanced commercial lubricants. While many long
standing lubrication techniques utilize liquid or grease-type lubricants, new tribological
applications have developed over the last seventy years that have led to the development
of lubricants derived from solid materials and coatings with self-lubricating properties.
Many tribological applications require two surfaces to slide over one another in relative
motion, resulting in friction and wear, such as in cutting and forming operations, gears,
bearings, and engine parts. Increasingly, more of these applications are operating in
extreme environments (such as high vacuum, microgravity, high/low temperatures,
extreme pressure, space radiation, and corrosive gas environments) that are beyond the
tolerable and usable domain of liquid and grease-based lubricants. This has propelled the

development of dry/solid lubricants that are nonvolatile and can withstand such extreme
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environmental conditions. In this section, a review of the state of solid lubrication and the
utilization of solid lubricants as powder transfer films, thin film coatings, and colloidal
mixtures, are presented from the field of tribology as they will be discussed and utilized

extensively in the experimental investigations.

1.2.1 Advantages and Disadvantages

Solid lubricants offer many advantages over liquid lubricants in applications (see
Table 1.1) involving high vacuum, high temperature, cryogenic temperature, radiation,
extreme dust, or corrosive environments [8, 58-60]. In extreme pressure applications (i.e.,
high to ultrahigh vacuum conditions—a vacuum of ~107 Pa or higher or a gas density of
~10"** molecules/cm? or lower) liquid lubricants can vaporize [8]. For example, in space,
a liquid lubricant would vaporize, thus contaminating the device it is lubricating and
potentially damaging it. This example could occur in the case of an optical or electronic
equipment application. On the contrary, if a solid lubricant were used this problem would
no longer exist. In high temperature applications extending beyond 523 K, liquid
lubricants often vaporize or decompose, limiting their use as a lubricant. In contrast,
when compared to liquid lubricants, solid lubricants at these temperatures can maintain
relatively low coefficients of friction. Liquid lubricants can also solidify or become
highly viscous and may not be effective at cryogenic temperatures. For this reason, solid
lubricants are used when operating at temperatures as low as 0 K. In radiation
environments, liquid lubricants tend to decompose at 10° rads (radiation dose absorbed of

10* J/kg), whereas solid lubricants demonstrate better radiation resistance and relatively
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low friction. In extreme dust areas, dust particles would ordinarily adhere to liquid
lubricants, forming a grinding paste. This paste can cause abrasive wear and damage
surfaces and sensitive equipment. In such a case, hard solid lubricants, such as diamond-
like carbon and boron nitride films are preferred. In aerospace applications (e.g. weight-
limited spacecraft and rovers) where weight limits are critical, solid lubrication is
advantageous. Solid lubricants weigh substantially less than liquid lubricants and their
use eliminates the need for recirculatory oil systems with pumps and heat exchangers [8,
58]. Moreover, the limited use of liquid lubricants and their replacement by solid
lubricants would reduce spacecraft weight and therefore, have a dramatic impact on
mission extent and spacecraft maneuverability. Under intermittent loading conditions or
in corrosive environments, liquid lubricants can become contaminated, lose their lubricity,
and lead to seizure of components. Changes in critical service and environmental
conditions such as loading, time, contamination, pressure, temperature, and radiation,
also affect liquid lubricant efficiency. When equipment is stored or is idle for extended
periods, solid lubricants provide permanent satisfactory lubrication by maintaining their

physicochemical attributes unlike liquid lubricants.
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Table 1.1: Advantages and Disadvantages of Solid Lubricants [61]

Advantages Disadvantages

e Are highly stable in high-temperature, cryogenic e  Have higher coefficients of friction
temperature, vacuum, and high-pressure and wear than for hydrodynamic
environments lubrication

e Have high heat dissipation with high thermally e Have poor heat dissipation with
conductive lubricants, such as diamond films low thermally conductive

e Have high resistance to deterioration in high- lubricants, such as polymer-based
radiation environments films

e Have high resistance to abrasion in high-dust e Have poor self-healing properties
environments so that a broken solid film tends to

e Have high resistance to deterioration in reactive shorten the useful life of the
environments lubricant (however, a solid film,

e Are more effective than fluid lubricants at such as a carbon nanotube film,
intermittent loading, high loads, and high speeds may be readily reapplied to extend

e  Enable equipment to be lighter and simpler the useful life.)
because lubrication distribution systems and seals | ®  May have undesirable color, such
are not required as with graphite and carbon

e Offer a distinct advantage in locations where nanotubes
access for servicing is difficult

e Can provide translucent or transparent coatings,
such as diamond and diamond-like carbon films,
where desirable

Some of the disadvantages of solid lubricants are their higher coefficient of
friction and wear rates when used in hydrodynamic lubrication processes. Many solid
lubricants maintain poor heat dissipation with low thermal conductivity when compared
to liquid lubricants. For this reason, applications that require heat dissipation generally
resort to liquid lubricants that can be pumped or circulated to remove heat. In cases where

a solid lubricant is used and minimal heat generation is required, alternative techniques
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must be implemented to dissipate the heat. Additionally, solid lubricants have poor self-
healing properties in the sense that a broken solid film or the inability to establish a

transfer layer can cause a decrease in the useful life of particular mechanical components.

1.2.2 Properties of Solid Lubricants

One method of quantifying lubricants is through their physiochemical properties.
This method classifies them based on their chemistry, crystal structure, and lubricity.
Table 1.2 presents the most widely used and most recently developed lubricants by their
subclasses as well as providing their coefficient of friction range. The ranges in the
coefficient of friction are due to the fact that friction is a system dependent property that
is dependent upon test environment, operating conditions, and surface geometrical
configuration. Ambient conditions such as temperature and humidity as well as the type
of counter face materials and surface texture also affect the friction coefficient of a given
solid lubricant. Moreover, even the physical nature (i.e., powder, thin film, bulk,
composite, and crystalline or amorphous state), deposition method, and/or application

method of the solid lubricant can cause variations in the friction and wear properties.



Table 1.2: Solid Materials with Self-Lubricating Capabilities [7]

Classification

Lamellar Solids

Soft Metals

Mixed Oxides

Single Oxides

Halides and Sulfates
or Alkaline Earth
Metals
Carbon-Based Solids

Key Examples

MoS,

WS,

hBN

Graphite
Graphite fluoride
H;BO;

GaSe, GaS, SnSe
Ag

Pb

Au

In

Sn

CuO-Re,0O4
CuO-Mo0,
PbO-B20,
CoO-Mo0O;
Cs,0-M00,
NiO-MoO;
Cs,0-SiO,

B,O;

Re,0;

MoO;

TiO; (sub-stoichiometric)
Zn0O

CaF2, BaF,, SrF,
CaS0O,, BaSO,, SrSO,

Diamond

Typical Range of Friction
Coefficient
0.002-0.25
0.01-0.2
0.150-0.7
0.07-0.5
0.05-0.15
0.02-0.2
0.15-0.25
0.2-0.35
0.15-0.2
0.2-0.3
0.15-0.25
0.2
0.3-0.1
0.35-0.2
0.2-0.1
0.47-0.2
0.18
0.3-0.2
0.1
0.15-0.6
0.2

0.2

0.1
0.1-0.6
0.2-0.4
0.15-0.2

0.02-1

26
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Diamond-like carbon 0.003-0.5
Glassy carbon 0.15
Hollow carbon nanotubes —
Fullerenes 0.15
Carbon-carbon and carbon- 0.05-0.3

graphite-based composites

Organic Zinc stearite 0.1-0.2

Materials/Polymers Waxes 0.2-0.4
Soaps 0.15-0.25
PTFE 0.04-0.15

Bulk or thick-film Metal-, polymer-, and 0.05-0.04

(>50um) composites  ceramic-matrix composites
consisting of graphite, WS,
MoS,, Ag, CaF,, and BaF,
Thin-film (<50 pum) Electroplated Ni and Cr films  0.1-0.5
composites consisting of PTFE, graphite,
diamond, B,C, etc., particles  0.05-0.15
as lubricants
Nanocomposite or multilayer
coatings consisting of MoS,,
Ti, DLC, etc.

Lamellar or layered solid lubricants are some of the most widely used class of
lubricants by engineers. A significant amount of research and development has been
performed to understand the tribological characteristics of these lubricants as well as
determining the optimal lubricant for specific applications. A few examples of lamellar
lubricants are graphite, molybdenum disulfide (MoS,), hexagonal boron nitride (hBN),
gallium selenium (GaSe) and boric acid (HsBO3). These lamellar solid powders all have

similar molecular structures composed of layers of atoms bonded together with covalent
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bonds. These layers are held together by the weak van der Waals force and maintain
different distances between the layers for different molecules. Figures 1.8 and 1.9 show a
schematic representation of the layered crystal structure of GaSe and H3BO3; molecules

respectively.

Molecular Structure of Gallium Selenium (GaSe)

Gallium (Ga) Selenium (Se)

van der Waals Bonds \A

Figure 1.8: Illustration of the layered crystal molecular structure of Gallium Selenium

(GaSe) a Monochalcogenide
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Molecular Structure of Boron Acid (H;BO,)

Hydrogen (H) )

<

Hydrogen Bonds Covalent Bonds

van der Waals Bond5\4>-

&

(\

Boron (B)

Oxygen (O)

Figure 1.9: Illustration of the layered crystal molecular structure of boric acid (H3BO3)

Some of the more widely used solid lubricants are derived from natural minerals,
extracted from deposits found in the earth such as MoS,, graphite, and boric acid. Other
solid lubricants are synthetic, for example WS;, hBN, fluorinated graphite, and transition
metals diselenides (consist of two selenide molecules) and ditellurides (consist of two
telluride molecules). The use of diselenides and ditellurides as solid lubricants is
significantly less common than the use of graphite and MoS,. As with many lamellar

lubricants, transition metal dichalcogenides gain their lubricity from their layered crystal
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structure caused by the low intra-layer shear resistance due to the weak van der Waals
force. Furthermore, not a single lubricant, including solid lubricants, can provide both
low and consistent friction coefficients over a wide variety of test conditions,
temperatures, environments, and deposition methods. Therefore, it is customary for
lubrication engineers to optimize a lubricant for a specific application with a defined set
of operational and environmental conditions.

Due to the sensitivity of each lubricant to its environment, many techniques have
been developed to optimize a particular lubricant for a specific application. In extreme
environments consisting of vacuum or high/low temperatures MoS,, WS,, and hBN are
preferred as solid lubricants [62, 63]. Graphite and H3BOj3 are superior lubricants in moist
air environments, however, they are poor lubricants in dry or vacuum environments. As a
modification, tribologists have learned that if graphite is fluorinated through a process of
electrolysis in a solution of hydrogen fluoride, this creates graphite fluoride. Graphite
fluoride has larger spacing between the carbon-carbon layers in graphite resulting in
easier shear and hence better lubricity in dry environments. Among the lamellar solids,
MoS, and WS; have some of the best overall load-carrying capacities when used as thin
films. Most lamellar solids have good wetting capability and chemical affinity for ferrous
surfaces [64]. On a rough or porous sliding surface, MoS;, and WS, accumulate in the
valleys between asperities, thus providing a smoother surface finish. When applied
properly, these solid lubricants can withstand extreme contact pressures without being
squeezed out of the load-bearing surfaces. WS, is preferred over MoS, when applications

involve relatively higher temperatures [14]. However, WS; is a synthetic lubricant and
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therefore it is more expensive than MoS,, which is derived from a natural mineral known
as molybdenite. Selenides of molybdenum (Mo), tungsten (W), and niobium (Nb) can
provide even higher temperature capabilities than their sulfide counterparts, and have
demonstrated greater electrical conductivity, however, they too are expensive and hence

they are used less frequently [7].

1.2.2.1 Transition-Metal Dichalcogenides

Transition-metal dichalcogenides such as MoS; shown in Fig. 1.10 are among the
lowest-friction materials known for their use in dry, vacuum, and cryogenic environments.
They comprise of MX, structure, where M is a transition metal consisting of
molybdenum (Mo), tungsten (W), niobium (Nb), or tantalum (Ta) and X, refers to a
chalogenide consisting on two atoms from Group 16 in the periodic table, most notably
consisting of sulfur (S), selenium (Se), or tellurium (Te). MoS, and WS, are among the
most widely used transition-metal dichalcogenides. Dichalcogenides are chemically
stable and resist attack by most acids with the exception of aqua regia (also known as
nitro-hydrochloric acid), hydrochloric acid (HCL), sulfuric acid (H.SO,), and nitric acid
(HNOg3). At room temperature in ultrahigh vacuum, these solid lubricants can provide the
lowest coefficient of friction values ranging from 0.002 to 0.2. Their shortcomings occur
in the presence of moisture environments, which has a detrimental effect on their
lubricity [65, 66]. Oxidation of MoS; begins when temperatures reach about 648 K and at
approximately 773 K, rapid oxidation occurs resulting in MoO3 and SO as byproducts.

The thermal-oxidative stability of WS, is better than that of MoS; and thus it is used in
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higher temperature application.

Molecular Structure of Molybdenum Disulfide(MoS,)
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Figure 1.10: Ilustration of the layered crystal molecular structure of molybdenum
disulfide (MoS,) a dichalcogenide

1.2.2.2 Graphite

Another lamellar solid that offers superior friction reduction and wear resistance
properties is graphite. Graphite occurs naturally from deposits in the earth and can be
synthesized by heating petroleum coke to temperatures of 2973 K beyond that of
graphitization, which converts carbon to graphite. Graphite has been used in many
industrial applications due to its good lubricity, abundance, low cost, and resistance to

both acids and bases. Graphite can be used as a lubricant in a variety of forms such as a
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powder, bulk, thin film, colloidal dispersion, solid, and composite forms to combat
friction and wear. In some applications, it is used as a dispersant in water, solvents, oils,
and greases to achieve better lubricity under extreme application conditions such as
lubrication of molds and dies in metal forming; flange on rails; and railcar wheels.
Graphite has even found uses as a self-lubricating filler in various metal, ceramic, and
polymer matrix composites used in various engines, aircraft components, and seal
applications [67-69]. Graphite is one of the softest materials with a relatively poor
thermal conductivity but a good electrical conductor. The structure of graphite is sheet-
like crystals where carbon atoms are strongly bonded in a plane to form a layer and the
layers are weakly held together by van der Waals forces. The layered crystal molecular
structure of graphite is shown in Fig. 1.11. In dry air, inert atmospheres, or vacuum, the
lubricity of graphite degrades quickly, causing it to be removed from the contacting
surfaces. In contrast, the tribological properties of graphite are superior in moist or humid
environments. Research has shown that the lubricity of graphite is not solely due to its
layered crystal structure, but depends strongly on the quantity of water vapor in the
environment. Graphite requires a small amount of condensable vapor to allow the atomic
layers to slide with ease thus improving its lubricity. The thermal-oxidative stability of
graphite allows it to lubricate in open-air environments where the temperature is below
773 K, however the friction does tend to increase as the temperature rises. Beyond this
temperature threshold, graphite begins to rapidly oxidize and lose its lubricity. In vacuum
environments, the trends are reversed for graphite. For example, it has an initially higher

coefficient of friction of 0.4 at lower temperatures in vacuum, however when the



34

temperature increases, the coefficient of friction decreases. At a maximum temperature of
1573 K, the coefficient of friction decreases to about 0.2 and beyond this temperature,

graphite begins decompose and lose its lubricity.

Molecular Structure of Graphite (C)
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Figure 1.11: lllustration of the layered crystal molecular structure of graphite (C)

1.2.2.3 Hexagonal Boron Nitride

A lamellar solid with similar structural and lubricating properties as graphite is
hexagonal boron nitride (hBN), also referred to as “white graphite” [70]. The layered
crystal structure is shown in Fig. 1.12. It can be seen that the molecular structure

resembles other lamellar solid lubricants such as graphite. This soft, white, lubricious
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powder is derived from the reaction of boric oxide or boric acid with urea or ammonia at
high temperatures ranging between 1073 and 1273 K. There are two crystal structures of
boron nitride, cubic and hexagonal. Cubic boron nitride is extremely hard and wear
resistant like diamond and is very abrasive. Hexagonal boron nitride, a synthetic
inorganic solid lubricant, is a highly refractory and thermochemically stable material that
maintains its lubricious qualities at high temperatures with negligible oxidation occurring
below 1273 K. Moreover, hBN is chemically inert and resists attack by molten metals,
oxides, glasses, slags, and fused salts. It is environmentally friendly and displays
excellent electrical insulating properties, even under vacuum. The lubricating properties
of hBN arise from its graphitic-like crystal structure where atomic planes arranged in
two-dimensional arrays of boron and nitrogen atoms, configure in a honeycomb lattice as
illustrated in Fig. 1.12. The bonding between atoms in a plane is the strong covalent bond
and the bonding between each planar layer is the weak van der Waals bond.

Lubrication applications of hBN include compaction through hot pressing to
create dense solid pieces or prepared as a solid polymer composite structure. Hexagonal
boron nitride has been used as a dispersed additive to oils and greases to improve
antiwear and antifriction properties as well as a self-lubricating coating where it is
plasma/thermal-sprayed with ceramics [6, 17, 18, 71]. It can be used as metal-ceramic
electro-deposition coatings, constituent in epoxy coatings, and has found uses in agueous
and oil dispersions as release agents in metalworking operations. The physical and
chemical properties of hBN are similar to graphite, which allows it to function in a

variety of similar applications under sliding contact in conditions involving high-load,
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high-temperature, and extreme pressure [72, 73].

Molecular Structure of Hexagonal Boron Nitride (hBN)
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Figure 1.12: Illustration of the layered crystal molecular structure of hexagonal boron
nitride (hBN)

1.2.3 Lubrication Mechanisms

The lubrication mechanisms that govern solid lubricants are controlled by
intrinsic and extrinsic parameters. There are no solid lubricants that can provide both low
friction and wear in all environments. The friction and wear performance of solid
lubricants is influenced by inherent properties, environmental parameters, and application
usage. Solid lubricants can be used as dry lubricants by themselves in which their

physiochemical properties are dominant. They are used as additives in oils and greases
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where their physical properties prevail and in coatings in which physiochemical reactions
and adherence become critical. This section discusses the viability of solid lubricants
based on their lubrication mechanisms and the lubricating environment.

Layered solid lubricants include lamellar solids (i.e. graphite, hBN, and H3BO3),
transition-metal dichalcogenides (i.e. MoS, and WS;), and metal-monochalcogenides (i.e.
GaS, GaSe, or SnSe). The lubrication mechanisms of these various solid lubricants are
controlled by their affinity for interfilm sliding, intrafilm flow, and interface slip, which
are all dependent on the material’s interlayer shear properties. As previously discussed in
this chapter, all of these solids have layered crystal structures where atoms lying on the
same plane are closely packed and strongly bonded through ionic, covalent, or hydrogen
bonds and the layers themselves are bonded through weak van der Waals forces. The
lubricity, wear resistance, and durability of these solid lubricants are derived from their
strong interatomic bonding and packing within each layer that allows for the high in-
plane strength. Furthermore, when these lubricants are entrained between two surfaces in
relative motion, they are able to align themselves parallel to the relative motion and slide
over one another with relative ease providing lubrication. Moreover, many of these
layered solids coalesce in surface asperities creating a thin smooth transfer film that is
able to accommaodate the relative sliding velocity and dissipate frictional energy affording
longer wear lives and greater performance.

The lubricity of solid lubricants is controlled by intrinsic properties, such as the
layered crystal structure, interlayer distance, electrostatic attraction, and extrinsic

parameters such as humidity, temperature, and environment. The intrinsic properties
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contribute to the tribological performance of solid lubricants because the layered crystal
structure allows the solids to shear with minimal resistance. The interlayer distance
between layers is also important because as the interlayer distance increases, the ability of
the van der Waals force to hold adjacent layers together decreases, thus the shearing
resistance between layers weakens enhancing lubricity. For graphite and MoS; the
interlayer distances are 0.335 nm and 0.296 nm respectively. In humid air, graphite can
have a lower friction coefficient than MoS,, however, in dry and vacuum environments
MoS, has the lower coefficient of friction [7]. This shows how the lubricity and
tribological performance of solid lubricants are largely controlled by extrinsic factors.
Solid lubricants can be applied as dry lubricants or as additives in oils or greases. In
either case, the physical mechanisms that control their lubricity and wear resistance are
the same. Lamellar solids are able to coalesce in the valleys between asperities on rough
or porous sliding surfaces while withstanding extreme contact pressures without being
squeezed out of the contacting interface. In these situations, the solid lubricant develops
into a thin lubricating transfer film that can protect a surface by accommodating the
relative motion by easily shearing and carrying a portion of the asperity contact load, thus
decreasing friction and minimizing wear. This physical behavior allows lamellar solids to
be used as solid lubricants whether they are in the form of a granular powder, compressed

pellet, or colloidal solution.
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1.3 Conclusions

The advancements in lubricants have become an integral part of the development
of machinery and various corresponding technologies. Lubricants and lubrication
techniques are linked to numerous fields of expertise and without this interdisciplinary
aspect, the progression of lubricants and many applications may have failed to achieve
success. Lubrication is a vital segment of tribology with implications affecting world
energy usage, system reliability, application feasibility, the environment, and financial
stability. With more than 10,000 different types of lubricants and an abundance of
additives, selecting the appropriate lubricant for a particular application is not obvious.
Lubrication engineers must have an understanding of the performance demands of the
application and the composition of the lubricating materials, before selecting a lubricant

that has appropriate physicochemical properties that are not detrimental to the system.
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Chapter 2 Science and Technology of Biolubricants

2.1. Introduction

In the lubrication industry there are nearly 10,000 different lubricant formulations
of oils, greases, and other functional fluids to satisfy more than 90% of all lubricant
applications. The primary function of these lubricants is to decrease friction, transmit
energy, protect against corrosion and wear (attrition), remove heat, disperse wear debris,
eliminate foreign contaminants, and act as a sealant [25]. The use of natural organic oils
and fats derived from plants and animal-based raw materials (e.g. soybean, palm, tallow,
and lard) dates back to the earliest days of lubrication for their ability to lower friction
and prevent wear. In 1859, the first commercial oil well was drilled in Titusville, PA,
USA, signaling the rise of the modern petroleum oil industry, which would eventually
lead to the decline of the use of natural oils as lubricants. The advent of petroleum-based
oils produced rapid advances in lubrication technology that quickly dominated other oils,
such as natural plant and animal-based oils. During the mid-1930s, the properties of
petroleum-based oils were significantly improved through the use of additives and new
chemical synthesis and modification techniques that enhanced the load carrying capacity,
lubricity, corrosive protection, and thermal-oxidative stability. These improvements in
the properties of petroleum-based oils often surpassed similar properties of natural oils.

Over the last 150 years, petroleum-based oils have established themselves as the
universal lubricant for most industrial, commercial, and personal applications. It is

estimated that upwards of 50% of all lubricants worldwide enter the environment from
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spills, improper disposal, accidents, volatility, and total loss applications such as
chainsaw oils, two-stroke engines, concrete mould release oils, exhaust fumes in engines,
and metal cutting and forming processes [74]. Of these leakage types the most
problematic are the uncontrolled losses via broken hydraulic hoses or accidents whereby
large quantities of fluids escape into the environment contaminating soil; surface, ground,
and drinking water; as well as the air. It is estimated that 30 to 40 million tons of
lubricant are consumed annually, with 20 million tons of this lubricant entering the
environment, totaling to a 55% loss of lubricant [2]. Over 95% of these lubricants
entering the environment are petroleum-based and harmful to the environment [75]. As a
result of their high toxicity and low biodegradability, petroleum-based lubricants and
functional fluids (hydraulic fluids) constitute a considerable threat to the environment.
More astonishingly, it is estimated by some that over 90% of all petroleum-based
lubricants could be replaced by biolubricants [76]. Illustrating the substantial potential
biolubricants have to solve our environmental problems caused by toxic petroleum-based
lubricants.

Lubricants are often classified into three categories: (1) mineral oils, that are
predominantly petroleum-based lubricants and are the most common lubricants; (2)
natural oils, that are derived from plant-based oils and animal-based fats or tallow; and
(3) synthetic oils, that include polyalphaolefins (PAQOs), synthetic esters, polyalkylene
glycols (PAGs), alkylated aromatics, perfluoroalkylpolyethers (PFPES), among others. In
the last three decades natural and synthetic oils (not mineral oils) derived from bio-based

feedstock have seen a resurgence for industrial purposes. The lubrication industry is
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shifting to become more environmentally responsible with much of the attention centered
around ecological conservation and sustainability through the use of bio-based lubricants
for industrial purposes to be used as functional fluids. The term “biolubricant” has been
ascribed to all lubricants, derived from bio-based raw materials (such as plant oils, animal
fats, or other environmentally benign hydrocarbons), which are biodegradable and non-
toxic to humans and other living organisms, particularly aquatic environments where the
impacts are more detrimental [77]. In an effort to curb the use of petroleum-based
lubricants, a primary focus has been on the development of technologies that incorporate
biolubricants as biofuels and industrial lubricants because they are non-toxic,
biodegradable, and renewable [78]. In the global lubrication market, the rise in
biolubricants is a result of new environmentally friendly initiatives and economic factors
such as protecting the environment from toxic substances; the depletion of the world’s
crude oil reserves; increasing crude oil prices; and increasingly stringent government
regulations regarding use, operation, and disposal of petroleum-based oils [79, 80].
Furthermore, the emphasis placed on biolubricants is a result of the increase in demand
for environmentally-friendly lubricants that are less toxic to the environment, renewable,
and provide feasible and economical alternatives to traditional petroleum-based
lubricants [81, 82].

Many biolubricants are comprised of plant oils, animal fats, or chemical
modifications of these oils and are widely regarded as environmentally benign because of
their superior biodegradability and renewable feedstock [77]. Although, mineral oils are

classified according to their performance, biolubricants are classified according to their
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base fluid composition. Traditionally, there are three groups of biolubricants: natural

esters (type HETG), synthetic esters (type HEES), and polyglycols (type HEPG). The

properties of these groups are listed in Table 2.1.

Table 2.1: Original classification of environmentally friendly biolubricants

Fluid Base Fluid Saturation Feedstock
HETG Natural ester Unsaturated Natural
HEES Synthetic Ester Unsaturated Natural
Saturated Synthetic
HEPG Polyglycol .. Synthetic

For the purpose of this review, a more rudimentary classification of biolubricants will be
imposed according to the synthesis process of the lubricant. Biolubricants will be
classified in two categories: (1) natural oils and (2) synthetic oils. Natural oils (also
known as natural esters) are biolubricants with the base-stock consisting of vegetable
(plant-based) oils or animal fats. Synthetic oils (or synthetic esters) are biolubricants
comprised of esters, diesters, genetically modified organisms, perfluoroalkylethers, ionic
liquids, polyglycols, or any other lubricant consisting of chemical compounds that are
artificially made [83]. Many biolubricants have superior lubricity and wear resistance that
exceeds those of petroleum-based lubricants resulting in their increased usage as a base-
stock for industrial oils and functional fluids, thus facilitating the biolubricant resurgence
[84]. The largest drawback to biolubricants particularly natural oils are their poor

thermal-oxidative stability and high pour points, which have led to the development of
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synthetic biolubricants that undergo chemical modifications [84]. Ultimately,
biolubricants formulated from bio-based feedstocks should offer the following
advantages over petroleum-based oils [45]:
(1) higher lubricity lending to lower friction losses and improved efficiency affording
more power output and better fuel economy
(2) lower volatility resulting in decreased exhaust emissions
(3) higher viscosity indices
(4) higher shear stability
(5) higher detergency eliminating the need for detergent additives
(6) high dispersancy
(7) rapid biodegradation resulting in decreased environmental and toxicological
hazards
This review provides a summary of biolubricants detailing the types of biolubricants,
discussing vulnerabilities, and revealing enhancement techniques. Further investigation
examines the biodegradability and economy of biolubricants as well as recent advances in

new technologies pertaining to their utilization.

2.2. Biolubricants

Biolubricants can be derived from a variety of bio-based feedstock, often this is a
vegetable oil because they offer natural biodegradability and low toxicity. In other
instances genetically-modified natural oils, such as high-oleic sunflower and canola

(rapeseed), are being pursued for applications where higher oxidative stability is needed.
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Synthetic esters derived from natural and artificial resources i.e. the hydrolysis of solid
fats and low grade waste materials such as tallows to produce the constituent ester
compounds are also common. Polyglycols (PGs) are another class of synthetic
biolubricants similar to synthetic esters, yet PGs are the only type that is water-soluble.
This property can be advantageous for biological degradation in water. On the contrary,
this poses more of an environmental threat as polyglycol-contaminated water can
penetrating more deeply into the soil layers, thus contaminating ground water. For this
reason in some countries, PGs are not considered environmentally friendly fluids, thus
their discussion will be limited in this review.

Similar to the development of environmentally friendly base fluids, new additives
are also being developed. Ecofriendly initiatives, necessitate the development of additives
for two reasons: (1) existing additives used for mineral oils deteriorate the performance
properties in many biolubricants and (2) existing additives contain toxic substances
leading to a significant deterioration of the biodegradability of the lubricant as a whole
[85-89]. Other biolubricants are composed of environmentally benign solid particles in
bio-based oil colloidal suspensions. The formulation of these two-phase lubricants means
that biodegradable and low toxicity fluids i.e. natural oils are combined with

biodegradable and low toxicity additives [76].

2.2.1 Natural Oils
The chemical composition of biolubricants derived from oils and fats affords

them the ability to be used as fuels and lubricants for various applications. The sources of
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bio-based oils and fats are numerous and encompass a wide variety of seeds, fruits, nuts,
vegetables, animals, and marine life making them readily available, inexpensive, and
environmentally benign [78]. Natural oils derived from plant-based oils are common
because they have viscosity and surface tension properties similar to petroleum-based
lubricants used in industrial applications for metal-stamping and metal-forming [24, 90].
Many plant-based oils are obtained by expeller methods and solvent extraction processes
[81, 91-93]. There are a wide variety of plant-based oils such as avocado, canola
(rapeseed), castor, coconut, corn, cottonseed, olive, palm, palm kernel, peanut, safflower,
sesame, soybean, and sunflower, among many others that are native to particular regions
of the world. The efficacy of natural oils and fats is determined by their chemical
composition, where they predominantly consist of mixtures of fatty acid esters derived
from glycerol. Inherently, these oils and fats are naturally occurring organic substances
whose properties and utility vary based on biological factors such as nutrient availability,
climate, light, temperature, humidity, and water as well as being influences based on
different extraction methods [81, 91, 92, 94]. Despite their biologically inconsistent
chemical composition, natural oils have superior wear properties, lower coefficients of
friction, excellent biodegradabilitiy, higher flashpoints, sustainable and renewable
feedstocks, and a lower ecotoxicity classification than mineral oils [95]. Additionally, it
has been shown in the literature that natural oils derived from plants, with high-oleic acid
(>80%) contents, surpass Group | petroleum-based lubricants at room temperature [96].

When comparing natural oils to mineral and synthetic oils they have a higher lubricity,
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lower volatility, higher shear stability, higher viscosity index, higher load carrying
capacity, and superior detergency and dispersancy [97].

Many of the accolades associated with natural oils are a result of their molecular
structure, which affords superior lubrication properties. The attraction to natural oils is
due to their chemical composition of approximately 98% triacylglycerol molecules made
up of esters derived from glycerol and long chains of polar fatty acids. Natural oils also
contain minor amounts of mono- and di-glycerols (0.5%), free fatty acids (0.1%), sterols
(0.3%), and tocopherols (0.1%) [75]. Fatty acids themselves are carboxylic acids with
long unbranched aliphatic chains (with 4 to 28 carbon atoms), composed of hydrogen
atoms attached to the carbons, and in many instances contain other organic chemistry
related functional groups and may be saturated or unsaturated. Due to the large amounts
of unsaturated fatty acids in natural oils, they tend to suffer from a poor thermal stability
with a limited temperature range.

The fatty acids in natural oils are desirable in boundary lubrication for their ability
to adhere to metallic surfaces due to their polar carboxyl group, remain closely packed,
and establish a monolayer film that is effective at reducing friction and wear by
minimizing the metal-to-metal contact [98]. Much of the work with natural oils has
concentrated on understanding the fundamentals of saturated and unsaturated fatty acids
with the bulk of the attention focusing on the use of natural oils as neat lubricants, fatty
acids as additives in mineral oils, and bio-based feedstock oils for chemically-modified
lubricants [24, 90]. Additionally, new additives are being developed to extend the

operable temperature range of natural oils to improve upon their thermal stability.
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Recently, natural oils are finding uses as carrier fluids for lamellar particle additives in

sliding contact [99].

2.2.2 Genetically Modified Lubricants

Genetically modified lubricants are as their name suggests lubricants derived from
genetically modified organisms (GMOs). GMOs are organisms whose genetic material
has been altered using genetic engineering techniques. In the lubrication industry,
genetically modified lubricants are usually natural oils, in particular plant-based oils such
as sunflower, soybean, and canola (rapeseed) oil. Plants are genetically engineered by
manipulating the gene sequence within the organisms by causing a gene to be inoperative
or “knocked out” or by attaching a gene to an identified region of DNA that initiates
transcription of a particular gene thus acting as a “promoter”. Genetically modified
vegetable oils often focus on improving the thermal and oxidative stabilities of natural
oils by decreasing the linoleic and linolenic acid amounts and increasing the oleic acid
amounts, as will be explained further in the proceeding sections [100-102]. Genetically
modified vegetable oils also seek to improve upon the cold flow properties of the
lubricants where higher proportions of short-chain saturated or long-chain
monounsaturated fatty acids lower the pour point [103, 104]. The objective of these
manipulations is to create oils with higher degrees of saturation where by the oil is less
susceptible to oxidative deterioration by means of exposed double bounds in the fatty

acid molecules [105].
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2.2.3 Synthetic Esters

Synthetic organic esters are a class of widely used lubricants that were once
derived from glycerol molecules found in plant-based oils and animal fats. However, this
causes synthetic esters to suffer from similar unsaturated performance issues as natural
oils. Now, synthetic esters can be synthesized from long chain alcohols and acids, where
the performance of synthetic esters is superior to natural ester fluids due to a more
uniform molecular structure and the use of different alcohols. Using completely saturated
esters, the resulting biolubricants tend to exhibit very stable aging characteristics.
Additives used specifically for synthetic esters have been developed. Early synthetic
esters possessed chemical structures similar to natural oils, however due to recent
advancements there are now many choices of acids and alcohols available for the
production of synthetic esters, affording them a wide variety of technical performance
properties. Examples of synthetic esters feedstock include C6-C13 alcohols (i.e. n-
hexanol, n-heptanol, isonal, and decanol), C5-C18 mono acids (i.e. valeric, heptanoic,
pergalonic, and oliec acid) with neopentyl polyols, such as pentaerythritol (PE), polyol
esters, diacids (i.e. adipic acid, azeleic, sebacic, and dodecanedioc) and various dimer
acids [24, 55, 98, 106-111].

Esters are a type of biolubricant that provide better low temperature fluidity, low
volatility, high flash points, and improved thermal-oxidative stabilities when compared to
natural oils. Similar to natural oils, synthetic esters maintain an affinity for metal surfaces
due to their high degree of polarity which affords them the ability to establish monolayers

that minimize the surface contact and enhance the tribological properties. Esters are
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inherently sensitive towards hydrolysis and thermal degradation, for this reason, their
thermal properties have been improved by replacing the glycerol with other polyols such
as neopentylglycol (NPG), pentaerythritol (PE), trimethylolpropane (TMP),
Trimethylolhexane (TMH), and Trimethyoloethane (TME) [17, 81, 112-114]. A
subgroup of esters known as complex or oligo esters are derived from mixtures of polyols
and mono-, di-, and tri-carboxylic acids. Replacing the glycerol molecules with peresters
of sugar (i.e. sucrose and sorbital), yield synthetic esters with enhanced oxidative stability,
lubricity, and biodegradability [115]. These improved synthetic esters are strong
candidates for replacing mineral oils in the food, pharmaceutical, and cosmetic industries;
in fact, these esters could be used in many lubricant applications that require low toxicity
due to potential contact with animals or humans [115, 116]. Esters such as the NPG were
originally developed for the lubrication of aircraft jet engines whereas PE esters are
derived from C5-C9 carboxylic acids and have found use in gas turbines. Still other esters
such as TMP esters derived from oleic acid have found widespread use as automotive and
marine engine oils, compressor oils (as replacement lubricants for hydrofluorocarbon
systems), hydraulic fluids, gear oils, and grease formulations. The low toxicity, excellent
biodegradability, moderate oxidative stability, and moderate price coupled with the high
viscosity and good shear stability make synthetic esters attractive lubricants. More still,
the use of appropriate additives to ester molecules improves their performance making
them the optimal lubricant of choice for medium to heavy lubricant applications [24, 90,

93, 117, 118].
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Another derivative of the synthetic ester is the diester, a biolubricant derived
partly from renewable resources. Synthetic diesters are derived from dicarboxylic acid
and monovalent alcohols. The dicarboxylic acid can be prepared from natural sources
such as azelaic acid (ozonolysis of oleic acid), sebacic acid, dimeric fatty acid, isostearic
acid, or from purely petrochemical sources such as adipic acid or malelic acid. Diesters
generally consist of branched alcohols such as 2-ethylhexanol (iscooctanol), isodecanol,
or guerbet alcohols to offer better low-temperature properties than conventional synthetic
ester lubricants. Additionally, branched fatty acids for example 12-hydroxystearic acid
derived from rhizinoleic acid can be utilized to form diester-based lubricants that also

exhibit improved low temperature properties.

2.2.4 Perfluoroalkylethers

High performance applications that require a combination of high and low
temperature properties, chemical or oxidative stability, low volatility, material
compatibility, inertness, and non-flammability or non-combustibility simultaneously, will
generally use synthetic lubricants known as perfluoroalkylethers (PFPEs) [119]. PFPEs
are a new class of lubricants that are undergoing rapid advances to redesign them to be
more environmentally friendly [120-122]. PFPEs are known for their superior thermal
and oxidative stability. Once composed entirely of carbon, fluorine, chlorine and oxygen
to produce a colorless, odorless, and completely inert functional fluid, they are now being
derived from more environmentally benign feedstock that reduce their environmental

impact. One such example are a,m-Dialkoxyfluoropolyethers (DA-FPES) which are
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partially fluorinated polyethers that do not contain chlorine atoms and hence they do not
contribute to ozone depletion [123]. The improvement in these lubricants is due to the
incorporation of two alkoxy-groups that provide reactive sites, which act to minimize the
atmospheric lifetime of these functional fluids [123-125]. Typically, PFPEs enter the
environment as an aerosol by means of exhaust fumes or volatility. When compared with
PFPEs, DA-FPEs have a lower environmental impact in terms of global warming
potential as a result of atmospheric pollution by means of greenhouse gases in the form of
carbon dioxide [123]. Furthermore, perfluorinated ether compounds derived from
polymers maintain their properties of typical PFPEs such as high thermal and chemical
stability, no acute toxicity, and excellent heat exchange properties [126]. Due to the
presence of the alkoxy-groups in the DA-FPEs this has allowed these functional fluids to
maintain excellent solvent properties with several organic liquids, such as ketones and
alcohols [127].The appealing properties of DA-FPEs make them excellent candidates as
CFC, perfluocarbon and halon substitutes in a number of applications, like foaming and
fire extinguishing agents, cleaning agents for sophisticated electronic devices, heat

transfer fluids, and lubricants in extreme applications [128-130].

2.2.5 lonic Liquids

lonic liquids (ILs), particularly those that are fluid at room temperature, represent
a promising new class of biolubricants that show potential to improve the limitations
associated with both petroleum-based lubricants and natural oils [131]. Room

temperature ionic liquids are molten salts, which typically consist of combinations of a
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bulky, asymmetric organic cation paired with an appropriate organic anion with melting
points below 100°C and a liquid range beyond 300°C. The atomic structure of an IL is

shown in Fig. 2.1.
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Figure 2.1: Atomic strucutre of an ionic liquid

This structure is similar to that of a typical lamellar solid particle, where the anions and
the cations form ionic bonds to creating layers and these layers are held together with the
weak van der Waals force. This structure provides ILs with their liquid lamellar crystal
structure. ILs exhibit a number of unique and useful properties that make them well

suited as the basis of a new family of biolubricants. The appeal of ILs as lubricants
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becomes even more evident when one considers their many potential advantages over
conventional lubricants including: (1) a broad liquid range (low melting and high boiling
point); (2) negligible vapor pressure; (3) non-flammability and non-combustibility; (4)
superior thermal stability; (5) high viscosity; (6) miscibility and solubility; (7)
environmentally-benign (non-toxic); (8) lamellar-like liquid crystal structure; (9) long
polar anion-cation molecular chains; and (10) economical costs [119, 132-142].

Additionally, ionic liquids have a consistent and easily tailorable chemical
composition that affords them the ability to provide the level of thermal-oxidative
stability and lubricity required for a variety of applications in the aerospace, automotive,
manufacturing and magnetic storage industries. The consistent chemical composition of
ILs allows them to have physicochemical properties that are readily reproducible. Further,
they can be designed to be environmentally friendly by selecting both the cationic and
anionic constituents to be non-toxic [143-145]. In many instances, ILs can be prepared
from non-petroleum resources. Lastly, their capacity to overcome the variety of
environmental, cost, and performance challenges faced by both petroleum-based and bio-
based lubricants makes them a potentially attractive alternative biolubricant.

The possibility of preparing an ionic liquid capable of functioning as an efficient
lubricant while exhibiting a variety of other useful properties is a result of their
physicochemical characteristics, inherent tunability, and structural diversity of these
novel compounds. Regarding the latter point, it has been estimated that as many as 10'®
different combinations of anion and cation moieties are possible [146]. Clearly, this vast

assortment of possibilities can pose a significant challenge in ionic liquid design. As the
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number of desired properties increases, the number of possible candidate ILs declines
dramatically. Here, for example, the desire for an environmentally friendly lubricant
means that the use of highly fluorinated anions is unacceptable. Instead, the use of
anions based on common food additives (e.g., benzoate and salicylate, are well known
preservatives) or artificial sweeteners (e.g., saccharinate) are utilized. Similar
considerations  guide the choice of the cation and suggest that
trihexyltetradecylphosphonium salts (i.e., Pesgs14), SOme of which have been found to
exhibit anti-microbial properties, can satisfy many of the desired criteria [147, 148].
Along these same lines, the objective of employing renewable feedstocks for the
preparation of the ILs suggests the use of certain 1,3-dialkylimidazolium cations, such
that can be derived from fructose [134, 149, 150]. The structures of these cations and

anions are depicted in Table 2.2 and their atomic structures are shown in Table 2.3.



Table 2.2: Room temperature ionic liquid moiety structure
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Table 2.3: Self-assemblied anion and cation monolayer atomic structures
(A) Saccharinate; (B) Salicylate; (C) Benozate; (D) Tf,N; (E) Pgss 14;
(F) Ciomim; (G) Cgmim; and (H) Cemim
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2.3. Drawbacks to Biolubricants

Bio-based lubricants have varying properties such as thermal-oxidative stability,
viscosity, viscosity index, and low temperature behavior that are dependent on the
structure of the molecules and the triacyclglycerol composition. Despite the many
favorable attributes of biolubricants, the largest drawback to them are their poor thermal-
oxidative stability, solidification at low temperatures (high pour points), biological
(bacterial) deterioration, and hydrolytic instability (aqueous decomposition), and
inconsistent chemical composition [132]. Additionally, many biolubricants particularly
ester-based oils are susceptible to rapid oxidative degradation due to the presence of free

fatty acids and the presence of double bonds in the carbon chains of the ester molecules.

2.3.1 Fatty Acids

The structures of the fatty acids affect the properties of the biolubricants in terms
of thermal-oxidative stability, viscosity, viscosity index, and low temperature behavior.
By increasing the length of the carbon chain, the fatty acid becomes more oily or fatty
and increasingly less water-soluble. The short non-branched fatty acid chains having
approximately 6 carbon atoms are more water-soluble due to the presence of the polar —
COOH groups [133, 151]. If, in the carbon chain every carbon atom is attached to two
hydrogen atoms, except those at the ends of the chain, which are attached to three
hydrogen atoms, then the fatty acid is considered to be a fully saturated, geometrically

configured in a linear shape, and referred to as a saturated fatty acid. When hydrogen
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atoms are missing from adjacent carbon atoms, the carbons share a double bond instead
of a single bond and have a nonlinear structure. This type of fatty acid is called an
unsaturated fatty acids. These acids have lower thermal properties than saturated fatty
acids as shown in Table 2.4 with the boil point values. The fatty acid is polyunsaturated if
multiple double bonds occur. Therefore the classification of fatty acids are saturated,
monounsaturated, and polyunsaturated with subcategories of diunsaturated and
triunsaturated depending on the number of double bonds present. [134]. Investigations
have revealed that the most important unsaturated fatty acids contained in natural oils are
oleic acid (C18:1), linoleic acid (C18:2), and linolenic acid (C18:3). The most important
saturated fatty acids are palmitic acid (C16:0) and stearic acid (C18:0) [152]. These fatty
acids percentages are shown in Fig. 2.2 for several common vegetable oils. In this figure,
safflower oil is a genetically modified organism. As can be seen from Fig. 2.2, natural
oils are composed predominantly of oleic acid and linoleic acid with small trace amounts

of other acids.
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Figure 2.2: Fatty acid percentage for common plant-based oils
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Table 2.4, details the characteristics between the most important fatty acids found in the

natural oils. It can be seen in Table 2.4 that as the number of double bonds increases as

denoted by the lipid number, the degree of unsaturation increases and the boiling point

decreases. All of these properties influence the tribological performance of a lubricant

when used as a base-stock or additive enhancement.

Table 2.4: Important fatty acids in plant-based oils

Common Molecular | Lipid Degree of Boiling

Fatty Acid Type Name Formula | Number | Unsaturation | Point (°C)
Saturated Palmitic Acid | C1gH3,0, C16:0 1 352
Saturated Stearic Acid C1gH350- C18:0 1 383
Monounsaturated Oleic Acid C1sH3405 C18:1 2 360
Diunsaturated Linoleic Acid | CigH3,0, C18:2 3 230
Triunsaturated Linolenic C1gH300- C18:3 4 228

Acid

2.3.2 Unsaturation Number

There is a balance that must be maintained in the biolubricants between the fatty

acids to ensure functionality, for example stearic acid at room temperature is a solid in

the form of a wax whereas oleic acid at room temperature is a liquid. For this reason, the

saturation level describing the proportions of saturated and unsaturated esters must be

optimal to ensure that the plant-based oil is liquid at room temperature and thus can serve

as a functional fluid. To quantify the saturation level, the unsaturation number (UN) is
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used. The UN of natural oils refers to the average number of double bonds within a
triacylglycerol molecule. This provides a metric for quantifying the fatty acid
concentrations within the natural oils. The greater the UN, the greater the degree of
unsaturation in the natural oil. The UN is calculated from the fatty acid distribution using
Eq. 2.1(a) and is summarized in Eq. 2.1(b).

UN =

ﬁ [(1 * Y monounsaturated Fatty Acids) + (2 * ) diunsaturated Fatty Acids) +

(3 * ), triunsaturated Fatty Acids)] Eq. 2.1(a)

UN [{1*(C18:1+4 C20:1+C22:1)} + {2 % (C18:2 4+ C22:2)} + {3 * (C18: 3)}]

-1

100
Eq. 2.1(b)
In Eqg. 2.1(b) the Cx:y is the lipid number which represents the percentage of fatty acids
within the plant-based oil with x representing the chain length and y representing the
number of double bonds. Similarly, Eq. 2.1 could be used to calculate the UN for
unsaturated esters or any other unsaturated hydrocarbon. Table 2.5 shows the UN for a
variety of plant-base oils. Research has shown that natural oils with lower unsaturation

numbers maintain a higher thermal-oxidative stability as well superior tribological

properties.
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Table 2.5: Natural oil unsaturation number

Natural Oil Type Unsaturation Number (UN)
Olive 0.948
Avocado 0.985
Safflower (High Oleic) 1.010
Peanut 1.102
Sesame 1.232
Canola (Rapeseed) 1.287
Corn 1.381
Vegetable (Soybean) 1.451

2.3.3 Thermal-oxidative Stability

Previous research indicates that thermal-oxidative stability of natural oils requires
a low percentage of polyunsaturated fatty acids (i.e. linoleic acid) [153-158]. Thus, the
oxidative stability increases with decreasing amounts of polyunsaturated fatty acids.
Furthermore monounsaturated fatty acids such as oleic acid having one double bond
improve oxidative stability while simultaneously providing good low temperature
properties and superior tribological properties. The best compromise between thermal-
oxidative stability and low temperature properties are through the use of naturally high
oleic acid oils or by genetically modifying the base-stock of low oleic acid oils to yield
high oleic acid oils with concentrations above 80%, such as high oleic acid safflower oil
(HOSO), canola oil, sunflower oil, or soybean oil all of which are commercially available

and derived from genetically modified organisms (GMOs) [77]. An alternative method
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would be to perform chemical modifications of the plant-based oil to achieve the desired
stability. Fully saturated esters exhibit excellent oxidative stabilities, while partially
unsaturated esters require modifications to be useful as engine and transmission fluids or
hydraulic and compressor lubricants [159]. Moreover, fully saturated diester oils are
highly stable towards oxidation, show good low temperature performance, and
demonstrate a high viscosity-temperature index. By adjusting the chain length of the
dicarboxylic acid the viscosity can be modified affecting the thermal stability as well as

the hydrodynamic capabilities which influence the tribological performance.

2.3.4 Viscosity & viscosity index

The viscosity properties of biolubricants are important properties that influence
the applicability of biolubricants as feasible alternatives to petroleum-based lubricants.
Generally, bio-based oils derived from plants or animals are known for their high
viscosity indices and can be considered multi-range oils. The influence of viscosity is
particularly important when esters are used as lubricants because the acids being
esterified do influence the viscosity of the lubricant. The viscosity and viscosity index of
a biolubricant tends to increase with increasing chain length of the carboxyl acid or with
an increase in molecular weight of the alcohol. In the case of polyols, the viscosity
depends on the number of hydroxy functional groups present. Examining the effect of
different polyols with identical fatty acid base fluids show the following series of
viscosities where PE (40 mm?/s) > TMH (31 mm?/s) > TMP (27 mm?/s) > TME (24

mm?/s) > Glycerol (20 mm?/s) > NPG (12 mm?/s) as illustrated in Fig. 2.3 [160-163].
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Figure 2.3: Viscosity of different polyol-esters with the same base acid [163]

The viscosity-index (V1) describes the dependence of viscosity with the temperature. The
higher the VI, the smaller the changes in viscosity over a broader temperature range. The
VI is also affected by branching where it has similar affects as double bonds. By
increasing the branching in either the carboxyl acid or the alcohol while maintaining a
constant carbon number, the viscosity and VI decrease. In contrast, an increase in chain
length with the same structure, i.e. no branching results in an increase in viscosity. As
more complex esters and acids are used to synthesize biolubricants there are diminishing
returns, where the correlation between the viscosity and the carbon number declines. This
is a result of the viscosity increase being compensated by the branching of the ester

molecule and the increasing carbon number [164].
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2.3.5 Low Temperature

Low temperature performance often refers to the pour point of a fluid. The pour
point is the lowest temperature at which the fluid still flows before losing its flow
characteristics. To achieve the desired low temperature properties necessary for most
lubricants. Pour points for bio-based lubricants exhibit the same dependencies as
observed with viscosity. With esters, short-chain branching of the alcohol with tertiary
carbon or hydrogen atoms lowers the pour point, however this molecular structure also
leads to a decrease in oxidative stability of the alcohol. For this reason, neopentyl-polyols
are advantageous for the production of synthetic ester lubricants because their molecular
structure is composed primarily of branched hydroxyl groups. Natural oils should have a
low amount of saturated fatty acids and a shorter chain length or a branching chain length
for optimal low pour points [43, 165, 166] as shown in Fig. 2.4. On the contrary,
unsaturated fatty acids exhibit excellent low temperature properties, where
monounsaturated fatty acids are optimal when compared to polyunsaturated fatty acids
that are susceptible to high oxidation attacks due to the increase in double bonds.
Although, double bonds positively influence the fatty acids by lowering the pour point as
seen in Fig. 2.4, their vulnerability to oxidation negates much of the potential benefit.
Short-chained saturated fatty acids are optimal for their cold flow properties, as the chain
length increases to about 16-18 carbon atoms these fatty acids become solid at
temperatures of 65-75°C [74]. Unfortunately, many natural oils are composed of palmitic
acid (C16:0), stearic acid (C18:0), oleic acid (C18:1), linoleic acid (C18:2), and linolenic

(C18:3) as shown in Fig. 2.2, and thus to achieve the desired low pour point temperatures,
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maintain oil fluidity, and sustain a high oxidative stability a compromise must be made.
Research has shown that oils with high amounts of oleic acid are the best compromise
between sufficient cold flow properties and oxidative stability. High oleic acid oils such
as HOSO has demonstrated low temperature properties with pour points of -35°C and

TMP polyol-esters have demonstrated pour points as low as -50°C [55, 109].
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Figure 2.4: Dependence of pour point on fatty acid structure [167]

Further investigations into the pour point have shown that the position of the
double bonds within the fatty acids has no significant influence of the cold flow
properties. However, slight differences can be observed depending on the degree of
distortion imparted by the double bonds on the molecules. Depending on the position of
the double bond, the distance between molecules increases or decreases and this can
influence the pour point. The influence of the double bond location is shown in Figure
2.5 for both the cis-configuration and the trans-configuration [167]. The cis-configuration

has the hydrogen atoms on the same side of the double bond whereas the trans-
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configuration has the hydrogen atoms on opposite sides of the double bond. As shown in
Fig. 2.5, the steroconfiguration of the fatty acids influences the cold flow properties,
where the cis-configuration has a consistently lower pour point than the trans-

configuration.
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Figure 2.5: Influence of double bonds on the pour point [167]

2.3.6 Hydrolytic Stability

The degree of relative resistance to attack or cleavage of a molecule by water or
water vapor is known as hydrolytic stability. This property is strongly dependent on the
fatty acid ester and synthetic ester structure of bio-based fluids, because the chemical
reaction for these molecules is an equilibrium reaction. Bio-based fluids cleave into their
alcohol and acid components upon hydrolysis, which directly influences the ester bond.

This process is also known as “hydrolytic splitting”, which continues until the chemical
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equilibrium is restored [164]. Thus, hydrolytic stability of an ester is influenced by its
chemical structure. Biolubricants derived from saturated esters with straight chain
components have a higher degree of hydrolytic stability than unsaturated or branched
esters. The most stable derivatives are saturated dicarboxylic esters, arguably due to steric
effects.

Steric hindrance is a natural phenomenon that occurs when a large quantity of
methyl groups within a molecule prevent chemical reactions with other molecules with
smaller quantities of methyl groups. This consequence of the ester bond improves
hydrolytic stability. This protection is due to the presence of methyl groups instead of
hydrogen atoms relative to the ester group. The methyl groups sterically protect the ester
bond against an unwanted hydrolytic attack. Depending on the number of methyl groups
positioned around the ester group, the reaction rate may be reduced many times. Table
2.6 illustrates the reaction rate as a function of the amount of alpha-carbon branching

[168].

Table 2.6: Influence of alpha-carbon branching of the

oxygen ester on the rate of reaction [168]

Alkyl-substitution Related Reaction Rate
CHs; 30
CH3CH;, 1
(CH3),CH 0.3

(CHs)sC 0
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Biolubricants derived from saturated esters with straight chain components have
than unsaturated or branched esters. The most stable derivatives are saturated
dicarboxylic esters, arguably due to steric effects. Biolubricants demonstrate better
hydrolytic stability through the use of linear short-chain mono-alcohols. Even the short
alkyl chains in these alcohols yield improvements on the hydrolytic stability. When using
branched alcohols larger than eight carbon atoms the resistance increases to the level of
saturated linear mono-alcohols [164]. When using glycerol molecules in synthetic esters,
the saturated esters behave with a higher degree of hydrolytic stability than stable
unsaturated or branched esters. The level of hydrolytic stability is comparable to the
stable mono-esters. The most stable derivatives are saturated dicarboxylic esters,
arguably due to steric effects. Their stability is almost entirely independent of the chain
length, branching, and the alcohol components used. Figure 2.6 depicts hydrolytic
stabilities of different ester structures, where a low hydrolytic stability corresponds to a
high acid number [164, 169, 170]. It can be seen in the figure that many saturated esters
i.e. saturated linear mono-esters, saturated long chain mono-esters, saturated tri-glycerin-
esters, dicarbon-acid-esters, and saturated polyol-esters exhibit superior hydrolytic
stability. Although, biolubricants are often susceptible to hydrolytic stability, it is also
this inherent property that affords these lubricants their high biodegradability. This is of
special importance since hydrolysis is the starting reaction for biological degradation and
reducing the effects of hydrolysis inherently reduce the rate of biodegradability. For this

enigma, it follows that protecting an ester bond might be a disadvantage with regards to
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the ecotoxicological properties, and thus a balance must be maintained when improving

hydrolytic stability.
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Figure 2.6: Hydrolytic stability of different ester structures [164]

2.3.7 Lubrication Mechanisms

Many biolubricants are amphiphilic in nature as they are composed of molecules
with polar heads that are hydrophilic and nonpolar hydrophobic carbon chains [171].
These oils are primarily water insoluble due to the presence of the long hydrocarbon
chains in the molecule. Depending on the type of bio-based feedstock, functional groups
such as epoxies and hydroxides and various polar and nonpolar groups might be present
in the hydrocarbon portion of the molecule which can impact the tribological properties
as well as other important properties such as oxidation, low-temperature stability, and
rheology [172]. The amphiphilic properties of biolubricants affect the boundary

lubrication or additive properties while rheological or fluid properties affect the
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hydrodynamic properties. For these reasons, the chemical composition of biolubricants is
important because the combination of amphiphilic and rheological properties affect the
performance of these lubricants in boundary, hydrodynamic, and mixed-film lubrication
regimes [173].

When lubricants operate in the boundary lubrication regime their performance is
often impacted by the ability of adsorption and tribo-chemical reactions to occur on the
metal surface [174-179]. Adsorption refers to the ability of lubricant molecules
specifically polar groups of molecules to attach to the friction surface, minimize asperity
contact, and reduce the friction and wear as the interface. The ability of a lubricant to
adsorb onto a surface is quantified using free energy of adsorption terms.

When lubricants operate in the hydrodynamic or mixed-film lubrication regime,
their performance is often impacted by the ability to form tribo-chemical reactions in the
tribo-interface. These reactions form tribo-films from the chemical reactions of the
lubricants themselves and/or with other materials (e.g., oxygen, moisture, and metal) in
the interface. Tribo-chemical reactions often occur as a result of high temperatures,
pressures, and shearing of the lubrication process. This process in the interface is highly
volatile and so complex that it is not fully understood. As a result, tribo-chemical
reactions are often mistakenly blamed for mechanical failures resulting from oil

degradation by oxidation and the generation of friction polymers [171].
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2.4. Performance Enhancements

Biolubricant research has focused on thwarting the deficiencies of natural and
synthetic oils while seeking to understand the relationship between chemical composition,
molecular structure, and enhancements through chemical modifications such as
epoxidation, metathesis, acylation, estolide formation, transesterification, and selective
hydrogenation of biolubricants with polypols, and additivation [180, 181]. The potential
use of biolubricants is far reaching, yet their major disadvantages militating against their
widespread use in industrial applications are their sensitivity to hydrolysis, thermal
degradation by elimination and oxidation caused by unsaturated molecular compounds.
Investigations into the oxidative limitations of biolubricants have been researched and
new techniques have been proposed to enhance the oxidative stability of biolubricants
[152]. In some instances, through various chemical manipulations and enhancements
biolubricants have been shown to offer higher oxidative stability than traditional
petroleum-based lubricants [43-50, 52-56, 78, 182]. Still other researchers have
investigated the stability of biolubricants when antioxidants are added [183-185].
Nonetheless, chemical modifications to biolubricants by addition reactions to the double
bonds constitutes one of the most promising processes for obtaining commercially viable
products from renewable raw materials. Thus to facilitate the use of lubricants derived
from bio-based materials, additivation, chemical modifications, de novo synthesis,
breeding of genetically modified organisms, and biotechnology will all play critical roles
to ensure adequate functionability and stability as biolubricants and functional fluids

[186-188].
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2.4.1 Additivation

Commercial mineral oils can consist of 10 to 25% additives depending on the
application [189]. Additives are necessary to impart properties that are application
specific and beyond what oil-basestock can perform. Additives of biolubricants include
antioxidants, metal deactivators, detergents, dispersants, corrosion inhibitors,
demulsifiers, rust inhibitors, antiwear additives, extreme pressure additives, viscosity
improvers, pour point depressants, hydrolysis protection, among others [184, 190-192].
Table 2.7, shows some of the common additives used with their water pollution
classification. Additives are common practice in lubricants, but the toxicity of currently
used additives requires research on the development and use of alternative bio-based
environmentally-benign additives. Thus far, naturally occurring antioxidants such as
tocopherol (vitamin E), L-ascorbic acid (vitamin C), esters of gallic acid (lauric alcohol
and dodecanol), citric acid derivatives, or lipid modified ethylenediaminetetraacetic acid
(EDTA) derivatives serve as synthetic metal scavengers and provide viable alternatives to

the currently used toxic antioxidants [77].
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Table 2.7: Commonly used additives

Additive Compound Water pollution class”
Antioxidants BHT and other phenols 1
Alkylsubstituted 1
diphenylamines
Deactivators for Cu, Zn, etc. Benzotriazoles 2
Corrosion inhibitors Ester sulfonates 1
Succinic acid esters 1
Anti-wear additives Zn dithiophosphate 2(3)
Pour point depressants Malan styrene copolymers Not identified
Polymethacrylates Not identified
Hydrolysis protection Carbodiimides No identified

“0, no danger; 1, little danger; 2, danger; 3, strongly endangering

Other biolubricants additives function more as antiwear and extreme pressure
additives and consist of environmentally benign solid particulate additives. Green solid
lubricants are a class of “powder lubricants” consisting of lamellar crystal structures with
low interlayer friction [6]. Examples of green solid lubricants include boric acid (H3BO3)
and hexagonal boron nitride (hBN), which have similar properties to graphite (C),
molybdenum disulfide (MoS,), and tungsten disulfide (WS,) [193]. Lamellar powder
lubricants are superior additives due to their crystal structure, in which atoms lying on the
same layer are closely packed and strongly bonded together by covalent bonds, and the
layers are relatively far apart due to the weak van der Waals force [25]. When entrained

between sliding surfaces, these lamellar powders can adhere to the surface, form a
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protective boundary layer, and minimize contact between opposing surface asperities to
prevent wear. The protective boundary acts as a lubricant in sliding contacts by
accommodating relative surface velocities. The lamellar powder lubricants accomplish
this by aligning their layers parallel to the direction of motion and sliding over one
another to minimize friction. Moreover, these powder lubricants can lubricate in extreme
conditions such as high or low temperatures and pressures [11, 16, 92, 113, 194-196].
Although there are many solid powder lubricants that can be used as additives,
there are far less that are environmentally benign. Hexagonal boron nitride and boric acid
powder represent some of the greener more environmentally-friendly additives that are
inert to most chemicals [152]. They have been studied extensively because they are
highly refractory materials with physical and chemical properties similar to that of
graphite [9, 92, 93, 197]. These powder are extremely lubricious with attractive
performance-enhancing attributes similar to other lamellar solids, making them attractive
alternatives to other inorganic solid lubricants. Boric acid is found naturally, however
boron nitride is not naturally occurring, it is synthesized from boric oxide or boric acid
compounds. Generally, boron-based compounds are extremely stable and do not
breakdown to form other hazardous materials under normal operation; thus, they are safe
to handle and feasible to use in industrial applications with no hazardous effects or
limitations on their use. There are no reports issued by the National Toxicology Program,
International Agency for Research on Cancer, Occupational Safety and Health
Administration (OSHA), or American Conference of Government and Industrial

Hygienists that indicate boron nitride or other boron compounds are carcinogens or pose
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any toxic hazard [113]. Boron compounds are not considered hazardous chemicals by the
EPA or under the Superfund Amendments and Reauthorization Act (SARA) guidelines,
and no regulations exist regarding their use, storage, transport, or disposal. For these
many reasons, boron nitride and boric acid can be considered an environmentally benign
substance with no limitations on its operational use [198].

Research has indicated that powder-based biolubricants can be problematic
because they can be forced out of the contact zone during dry sliding contact [198]. In an
attempt to remedy this problem, biolubricant colloidal mixtures composed of powder
additives such as boric acid or boron nitride with natural oils such as canola (rapeseed) or
soybean oil create a more environmentally friendly lubricant [118]. Here, the natural oil
is a bio-based carrier fluid used to circulate the green powder additives allowing them to
remain in the contacting pin-disk interface without degrading over time [199, 200]. These
powder-based biolubricants demonstrate improved friction and wear reduction and

promote ecological sustainability [90, 93, 95, 113].

2.4.2 Oxidation

Many natural oils and bio-based feedstock are composed of fatty acids that are
derived from triacylglyceride molecules, which contain glycerol. The presence of
glycerol in bio-based materials gives rise to a tertiary B-hydrogen (secondary hydrogen)
attached to the [B-carbon (secondary carbon) of the functional hydroxyl group, as

illustrated in Fig. 2.7 at location (a).
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Figure 2.7: Critical positions in triacylglycerides susceptible
to chemical modifications (a) B-hydrogen position, (b)

double bond position

The B-hydrogen present in the unsaturated fatty acids is known to have oxidative
instability and therefore is a cause for the fast oxidation of natural oils in process known
as autoxidation. The B-hydrogen is also the location where most bio-based feedstock are
chemically modified [81]. Additionally, the bis-allylic hydrogen, which attaches to the
double bonded carbon atoms in polyunsaturated fatty acids are particularly susceptible to
free radical attacks, peroxide formation, and production of polar oxidation products
similar to that of hydrocarbon mineral oils, except at an expedited rate in natural oils [10,
201-203]. Oxidative instability also arises from the presence of the double bonds present
in the triacylglycerol molecule as depicted in Fig. 2.7 at location (b) [19, 81, 92, 196,
204-209]. Figure 2.8, shows how the oxidation stability of vegetable oils is influenced by
the number of double bonds by the Rancimat method [210]. Here, the strong dependency

of the stability on the amount of double bonds is apparent.
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Figure 2.8: Influence of oxidation stability on the amount of double bonds with
the Rancimat method [210]

Additionally, the degree of unsaturation of ester molecules also has a profound effect on
the oxidation stability of synthetic lubricants. The effect of oxidation on three different
saturated polyol-esters is depicted in Figure 2.9. The oxidation stability of these fluids
was determined by the viscosity increase after an aging process according to the Baader-

test (DIN 51587) [210].
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Figure 2.9: Influence of saturation on oxidation stability [210]

As a precaution saturated alcohols and acids are used for the production of lubricants.
The deficiencies of bio-based lubricants can cause the development of insoluble deposits
and increases in oil acidity, viscosity, and poor corrosion protection to occur. Moreover,
the existence of unsaturated ester compounds in biolubricants causes hydrolytic
degradation, which also increases oxidation [44, 102, 152, 211-213]. Oxidation stability
can also be enhanced by sterically protecting the double bonds by means of branching.
The effects of branching on oxidation are similar to the effects of increased hydrolytic
stability through branching.

These problems become negligible in oxygen-free environments because the
critical B-hydrogen and the bis-allylic hydrogen are no longer susceptible to oxidative
degradation by elimination (e.g. esterification or hydrolysis) and can therefore withstand

the higher temperatures affording increased thermal stability of the biolubricants. The
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thermal degradation temperatures of biolubricants in an oxygen-free atmosphere are
significantly higher than that in an open air oxygenated environment, where the process
of oil oxidation lowers the thermal stability and influences the performance of the
tribological properties within the natural oils [214-216]. For example, a
thermogravimetric analysis (TGA) in a nitrogen environment has revealed thermal-
oxidative stabilities 20° to 100°C higher when compared to a TGA performed in an
oxygen environment as performed on fatty acid-based oils by Salih et al. [44, 152, 211,
212], vegetable-base oils by Erhan et al. [217], and synthetic ester basestocks by Salimon
et al. [218]. To further quantify the susceptibility of the biolubricants to thermal and
oxidative vulnerabilities an unsaturation analysis of biolubricants is often performed. In

general, decreasing the unsaturation levels, increases the thermal oxidative stability.

2.4.3 Esterification

There are two locations in bio-based lubricants where chemical modifications can
be effective (Fig. 2.7): (a) the first position is at the ester moieties in the triacylglycerides
where the B-hydrogen exists and (b) the second position is at the C-C double bonds along
the fatty acid chains [55]. Esterification or transesterification is the modification of the
ester moieties present in the triacylglycerides, which have glycerol as the alcohol
component and have the critical B-hydrogen, which is susceptible to thermal degradation
by elimination. In this process the glycerol is replaced with polypols such TMP, NPG, or
PE, effectively creating a synthetic ester. Results indicate that hydrolytic and oxidative

stability are increased considerably for biolubricants if the fatty acid portion consists
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entirely of oleic acid. High oleic acid vegetable oils have shown high stabilities similar to
standard oleic acids (68-72%) with TMP, indicating the feasibility of neat vegetable oils
without the need of any modifications. These results are promising and continue to be

investigated [109].

2.4.4 Epoxidation

Epoxidation is the second chemical modification and one of the most important
functionalization reactions of the C-C double bonds to improve the oxidative stability,
lubricity, and low temperature behavior of biolubricants [219]. The chemical
modification of epoxidized fatty acids is often used as a precursor to ring opening
reactions as seen in Fig. 2.10 [44, 121, 152, 212]. The chemistry of epoxidation of
unsaturated fatty acids is a well-known technique for improving the oxidative stability
dating back almost seventy years [152]. A number epoxidation methods have transpired
utilizing classical chemical methods via peroxy acids, dioxiranes, peracids, and through
the use of alkyl hydroperoxides [220]. Other epoxidation techniques utilize a
chemoenzymatic self-epoxidation process as well as an in situ performic acid procedure
[221]. In recent attempts to chemically modify the fatty acid chain of natural oils was the
development of diester compounds synthesized from oleic acid and common fatty acids
[222]. A multi-step process of oleochemical diesters begins with epoxidation, followed
by ring opening of epoxidized oleic acid with fatty acids using a p-toluenesulfonic acid
(PTSA) as a catalyst to yield mono-ester compounds. The process ends with the

estification reaction of these compounds producing the desired diester compounds [223-
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228]. These diesters compounds have demonstrated enhanced low temperature behavior
due to the increased ability of the long chain esters to disrupt macrocrystalline formation
at low temperatures.

In addition to epoxidation, a number of other chemical modifications can be
employed to manipulate the C-C double bond such as alkylation, radical addition,
acylation, enereaction, aminoalkylation, hydroaminomethylation, acyloxylation (with the
addition of carboxylic acids), co-oligomerization, and hydroformylation [229-231]. Many
of these reactions have been investigated using oleic acid esters and other derivatives for

their wide applicability and performance enhancements to biolubricants.
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2.4.5 Estolides of Fatty Acids

Estolides are a class of esters derived from natural and synthetic compounds
synthesized from fats and oils at the location of the carbon-to-carbon double bond
(unsaturation point) where they form a carbocation. The estolide structure consists of a
secondary ester linage between one fatty acid acyl molecule to another fatty acid alkyl
molecule [166, 233-235]. The carbocation on the estolide can undergo nucleophilic
attacks by other fatty acids, with or without carbocation migration along the length of the
chain, to form an ester linkage, thus inherently promoting the formation of estolides [122,
236-247]. Estolides can be found in free acids, esters, or triacylglycerides. Estolides
were primarily developed to overcome the thermal oxidative instabilities and poor low
temperature properties of natural oils [221]. In some instances, estolides are enhanced
with additives, however at the expense of biodegradability, cost, and toxicity. Recent
research in estolides have revealed their synthesis from saturated mono-estolide methyl
esters and enriched saturated mono-estolide 2-ethyl hexyl esters from oleic acid, lauric
acid, and free estolides [248]. Results indicate that chain length and estolide number

affect low temperature properties and tribological performance.

2.4.6 Selective Hydrogenation

As described previously, the multiple double bonds present in polyunsaturated
fatty acids is disadvantageous for the utility of biolubricants because of their
susceptibility towards oxidation attacks. Monounsaturated fatty acids with only one

isolated cis double bond such as oleic acid (C18:1) are considerably more stable towards
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thermal-oxidation stability by an order of magnitude or more. Despite this, it seems that
the ideal situation would be to remove all unsaturation by catalytic hydrogenation. This
however would “harden” the lubricate leaving it with saturated fatty acids such as stearic
acid that would turn the (liquid) oil to a (solid) fat rendering it useless as a lubricant or
hydraulic fluid. For this reason, it is necessary to leave monounsaturated fatty acids in the
oil to ensure optimal lubricity, viscosity, and pour point.

Selective hydrogenation is a process of converting polyunsaturated fatty acids to
saturated and monounsaturated fatty acids by removing all or all but one of the double
bonds. For example linolenic acid (C18:3) and linoleic acid (C18:2) would each lose two
and one of the cis double bonds respectively, thus being converted to oleic acid (C18:1)
and its positional isomers, each of which carrying only one isolated cis double bond.
Hydrogenation can occur through a variety of catalysts [77]. Although these processes
are still in their infancy as reactions of linolenic acid and linoleic acid were reduced but
not strictly to oleic acid, some of the reaction isomerized to elaidic acid (trans C18:1)
which has similarly properties as stearic acid (C18:0), that are undesirable, and thus
rendering the process unsubstantiated. Through continued efforts this process does have
potential to allow the improvement of readily available natural oils, however more

research is needed.

2.4.7 Branched Fatty Acids
Biolubricants synthesized from branched fatty acid such as iostearic acid exhibit

superior low temperature behavior such as low pour point, low viscosity, high chemical
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stability, and high flashpoint. Isostearic acid is procured from the thermal isomerization
of polyunsaturated C-18 fatty acids followed by hydrogenation. The branching points are
limited to the interior portion of the molecule [131, 249]. In a similar fashion 12-
hydroxystearic acid derived from rhizonoleic acid by hydrogenation can also be used. As
previously discussed, removing the double bonds and the glycerol molecules from the
triacylglycerides enhances biolubricant performance. Compromises will always be made
between tribological performance, oxidative stability, low-temperature performance, and
biodegradability. For example, biolubricants synthetized from branched fatty acids
maintain low temperature capabilities that must be present in the oils for many industrial
applications, however branched fatty acids decrease biodegradability of the lubricant.

The forgoing discussion on the enhancements of biolubricants aims at providing
an overview of the molecular structure and physical constraints that must be considered
when evaluating their performance. In an effort to provide the reader with a broad scope,

Fig. 2.11, summarizes the influence of structure on the chemical and physical properties.
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2.5. Evaluating Biodegradability and Ecotoxicity
2.5.1 Biodegradability

As the lubrication industry shifts towards the use of “greener” lubricants, two
major prerequisites are remaining that biolubricants must meet: (1) a high
biodegradability and (2) a low ecotoxicity. One of the primary attributes of bio-based
lubricants is their inherent biodegradability. Biodegradation is the chemical dissolution
by which organic substances are broken down by the enzymes produced by living
organisms. This means that biolubricants based on renewable raw materials derived from
CO; and H,0 via photosynthesis, following their use, are ultimately returned to the earth
as CO;, and H,O through biodegradation [250]. Organic material can be degraded
aerobically, with oxygen or anaerobically, without oxygen. By definition, biodegradation

is the chemical transformation of a substance by organisms or their enzymes [251-254].
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Biodegradation, once a term reserved for ecology, waste management, and environmental
remediation (bioremediation), has now become ubiquitous within the lubrication industry.

Biodegradability of a lubricant can be separated into two types, primary and
ultimate biodegradation. Primary degradation refers to the disappearance of the original
organic compound and may or may not indicate that a substance will biodegrade
completely. This method is measured by evaluating the infrared (IR) bands of the C-H
bonds through a method listed as CECL-33-A-93 (CEC, Coordinating European Council)
[255, 256]. This method of testing biodegradability has yet to become widely accepted
due to the obscurity in the compound disappearance [257]. Ultimate degradation also
known as total degradation describes the conversion of the original organic compound to
carbon dioxide (CO;) and water (H,0) by biodegradation within 28 days. This method is
measured by the OECD 301 B (OECD, Organization of Economic Cooperation and
Development) test method, which has gained worldwide acceptance [258]. Currently,
there are numerous standardized test methods available that have been reviewed for
assessing biodegradability, with many biolubricants themselves being tested under a
variety of operating conditions [259]. Interestingly, results indicate that biodegradability

is not affected by usage and that antioxidant additives have a positive effect.

2.5.2 Ecotoxicity
Ecotoxicity is an important property in the discussion of biolubricant usage. With
upwards of 50% of all lubricants (most being petroleum-based) entering the environment

via waste streams, spills, normal usage, and improper disposal their presence in the
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environment is toxic with compounding effects that are detrimental to plants, animals,
and humans. These effects are strikingly more severe in aquatic ecosystems due to their
high sensitivity. For these reasons, it is important to test the aquatic toxicity of lubricants
by measuring the extent to which they poison particular environmental species such as
green algae, Pseudokirchneriella subcapitata or Desmodesmus subspicatus (OECD 201);
freshwater fleas, Daphina magma (OECD 202-12); rainbow trout minnows,
Oncorhynchus mykiss or zebrafish minnows, Brachydanio rerio (OECD 203-13); bacteria,
Pseudomonas putida (OECD 209); and laboratory rats, Sprague Dawley (OECD 401).
Qualification of a lubricant to be classified as biodegradable means the lubricant
biodegrades by at least 80% within 28 days (CECL-33-A-93) or by 60% after 28 days
(OECD 301B). Toxicity measurements are based on the LDsy value, which is a
measurement used to determine the potential impact of toxic substance on different types
of organisms. It provides an objective measure to compare and rank the toxicity of
substances based on the median lethal dose (LD) of a substance, or the amount required
to kill 50% of a given test population. In ecotoxicity studies a lubricant is deemed

ecofriendly (non-toxic) if its LDsq value is greater than 1000ppm (LDso>1000ppm).

2.5.3 Biolubricant Environmental Definitions

Despite the criteria for evaluating biodegradability and ecotoxicity, many
lubricants are still deemed biolubricants that are environmentally acceptable even if they
are not properly formulated. For example, if a lubricant consists of a bio-based fluid in

combination with a toxic additive, the “environmentally-friendliness” of the lubricant is
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thus compromised and should be referred to as not environmentally acceptable, even
while the bulk of the fluid is indeed biodegradable, the overall lubricant is not. For this
reason, it is useful to classify lubricants according to environmental risk as shown in

Table 2.8 [260].

Table 2.8: Classification of terminology regarding lubricants and

environment risk

Term Definition
Environmentally positive Non-injurious
Environmentally-friendly Eco-friendly
Environmentally-sociable Socially Friendly
Environmentally-justified Environmentally favorable

Environmentally careful Environmentally conservative

Environmentally neutral Harmless to the environment
Environmentally protective Preserves the environment

Environmentally conformable Respectful of the environment

Moreover, it is equally important to organize the Ilubricant classifications by
environmental risk (Table 2.9). According to this categorization, no lubricant can be
regarded as truly environmentally friendly, because this in turn implies an improvement
to the environmental conditions. Therefore, one must be content with the fact that a
lubricant is environmentally acceptable and that it affects the environment to a less
pronounced degree [261]. To this point, several European countries have begun eco-
labeling lubricants as environmentally acceptable such as the Blue Angel label in

Germany, the Nordic Swan in Nordic countries, the new Euro Margerite eco-label seen in
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various European countries, and most recently the BioPreferred program in the United

States [181, 262-265].

Table 2.9: Rank of terminology regarding environment risk
. Tem  Oefitn
Friendly Improves the environment
Neutral Unimportant, harmless

Threshold of Perception
Sociable Low, Unsuitable

Start of Legal Regulation

Annoying Disagreeable, unpleasant,
impairing
Irksome Troublesome, inconvenient

Limit of Burdening
Endangering Excessive, unimputable

Harmful Dangerous, irreversible effects

2.5.4 Evaluation methods

Since the testing of biolubricants varies substantially from those of conventional
petroleum-based lubricants, extensive testing is required. To qualify biolubricants for
their intended applications, special laboratory tests are required to ensure that they will
withstand the pressures and temperatures encountered, while maintaining adequate
tribological performance. Many of the conventional chemical and physical test
procedures were developed for mineral oils and are not applicable for biolubricants, so

many new test procedures have been developed. In particular, new test methods to access
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the thermal-oxidative stability, biodegradability, and ecotoxicity of biolubricants have
been developed. Various test methods exist for evaluating many of the properties of
biolubricants. As described previously biodegradability can be measured by CECL-33-A-
93 and OECD 301 tests and ecotoxicity can be measured according to OECD 201
through 213 tests. Other performance tests involve the quantification of a lubricant’s
oxidative stability, viscosity, viscosity index, and hydrolytic stability, among many other
properties that are pertinent to biolubricants. There are a number of standardized
oxidative stability tests for lubricants such as the Baader Oxidation Test (DIN 51553 part
3), Two One-Sided Tests (DIN 51587), Rancimat method, and various Standard Test
Methods for Oxidation Stability (ASTM D2112-93, ASTM D2272, and ASTM D943).
Kinematic Viscosity and the viscosity index can be studied according to ASTM standards
D445 and D2270, respectively. Standard test methods for examining hydrolytic stability
are ASTM D2619, known as the ‘beverage bottle test’, and ASTM D943 where it
describes a TOST test measuring hydrolytic stability [77]. More specialized tests exist for
particular applications and the needs of a lubricant, however a detailed summary of all

these methods is beyond the scope of this review [266].

2.6. Laws, regulations, and the state of biolubricants

Most industrialized countries have laws, which are designed to protect water
resources, the ground, work places, and the air from pollution. In most countries, except
Portugal and Austria, there are no compulsory legislative measures regarding the use of

biolubricants. Portugal was the first country to institute a mandate requiring outboard
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two-stoke engines to run off a two-thirds biodegradable lubricant, the minimum
requirements of biodegradability according to CECL-33-T-82. In Austria, the use of a
plant-derived lubricant for chain saw oils is a federal regulation. Recommendations for
the use of bio-based lubricants and functional fluids exist in the United Kingdom and
Canada [23, 267, 268]. In the United States, the Department of Agriculture (USDA) has
established guidelines for designating and promoting items made from biobased products
(including plant based lubricants) through two initiatives: (1) Product Labeling, where the
government seeks to qualify products to increase consumer recognition and (2) the
Federal Procurement Preference, where the USDA designates categories of biobased
products. Here, the USDA has a BioPreferred program whose primary focus is to
“promote the increased purchase and use of biobased products” [269]. This program aims
at creating economic development by generating new jobs and building new markets for
farm commodities. The USDA believes that an increase in the development, purchase,
and use of bio-based products will reduce the nation's reliance on petroleum. The
underlying goal is to increases the use of renewable agricultural resources in hopes of
reducing adverse environmental and health impacts from the nearly 20 million tons of
petroleum-based lubricant entering the environment annually. Currently, many state and
local community regulations are voluntarily trying to convince contractors and
subcontractors to use environmentally acceptable lubricants and functional fluids.
However, the decision to use biolubricants remains with the contractor as well as the
financial burden.

The price of biolubricants is an issue that affects their widespread use. On average



94

biolubricants cost approximately three times more than traditional petroleum-based
lubricants. Vegetable oils and synthetic esters can range anywhere from 1.5 to 5 times
more expensive than mineral oils [76]. For this reason, their must be an economic and
environmental balance in order to minimize the cost, where the difference between
economic cost and true cost are on the same order of magnitude. This can be
accomplished by government funded subsidies for original equipment manufacturers
(OEMs) to invest in biolubricants without assuming all of the financial liability.

To bring biolubricants to the forefront of the lubrication industry there needs to be
economic incentives where government legislature puts a value on protecting the
environment. Increasing legislative pressure would promote the use of biolubricants. In
order for this to occur, lawmakers would have to quantifiably decide, with a similar logic
as presented in Table 2.9, if the release of lubricants into the environment is tolerable or
hazardous in the sense of pollution. Without a decision on these terms and the lack of
appropriate incentives, the consumer, industrial companies, contractors, and other
stakeholders involved in the lubrication industry would have little reason to use the more
expensive biolubricants over petroleum-based lubricants. Currently, many lubrication
engineers first base their decision to use a lubricant on price, then on performance, and
lastly by environmental consideration.

More still, legislative pressure and government subsidiaries are necessary to
encourage the use of biolubricants because this will incentivize OEMs to design and test
their machinery and hydraulic equipment for use with biolubricants. This is important

because it ensures a customer that their equipment is covered under warranty if it uses a
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biolubricant and it helps drive down prices of bio-based lubricants and functional fluids.
For example, currently the market share of biolubricants is 2-5% and many OEMs do not
see the immediate value of using a biolubricant because it is more expensive, however a
government subsidy could help to encourage more OEMs to create products with
biolubricants. This would in turn reduce the price of biolubricants through increased

market saturation.

2.7 Conclusions

Biolubricants can provide economical and feasible alternatives to petroleum-
based lubricants while promoting energy conservation and sustainability. Their ability to
be non-toxic and renewable as well as potentially satisfy the combination of
environmental, health, economic, and performance challenges of conventional lubricants
illustrates the vast potential of bio-based lubricants. When developing bio-based
lubricants a compromise must be maintained between synthesizing a lubricant with
optimal environmental and tribological properties as well as ensuring a competitive price.
Although many biolubricants often suffer from poor thermal-oxidative stability,
solidification at low temperatures, biological deterioration, and hydrolytic instability,
there remains to be many techniques to rectify these drawbacks through a multidiscipline
understanding of the relationships between chemical composition, molecular structure,
and various chemical modification techniques. In this review, biolubricants were
examined from a macroscale perspective with their deficiencies and advantages being

highlighted. Biolubricants have progressed tremendously over the last thirty years and
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hopefully in the next thirty years they can become as prevalent and ubiquitous as mineral

oil, thus supporting many of the global environmental initiatives.
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Chapter 3 Experimental Details

3.1 Materials

3.1.1 Natural Oils

In the present investigation, eight commercially available natural oils were
selected as neat lubricants: avocado, canola (rapeseed), corn, olive, peanut, safflower
(derived from genetically modified organisms), sesame, and vegetable (soybean) oil.
These oils were chosen because they represent oils with a variety of saturated,
monounsaturated, and polyunsaturated fatty acid compositions. The natural oils are
derived from a broad range of bio-based feedstocks with minimal refinement and are
readily available and inexpensive. Additionally, they have viscosity indices and surface
tension properties similar to petroleum-based lubricants and transmission fluids used in
sheet metal stamping and metal-forming processes [17, 81, 91, 92, 95, 196]. In addition,
as a basis for comparison a commercial soybean derived biolubricant and a petroleum-

based lubricant SAE 10W-30 synthetic motor oil were tested.

3.1.2 lonic Liquids

In this investigation, the ionic liquids examined consist of anions such as
salicylate’, saccharinate’, benzoate’, cyclohexane carboxylate’, chlorine’, and
bis(trifluoromethylsulfonyl)imide, designated as Tf,N" (anion charges will now be
omitted). Salicylate, saccharinate, and benzoate are considered to be environmentally

benign anions due to their potential bio-based derivation. The cations consisted of
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trihexyl(tetradecyl)phosphonium (Pess14”) and 1,3-diakylimidazolium (Cymim*) of
varying chain lengths, where the x denotes 10, 8, 6, 5, and 3 carbon atoms representing
the 1-decyl, 1-octyl, 1-hexyl, 1-pentyl, and 1-propyl analogs (cation charges will now be
omitted). The names, properties, and molecular structure of the anions and cations are
depicted in Table 3.1. The 1,3-diakylimidazolium-based ionic liquids were prepared via
either conventional anion metathesis reactions or microwave synthesis involving either
the conjugate acid or sodium salt of the desired anion, then purified and characterized
using established methods [138, 270-272]. The phosphonium-based ionic liquids
consisting of a trihexyl(tetradecyl)phosphonium  (more commonly referred to as
phosphonum) cation paired with a benzoate, salicylate, saccharinate or Tf,N anion were
synthesized, purified, and characterized according to published methods [272] with slight
modifications. In the synthesis process, a dichloromethane solution of Pggs14Cl was
contacted for two hours at room temperature with a saturated aqueous solution (in D.I.
water) of either the sodium or lithium salt of the anion of interest to permit ion exchange.
The IL (lower) layer was separated from the aqueous phase (upper) and washed three
times with D.l. water to ensure complete removal of NaCl (or LiCl). The methylene
chloride was then removed at 80°C and the chemical composition of the residue

remaining (i.e. the IL) was determined by *H NMR.
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Table 3.1: Names, properties, and molecular structure of

various ionic liquid anion and cation constituents

Systematic Name Common Names Details Structure
Trihexyl(tetradecyl) | trihexyl(tetradecyl)phospho | Cation (+) H,
phosphonium nium Molecular Formula:

Tetradecyl(trihexyl)phospho | CzHggP H Hy

nium
Phosphonium
P666,14

Molar Mass: 483.86
Da

K

1H-Imidazol-3-ium

1,3-dialkylimidazolium
Cymim

Cation (+)
Molecular Formula:
CsHsN,

Molar Mass: 69.08
Da

1-Decyl-3-methyl-
1H-imidazol-3-ium

1-Decyl-3-
methylimidazolium C;ymim

Cation (+)

Molecular Formula:

Ci4H27N;
Molar Mass: 223.38
Da

H,C
1-Methyl-3-octyl- 1-Methyl-3- Cation (+) H,
1H-imidazol-3-ium octylimidazolium Molecular Formula: o\
1-0Cty|-3- CoHx3N, q)
methylimidazolium Molar Mass: 195.32
3-Methyl-1- Da
octylimidazolium
Cgmim
H,C
1-Hexyl-3-methyl- 1-Hexyl-3- Cation (+) CH,
1H-imidazol-3-ium methylimidazolium Molecular Formula:
Cgmim CioH19N,

Molar Mass: 167.27
Da



http://www.chemspider.com/Molecular-Formula/C32H68P
http://www.chemspider.com/Molecular-Formula/C3H5N2
http://www.chemspider.com/Molecular-Formula/C14H27ClN2
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http://www.chemspider.com/Molecular-Formula/C10H19N2
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3-Methyl-1-pentyl-
1H-imidazol-3-ium

3-Methyl-1-
pentylimidazolium
Csmim

Cation (+)
Molecular Formula:
CgH7N;

Molar Mass: 153.24
Da

1-Allyl-3-methyl-
1H-imidazol-3-ium

1-Allyl-3-
methylimidazolium
Csmim

Cation (+)
Molecular Formula:
C/HuN,

Molar Mass: 123.18
Da

Salicylate

Salicylate

Anion (-)
Molecular Formula:
C;Hs04

Molar Mass: 137.11
Da

OH

Benzoate

Benzoate

Anion (-)
Molecular Formula:
C7H502

Molar Mass: 121.11
Da

1,1-Dioxo-1,2-
benzothiazol-2-id-3-
one

Saccharinate

Anion (-)
Molecular Formula:
C,;H4NO,S

Molar Mass: 182.18
Da

Cyclohexane
carboxylate

Cyclohexane carboxylate

Anion (-)
Molecular Formula:
C/H1,0;

Molar Mass: 127.16
Da

Bis((trifluoromethyl)
sulfonyl)azanide

Bis(trifluoromethylsulfonyl)
amide

Bistriflylimide anion

TN

Anion (-)
Molecular Formula:
C,FsNO,S,

Molar Mass: 280.15
Da

Chloride

Chloride

Anion (-)
Molecular Formula:
Cl

Molar Mass: 35.45
Da



http://www.chemspider.com/Molecular-Formula/C7H11N2
http://www.chemspider.com/Molecular-Formula/C2F6NO4S2
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3.1.3 Particulate Additives

In the present investigation the lubricants were mixed with various particulate
additives such as hexagonal boron nitride (hBN), molybdendum disulfide (MoS,),
tungsten disulfide (WS), graphite (C), and multi-walled carbon nanotubes (MWNTS).
These additives ranged in size from nanometers to microns. Table 3.2 showcases the
various additives used throughout this experimental investigation. During particulate
lubricant mixture tests, 5 to 10 mL of lubricant were mixed with the particulate additives
at 5% by weight. The individual particles and their mixtures were combined with the neat
lubricants using a vortex generator to form a homogenous colloidal mixture. In trials
where two particles were mixed, the percentage of each additive was decreased in half to
2.5%, resulting in a total addition of 5% by weight. These solid particle lubricant
suspensions were tested in identical manners to the neat lubricants using a pin-on-disk

tribometer.



Table 3.2: Particle additives mixed with the lubricants
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Nanotube

0.006-0.009 x 5.0

Additive
Additive Name Composition Size (um) Structure
Boron Nitride h-BN 0.07 Lamellar
Boron Nitride h-BN 0.50 Lamellar
Boron Nitride h-BN 1.50 Lamellar
Boron Nitride h-BN 5.00 Lamellar
Tungsten Disulfide WS, 0.055 Lamellar
Tungsten Disulfide WS, 0.60 Lamellar
Graphite C 0.05 Lamellar
Molybdenum Disulfide MoS, 2.00 Lamellar
Multi-Walled Carbon C O.D.xL Cylindrical

0O.D. = Outside Diameter
L = Length

3.1.4 Pin and Disk Materials

Throughout this experimental investigation three materials were consistently used

for the construction of the pins and disks used in the tribo-interface, 440C stainless steel,

2024 aluminum alloy, and oxygen-free electronic copper (C101) (99.99 wt. % purity of

copper) [112]. The chemical composition of the steel and aluminum material is shown in

Tables 3.3 and 3.4, respectively [112, 198]. The pin and disk materials were specifically

chosen to match prior experiments conducted by the authors [81, 90, 93, 118].

Additionally, these materials are used to manufacture components for metal-forming,

drilling, and machining operations as well as extensive use in a broad set of applications

within the manufacturing and automotive industries. They are also used to produce a
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wide variety of parts including dies, molds, bearings, brake valves, and bushings [95,

273-277].

Table 3.3: Chemical compositions of 440C stainless steel [112]

Element Percent (%)
Fe 79.89
Cr 17
Ni 0.375
C 1.075
Mg 0.5
Cu 0.25
Mo 0.375
Si 0.5
S 0.015
P 0.02
Other, total None




Table 3.4: Chemical compositions of 2024 Al alloy [112]

Element Percent (%)
Al 91.9
Cu 4.35
Mg 1.50
Mn 0.60
Fe 0.50
Si 0.50
Zn 0.25
Ti 0.15
Cr 0.10

Others, total 0.15
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The pins were machined to dimensions of 6.35 mm in diameter and 50 mm in length with

a hemispherical tip. The disks were made having dimensions of 70 mm in diameter and

6.35 mm in thickness. The disks were originally machined to a surface roughness having

an arithmetic average, R, of 0.3 £ 0.05 um. The surface roughness measurements were

conducted using a 2-dimensonal contact-type profilometer for a 10 mm scan length. In

some experiments the surface roughness was altered. These details will be provided in the

subsequent chapters.
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3.2 Experimentation
3.2.1 Tribological Testing

Pin-on-disk tests at ambient (23°C) and high temperature (100°C) conditions were
conducted to characterize the tribological properties of the various lubricants. Table 3.5

presents the basic testing conditions used throughout each experiment.

Table 3.5: Test parameters

Parameter Selected Value

Normal load (N) 10

Sliding velocity (mm/s) 36

Angular velocity (rpm) 21.5

Distance traveled (m) Variable i.e. test dependent

Environment Ambient (23°C) or high temperature (100°C)
Lubricant quantity (mL) 5-10

During each of the tests the surface of disk was completely submerged by the lubricant
mixture, thereby continually lubricating the pin-disk interface throughout the duration of
the test. The pin and disk specimen were cleaned before and after each test using an
ultrasonic cleaner with soap, acetone, and hexane solutions. Each test was repeated a
minimum of three times to ensure repeatability and accuracy of the results. The normal
load and friction force measurements were monitored for each test using a two beam type
load cells that read the normal load from a static hanging mass and the friction force from
as the tangential force off the pin holder. The linear wear-loss was acquired through a

linear variable differential transducer (LVDT) with an encoder, which recorded the
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vertical displacement of the pin. The linear wear displacement of each pin was converted
into a volumetric wear loss using Eq. (3.1) derived from the geometry of a spherical cap

[278].

V=""(3r - h) Eq. (3.1)

In Eqg. (3.1), h is the linear displacement (mm) in the vertical (longitudinal) axis for the
pin, r is the pin radius (mm), which is assumed to be constant throughout the test, and V
is the volumetric wear loss (mm®). The tribometer was configured with a data acquisition
system that recorded all the data in situ throughout the duration of each test. After each
test, the pin specimens were examined using a scanning electron microscope to study the

deformation and damage on the worn surface of the pins.

3.2.2 Thermogravimetric Analysis

A thermogravimetric analysis (TGA) in a nitrogen (N;) atmosphere was
performed on the lubricants to determine the thermal stability by measuring the
decomposition temperatures in the absence of oxygen. This analysis was performed by
first heating up 8.5 £ 0.5 mg of the natural oils to 60°C for 20 hours under a vacuum of
948 mbar (711 mm Hg) to remove any residual water to minimize the error in the
decomposition data measurements. The TGA was performed by measuring the mass loss
for both the dynamic and isothermal decomposition tests using a platinum pan with a N,
flow rate greater than or equal to 40 mL/min. During the dynamic decomposition tests,

the samples were heated at a rate of 10°C/min from room temperature to a maximum of
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1000°C. The TGA was stopped after reaching the maximum thermal decomposition
temperature when a temperature plateau was observed for at least 200°C as shown in Fig.
3.1 for peanut oil undergoing a dynamic decomposition analysis. In this figure, the onset
of decomposition, Tgensety 1S 378°C. By taking the derivative of the onset of
decomposition with respect to temperature, the maximum thermal decomposition, Tgmax)
is determined. In Fig. 3.1, Tymax) is calculated to be 411°C at the peak. In the isothermal
decomposition tests, the samples were heated at a rate of 20°C/min up to 50°C and 100°C
below the onset of decomposition temperature, Tgensery OF 378°C. In these tests, the
samples were held for 480 minutes at approximately 327°C and 277°C, in order to reveal
thermal mass loss in a constant heat environment, as illustrated in Fig. 3.2 for peanut oil.
It can be seen in Fig. 3.2 that with a temperature of 327°C, 92% of the peanut oil has
decomposed and with a temperature of 277°C, 19% of the peanut oil has decomposed

within the 480 min.
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Figure 3.2: Isothermal decomposition plot for peanut oil at two different temperatures

3.2.3 Statistical Analysis

After the experiments, data-driven statistical correlation assessments were

conducted through a linear regression by examining the Pearson Product-Moment

Correlation Coefficient (R). Here, the Pearson Product-Moment Correlation Coefficient

or sample correlation coefficient is a numerical indicator of the linear relationship

between two variables. Through this statistical analysis multiple correlation coefficients

were determined using predictor variables such particle additive size, fatty acid chain
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lengths, unsaturation numbers, fatty acid compositions, thermal degradation temperatures,
anion and cation molecule size, ionic liquid additive amounts, surface roughness, and
tribological properties such as coefficient of friction and wear rate. This analysis was
calculated by comparing a sample of paired predictor variables in the form of Xjand Y;

and inserting them into Eq. (3.2) [278].

= Ziza K01 £ (32)
ez, 02

Here, r (also written as R, or R-value) is the sample correlation coefficient. Properties of
the correlation coefficient are as follows and an example calculation is performed in
Appendix A:

1. -1 <R <1or,equivalently, IR| < 1.

2. R is positive or negative according as Y tends to increase or decrease respectively
as X increases.

3. The closer |R| is to 1, the stronger, the linear relationship between the variables X
and Y, indicating a high correlation (i.e. dependence) between X and Y.

4. The closer |R| is to 0, the weaker, the linear relationship between the variables X
and Y, indicating a low correlation between X and Y. If R = 0, there is no
correlation and the variables are independence of each other.

This analysis allowed for a deeper exploration of the causal relationships between particle
size, fatty acid composition, thermal stability, oxidative stability, anion-cation moieties,

surface roughness, friction, and wear. Through this assessment individual factors could
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be isolated and examined to understand their specific influences on the tribological and
thermal performance of the lubricants.
3.3 Surface Texturing

The disks were polished using one of three methods in order to vary the surface
roughness with a random surface texture: (1) dry SiC emery paper with grit sizes of 80,
220, 320, 600, and 1200; (2) slurry SiC paste with a grit size of 1200; and (3) a 1.0 um
aqueous diamond slurry polish. A two-dimensional contact-type profilometer was used to
study the surface roughness of the disks. Table 3.6 shows the initial arithmetic average
surface roughness (R;) values of the disks before the experiments and the techniques used
to polish the surfaces. Figure 3.3 shows the SEM surface images of selected disks
polished with the 80 grit, 320 grit, 1200 grit SiC dry emery paper as well as a disk
polished with the 1um diamond slurry before testing. It is revealed that the disk polished
with the 80 grit paper had the roughest surface. Subsequent disk surfaces polished with
the 320 grit paper, 1200 grit paper, and 1200 grit slurry showed a decrease in surface

roughness with their values shown in Table 3.6.



Table 3.6: Preparation techniques and initial surface roughness values

of the test disks at the start of the experiment

Grit Polishing Type R, value
Size (um)
C101 Copper Disk

80 Dry SiC Emory Paper 1.25+0.14
320 Dry SiC Emory Paper 0.49 £ 0.03
600 Dry SiC Emory Paper 0.20 £ 0.02
1200 Slurry SiC Paste 0.11 £ 0.02
1200 Dry SiC Emory Paper 0.11 £ 0.02
N/A 1 um Diamond Slurry Polish 0.09 £ 0.04

2024 Aluminum Alloy

220 Dry SiC Emory Paper 0.43 +£0.02
600 Dry SiC Emory Paper 0.27 £ 0.03
1200 Dry SiC Emory Paper 0.22 +£0.02
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Figure 3.3: SEM micrographs of selected disk surfaces after SiC polishing and
before testing (a) & (b) 80 grit polish, (c) & (d) 320 grit polish, (e) & (f) 1200 grit
polish, (g) & (h) 1 wm diamond slurry polish
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3.4 Instruments

lonic liquid characterization was carried out by NMR spectroscopy. All spectra
were acquired on a Bruker DPX300 NMR spectrometer operating at 300.13 MHz for
protons. Spectra were obtained using solutions in chloroform-d (Acros, 100.0% atom D)
and all chemical shifts were reported relative to tetramethylsilane. A thermogravimetric
analysis (TGA) was performed using a TA Instruments Q50. Experiments were run in a
nitrogen atmosphere from room temperature to 600°C using a platinum pan at a
temperature scan rate of 10°C/min using 8.35 = 0.35 mg samples. Pin-on-disk testing
and friction and wear measurements were conducted using a Ducom Instruments
(Bangalore, India) Material Characterization System tribometer (up to 20 N) containing a
horizontally oriented unidirectional rotational disk spinning against a vertically placed
pin). The Ducom Instruments tribometer utilized a hanging mass load with a linear
variable differential transformer (LVDT) to measure the wear rate. The tribometer was
outfitted with a Hotset Multi K-type thermocouple heating chamber furnace with a
temperature feedback loop with the ability to maintain a temperature accuracy of 1°C +
1% of the measured temperature. Additionally, scanning electron microscopy (SEM)
along with energy dispersive X-ray spectroscopy (EDS) where conducted to analyze the
surface roughness of the test specimen before and after testing. The EDS was also used to

assess the potential for transfer layer formation after the pin-on-disk testing.
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3.5 Lubrication Regime Determination

Investigating the lubrication regime for the following experiments is an important
preliminary step when characterizing the friction mechanisms between the pin and the
disk surfaces. This can be achieved by utilizing the elastohydrodynamic minimum film
thickness equation developed by Hamrock and Dowson [279] as referenced in other
sources [40, 280, 281], which is applicable in many material combinations for a variety
of contact geometries including point contact of a hemisphere on a flat surface as is the

geometry for the pin-on-disk testing as shown in Fig. 3.4.

Lubricant

Figure 3.4: Schematic of pin-disk interface with a lubricant film covering the
disk
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The numerically derived formula for the minimum film thickness is expressed in the

following form:

2o = 3.63(

where:

;’,’;;,)0'68 (aE")04 (#)_0'073 (1 — e~068k) Eqn. (3.2)
is the minimum film thickness (m);
is the entraining surface velocity (m/s), i.e. U = M, where the
subscripts ‘a’ and ‘b’ refer to the velocities of bodies ‘a’ and ‘b’
respectively;
is the viscosity at atmospheric pressure of the lubricant (Pa s);
is the reduced Young’s modulus (Pa), i.e. % = %(1:?‘ + 1:%), where v is

a b

Poisson’s ratio and E is Young’s modulus for the respective pin and disk
specimen;
is the reduced radius of curvature (m) for a pin on flat, i.e. % =
(Riax + Riay) where R, is the radius of curvature for the pin in the x and y
directions
IS the pressure-viscosity coefficient (m?/N), ie.
o = (0.6 + 0.965log;(1,)x1078
is the normal load (N)
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k is the ellipticity parameter defined as k = a/b, where ‘a’ is the semiaxis of
the contact ellipse in the transverse direction (m) and ‘b’ is the semiaxis in
the direction of motion (m), however in this calculation the value of the
ellipticity parameter for point contact is k = 1.

To determine which lubrication regime is occurring in the experimental

investigation a calculation of the minimum oil film thickness to surface roughness ratio is
determined based on the following equation as described in Chapter 1, A = % In the
present experimental conditions the pin tip radius is 3.175mm, the sliding speed is
36mm/s, and the normal load is 10N. Table 3.7, shows the various mechanical properties
for selected materials. Applying the parameters listed in Table 3.7 for the current system,
Hamrock and Dowson’s elastohydrodynamic film thickness equation predicted a
minimum film thickness ratio of 2.36x10°° or less. These values are significantly less than
unity and place the current experimental investigation in the boundary lubrication regime
where plowing components of friction dominant and hydrodynamic effects are negligible
[282]. Moreover it can be inferred that for the variety of testing conditions presented in

this experimental study the lubricating regime will remain in the boundary lubrication

where large hydrodynamic effects will not prevail.
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Table 3.7: Mechanical properties for pin-disk materials and lubricants [281, 283-

285]
Mechanical Property 440C Stainless | C101 Copper | 2024 Aluminum
Steel Alloy
Poisson’s ratio 0.285 0.348 0.325
Young’s modulus (GPa) 200 117 75
Surface Roughness, Ra (um) 0.25t00.35 0.09to 1.25 0.22t00.43

Lubricant Kinematic Viscosity (mPacs)
Canola oil (at 40 C) 7.221032.21

Canola oil (at 100°C) 2.181t07.85

Pess 14Salicylate (at 25 C) 56,700

Pess 14Benzoate (at 25 C) 67,400

Pess 1+Saccharinate (at 25 C) 158,500
Pess,14TT2N (at 25 C) 31,550

P666,14C| (at 25OC)

175,900 to 195,000
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Chapter 4 The Influence of Fatty Acids on the Tribological and

Thermal Properties of Natural Oils as Sustainable Biolubricants

4.1 Introduction

Pure natural oils have been known to be good lubricants since ancient times in
lowering friction and preventing wear. In 1859, the first commercial oil well was drilled
in Titusville, PA, USA, this lead to the rise of the modern petroleum oil industry, which
would eventually decline the use of pure natural oils as lubricants. The advent of
petroleum-based oils produced rapid advances in lubrication technology that quickly
dominated other oils, such as natural oils in the lubrication industry. During the mid-
1930s, the properties of petroleum-based oils were significantly improved through the use
of additives in the oil to enhance the load carrying capacity, lubricity, corrosive
protection, and thermal-oxidative stability. These improvements in properties of
petroleum-based oils often surpassed similar properties of natural oils.

Since the beginning of the 20™ century, investigations into the properties of
natural oils have received much attention [24, 90, 106, 107, 110, 111, 117]. This revival
IS due to the fact that 50% of all lubricants worldwide end up in the environment through
usage, spill, volatility, or improper disposal [222, 286]. Many of these lubricants entering
the environment are derived from petroleum-based oils and are deleterious to sensitive
biological ecosystems [82]. More recently, in an effort to curb the use of petroleum-based
lubricants due to concerns of protecting the environment, depletion of oil reserves, and

increases in oil price, natural oils have witnessed a resurgence. Furthermore, the
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emphasis placed on natural oils is a result of the increase in demand for environmentally-
friendly lubricants that are less toxic to the environment, renewable, and provide feasible
and economical alternatives to traditional lubricants [81, 82].

Recently, the industrial market has been shifting to become more ecologically
responsible with much of the attention focused on energy conservation and sustainability
through the use of natural oils for industrial purposes to be used as functional fluids. A
primary focus has been on the development of technologies that incorporate plant oils as
biofuels and industrial lubricants because they are non-toxic, biodegradable, and
renewable [78]. In the lubrication market, the term “biolubricants” refers to all lubricants
derived from bio-based raw materials (plant oils and animal fats), which are
biodegradable and non-toxic to humans and other living organisms, particularly aquatic
environments where the impacts are more detrimental. Many biolubricants are comprised
of plant oils, animal fats, or chemical modifications of these oils and are widely regarded
as environmentally benign because of their superior biodegradability and renewable
feedstock [77]. Moreover, many bio-based oils have superior lubricity and wear
resistance that exceeds similar properties of petroleum-based oils resulting in the
increased usage of biolubricant base-stock for industrial oils and functional fluids, thus
‘fueling’ the biolubricant resurgence in the industrial market [84].

Natural plant oils have a higher lubricity, lower volatility, higher shear stability,
higher viscosity index, higher load carrying capacity, and superior detergency and
dispersancy when compared to mineral and synthetic oils [24, 90]. Many of the accolades

associated with natural oils are a result of their molecular structure, which affords
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superior lubrication properties. The attraction to natural oils is due to their chemical
composition of triacylglycerol molecules made up of esters derived from glycerol and
long chains of polar fatty acids. The fatty acids are desirable in boundary lubrication for
their ability to adhere to metallic surfaces due to their polar carboxyl group, remain
closely packed, and create a monolayer film that is effective at reducing friction and wear
by minimizing the metal-to-metal contact [24, 55, 98, 106-111]. Much of the work with
bio-based oils has concentrated on understanding the fundamentals of saturated and
unsaturated fatty acids with the bulk of the attention focusing on the use of natural oils as
neat lubricants, fatty acids as additives in mineral oils, and bio-based feedstock oils for
chemically-modified lubricants [17, 81, 112-114].

Despite these favorable attributes, the largest drawback to bio-based oils are their
price (costing three times more than traditional lubricants), poor thermal-oxidative
stability, solidification at low temperatures (high pour points), biological (bacterial)
deterioration, and hydrolytic instability (aqueous decomposition) [109, 153-158].
Additionally, many biolubricants are susceptible to rapid oxidative degradation due to the
presence of free fatty acids and the presence of double bonds in the carbon chains of the
triacylglyceride molecules. Previous research [160-162] indicates that thermal-oxidative
stability of natural oils requires a low percentage of polyunsaturated fatty acid (i.e.
linoleic acid). Thus, the oxidative stability increases with decreasing amounts of
polyunsaturated fatty acids. Furthermore, monounsaturated fatty acids such as oleic acid
having one double bond improve oxidative stability while simultaneously providing good

low temperature properties and superior tribological properties. The best compromise



122

between thermal-oxidative stability and low temperature properties are through the use of
naturally high oleic acid oils or by genetically modifying the base-stock of low oleic acid
oils to yield high oleic acid oils, such as high oleic acid safflower oil (HOSO), canola oil,
sunflower oil, or soybean oil all of which are commercially available and derived from
genetically modified organisms (GMOs) [55, 109].

Although biolubricants and bio-based functional fluids have their shortcomings,
they have many uses ranging from basic lubrication; transmission of energy; protection
against corrosion and wear (attrition); and the removal of heat, wear debris, and foreign
contaminants [25]. Recently, natural oils are finding uses as carrier fluids for lamellar
particle additives in sliding contact [24, 90, 93, 117, 118]. The efficacy of natural oils is
determined by their fatty acid composition, which affects their specific properties
allowing them to be used as lubricants, fuels, and functional fluids. The sources of bio-
based oils are numerous and encompass a wide variety of vegetables, nuts, fruits, animals,
and marine sources. Inherently, bio-based oils are naturally occurring organic substances
primarily composed of triacylglycerol whose properties and utility vary based on
biological factors such as nutrient availability, climate, light, temperature, and water,
which can influence their tribological properties [97]. Notwithstanding their inconsistent
and widely variable chemical composition, biolubricants remain to have superior wear
resistance, lower coefficients of friction, lower volatility, higher viscosity index, excellent
biodegradability, higher flashpoints, sustainable and renewable feedstock, and a lower
ecotoxicity classification than mineral oils [75]. Furthermore, research has focused on

thwarting the deficiencies of natural oils and other biolubricants while seeking to



123

understand the relationship between chemical composition, molecular structure, and
properties through chemical modifications such as epoxidation, metathesis, acylation,
estolide formation, transesterification, and selective hydrogenation of plant oils with
polypols, and additivation [43-49, 52-56, 182, 287].

In this study, various natural oils were selected to represent a broad range of
saturated and unsaturated fatty acid compositions within bio-based oils. These oils were
investigated to understand the effects of fatty acid composition on friction and wear
performance under ambient conditions using a pin-on-disk apparatus. Further, a
thermogravimetric analysis was used to determine the correlations between the fatty acid

composition, tribological performance, and the thermal response of the natural oils.

4.2 Experimentation

In this investigation, eight natural oils were evaluated as base fluids: avocado,
canola (rapeseed), corn, olive, peanut, safflower, sesame, and vegetable (soybean) oil.
Pin-on-disk tests at ambient conditions were conducted to characterize the tribological
properties of the natural oils. During this study, oxygen-free electronic copper (C101)
was used as the pin material [112] and the disks were made from 2024 aluminum alloy.
The disks were polished to a surface roughness having an arithmetic average, R, of 0.3 £
0.05 um. The tests were conducted for a duration of 23.2 hours and a sliding distance of
approximately 3000 m. Table 4.1 presents a list of the saturated and unsaturated fatty acid
percentages of the natural oils tested. As previously mentioned in Chapter 3, these oils

were selected for their variety in fatty acid composition. The pin and disk specimen were
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cleaned before and after each test using an ultrasonic cleaner with soap, acetone, and
hexane solutions. During each test, the linear wear loss was continually measured by use
of Center for Tribology (CETR) Universal Material Tester (UMT) outfitted with a pin-
on-disk module composed of a high precision ball screw actuator with encoder that
measured the vertical displacement of the pins. A thermogravimetric analysis (TGA) in a
nitrogen (N,) atmosphere was performed on each natural oil to determine the thermal

stability by measuring the decomposition temperatures in the absence of oxygen.

Table 4.1: Saturated and Unsaturated Fatty Acid Percentages of Natural Oils Tested

Natural Oils | Saturated Fatty Monounsaturated | Polyunsaturated

Acid Percentage Fatty Acid Fatty Acid

(%) Percentage (%) Percentage (%0)
Avocado Oil 11.560 70.554 13.487
Canola Oil 7.365 63.275 28.142
Corn Oil 12.949 27.576 54.676
Olive Oil 13.808 72.960 10.523
Peanut Oil 16.900 46.200 32.000
Saftflower Oil 7.541 75.220 12.820
Sesame Oil 13.700 39.700 41.600
Vegetable Oil 15.651 22.783 57.741

4.3 Results and Discussion
4.3.1 Friction Analysis

Figure 4.1(a) depicts the variation of the coefficient of friction with sliding
distance for various natural oils under ambient conditions. It can be seen that a general

trend exists where there is a decrease of the coefficient of friction (COF) significantly at
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the start of each experiment. The COF of the natural oils reaches steady-state at a sliding
distance of approximately 2,000 m. The experimental results show a clear distinction
between the oils where the avocado, olive, canola, and peanut oils all have the lowest
COF values (between 0.02 and 0.10), while sesame, vegetable, corn, and safflower oils
all have the highest COF values (between 0.30 to 0.50). Figure 4.1(b) shows the variation
of the COF for various natural oils at the completion of the test. Here, it is clearly
illustrated that avocado oil has the lowest COF value of the natural oils tested.

Interestingly, safflower oil (being the only GMO) has the highest COF.
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Figure 4.1: Variation of coefficient of friction during ambient conditions (a) for natural

oils with sliding distance (b) for natural oils at completion of tests

Figure 4.2 depicts the variation of COF during high temperature testing of 350°C
for (a) natural oils with sliding distance and (b) natural oils at the completion of the tests.
In Fig. 4.2(a) the natural oils show significant fluctuations in the first 70 m of the test

before the COF begins to decline with sliding distance. Figure 4.2(b) shows similar
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natural oil performance trends as in Fig. 4.1(b), where avocado, peanut and olive oil have
the lowest COF values between (0.06 and 0.09) and sesame, safflower, corn and
vegetable oil all have the highest COF values (between 0.14 and 0.18). Canola oil under
high temperature testing witnessed an increase in its COF and demonstrated a moderate
friction value. The friction results suggest that the natural oil compositions influence the

friction in sliding contact under ambient and high temperature conditions.
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4.3.2 Wear Analysis

Figure 4.3(a) depicts the variation of the pin wear volume with sliding distance
for various natural oils. It can be seen that the wear volume increases significantly within
a sliding distance of the first 1000 m. Afterwards the rate of change in wear volume
decreases with sliding distance. This transition is due to the abrasive nature of the
surfaces which begin to conform the longer they are in sliding contact with each other. As
a result of this contact, blunting of the surfaces leads to two-body wear and clogging of
the surfaces by abraded debris causing the worn surfaces to eventually enter into a steady
wear state [25]. Figure 4.3(b) shows the variation of the wear volume for various natural
oils at the completion of the tests, where the distinctions in wear volume for the different
oils tested is illustrated. As shown in the figure, avocado oil has the lowest wear volume
and vegetable and corn oil have the highest wear volume. Peanut, olive, safflower, canola,

and sesame oil all have a moderate wear volume.
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Figure 4.4 depicts the variation of wear volume during high temperature testing of
350°C for (a) natural oils with sliding distance and (b) natural oils at the completion of
the tests. The influence of temperature is exacerbated in the wear results as seen through
the significant fluctuations in the first 70 m of the tests as shown in Fig. 4.4(a), where
degradation within the natural oils was observed for example corn and vegetable oil
darkened during their tests, indicative of thermal degradation effects. Figure 4.4(b) shows
the final wear volume of the tests. It can be seen in the figure that avocado, peanut, and
olive oil have the lowest wear volumes. Canola and safflower oil maintain moderate wear
volumes and sesame, corn and vegetable oil demonstrate high wear volumes at elevated
temperatures. The trends shown in Fig. 4.4(b) are in agreement with Fig. 4.3(b), where
avocado oil demonstrates the lowest wear rate and corn and vegetable oil demonstrate the
highest wear rate at both ambient and high temperature testing conditions. These wear
results suggest that the natural oil compositions influence the wear rate in sliding contact

under ambient and high temperature conditions.
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4.3.3 Surface Analysis

Figures 4.5 and 4.6 show the scanning electron micrographs of the worn pin
surfaces under ambient conditions at the completion of the tests under low and high
magnification. Figure 4.5(a) and (b) show the pin surfaces that were lubricated with
avocado oil and Figs. 4.5(c) and (d) show the pin surfaces that were lubricated with olive
oil during the experiments. The avocado and olive oils have demonstrated low friction
and low wear (as shown in Figs. 4.1 through 4.3) and can be seen in the micrographs to
have a relatively smooth surface finish with fine grooves along the sliding direction.
Figure 4.6(a) and (b) show the pin surfaces that were lubricated with vegetable oil and
Figs. 4.6(c) and (d) show the pin surfaces that were lubricated with corn oil during the
experiments. The vegetable and corn oils have demonstrated high friction and high wear
(as shown in Figs. 4.1 and 4.3) and can be seen in the micrographs to have a relatively
rough surface finish with deep grooves along the sliding direction. The SEM images
shown in Figs. 4.5 and 4.6 also illustrate the effect of the wear volume. Avocado and
olive oil have the lowest friction, resulting in smoother surface finishes. This led to a
smaller contact area on the worn pin surface where at similar magnifications of 30x, Fig.
4.5(a) and (c), as the cross-sectional diameters of the avocado and olive oil pin worn
surfaces are approximately 1.4 mm. As a result, the avocado and olive oil pin worn
surfaces showed a low wear rate as shown in Fig. 4.3. In comparison, vegetable and corn
oil have the higher friction values, resulting in rougher surface finishes. This led to a
larger contact area where at their corresponding 30x SEM images shown in Fig. 4.6(a)

and (c), the cross-sectional diameters of the vegetable and corn oil pin worn surfaces are
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approximately 2.4 mm. Here, the surface contact area is increase by 66% when compared
to the avocado or olive oil tests. As a result, the vegetable and corn oil pin worn surfaces
showed a high wear rate as shown in Fig. 4.3. Further, the SEM images verify there is a
strong correlation between friction and wear. The investigation reveals a strong
correlation coefficient (R-value) of 0.876 between friction and wear. The friction, wear,
and surface analysis demonstrate that the underlying chemical composition differences
between the oils, more specifically their fatty acid composition, maintain a direct
influence on the tribological properties. Hence, it is important to study the chemical
analysis of the oils and show the relationship between chemical composition and

tribological performance.
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Figure 4.5: Scanning electron micrographs of a worn pin surface lubricated with (a)

avocado oil at 30x magnification; (b) avocado oil at 500x magnification; (c) olive oil at
30x magnification; and (d) olive oil at 500x magnification
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500pm

Figure 4.6: Scanning electron micrographs of a worn pin surface lubricated with (a)
vegetable oil at 30x magnification; (b) vegetable oil at 500x magnification; (c) corn oil at
30x magnification; and (d) corn oil at 500x magnification
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4.4 Chemical Composition Analysis

Figure 4.7 presents the predominant fatty acid percentages for each lubricant used
in the present study. The fatty acid content was retrieved from the United States
Department of Agriculture’s National Agricultural Library, which publishes
compositional data in their Nutrient Database. The natural oils investigated in this study
are composed entirely of triacylglycerol with approximately 95% to 99% fatty acids
which includes both saturated and unsaturated. There are minimal amounts of saturated
fatty acids in each of the natural oils with palmitic acid (C16:0) and stearic acid (C18:0)
occurring around 11% or less when combined. Unsaturated acids dominate the
triacylglycerol composition with a trade-off between monounsaturated fatty acid, i.e.
oleic acid (C18:1) and polyunsaturated fatty acid, i.e. linoleic acid (C18:2). It can be seen
in Fig.4.7 that as the oleic acid increases, the linoleic acid decreases, revealing their
inverse proportionality. In fact, the correlation coefficient (R-value) between oleic acid

and linoleic acid is -0.987, signifying a strong inverse correlation.
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Within the natural oils examined, the high oleic acid safflower oil (HOSO) was
derived from the breeding of genetically modified organisms (GMOs) that have higher
than normal oleic acid concentrations. The avocado and olive oil also have large
percentages of oleic acid, above 65%. Investigations have revealed that the most
important fatty acids contained in natural oils are unsaturated fatty acids such as oleic
acid and linoleic acid and the most important saturated fatty acids are palmitic acid and
stearic acid [152]. However, there is a balance that must be maintained in the natural oils,
because stearic acid at room temperature is a solid whereas oleic acid at room
temperature is a liquid. For this reason, the saturation level describing the proportions of
saturated and unsaturated oils must be optimal to ensure that the natural oil is liquid at
room temperature and thus can serve as a functional fluid. To quantify the saturation
level, the unsaturation number (UN) is used. The UN of the natural oils refers to the
average number of double bonds within a triacylglycerol molecule. This provides a
metric for quantifying the fatty acid concentrations within the natural oils. The greater the
UN, the greater the degree of unsaturation in the natural oil. The UN is calculated from
the fatty acid distribution using Eqg. 4.1(a) and is summarized in Eq. 4.1(b) [171].

UN =

% [(1 * Y monounsaturated Fatty Acids) + (2 * ), diunsaturated Fatty Acids) +

(3 = Y triunsaturated Fatty Acids)]

Eqg. 4.1(a)

UN [{1%(C18:1 + C20: 1+ C22: 1)} + {2 = (C18: 2 + C22: 2)} + {3 = (C18: 3)}]

1
~ 100

Eq. 4.1(b)
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In Eq. 4.1(b) the Cx:y is the percentage of fatty acids within the natural oil with x
representing the chain length and y representing the number of double bonds. The results
are shown in Table 4.2 along with the final COF and wear volume results. The analysis
between the fatty acid composition and friction values as well as the fatty acid

composition and wear volume for the natural oils are presented in the following sections.
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Table 4.2: Unsaturation number, thermal decomposition, coefficient of friction, and

wear volume values for various natural oils in both ambient and high temperature

conditions
Dynamic Isothermal
Wear
Wear Volume
Unsaturation Percent Volume (mm®)
Natural Number Taonsety | Decomposition | COF (m m3) COF (100°C)
Oil Type (UN) °C) (Taonse-50°C) | (23°C) | (23°C) | (100°C) x10™
Avocado 0.985 376 82 0.0201 | 0.1037 0.0601 1.328
Canola
(Rapeseed) 1.287 377 79 0.0868 | 0.2009 | 0.1250 3.000
Corn 1.381 372 76 0.4458 | 0.2965 0.1742 1.205
Olive 0.948 377 86 0.0778 | 0.1753 | 0.0846 1.509
Peanut 1.102 378 92 0.0975 | 0.1682 | 0.0679 1.512
Safflower
(High
Oleic) 1.010 376 91 0.4936 | 0.1948 | 0.1523 6.076
Sesame 1.232 370 72 0.3184 | 0.2151 0.1438 3.092
Vegetable
(Soybean) 1.451 371 76 0.4059 | 0.3839 | 0.1814 2.000
R-value N/A 0.676 -0.706 0830 | 0882 | 0925 | 0843

4.4.1 Fatty Acid-COF Analysis

It can be seen from the friction results (see Figs. 4.1 and 4.2) and fatty acid
concentrations (see Fig. 4.7) that the natural oils, namely avocado, olive, canola, and
peanut oil have lower COF values and higher amounts of oleic acid. The corn, vegetable
and sesame oils correspond to natural oils having lower amounts of oleic acid and higher
friction coefficients. When comparing ambient temperature to high temperature
conditions, the avocado, olive, and peanut oils standout for their consistently low friction,
particularly the avocado oil as it maintained the lowest COF oil. Examining the
correlation coefficient (R-value) between the UN and the COF at both ambient and high

temperature conditions, as shown in Table 4.3, reveals strong correlations having R-
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values of 0.830 and 0.92, respectively. The unsaturated fatty acids (oleic acid and linoleic
acid) and COF at ambient conditions have strong correlation coefficients of -0.918 and
0.944 as shown in Table 4.3. Similarly in Table 4.3, the correlation coefficients between
the unsaturated fatty acids and the COF at high temperature conditions have R-values of -

0.801 and 0.825.

Table 4.3: Correlation coefficient R-value between fatty acid percentage and
coefficient of friction for the natural oils in both ambient and high temperature

conditions

R-value R-value

Parameter Lipid Number (23°C) (100°C)
Unsaturation Number NA 0.830 0.925
Palmitic Acid C16:0 0.202 -0.099
Stearic Acid C18:0 0.621 0.632
Oleic Acid Ci18:1 -0.918 -0.801
Linoleic Acid C18:2 0.944 0.825

In comparison, the correlation coefficients between the saturated fatty acids
(palmitic acid and stearic acid) acid and the COF indicate low and moderate R-values of
0.202 and 0.621 at ambient conditions and -0.099 and 0.632 at high temperature
conditions. The high correlation values of 0.830 and 0.925 between the UN and the COF
at ambient and high temperature reveals that the fatty acid composition within the natural
oils has a significant effect on the COF. The general trend of low COF with high
percentages of oleic acid and low percentages of linoleic acid and the inversely
proportional trend of high friction with high percentages of linoleic acid and low
percentages of oleic acid are a result of the structure of the fatty acids. The oleic acid has

one double bond in contrary to linoleic acid having two double bonds. The presence of a
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double bond decreases the density of the fatty acid monolayer [24, 93, 117]. An effective
fatty acid monolayer can be established by saturated and monounsaturated fatty acids,
which act to limit the metal-to-metal contact thereby minimizing the friction force. [24,
55, 288]. Safflower oil seems to be an outlier to the witnessed trend, as it has the highest
oleic acid composition and the highest COF. This could be due to the fact that safflower
oil being the only natural oil derived from the breeding of GMOs and thus the structure of

the fatty acids does not follow the trends of the other natural oils.

4.4.2 Fatty Acid-Wear Analysis

Investigating the correlation coefficient between the UN and the wear volume at
ambient and high temperature conditions as shown in Table 4.1, reveals strong
correlation coefficients having R-values of 0.882 and 0.843, respectively. This indicates
that generally as the wear volume increases the unsaturation number also increases. This
relationship corresponds well with the wear results because as seen in Figs. 4.3 and 4.4,
the natural oils with lower wear volumes such as avocado, olive, and peanut oil have
higher amounts of oleic acid as shown in Fig. 4.7 and thus lower UNs. Conversely,
natural oils with higher wear volumes such as corn, vegetable and sesame oils have a
lower amount of oleic acid and higher UNs. There wear results indicate that the fatty acid
percentages directly influence the pin wear volume at ambient and high temperatures.
Table 4.4 examines the relationship between the fatty acid percentage and the pin wear

volume for the various natural oils tested. The saturated fatty acids, palmitic acid and
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stearic acid have low and moderate correlation coefficients of 0.074 and 0.625 at ambient

temperatures and 0.207 and 0.578 at high temperatures, respectively.

Table 4.4: Correlation coefficient R-value between fatty acid percentage and pin
wear volume for the natural oils for the natural oils in both ambient and high

temperature conditions

Parameter Lipid R-value (23°C) R-value
Number (100°C)
Unsaturation NA 0.882 0.843
Number
Palmitic Acid C16:0 0.074 0.207
Stearic Acid C18:0 0.625 0.578
Oleic Acid C18:1 -0.846 -0.849
Linoleic Acid C18:2 0.822 0.819

It can be seen from Figs. 4.3 and 4.4 for wear results and Fig. 4.7 for fatty acid
composition that as the wear volume increases, the monounsaturated fatty acid (e.g. oleic
acid) percentage decreases and has a correlation coefficient of -0.846 at ambient
conditions and -0.849 at high temperature conditions, revealing their strong inverse
relationship. This trend is reversed for the polyunsaturated fatty acid percentage (e.g.
linoleic acid), which increases with an increase in wear volume and has a strong
correlation coefficient of 0.822 at ambient conditions and 0.819 at high temperature
conditions. The high R-values for the unsaturated fatty acids is due to their higher

percentages within the natural oils and the presence of the double bonds in the oleic
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(C18:1) and linoleic (C18:2) acids which have one and two double bonds, respectively.
The greater the quantity of double bonds prevents the carbon chains from forming
densely packed bundles, therefore weakening the protective layer [117]. Oleic acid
(C18:1) having one double bond is more densely packed and forms a superior protective
monolayer that results in less metal-to-metal contact between the surface asperities,
whereas linoleic acid (C18:2), which has two double bonds results in an increase in
metal-to-metal contact. Natural oils that have a higher wear volume tend to have a low
oleic acid content, a high linoleic acid content, and a higher UN as demonstrated in
Tables 4.1. This is indicative of a weak protective monolayer on account of the increased
number of double bonds in the fatty acids. These results are in agreement with previous
studies on natural oils where high oleic acid content oils were revealed to have low COF
and wear rate due to their effective monolayer development [24, 55, 90, 102, 219]. The
tribological results and the relationships with the fatty acids particularly oils with high
oleic acid concentrations have shown improved lubricity and oxidative stability that in
some cases surpasses Group | petroleum-based oils [106, 289]. The various fatty acid
percentages within the natural oils not only influence the friction and wear properties, but
it can also have a tremendous impact on the thermal-oxidative response of the natural oils.
As with many oils, thermal and oxidative stability are important properties that must be
considered when characterizing the performance of a lubricant and thus a TGA is

beneficial to studying the properties.
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4.4.3 Thermogravimetric Analysis

The TGA results depicted in Fig. 4.8 reveal the thermal degradation temperature
for various natural oils in a nitrogen environment. In the figure, Tymax indicates the
temperature at which the maximum weight percentage of the lubricant decomposes and
Tansery indicates the temperature when thermal degradation of the lubricant first begins to
occur. Due to the nitrogen atmosphere three phenomena were witnessed, (1) a lack of
thermal variability, (2) higher thermal degradation temperatures, and (3) a dependence on
individual fatty acids. With respect to the variation of Tqmax), there is less than a 1%
difference in temperature and approximately a 2% difference in the variation of Tgnser)
among various natural oils investigated and found a strong correlation with a R-value of
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Figure 4.8: Thermal degradation temperature for various natural oils in a nitrogen

environment
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Despite the low variability in the TGA results, their remains to be a trend with the fatty
acid compositions and the decomposition temperatures. Figure 4.9 is a graph of the fatty
acid profiles, where the fatty acid percentages are plotted against the onset of
decomposition temperatures, Tgonsey. Table 4.5 shows the corresponding correlation
coefficients (R-value) for the fatty acid percentages and the onset of decomposition

temperatures.

Table 4.5: Correlation coefficient R-value between

decomposition temperature and fatty acid

Molecular Lipid Degree of Boiling
Fatty Acid Type | Common Name | Formula Number R-value | Unsaturation | Point (°C)
Saturated Stearic Acid C15H360, C18:0 -0.739 1 383
Monounsaturated Oleic Acid C15H340, Ci18:1 0.737 2 360
Polyunsaturated Linoleic Acid C1gH3,0, C18:2 -0.781 3 230
Saturated Palmitic Acid C16H3,0, C16:0 -0.269 1 352

From Fig. 4.9, it can be seen that the higher the oleic acid percentage (or the lower the
linoleic acid percentage), the higher the thermal decomposition temperature. The trends
with the stearic and palmitic acid are less discernable in Fig. 4.9, due to their low
percentages. From Table 4.5, the fatty acids having 18 carbon atoms: stearic acid, oleic
acid, and linoleic acid have a strong correlation between them and the decomposition
temperatures with R-values of -0.739, 0.737, and -0.781, respectively. Palmitic acid has a
weak correlation with a R-value of -0.269. The trends found for the 18 carbon fatty acids
agree with similar results found in the literature for thermal decomposition temperatures

in “open air” oxygen environments [55, 109, 165, 218, 219, 290]. In open air
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environments, oxidation of natural oils becomes a primary concern due to vulnerabilities
in the fatty acid molecular compounds. As the TGA results have demonstrated that
natural oils are susceptible to thermal degradation at high temperatures where the natural
oil breaks down. More still, these vulnerabilities became noticeable in the high
temperature testing at 350°C (below the Tqeonser)) as seen in Figs. 4.2 and 4.4, where there
was significant variability in the friction and wear results with sliding distance when
compared to the ambient condition testing. During the high temperature testing, it was
observed that the corn and vegetable oil burned slightly and became a darker brown,
indicating a form of thermal-oxidative degradation. It can therefore be inferred that these
vulnerabilities may exist within the fatty acid compounds of the natural oils and are

investigated as follows.
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4.4.4 Oxidation Analysis

The natural oils used in this investigation are predominately composed of fatty
acids with boiling points of approximately 230°C for linoleic acid, 352°C for palmitic
acid, 360°C for oleic acid, and 383°C for stearic acid [291] and the data is shown in Table
4.5. However, the TGA results shown in Fig. 4.8 reveal the natural oils remaining intact
up to about 370°C with maximum degradation temperatures above 400°C, which are in
accordance with other studies [165, 218, 290]. The reason for such high degradation
temperatures (beyond what was observed in the current high temperature pin-on-disk
testing) is a result of the nitrogen atmosphere in the TGA and lack of oxygen. The natural
oils investigated are composed of fatty acids that are derived from triacylglyceride
molecules, which contain glycerol. The presence of glycerol in the natural oils gives rise
to a tertiary PB-hydrogen (secondary hydrogen) attached to the P-carbon (secondary
carbon) of the functional hydroxyl group, as illustrated in Fig. 2.7 at location (a). The -
hydrogen present in the unsaturated fatty acids is known to have oxidative instability and
therefore 1s a cause for the fast oxidation of natural oils as known as autoxidation. The 3-
hydrogen is also the location where most bio-based lubricants are chemically modified
[44, 102, 152, 211-213]. Additionally, the bis-allylic hydrogen, which attaches to the
double bonded carbon atoms (in region b in Fig. 2.7) in polyunsaturated fatty acids are
particularly susceptible to free radical attacks, peroxide formation, and production of
polar oxidation products similar to that of hydrocarbon mineral oils, except at an
expedited rate in natural oils [109, 214-216]. Oxidative instability also arises from the

presence of the double bonds present in the triacylglycerol molecule as depicted in Fig.
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2.7 at location (b) [44, 152, 211, 212]. These deficiencies can cause the development of
insoluble deposits and increases in oil acidity, viscosity, and poor corrosion protection
properties in oil. Moreover, the existence of ester compounds in natural oils causes
hydrolytic degradation [217]. These problems become negligible in the nitrogen
environment because the critical B-hydrogen and the bis-allylic hydrogen are no longer
susceptible to oxidative degradation by elimination (e.g. esterification or hydrolysis) and
can therefore withstand the higher temperatures affording increased thermal stability of
the natural oils. The thermal degradation temperatures of the natural oils in the nitrogen
atmosphere are significantly higher than that in an oxygen environment, where the
process of oil oxidation lowers the thermal stability and influences the performance of
tribological properties within the natural oils [218]. For example, the current Tggonser)
results shown in Fig. 4.8 are anywhere between 20° and 100°C higher when compared to
the oxidative stability tests performed on fatty acid-based oils by Salih et al. [55],
vegetable-base oils by Erhan et al. [109], synthetic ester basestocks by Salimon et al.
[219] , or by the current tribological investigations shown in Figs. 2 and 4 in an oxygen
environment. To further quantify the susceptibility of the natural oils to thermal and
oxidative vulnerabilities, an unsaturation analysis of the natural oils is performed. This
analysis will further compare the influence of the various fatty acid compositions in the

natural oils to the thermal and oxidative instabilities of the natural oils.
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4.4.5 Unsaturation Analysis

The degree of unsaturation for the fatty acids was calculated using Eq. 4.2, based
on an organic compound with the following formula: C;Hp,N:OgXe, Where a = number of
carbon atoms, b = number of hydrogen atoms, ¢ = number of nitrogen atoms, d = number
of oxygen atoms, X = halogen atom (i.e. F, Cl, Br, or I), and e = number of halogen

atoms [292, 293].
Degree of unsaturation = %(2 +2a—b+c—e) Eqg. 4.2

The degree of unsaturation is used to compare the number of hydrogen atoms to bond
types in a fatty acid, where double bonds count as one degree of unsaturation and triple
bonds count as two degrees of unsaturation. From Table 4.5, the fatty acids with 18
carbon atoms (stearic, oleic, and linoleic acid) all have relatively similar and strongly
correlated relationships between decomposition temperature and fatty acid content,
despite having different degrees of unsaturation. The oxidative instability arises from the
presence of the B-hydrogen, bis-allylic hydrogen, and double bonds present in the fatty
acids. Typically, increasing oxidative instability occurs with increasing unsaturation,
which is particularly present in the polyunsaturated fatty acids that have high degrees of
unsaturation. These results reveal that in oxygen-free environments, oxidation becomes
negligible, and thermal stability of natural oils becomes independent of the degree of
unsaturation as shown in Fig. 4.8 where the natural oils all have similar decomposition
temperatures. This phenomenon occurs as a result of the fatty acids (excluding palmitic
acid) having similar structures with 18 carbon atoms which result in uniform thermal

decomposition properties as substantiated by the high R-values in Table 4.5. As a direct
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consequence, the natural oils show limited variability in their thermal degradation
properties in a nitrogen environment (with a 2% or less variation in the thermal
degradation temperatures as shown in Fig. 4.8), despite having a wide variety of fatty
acids compositions (with variations of 62% for palmitic acid, 86% for stearic acid, 70%
for oleic acid, and 82% for linoleic acid as calculated from Fig. 4.7). For these reasons,
the different fatty acid compositions in the natural oils have a negligible influence on the
thermal decomposition properties, because three (i.e. stearic acid, oleic acid, and linoleic
acid) of the four predominant fatty acids behave the same when oxygen is not present.
This suggests that the influence of the fatty acid compositions in the natural oils were not
effective due to the lack of oxygen in the TGA. Thus, it can be inferred that thermal
stability of the natural oils is independent of the fatty acid composition in a nitrogen
environment. The current TGA results are in accordance with previous studies in the
literature [109, 161, 294, 295] where the research has demonstrated that the thermal
stability of the natural oils is independent of the fatty acid composition and is strongly
correlated to individual fatty acids particularly oleic acid due to its high concentration
within each individual natural oil. The oxidative stability of the natural oils in an oxygen
environment is dependent on the fatty acid composition (i.e. unsaturation number),
because oxidation can occur at lower temperatures, which can lower the thermal stability.
This causes the thermal stability and oxidative stability to become coupled in oxygenated
environments where thermal stability is dependent on oxidative stability. This
phenomenon was present in the high temperature testing, where the friction and wear

results showed significant fluctuations throughout each test as some of the natural oils
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deteriorated, degraded, and even burned. Other natural oils with low UNs such as
avocado oil maintained superior tribological performance at both low and high

temperatures due to their high thermal-oxidative stability.

4.3.5 Natural Oil Analysis

Analyzing the UN for the natural oils (Table 4.2) reveals that olive, avocado,
safflower, and peanut oil have lower unsaturation numbers because they are primarily
composed of oleic acid, which has one double bond. Vegetable, corn, and sesame oil
have higher unsaturation numbers because they are primarily composed of linoleic acid,
having two double bonds. Canola oil is a slight outliner because although it is primarily
composed of oleic acid (C18:1) it has a higher UN. This is due to the fact that the canola
oil being composed of a relatively high amount, 9.14% of linolenic acid (C18:3), which
has three double bonds. The only other oil that has significant amounts of linolenic acid is
vegetable oil with 6.79% and it has a high UN because it is composed primarily from
linoleic acid (C18:2). Table 4.2 shows moderate correlations having R-values of -0.676
and -0.706 for the relationship between the unsaturation number and the onset
decomposition temperature, Tqonsery (dynamic) and for the weight percent decomposition
at Tgonset-50°C (isothermal) for the various natural oils. This is expected because in the
nitrogen environment the thermal stability of the natural oils is independent of the fatty
acid composition and dependent on the particular 18 carbon atom fatty acids that behave
the same in oxygen-free environments. Since all of the oils tested are primarily composed

of stearic, oleic, and linoleic acid that have strong correlation coefficients with
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decomposition temperatures, the amount of each of these acids within the natural oils
becomes irrelevant. In effect, this causes all the natural oils to have similar thermal
properties with minimal variability as observed in the TGA.

In an oxygen environment, natural oils having high unsaturation numbers are
more susceptible to rancidification through hydrolysis or oxidation as well as having
higher pour points that limit their use in low temperature environments. To improve the
oxidative stability of the natural oils, the ideal situation would be to remove all
unsaturation by catalytic hydrogenation or by other chemical modifications. This,
however, would “harden” the lubricant leaving it with saturated fatty acids that would
turn the lubricant from a liquid oil to a solid fat rendering it useless as a functional fluid.
For this reason, it is necessary to leave unsaturated fatty acids in the oil. Monounsaturated
fatty acids particularly, oleic acid are the best compromise between thermal and oxidative
stability because oleic acid provides superior tribological performance with optimal
lubricity, minimal wear, ideal viscosity, less thermal decomposition, and low temperature
properties [16, 24, 55, 109].

4.5 Conclusions

Natural oils are non-toxic, renewable, and feasible alternatives to petroleum-based
lubricants that can satisfy the combination of environmental, health, economic, and
performance challenges of modern lubricants. The current investigation examined the
mechanisms governing the improved tribological performance and thermal response of
the natural oils. The prevailing trend with the natural oils is that high oleic acid

concentrations improve friction and wear performance by establishing densely packed
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monolayers on the lubricating surface. Moreover, in an oxygen-free environment, the
thermal stability of the natural oils is independent of the fatty acid composition and the
degree of unsaturation. It was shown that natural oils with low unsaturation numbers as a
result of high monounsaturated fatty acid content particularly oleic acid provide the
optimal balance between thermal and oxidative stability. Through a chemical
composition analysis, tribological analysis, and thermogravimetric analysis, the influence
of fatty acid content in natural oils revealed the following conclusions:

e Avocado oil was shown to have the best tribological properties with the lowest
friction and wear at ambient and high temperature conditions.

e Natural oils with high percentages of oleic acid maintain low COF values and low
wear rates because the oleic acid establishes a denser fatty acid monolayer that
minimizes the asperity contact and protects the metallic surfaces.

e Natural oils with high percentages of monounsaturated fatty acids such as oleic
acid are optimal to ensure superior thermal-oxidative stability in ambient and high
temperature environments.

e In an oxygen-free environment, the thermal stability of natural oils is dependent
on individual fatty acid (stearic, oleic, and linoleic acids) percentages and
independent of the degree of unsaturation of the natural oil.

¢ In an oxygen environment, the oxidative stability of natural oils is dependent on
the fatty acid composition or unsaturation number of the natural oil and it

becomes coupled with thermal stability.
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Chapter 5 The Size Effect of Boron Nitride Particles on the
Tribological Performance of Biolubricants for Energy

Conservation and Sustainability

5.1 Introduction

The United States consumes more petroleum-based oil than any other country in
the world, with 54% of the oil consumed as automotive lubricants (engine oils and
transmission fluids) and 44% used as industrial lubricants (hydraulic fluids and gear oils)
[90, 296-298]. It has been reported that 50% of all lubricants worldwide end up in the
environment through usage, spillage, volatility, or improper disposal [286]. These oils
typically are not environmentally friendly or biodegradable and are toxic to the
environment by contaminating soil, air, and drinking water [82, 286]; they also have
long-term effects that are deleterious to plants, fish, humans, and other ecological
systems. As a result, the U.S. Environmental Protection Agency (EPA) and other
government agencies have imposed more stringent regulations regarding the use,
containment, and disposal of petroleum-based oils [153]. Moreover, concerns for the
depletion of crude oil reserves and increases in the price of oil have had an impact on the
use of petroleum-based oils. These factors have caused the lubrication industry to
develop and implement environmentally friendly lubricants. These ‘green’ lubricants are
typically derived from organic materials that are non-toxic, renewable, and provide
feasible and economic alternatives to traditional lubricants [81, 82]. As described in the

literature, a lubricant formulated from bio-based feedstock offers several advantages over



156

petroleum-based oils including a higher lubricity, lower friction losses, improved
efficiency, more power output, and better fuel economy [78]. For this reason, there has
been a revival in the development of environmentally friendly or environmentally benign
lubricants that satisfy the combination of environmental, health, economic, and
performance challenges of modern lubricants. Fundamental research is an important step
for scaling-up the development and industrial use of biolubricants for energy
conservation and sustainability.

Green liquid lubricants derived from pure natural oils have been utilized since
ancient times for their ability to lower friction and reduce wear. Many pure natural oils
are derived from vegetables, fruits, or nuts. These oils, composed of triacylglycerides, are
made up of esters that are derived from glycerol and three fatty acids: saturated,
monounsaturated, and polyunsaturated. Natural oils have a varied chemical composition
due to biological effects stemming from the type of plant, climate, weather, and
abundance of nutrients. The attraction of natural oils in recent decades is due to the
structure of the triacylglycerol, which contains long chains of polar fatty acids that are
desirable in boundary lubrication because they adhere to metallic surfaces, remain closely
packed, and create a thin monolayer that is effective at reducing friction and wear [24,
107, 117].

In the twentieth century, scientists and engineers began investigating vegetable oils
for their fatty acid composition in an attempt to further understand how fatty acids
influence friction and wear. [24, 90, 106, 107, 110, 111, 117]. Vegetable oils meet many

of the requirements as alternatives to traditional petroleum-based lubricants because they
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are renewable, biodegradable, non-toxic, and have minimal environmental pollution and
production costs [106]. Vegetable oils also exhibit higher lubricity, lower volatility,
higher shear stability, higher viscosity index, higher load carrying index, and superior
detergency and dispersancy when compared with mineral and synthetic oils [24, 43, 81,
90]. Despite the environmental advantages to using pure natural oils, they do suffer from
poor thermal and oxidative stability, biological (bacterial) deterioration, hydrolytic
instability, poor fluid flow behavior, solidification at low temperatures, and on occasion
high wear rates [109, 153-158]. They are also susceptible to oxidative degradation due to
the presence of free fatty acids and the presence of double bonds in the carbon chain.
Research focusing on the physicochemical structure of triacylglycerides and the
influence of fatty acids has shown promising tribological performance in biolubricants
for industrial applications. Experiments indicate that the existence of polar groups such as
carboxylate in fatty acids promote strong molecular adherence of the fatty acids to
metallic surfaces [24, 108, 117]. The long carbon chains of the fatty acids orient
themselves perpendicular to a surface forming tightly packed bundles where slimmer
more saturated molecules allow for closer packing, stronger intermolecular interactions,
and provide a stronger protective film [24, 106, 117]. Additional research has focused on
thwarting the deficiencies of vegetable oils while seeking to understand the relationship
between chemical composition, molecular structure, and properties through chemical
modifications such as epoxidation, metathesis, acylation, estolide formation,
transesterification, and selective hydrogenation of plant oils with polyols, and as

investigated with lamellar powder additives [43, 45-49, 51-56, 287, 299].
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5.2 Green Solid Lubricants: Boron Nitride

Green solid lubricants are a new class of “powder lubricants” consisting of
lamellar crystal structures with low interlayer friction. Examples of green solid lubricants
include boric acid (H3BO3) and hexagonal boron nitride (hBN), which have similar
properties to graphite (C), molybdenum disulfide (MoS,), and tungsten disulfide (WS,)
[9, 92, 93, 197]. Lamellar powder lubricants are known for their crystal structure, in
which atoms lying on the same layer are closely packed and strongly bonded together by
covalent bonds, and the layers are relatively far apart due to the weak van der Waals
force, as illustrated for boron nitride in Fig. 5.1 [113]. When entrained between sliding
surfaces, the lamellar powders can adhere to the surface, forming a protective boundary
layer that minimizes contact between opposing surface asperities to prevent wear. The
protective boundary acts as a lubricant in sliding contacts by accommodating relative
surface velocities. The lamellar powder lubricants accomplish this by aligning their layers
parallel to the direction of motion and sliding over one another to minimize friction.
Moreover, these powder lubricants can lubricate in extreme conditions such as high or

low temperatures and pressures [11, 90-92, 113, 194, 195].
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Figure 5.1: Hexagonal boron nitride structure
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Although there are many green powder lubricants, hexagonal boron nitride powder will
specifically be considered in this investigation. Boron nitride is a highly refractory
material with physical and chemical properties similar to that of graphite [198]. Boron
nitride powder is soft, white, and lubricious with attractive performance-enhancing
attributes similar to other lamellar solids, making it an attractive alternative to other
inorganic solid lubricants. It is also environmentally-friendly and inert to most chemicals
[198]. Boron nitride does not occur naturally; it is synthesized from boric oxide or boric
acid in the presence of urea or urea derivatives and ammonia at temperatures ranging
between 800 and 2000°C. Boron nitride is an extremely stable compound that does not
breakdown to form other hazardous materials under normal operation; thus, it is safe to
handle and feasible to use in industrial applications. High-purity, commercial-grade
boron nitride powder does not contain free boron, but retains it in the form of a nitride or
borate, which has no hazardous effects or limitations on its use. There are no reports
issued by the National Toxicology Program, International Agency for Research on
Cancer, Occupational Safety and Health Administration (OSHA), or American
Conference of Government and Industrial Hygienists that indicate boron nitride or other
boron compounds are carcinogens or pose any toxic hazard [199]. Boron compounds are
not considered hazardous chemicals by the EPA or under the Superfund Amendments
and Reauthorization Act (SARA) guidelines, and no regulations exist regarding their use,
storage, transport, or disposal. For these many cited reasons, boron nitride can be
considered an environmentally benign substance with no limitations on its operational

use [200].
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Previous research has indicated that powder-based lubricants, such as boric acid,
graphite, and MoS; can be problematic because they can be forced out of the contact zone
during dry sliding contact [113]. In an attempt to remedy this problem, a carrier fluid was
used, such as paraffin oil, which demonstrated improved tribological properties with the
powder-based lubricants [10, 201-203]. From an ecological sustainability perspective, a
more environmentally friendly lubricant such as canola oil was used instead of traditional
grease or oil [81]. Canola oil has a viscosity and surface tension similar to the functional
fluids used in industrial applications such as metal-stamping and metal-forming
operations, and it has been speculated to serve as an automotive lubricant for gears or
bearings [95]. In this study, canola oil was specifically chosen because it is readily
available, inexpensive, environmentally benign, and tested previously by the authors [81,
91-93]. Additionally, it has been shown in the literature that canola oil derived from
rapeseed plants, with high-oleic acid (>80%) content, surpasses Group | petroleum-based
lubricants at room temperature [98]. Pin-on-disk studies show molybdenum disulfide and
boric acid with micron- and nano-sized particle additives in canola oil establish a
colloidal mixture leading to improved friction and wear reduction [19, 81, 92, 196, 204-
209]. Investigations revealed that the use of a carrier fluid allows the particle additives to
remain in the contacting pin-disk interface without degrading over time [90, 93, 95]. The
presence of the nano-sized particulate mixtures by themselves or in combination with

submicron-sized particles provides improved tribological performance [113, 196].
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5.3 Experimental Procedure

In the present investigation, canola oil with boron nitride powder additives was
studied using a pin-on-disk tribometer to determine its feasibility as a biolubricant. The
performance of this lubricant was studied by varying the particle size of the powder
additives in the base oil. Four hBN particle sizes were considered: 70 nm, 0.5 um, 1.5 pum,
and 5.0 um. A commercial third party manufacturer - who specializes in the production
of solid lubricants, generated the hBN particles used in the present study. The particles
were synthesized through a proprietary boric acid-based chemical synthesis process that
included jet milling to maintain quality control with a 20% tolerance on all particle sizes.
The average particle size of the hBN particles, as prescribed by the manufacturer, was
determined through transmission electron microscopy and scanning electron microscopy.
Furthermore, in the present investigation, the particles were analyzed using SEM. Figs.
5.2(a) — (d), show the scanning electron micrographs of the various hBN particles. It was
found that the particle sizes observed in the micrographs were in the same range as their
average particle size descriptions given by the manufacturer. These micrographs further
reveal that the spherical nature of the particles decreases as the average particle size
increases. In Fig. 5.2(a) the 70 nm particles are fully spherical, while Figs. 5.2(b) and
5.2(c) show a transformation to a less spherical geometry in the 0.5 and 1.5 um particles.
In Fig. 5.2(d), the 5.0 um particles have transformed into a plate-shaped geometry.

During each test, 10 mL of canola oil were mixed with hBN particles at 5% by weight.
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Figure 5.2: Scanning electron micrographs of hBN particles with size (a) 70 nm, (b) 0.5
pm, (¢) 1.5 pum, and (d) 5.0 um
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The individual particles and their mixtures were combined with the canola oil using a
vortex generator to form a homogenous colloidal mixture. The various lubricant
compositions that were used in the tests are shown in Table 5.1. In trials 6 through 11, it
can be seen that 2.5% of each particulate size was added into the canola oil, resulting in a

total addition of 5% hBN by weight.

Table 5.1: Lubricant mixture composition for pin-on-disk tests

Trial number | Particulate mixture composition
1 Pure Canola Oil (No hBN)

70 nm hBN (5% W1t.% ) in Canola Oil

0.5 m hBN (5% Wt.% ) in Canola Oil

1.5 m hBN (5% Wt.% ) in Canola Oil

5.0 m hBN (5% Wt.% ) in Canola Oil

70 nm hBN (2.5% Wt.% ) + 0.5 um hBN (2.5% Wt.% ) in Canola Oil
70 nm hBN (2.5% Wt.% ) + 1.5 um hBN (2.5% Wt.% ) in Canola Oil
70 nm hBN (2.5% Wt.% ) + 5.0 um hBN (2.5% Wt.% ) in Canola Oil
0.5 m hBN (2.5% Wt.% ) + 1.5 um hBN (2.5% Wt.% ) in Canola Oil
0.5m hBN (2.5% W1t.% ) + 5.0 um hBN (2.5% Wt.% ) in Canola Oil
1.5m hBN (2.5% Wt.% ) + 5.0 um hBN (2.5% Wt.% ) in Canola Oil
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In the pin-on-disk tribometer, an oxygen-free electronic copper (C101) pin was fabricated
to slide against a 2024 aluminum disk to obtain the friction and wear properties of the
lubricants. The pin and disk materials were specifically chosen to match prior
experiments conducted by the authors [81, 90, 93]. The copper pin dimensions were 6.35
mm in diameter and 50 mm in length, and had a hemispherical tip. The aluminum disk
dimensions were 70 mm in diameter and 6.35 mm in thickness, and were polished to a

surface roughness having an arithmetic average, Ra, value of 0.3 = 0.05 um. Table 5.2,
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presents the specified testing parameters used during each experiment. This experimental
study also used the Center for Tribology (CETR) Universal Material Tester (UMT)
mounted with a pin-on-disk module. The friction force and linear wear-loss
measurements were acquired for each test using a dual axis force transducer and a high-
precision ball screw actuator with encoder, which recorded the vertical displacement of
the pin. The tribometer was configured for a data acquisition rate of 10 Hz. Prior to each
experiment, all test specimens were cleaned with a soap, acetone, and hexane solution in
an ultrasonic cleaner. During each of the tests the disk was completely submerged by the
lubricant mixture, thereby continually lubricating the pin-disk interface throughout the
duration of the test. Each test was repeated a minimum of three times to ensure

repeatability and accuracy of the results.

Table 5.2: Test parameters

Parameter Selected value

Normal Load (N) 10

Sliding Velocity (mm/s) 36

Angular Velocity (rpm) 21.5

Distance Traveled (m) 3000

Duration (hours) 23.2

Environment Ambient conditions

Lubricant Amount (mL) Canola Oil 10

Additives 5% Wt. hBN

Additive Particle Sizes 5.0 ym, 1.5 pm, 0.5 pm, & 70 nm
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5.4 Results and Discussion
5.4.1 Friction Results

Figures 5.5(a) and (b) show the variation of the coefficient of friction with sliding
distance for the various single particle-size and multiple particle-size particulate mixtures,
respectively. It can be seen that generally the coefficient of friction decreases with sliding
distance as a result of the tribo-contacts conforming to each other. In Fig. 5.3(a), the 70
nm particulate mixture has the lowest coefficient of friction and the 5.0 um particulate
mixture has the largest. The presence of 70 nm particles in combination with micron- or
submicron-sized particles shown in Fig. 5.3(b), resulted in a significantly lower friction
than particulate mixtures without the 70 nm particles. For example, the combination of
the 70 nm and 5.0 um particulate mixture has a lower coefficient of friction than the
individual 5.0 pm particulate mixture. This observation is highlighted in Fig. 5.3(c),
which depicts the various particulate mixtures and their coefficient of friction values at
the completion of the test. It can be seen from Fig. 5.3(c) that the 70 nm particulate
mixture continually has the lowest coefficient of friction, followed by the particulate
mixture containing the combination of 70 nm and 1.5 um hBN particles. The 5.0 um
particulate mixture has the highest friction coefficient, followed by the 0.5 pm particulate
mixture. These results reveal the important role that the boron nitride particles play in
filling the inter-asperity valleys. The filling of the asperities establishes a thin transfer
film that allows the particles to align themselves parallel to the relative motion and slide

over one another with relative ease providing lubrication.
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Hexagonal Boron Nitride and Canola Oil Particulate Mixture
Figure 5.3: (a) Variation of coefficient of friction with sliding distance for single
particle-size particulate mixtures, (b) Variation of coefficient of friction with sliding
distance for multiple particle-size particulate mixtures, (c) Variation of coefficient of

friction for various particulate mixtures at the end of the experiments

An illustration of the boron nitride particles in the tribo-interface is shown in Fig
5.4. This graphic represents a true-scale schematic between the disk surface asperities and
the particle sizes with the particle shape geometry depicted. Fig 5.4(a) shows the
spherical 70 nm particles in the contact zone and schematically demonstrates how they
particles fill the inter-asperity valleys to establish a thin powder transfer film. Based on
the experimental results, it can be deduced that the ability of the smaller particles to lower
friction is more important than the ability of the larger hBN particles to support the
contact loads between the asperities (see Table 5.3). The table illustrates the influence of
particle size on the coefficient of friction as substantiated in the tests involving
combinations of particle sizes. Particulate mixtures containing 70 nm particles had the

largest reductions of the coefficient of friction compared with mixtures with the larger
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particle sizes. For example, the 0.5 um particle mixture had a 20% reduction; the 1.5 um
particulate mixture had a 17% reduction; and the 5.0 pm particle mixture had a 39%

reduction in coefficient of friction when mixed with the 70 nm particles.

\/ )
stress concentration

Figure 5.4: Schematic diagram of boron nitride and canola oil particulate mixtures with
size (@) 70 nm, (b) 0.5 um, (c) 1.5 um, (d) 5.0 um at the tribo-interface

The 5.0 um hBN particles are considered to behave more like a third-body abrasive
particle when sliding along the aluminum disk, because of their plate-like geometry,
which damages the softer disk surface by plastic deformation, resulting in the high
coefficient of friction values. A diagram of these particles in the contacting interface is
shown in Fig. 5.4(d). The 0.5 pm particles also behave abrasively, resulting in a high
coefficient of friction value, possibly because their size is on the same order of magnitude

as the surface roughness of the aluminum disk, which has an R, value of 0.3 pm. As
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shown in Fig. 5.4(b), the 0.5 um particles easily coalesce among the asperities but are
thought to have high stress concentrations, as the particles in the asperity valleys remain
entrapped, thereby limiting the motion of the neighboring particles and generating larger
amounts of force, which leads to the abrasive behavior. For these reasons, the 0.5 pm
hBN particles have larger coefficient of friction values. The 1.5 um particles depicted in
Fig. 5.4(c) are unique, because they are larger than the surface asperities and have a more
rounded particle geometry; therefore, they can effectively support the asperity contact
loads and accommodate the relative velocity with minimal resistance, thus providing a
lower coefficient of friction. Table 5.3 reveals that the addition of 0.5 um, 1.5 um, or 5.0
um particles to either the 70 nm, 0.5 um, or 1.5 pum particles increase the coefficient of
friction anywhere from 17 to 248%. This is observed in the case of the 0.5 pm particulate
mixture, which has a lower coefficient of friction than the particulate mixture containing

both 0.5 um and 1.5 pm.

Table 5.3: Influence of particle size on coefficient of friction

Additive Particle
Base 0.5 1.5 5.0
Particles 70nm micron micron micron
70 nm X 155% 106% 248%
0.5 micron -20% X 17% 19%
1.5 micron -17% 50% X 83%
5.0 micron -39% -34% -21% X

Note: (+) is an increase in COF and (-) is a decrease in COF
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The ability of the boron nitride particles to remain in the pin-disk interface is an
important factor contributing to their friction reducing capabilities [90]; therefore,
examining the continual renewal of the hBN particles in the pin-disk interface is critical.
The experiments involving canola oil with and without the 70 nm particles were used in a
comparative study between a copper pin sliding against an aluminum disk and a copper
pin sliding against a 440C stainless steel disk. The results revealed in Fig. 5.3 indicate the
effectiveness of the boron nitride particles to act as a lubricant when present in the
lubricating interface. In the case of the aluminum disk, the coefficient of friction is low
because the copper pin is harder than the aluminum disk, allowing abrasive wear to occur
and thus plastic deformation of the disk material. Here the copper pin deforms the
aluminum disk, creating a series of grooves as it establishes a wear track. The wear track
allows the 70 nm hBN particles to remain in the contacting (pin-disk) interface, providing
adequate lubrication. On the contrary, in the case of the copper pin against the steel disk,
the increased hardness of the steel disk hinders the formation of a wear groove by plastic
deformation in the disk; therefore the hBN particles cannot accumulate in a groove,
resulting in a higher coefficient of friction. In the case of the steel disk with the 70 nm
hBN particles in canola oil, the boron nitride particles escape from the pin-disk interface,
resulting in a condition similar to the steel disk lubricated by pure canola oil with a
comparable final coefficient of friction, as shown in Fig. 5.3(c). These results validate the
importance of the hBN particles to remain in the contacting interface to provide adequate

lubrication throughout the test duration.
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5.4.2 Wear Volume Results
During the tests the linear wear displacement of each pin was measured and
converted into a volumetric wear loss using Eqg. (5.1) derived from the geometry of a

spherical cap [278].

V="(3r-h) Eq. (5.1)

In Eq. (5.1), h is the linear wear displacement (mm) in the vertical direction for the pin, r
is the pin radius (mm), which is assumed constant throughout the test, and V is the
volumetric wear loss (mm?). Fig. 5.5(a) shows the variation of the pin wear volumes with

sliding distance for the all the particulate mixtures.
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Figure 5.5: (a) Variation of pin wear volume with sliding distance for particulate
mixtures, (b) Variation of pin wear volume for various particulate mixtures at the end of

the experiments

It can be seen that the pin wear volume increases with the sliding distance for
various particulate mixtures. The 5.0 um and 0.5 pm particle mixtures have the highest
wear volumes and the 70 nm and 1.5 pum particulate mixtures have the lowest wear
volumes; these results are similar to the trends seen in the coefficient of friction behavior.
Lubricants containing mixtures of two particle sizes resulted in pin wear volumes that
fluctuate between the maximum and minimum pin wear volumes for individual
particulate mixtures. The 0.5 um and 5.0 um particle mixtures have the highest wear rates,
which support previous claims that these particles behave abrasively. Fig. 5.5(b) depicts
the various particulate mixtures and the pin wear volumes upon the completion of the test.

It can be seen from Table 5.4 that the addition of the 70 nm or the 1.5 um particles to the
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0.5 pm or 5.0 wm particulate mixtures lowers the amount of wear. In fact, any
combination of particles added to either the 0.5 pm or 5.0 pm particulate mixtures
decreases the amount of wear and any combination of particles added to either the 70 nm

or 1.5 um particulate mixture increases the amount of wear.

Table 5.4: Influence of particle size on pin wear volume

Note: (+) is an increase in wear and (-) is a decrease in wear

These results indicate the presence of the 70 nm particles to produce a thin
lubricating transfer film, as shown in Fig. 5.4(a), and the 1.5 um particles to carry the
asperity contact loads, as shown in Fig. 5.4(c), limit the amount of wear that occurs. The
influence of the 70 nm particles to lower the wear is far greater than that of the 1.5 pm
particles. For example, by examining the two particle mixtures with the highest wear
volume (0.5 pum and 5.0 um), the presence of the 70 nm particles with the 0.5 pm
particles lowers the wear volume by 68% when compared to the 1.5 um and 0.5 pm
particulate mixture, which reduced the wear volume by 17% (Table 5.4). Furthermore,

the influence of the 70 nm particles with the 5.0 um particles lowered the wear volume by
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71% compared with the 1.5 pum and 5.0 um particulate mixtures, which had only a 37%
decrease (Table 5.4). This supports the claim that the influence of the 70 nm particles to
coalesce in the asperity valleys and establish a thin lubricating film to minimize friction
and wear is more important than the ability of the larger particles to support the asperity
contact.

The importance of the hBN particles to remain in the lubricating interface was
again evaluated using the 70 nm particulate mixture with the copper pin sliding on an
aluminum disk. These results were compared with that of a copper pin sliding on the
440C stainless steel disk. In this analysis, the influence of the disk material on the wear
volume was examined. The hardness of the steel disk is more than that of the aluminum
disk, therefore less wear occurs for the case of the steel disk. Significant research has
gone into understanding the influence of the hardness ratio on the wear rate of mating
materials. In addition, substantial work has gone into determining the effects of crystal
structure, yield strength, and other material properties on a materials wear rate [38, 300-
316]. The influence of the crystal structure affects the wear rate, for example the steel
disk has a body-centered cubic (BCC) crystal structure with a lower number of slip
systems when compared with the aluminum disk, which has a face-centered cubic (FCC)
crystal structure. Here, the BCC crystal structure has 48 possible slip systems, but since
the planes are not so closely packed, they require higher amounts of stress to cause slip.
On the contrary, the FCC crystal structure is closely packed and has 12 possible slip
systems that require less stress than the BCC to cause slip [317]. The limited number of

slip systems in the steel decreases the occurrence of plastic deformation in the material,
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thereby severely limiting the real area of contact in the pin-disk interface; for this reason,
less wear occurs with the steel disk when compared with the aluminum disk. It is reported
in the literature that a higher hardness difference between mating pairs results in a higher
wear rate. In the present study, the aluminum disk had a Brinell hardness of 120 and a
yield strength of 310 MPa, whereas the steel disk had a Brinell hardness of 230 and a
yield strength of 448 MPa [318, 319]. The copper used for the pins had a hardness that
was in between the aluminum and the steel disks with a Brinell hardness value of 179 and
a yield strength of 310 MPa [318, 319]. The hardness ratio, R is defined as the ratio of the

hardness of the disk material to the hardness of the pin material as shown in Eq. (5.2) [7].

hardness of disk material

Hardness Ratio = Eq. (5.2)

hardness of pin material

From Eq. (5.2), the hardness ratio, R for the material pairs is as follows: for the aluminum
disk and copper pin, R = 0.67 and for the steel disk and the copper pin, R = 1.28; where a
lower hardness ratio results in a higher wear rate of mating materials. Thus, from Eq.
(5.2) the aluminum-copper material pair has a lower hardness ratio and a greater hardness
difference, so it would be expected that it would exhibit a higher wear rate when
compared to the steel-copper material pair. In the present investigation, the variation in
the wear rate is substantial between the aluminum and the steel disks when sliding against
the copper pins. This is because in the case of the copper pin sliding against an aluminum
disk, the wear grooves are formed on the aluminum disk as a result of plastic deformation,

since the aluminum disk is softer than the copper pin. The boron nitride particles in the
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canola oil in this scenario were able to remain in the wear groove and provide adequate
lubrication leading to relatively low wear rates, especially in the cases involving the 70
nm and 1.5 um particle sizes. In the case of the copper pin sliding against a steel disk,
wear grooves were not able to develop to constrain the boron nitride particles which are
present in canola oil in the interface because the hardness of the steel-disk is much
greater than that of the copper. It is for this reason that the boron nitride particles were
able to flow out of the pin-disk interface, starving it of any hBN particles, and enter a
pure canola oil scenario, thus leading to a deficiency in the lubricant. This can be seen in
Fig. 5.5(b), where the steel disk was lubricated with both a 70 nm hBN particulate
mixture and pure canola oil, which resulted in similar wear rates. Here, the lower wear
rate in the case of the steel disk is directly caused by the greater hardness ratio and lower
hardness difference between steel disk and the copper pin, rather than the influence of the

boron nitride particles as seen in the aluminum disk.

5.4.3 Surface Analyses

To further evaluate the influence of the particle size on friction and wear, an
optical profilometer and scanning electron microscope (SEM) were used to analyze the
worn pin surfaces. An optical profilometer was used to measure surface roughness
parameters including the arithmetic average. Fig. 5.6(a) shows three-dimensional worn
pin surfaces recorded by the optical profilometer for the 70 nm particulate mixture, and

Fig. 5.6(b) for the 5.0 um particulate mixture.
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Figure 5.6: 3D Optical profilometer images of worn surface of the pin for the (a) 70 nm,

(b) 5.0 pm experiments
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Figure 5.7 shows scanning electron micrographs of worn pin surfaces at low and
high magnifications for the particulate mixtures containing 70 nm, 5.0 pum, and the
combination of 70 nm and 5.0 pm hBN particles. This analysis reveals that the worn pin
surface for the 70 nm particle mixture, Figs. 5.6(a), 5.7(a), and 5.7(b), has a relatively
smooth surface with an Ra value of 0.25 pm and a uniform worn surface. The pin surface
used in the 5.0 um particle mixture, Figs. 5.6(b), 5.7(c), and 5.7(d), is severely abraded,
having a Ra value of 2.47 pum, which is significantly rougher than in the 70 nm
particulate mixture test. This is consistent with the friction and wear results, because the
5.0 um particle test had a higher coefficient of friction (COF) and wear volume than the
70 nm particle test. Finally, the combination of the 70 nm and 5.0 um particulate mixture,
Figs. 5.7(e) and 5.7(f), reveal that the surface roughness decreases with the presence of
nano-sized particles with a Ra value of 0.42 pum, which is again consistent with the
friction and wear results. In fact, in this trial the presence of the 70 nm particles lowered
the COF by 39%, the pin wear volume by 71%, and the surface roughness by 83%. These
results further verify that the 70 nm hBN particles have the ability to form a protective
coating on a surface that lowers the coefficient of friction, wear volume, and surface
roughness. The abrasive nature of the 0.5 um and 5.0 um particles with high friction
coefficients and wear volumes generate rough surfaces and thus may not be suitable

additives in the present canola oil-particulate mixtures.
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Figure 5.7: Scanning electron micrographs of worn pin surfaces for various particulate

mixtures (a, b) 70 nm, (c, d) 5.0 um, and (e, f) 70 nm + 5.0 um, in canola oil under low
magnification (a, c, €) and high magnification (b, d, f)
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The Ra values for the worn pin surfaces for various particulate mixtures are
depicted in Fig. 5.8, which shows two relationships between the surface roughness and
particle size. The first relationship is present in the experiments involving the single
particle-size particulate mixtures—the larger the difference between the particle size and
the initial surface roughness of the disk, the greater the surface roughness of the worn pin
surface. The second relationship occurs in the experiments involving multiple particle-
size particulate mixtures—the larger the difference between the two particle sizes,

relative to the larger one, the smoother the worn pin surface (i.e. less surface roughness).
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Figure 5.8: Variation of surface roughness with particulate mixture

To better quantify these relationships, two dimensionless hybrid roughness parameters

are introduced, the particle size-to-surface roughness (PSR)-Index (¥sg) and the particle-
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to-particle (PP)-Index (®pp). The ¥sgr which defines the first relationship is described by

Eq. (5.3):

|Ra—7p|
Ysr =—=—F

Rq Eq. (5.3)

In Eg. (5.3), R, is the arithmetic average of the disk surface before the test (with a value
of 0.3 um) and ny is the average additive particle size in the individual particulate tests.
The @pp characterizes the second relationship by relating the PP size difference within

each particulate mixture with multiple-sized particles and is defined in Eq. (5.4).

_ njny

$pp =
nj

Eq. (5.4)

In Eq. (5.4), n; is the larger particle-size and n; is the smaller particle-size within the
mixture. Table 5.5 shows the Ysg for various lubricant mixtures and Fig. 5.9 illustrates
the actual and predicted Psg values and pin surface roughness values for varying particle
sizes. Additionally, Fig. 5.9 shows the transitional boundaries for the particles
geometrically transforming from spherical to plate-shaped. The transitional boundaries
represent regions where various tribological mechanisms are occurring as a result of
particle shape and size. Moreover, these boundaries are derived from the SEM

micrographs in Fig. 5.2 and the schematic diagram in Fig. 5.4.
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Particle Size Ra (um) of initial disk surface | Wsgr Ra (um) of the pin
0.5um 0.30 0.67 0.16
70nm 0.30 0.77 0.25
1.5um 0.30 4.00 0.79
5.0um 0.30 15.67 2.47
70nm (Steel) 0.30 0.77 0.89
Pure Canola Oil 0.30 1.00 1.05
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For the 0.5 um, 70 nm, 1.5 pm, and 5.0 um particulate mixture tests the R, value
of the pin and the Ysg value increase together as the particles deviate from the spherical
geometry. This trend is important because it helps to validate the claim that the 0.5 pm
hBN particles are of a similar magnitude to the surface roughness of the test disk, because
they have the lowest ¥sg. This may suggest that the particles fill the inter-asperity valleys
and create a smoother surface finish; however, they do act as an abrasive particle when
traversing the surface, resulting in the higher friction. Figure 5.10, depicts the predicted
Psr values for varying particle sizes and various initial disk surface roughness. From Fig.
5.10, it can be seen that ¥sgincreases as the particle size increases for a constant surface
roughness and that the ¥sr decreases with an increasing initial surface roughness, to an
asymptotic value of 1 as shown in the line with an R; = 10 um. It should be noted that in
Fig. 5.10, when the particle size approaches the size of the surface roughness, the
predicted value is zero, rendering the prediction inaccurate at that single point. Despite
this minute error, it does reveal that other physical mechanisms are contributing to the
friction, wear, and surface roughness such as possible stress concentrations and particle

shape geometry (i.e. spherical or plate-shaped).
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various initial disk surface roughnesses

It is speculated that particles having a size on the same order of magnitude as the
initial surface roughness of the disk are the “problematic” size because they become
entrapped in the asperity valleys. This is presumed to result in high-stress concentrations,
which may become more pronounced the less spherical the particle is, thus facilitating the
abrasive nature of the particles. For these reasons, it is hypothesized that these particles
create a more disorderly and restrictive state that requires a higher degree of force to push
the particles across the lubricating interface, thereby increasing friction and wear. The 70
nm hBN particulate mixture used in the steel disk test has a larger R, value than the 70
nm particulate mixture used with the aluminum disk, because the steel disk permits the

70 nm hBN particles to flow out of the pin-disk interface. This results in a situation



189

where the pin-disk interface is primarily lubricated by the canola oil. The 70 nm steel
disk test and the pure canola oil test have similar R, values, which would support this
claim. The pure canola oil test has no hBN particles in the lubricant mixture; therefore, it
has a Ysg value of 1.0 and minimal preventative wear mechanisms, and it remains a
benchmark for comparative purposes.

The @pp for various particulate mixtures is tabulated in Table 5.6 along with the
corresponding R, values. In this table, when @®pp equals 0.67, the corresponding particle
sizes are 1.5 um and 0.5 pm. Theoretically, the value of @pp approaches zero when the
particle sizes are similar. Also, it can be seen that the value of @pp equals 0.99 when the
5.0 pum particles are combined with the 70 nm particles. Again, it can be inferred that as
the value of &pp approaches its upper limit of one, this represents a scenario where the
smaller particle has become so small that its size is negligible or can be considered zero.
In the combined particulate mixture tests, the worn pin surface roughness decreases
inversely proportional to the @pp, with the exception of the combination of the 1.5 um
and 0.5 um particulate mixture test having a @pp value of 0.67. This test (as shown in
Table 5.6) has a small difference between the particle sizes, resulting in a smoother pin
surface finish, having the lowest R, value. A possible reason for this phenomenon is the
competing nature of the boron nitride particles. In the cases where the ®pp is large
(>0.70), two substantial wear-reducing mechanisms are occurring. The first is by the
smaller particles being able to fill the inter-asperity region and establish a thin powder

transfer film protecting the surface; the second mechanism is caused by the larger
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particles supporting the asperities contact loads, thereby potentially reducing the amount

of asperities in contact.

Table 5.6: Particle-to-Particle Index (®pp)

Particle Size Dpp Ra (um) of the pin
1.5um+0.5um 0.67 0.227
5.0um+1.5um 0.70 5.15
70nm + 0.5um 0.86 1.75
5.0um+0.5um 0.90 1.46
70nm-+1.5um 0.95 1.09
70nm+5.0um 0.99 0.423

As the @pp decreases, the impact of the two wear-reducing mechanisms ends up

competing as the particles struggle to fit into the same space, because they are relatively

the same size and thereby increasing surface roughness. It should be noted that surface

roughness is an independent parameter to the wear rate of the pin. The particle size

dictates how much friction and wear takes place during a test, and the size effect of the

particle with the initial surface roughness defines how rough the final worn surfaces will

be. At the end of a test when profilometry measurements are conducted, hBN particles

may remain impregnated on the surface of the pin, even after thorough washing.

Nevertheless, the topographical measurements substantiate the theory that the larger

particle sizes are more abrasive, as shown in Figs. 5.3, 5.5, and 5.7, and thus the presence
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of the nano-sized particles to fill inter-asperity region is more important than the ability
of the larger particles to support the asperity contact loads. In addition, the tribological

performance of the particles is dependent upon their presence in the tribo-interface.

5.4.2 Avocado Oil Tests

In the current investigation, the author investigated the size effect of boron nitride
and boric acid particulate additives mixed into canola oil for their effects on friction and
wear [6, 93, 118, 320]. Canola oil was used as a carrier fluid to circulate the particulate
additives during the pin-on-disk testing. Here, it is shown that the canola oil with the
particulate additives demonstrated improved tribological performance. However, taking
into consideration the presented fatty acid analysis from Chapter 4, canola oil was not the
optimal natural oil lubricant for enhanced tribological performance. In fact, avocado oil
has superior tribological properties that surpass those of canola oil in regards to friction,
wear rate, and thermal-oxidative stability. Therefore, it can be speculated that using
avocado oil with the particulate additives would lead to further improvements in the
tribological properties of this class of biolubricants containing particulate additives for
three reasons: (1) establishment of a superior fatty acid monolayer to lower the friction
and wear, (2) enhancement of the thermal-oxidative stability, and (3) advancement of the
particulate additives to further reduce friction and wear. In this section, current research
progresses in this direction by studying the effect of varying sizes of hBN particulate
additives on the tribological performance of avocado oil. In this investigation, the hBN

particles were mixed into the avocado oil to form colloidal solutions in a similar process
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to that of the canola oil with hBN particle additives. These tests were conducted using
similar materials i.e. a copper pin sliding on an aluminum disk with comparable test
parameters, a 10N normal load, 36mm/s sliding velocity, ambient conditions, and
particles add at 5% by weight. The only difference this test was performed on a Ducom
Instrument Material Characterization System tribometer. It should be noted that friction is
a system dependent property that is dependent upon test environment, operating
conditions, and surface geometrical configuration and therefore it is not so much the
comparison on the lower friction between these tests but the impact of the particle

additives to improve upon the avocado oil which is important.

5.4.2.1 Friction Results

Figure 5.11 shows the coefficient of friction results for avocado oil mixed with
hBN particulate additives in a colloidal suspension after sliding contact. Figure 5(a)
shows the variation of the COF with sliding distance and Fig. 5(b) shows the final COF
results. It was revealed that the COF for the various lubricant mixtures decreases with
sliding distance. Of the single particulate mixtures, the 70 nm hBN particles maintained
the lowest COF followed by the 0.5 pm hBN, 1.5 pm hBN, and 5 pm hBN mixtures.
Interestingly as the 70 nm particles are added to each of the other particulate tests, they
witnessed a decrease in the COF. More still each of the avocado oil and hBN particulate
mixtures maintained a lower COF value than the pure avocado oil. It can be inferred that

the abrasive nature of the larger plate-shaped particles did not play as significant a roll in
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Figure 5.11: Coefficient of friction for boron nitride particles in avocado oil (a) variation
of the COF with sliding distance and (b) variation of the COF at the end of the

experiments

regards to influencing the friction coefficient. Table 5.7 shows the final COF values and
the percent difference that particle had on the tribological performance of the avocado oil.
In this table the individual particles were compared to the pure avocado oil in the percent
different calculation and the combined particulate tests were compared to their larger
particle size to gauge the improvement of the smaller particle being present in the
combination mixture. It can be seen that the 70 nm hBN particles decreased the COF by
64% while the 5um hBN particles only decreased the COF by 8%, when compared to the
pure avocado oil. The influence of the 70 nm particles lowered the COF in the 0.5 pm
and 1.5 um hBN tests by 20% and 11% respectively. The combination of the 0.5 um and
1.5 um hBN as a particulate mixture resulted in an 30% increase in the COF when

compared to the 1.5 um hBN test.
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Table 5.7: Influence of particle size on the coefficient of friction in avocado oil

particulate mixtures

Particle Combination COF Percent Difference (%0)
70nm hBN 0.0144 -64"
70nm hBN + 0.5um hBN 0.0193 -20°
70nm hBN + 1.5um hBN 0.0227 -11°
0.5pm hBN 0.0240 -41*
1.5pum hBN 0.0255 371
0.5um hBN + 1.5um hBN 0.0330 30°
5um hBN 0.0373 -8
Pure Avocado Oil 0.0404 N/A

! Compared to pure avocado oil

Compared to the larger of the two particle sizes
5.4.2.2 Wear Results

Figure 5.12 shows the wear volume results for the avocado oil particulate mixture

tests. Figure 5.12(a) shows the variation of the wear volume with sliding distance. It can
be seen in this figure that the wear volume increases with sliding distance. Figure 5.12(b),
shows the wear volume at the completion of the tests and Table 5.8 shows the influence
of the wear volume. It was revealed in the avocado particulate mixture tests that the 70
nm hBN tests have the lowest wear volume overall. Within the single particulate mixtures
the 0.5 um hBN, 1.5 um hBN, and the 5 um hBN particles showed a systematic increase
in wear rate with particle size, which was in near perfect agreement with the friction
results. It was shown that the 70 nm hBN particles decreased the amount of wear by over
70%, followed by a 63%, 50%, and 13% decrease in wear by the 0.5 um hBN, 1.5 pm

hBN, and the 5 um hBN particles, respectively. When the 70 nm hBN particles were
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added to the 0.5 um hBN, 1.5 um hBN mixtures they each saw a reduction in wear of
39% and 18% respectively. The combination of the 0.5 pm hBN, 1.5 um hBN particles
revealed a 26% increase in wear. The 70 nm hBN particles clearly dominated the
performance of the particle additives revealing the importance of allowing smaller
particles to coalesce in the asperity valleys and establish a thin smooth lubricious transfer

film that can simultaneously lower the friction and minimize the wear rate.
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Figure 5.12: Wear volume for boron nitride particles in avocado oil (a) variation of the

wear volume with sliding distance and (b) variation of the wear volume at the end of the

experiments

Table 5.8: Influence of particle size on the wear volume in avocado oil particulate

mixtures

Particle Combination Wear Volume (mm®) Percent Difference (%)
70nm hBN 0.2028 72"

70nm hBN + 1.5um hBN 0.2190 -18°

70nm hBN + 0.5um hBN 0.2202 -39°

0.5um hBN 0.2683 -63"

1.5pm hBN 0.3600 -50*

0.5um hBN + 1.5um hBN 0.4537 26°

5um hBN 0.6280 -13*

Pure Avocado Oil 0.7191 N/A

! Compared to pure avocado oil

Compared to the larger of the two

particle sizes
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5.4.2.3 Surface Analysis

Figures 5.13 through 5.15 show the scanning electron micrographs for the various
avocado particulate mixtures. It can be seen that the in Fig. 5.13, the worn surface of the
pin all have a relatively similar and small worn surface, despite posttest effects of
oxidation. These figures represent the worn surfaces of the 70nm hBN, 70nm and 1.5um
hBN combination, and 70nm and 0.5um hBN combination mixtures. The diameter of the
worn pin surfaces are in agreement to their corresponding wear volumes as they all wore
approximately 0.21 + 0.01 mm®. Figure 5.14 shows the SEM images for the 0.5um hBN,
1.5um hBN, and 0.5pm and 1.5pum hBN combination mixtures. These images show a
slight increase in surface roughness and wear track diameter amongst themselves and
when compared to the images shown in Fig. 5.13. This is expected as the friction and
wear rate increase for each of these lubricant mixtures. It is interesting to notice that in
Fig. 5.14(b) the darker colors are not wear marks, but oxidation that developed on the
surface during the posttest analysis. In Fig. 5.14(c), wear debris can be seen to have
accumulated on the edge of the worn surface, whereas in Figs. 5.14(a) and 5.14(e) the
wear debris has separated from the worn surface. Figure 5.15 reveals the worn surface for
the 5um hBN particles and the pure avocado oil tests. It is important to observe that the
worn surface has noticeably increased in diameter indicative of increased wear. The
presence of the larger 5pum hBN particle did result in any increased surface roughness of
the worn surface as shown in Fig. 5.15(b). In fact, comparing the high magnification
images of 5.15(b) to 5.15(d) showed minimal differences between having the larger

particles and having no particles. The relatively smoother worn surfaces could be a result
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of the more robust and highly effective monolayer that is able to minimize the asperity
contact due to the increase percentage of the oleic acid (C18:1) in the avocado oil. More
still the ability of the hBN particles to systematically increase the tribological properties
of the avocado oil demonstrates that avocado oil when compared to canola oil does
indeed act as a better carrier fluid due to its increased lubricity. Furthermore it can be
speculated that under identical testing or operational conditions, the avocado oil would
maintain a lower coefficient of friction thereby improving system efficiency as well as

prevent surface damage by minimizing wear and surface roughness in the tribo-interface.

200x 200x

70nm hBN 70nm + 1.5pm hBN 70nm + 0.5pum hBN
Figure 5.13: SEM images of pin worn surface for various particulate mixtures in avocado

oil (a) and (b) 70nm hBN; (c) and (d) 70nm + 1.5um hBN; and (e) and (f) 70nm + 0.5um
hBN
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0.5um hBN 1.5um hBN 0.5um hBN + 1.5um hBN

Figure 5.14: SEM images of pin worn surface for various particulate mixtures in avocado
oil (a) and (b) 0.5um hBN; (c) and (d) 1.5um hBN; and (e) and (f) 0.5um + 1.5um hBN
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Sum hBN Pure Avocado Oil

Figure 5.15: SEM images of pin worn surface for various particulate mixtures in

avocado oil (a) and (b) 5um hBN; and (c) and (d) pure avocado oil
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5.5 Conclusions

The results of this study illustrate the importance of choosing the appropriately
sized boron nitride particle to enhance the lubricity and minimize wear of the tribo-
interface. By optimizing the particle size of the boron nitride and selecting a bio-based
natural oil such as avocado oil to act as a carrier fluid, a colloidal solution can be
established that does not degrade or separate. This in turn allows for a sustainable
biolubricant to be developed that has properties that will lower friction and wear, thereby
improving a systems energy economy by ultimately conserving more energy. The
following conclusions can be drawn from the current research.

e Nano-sized particles were shown to offer the best tribological performance when
compared to micron- and submicron-sized particles in canola and avocado oil. This is
a result of the colloidal solution not degrading over time and therefore able to
continuously maintain the hBN particulate additives in the lubricating interface.

e Particle additives that are larger than the asperities carry a portion of the load between
the contacting asperities, resulting in a decrease of friction; however these larger
particles are also more abrasive causing higher wear rates that have the potential to
cause a rougher final surface finish.

e Nano-sized particles in natural oils coalesce in the asperities valleys creating a
superior protective transfer film between the contacting surfaces that thwarts friction

and wear. The nano-sized particles’ ability to improve the tribological performance
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remains to exist in mixtures containing submicron- and micron-sized boron nitride
particles.

A larger particle size to initial surface roughness difference results in a high surface
roughness of the softer material after sliding contact and a larger particle-to-particle
size difference decreases the surface roughness and the friction coefficient.

Natural oils with higher levels of oleic acid such as avocado oil exhibit superior
tribological properties (i.e. lower friction and wear) when compared to natural oils
with lower amounts of oleic acid such as canola oil.

Avocado oil exhibited less surface damage than canola oil with lower wear rates and
a relatively smoother surface finish when using nanometer, submicron, and micron-

sized hBN particulate additives.
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Chapter 6 The Influence of Surface Roughness and Particle Size
On the Tribological Performance of Environmentally Friendly

Bio-based Lubricants with Boron Nitride Particulate Additives

6.1. Introduction

Bio-based lubricants derived from vegetable oils have been used as lubricants in
lowering friction and preventing wear since antiquity [16, 24, 106, 107, 110, 111, 321].
At the start of the 20™ century, investigations into the properties of bio-based lubricants
have received much attention due to the fact that 50% of the utilized lubricants
worldwide end up in the environment through usage, spill, volatility, or improper
disposal [222, 286]. Among these lubricants, nearly 95% are composed of toxic
petroleum-based oils that are harmful to environment. Bio-based oils have begun to
witness acclaim due to increased environmental efforts to reduce the use of petroleum-
based lubricants, depletion of oil reserves, increases in oil price, and higher lubricant
disposal costs [6, 222, 286]. Moreover, the emphasis placed on bio-based lubricants is
also a result of the increase in demand for ecologically safe lubricants that are
environmentally benign, renewable, and provide feasible and economical alternatives to
petroleum-based oils [6, 81, 322].

The interest in bio-based lubricants is due to their composition of triacylglycerol
made up of esters derived from glycerol and long chains of polar fatty acids that are

desirable in boundary lubrication for their ability to adhere to metallic surfaces, remain
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closely packed, and create a monolayer that is effective at reducing friction and wear [24,
107, 321]. Recently, investigations involving bio-based lubricants derived from vegetable
oils such as canola oil focused on understanding the influence of various fatty acids, their
use as neat lubricants, additives in mineral oils, and as carrier fluids for lamellar particle
additives in sliding contact [6, 90, 118, 196].

When compared to petroleum-based oils, bio-based lubricants composed of
vegetable oils have a higher lubricity, lower volatility, higher shear stability, higher
viscosity index, higher load carrying capacity, and superior detergency and dispersancy
[56, 81, 90], making them a viable alternative to petroleum-based oils. Bio-based solid
lubricants such as boric acid (H;BO3) and hexagonal boron nitride (hBN) are well-known
solid lubricants for their low interlayer friction, ability to form a protective boundary
layer, and accommodate relative surface velocities [6, 90, 92, 113, 194]. These properties
of lamellar powder lubricants are a result of their crystal structure, in which atoms lying
on the same layer are closely packed and strongly bonded together by covalent bonds,
and the layers are relatively far apart due to the weak van der Waals force [9, 11, 195,
197], as illustrated for boron nitride in Fig. 1.12 [113]. These powders are effective in a
broad range of applications to lower friction and minimize wear. Despite, their superior
performance, lamellar powders can be forced out of the lubricating interface in sliding
contact and thus must be replenished [16, 81, 113]. This is often accomplished by adding
these powders to liquid lubricants to form colloidal solutions [6, 10, 118, 201-203]. Some

lamellar powders such as boron nitride are environmentally-benign and inert to most
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chemicals making them an attractive performance enhancing additive to vegetable oils

[90, 198, 199].

6.2 Effect of granular particles on tribological performance

The influence of varying sized particulate additives such as graphite, MoS,, hBN,
and boric acid on the friction and wear properties has been well studied in the literature
[10, 323-325]. Much of the research has indicated that submicron-sized particle additives
improve the tribological properties of the base oil when compared to micron-sized
particle additives because their size is on the same order of magnitude as the surface
asperities [326-333]. As the particle sizes decrease, research have been able to show that
nanometer-sized particles in combination with micron-sized particles used as an additive
in a liquid paraffin colloidal mixture exhibited better wear resistance, friction-reducing
performance, and extreme pressure properties [10]. In another investigation, the effects of
lubricants having micron-sized particles and nanometer-sized particles and their
combinations were studied for their effect on fuel efficiency. This study revealed that the
combination of nanometer and micron-sized particles improved the friction, fuel
efficiency (by 35%), and exhaust emissions (by 90%) [334]. Furthermore, in a study by
Lovell et al., the influence of boric acid additives of varying sizes was investigated as an
additive to a base lubricant [16]. Here, it was shown that the nanometer-sized particles
had the most significant improvement on the tribological performance. The addition of
nanometer-sized particles to submicron and micron-sized particles resulted in

improvements on the performance of the submicron and micron-sized particles by
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themselves, thus revealing that the benefit of nanometer-sized particles to coalesce and
fill in the asperity valleys was more important than larger particles’ ability to carry
contact loads between the surfaces. Additionally, the larger particles may act abrasively
since they were larger than the surface roughness [16]. It is well known that a tribo-
system consisting of two surfaces separated by dry third-body particulates will exhibit
multiple tribological regimes as a function of the particle size relative to the surface
roughness [197, 335]. In an investigation by Menezes et al. [17] they attempted to
characterize the domains in which the size of the particle influences the tribological
regimes occurring in the interface. Here, if the particulate additives are smaller than a
lower bound critical size, Py, the tribo-interface will experience adhesive wear. On the
contrary, if the particulate additives are larger than an upper bound critical size, P, the
tribo-interface will experience abrasive wear. The speculation behind this theory is such
that particles with sizes below the lower bound critical size coalesce in the asperity
valleys forming solid rigid masses that promote adhesive wear. Particles above the upper
bound critical size, can be greater than or equal to the surface roughness which leads to
more abrasive wear. When the particle additives have a size that is between the lower and
upper bounds, Py, < P < Py, a tribological regime exists known as quasi-hydrodynamic
powder lubrication [335]. In this regime, the particles undergo shearing to accommodate
the relative surface velocities while behaving in a similar manner to hydrodynamic
lubricants. It is therefore speculated that these effects of particle size to surface roughness
govern the tribological performance of powder particle additives. The current research

seeks to investigate this theory when the particles are dispersed within a colloidal mixture.
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Other research has focused on the relationship between powder particle additive
solid fraction and the influence it has on the COF. Experiments by Kabir, et al. have
shown that there is a critical solid fraction, v, for solid particulate additive lubricant
mixtures. Solid fraction values below the critical value, revealed that the COF decreased
with increasing solid fraction; whereas above the critical value, the COF increased with
increasing solid fraction [281]. This parameter provides yet another useful tool for
determining the tribological regimes of a particulate lubricant mixture as a function of
solid fraction.

Additionally, studying the effects of surface roughness, grind angle, and surface
texture on the COF is an important preliminary step in understanding the many variables
that influence the tribological regimes present in a tribo-interface. Menezes et al. have
shown that the COF and the transfer layer formation are dependent on the direction of the
grinding marks and surface texture of the harder surface in a tribo-contact, but remain to
be independent of the surface roughness of the harder mating materials [280, 336]. Here,
the grinding angle and surface texture effects were attributed to the variation of the
plowing component of friction with grinding angle as well as the average slope of the

surface profile.

6.3 Experimentation
Pin-on-disk tests at ambient conditions were conducted to characterize the
tribological performance of bio-based lubricants composed of canola (rapeseed) oil and

hexagonal boron nitride (hBN) particles during sliding contact. In the tests, four types of
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hBN particles having sizes of 5 um, 1.5 pm, 0.5 um, and 70 nm were combined with the
canola oil in a 5% by weight concentration forming a homogenous colloidal solution by
mixing the contents in a vortex generator. The hBN particle sizes were verified through
SEM [337] and determined to be in the appropriate range as the prescribed average
particle size descriptions given by the manufacturer. It is important to note that in the
micrographs it was also observed that the sphericity of the particles decreases as the
average particle size increases. In the pin-on-disk tests, pins were made of copper (C101)
and 440C stainless steel. The disks were made of both copper (C101) and aluminum alloy
(Al-2024). Table 6.1 details the pin-on-disk material pairs that were used during the

testing. The second material combination was studied for comparison.

Table 6.1: Pin-on-disk material pair for the tests

Pin Material Disk Material
Combination #1 440C Stainless Steel C101 Copper
Combination #2 C101 Copper 2024 Aluminum Alloy

The disks were polished using one of three methods in order to vary the surface
roughness with a random surface texture: (1) dry SiC emery paper with grit sizes of 80,
220, 320, 600, and 1200; (2) slurry SiC paste with a grit size of 1200; and (3) 1.0 um
aqueous diamond suspension. Chapter 3 details the surface preparation techniques and
the initial surface roughness measurements. The pin-on-disk testing was performed under
a 10 N load for a sliding distance of 100 m with a sliding velocity of 33 mm/s at ambient

conditions.
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6.4. Results and Discussion
6.4.1 Friction Results

Figure 6.1(a) shows the variation of the COF at the completion of the tests when
steel pins are slid against copper disks of varying surface roughnesses in the presence of
canola oil containing hBN additives of varying particle size. It is important to note that
each of the four hBN particle sizes was used as a lubricant additive with each of the
different polished disks. For disks with surface roughness (Ra) values of 0.09um,
0.11um, and 0.20pm, the COF decreased as the particle size decreased from 5.0pum to
0.07um. However, for surfaces with R, values of 0.49um and 1.25um, the COF increased
as the particle size decreased in the lubricant from 5.0um to 0.07um. Note that in Fig.
6.1(a), the 0.07um particle test conducted on the disk with the Ra value of 1.25um seems
to be an outlier to the witnessed trends. For comparison, similar tests were conducted
with copper pins sliding against aluminum disk surfaces of different roughnesses in the
presence of canola oil containing hBN additives. Figure 6.1(b) shows the variation of the
COF at the completion of the tests. In this figure of a copper pin sliding on an aluminum
disk similar trends prevail as observed for the steel pin sliding on a copper disk, where
the COF decreases with a decrease in particle size for the surface with a Ra value of
0.22um. The surface with a Ra value of 0.43um showed that the COF increased as the
particle size decreased. The surface with a roughness value of 0.27um demonstrated a
transformational surface roughness with COF values that did not vary much with surface

roughness and contracted to the previous trends.
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The experimental results indicate that the size and shape of the particles present in
the canola oil as well as the surface roughness of the disk influence the tribological
performance. Examining the average COF for each copper disk of variable surface
roughness, it can be seen in Fig. 6.2(a) that as the surface roughness of the disk increases,
the COF also increases with a 90% correlation coefficient (R-value) between surface
roughness and friction. Similarly, for the aluminum disks, the COF increases with a 99%

correlation coefficient between surface roughness and friction.
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The observed trends are in agreement with studies in the literature and
fundamental laws of tribology for plastic contact situations that generally occur in metal
to metal tribo-interfaces [7, 22, 25, 40, 338]. In a plastic contact, for a moderate range of
roughness values, the COF is independent of roughness, where it tends to be high at very
low roughness values because of the growth of the real are of contact, however the
roughness also tends to be high at very high roughness values because of mechanical
interlocking of the asperities. In either case, the effect of particulate additives is not
included. Classical tribology in this situation describes the growth in the real area of
contact as a result of plastic yielding of the contact zone. As surface roughness increases,
there is an increase in the growth of the real area of contact which results in greater
asperity contact that must be sheared by means of plastic deformation, this results in
increased friction and potentially increased wear. Examining these trends based on
particle size for each surface roughness reveals that the COF is indeed influenced by the
third body hBN particulate additives present in the lubricant mixture. Table 6.2, shows
the correlation coefficient for each roughness value between the COF values for each
particle sizes and the particle size as well as showing the average COF calculated from all

the particle size tests for individual R, values.
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Table 6.2: Correlation Coefficient, R-value between

hBN particle size and the coefficient of friction

Surface Roughness (pum) Average COF R-value | Disk Material
1.25 0.1100 -0.93"
0.49 0.0878 -0.94
0.20 0.0933 0.51 )
011 0.0799 079 C101 Copper Disk
0.11 0.0875 0.76
0.09 0.0822 0.99
0.43 0.0844 -0.81
0.27 0.0765 0.99 2024 Aluminum Disk
0.22 0.0737 0.97

"Excludes the 0.07pum particle test

From Table 6.2, it is shown that the hBN particles having various sizes play an important
role on tribological performance due to their interaction with the varying surface
roughnesses. Investigating the relationship between surface roughness and coefficient of
friction reveals a 98.4% negative correlation between particle size and the influence
surface roughness has on friction. This relationship indicates that as the particle size
decreases the influence that smoother surfaces have on friction becomes more dominant.
This effect is depicted in Fig. 6.3, where the COF is plotted against each surface
roughness for a given particle size. The 5.0um hBN particles have the lowest R-value of -
34% indicating that there is a low correlation between the surface roughness increasing
and the coefficient of friction decreasing. The particles having sizes of 1.5um, 0.5um,

and 0.07um demonstrated higher correlation coefficients with values of 70%, 95% and
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85%, respectively. These values indicate that there is a strong correlation between the
surface roughness decreasing and the coefficient of friction increasing. Therefore it can
be inferred that these particles behave as lubricious additives to be used in combination

with smoother surfaces.
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Figure 6.3: Correlation between particle size and the influence surface roughness has on
friction; (a) plot of coefficient of friction vs. surface roughness of disk for individual

particle sizes and (b) table of correlation percentages for individual particles.

6.4.2 Wear Results

The interaction between particle additives and a rough surface influences the wear
rate that occurs in the tribo-interface. Figure 6.4(a) shows the variation of the wear
volume at the completion of the tests when steel pins are slid against copper disks of

different surface roughnesses. In this figure, it can be seen that for R, values of 0.09um,
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0.11pum, and 0.20um, the wear volume decreased as the particle size decreased from
5.0um to 0.07um. However for surface with R, values of 0.49um and 1.25um, the wear
volume increased as the particle size decreased in the lubricant. In context to the friction
tests, the 0.07um particle used in the lubricant with a surface roughness of 1.25um where
the steel pin slid against a copper disk is not regarded as an outlier, because its wear
volume agrees with the current trend of the various particle tests used for this disk. Fig.
6.4(b) shows the variation of the wear volume at the completion of the tests when copper
pins are slid against aluminum disk surfaces of different R, values in the presence of
canola oil containing hBN additives of varying particle size. In this figure the wear
volume decreases with a decrease in particle size for R, values of 0.22um and 0.27pum.
For R, values of 0.43um the wear volume increases with a decrease in hBN particle size.
The resulting similarities in wear trends between the two material pairs shown in Fig. 6.4
demonstrate how the particle additives in combination with differing surface roughnesses

influence the wear rate and this effect extends between the two material pairs.
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The experimental results for wear volume remain in agreement with the friction
results as they both indicate that the size and shape of the hBN particulate additives as
well as the surface roughness of the counter material influence the tribological properties.
Examining the average wear volume for each copper disk having a different surface
roughness, it can be seen in Fig. 6.2(a) that as the surface roughness increases, the wear
volume also increases with a 77% correlation coefficient (R-value) between surface
roughness and the wear volume. Again, for comparative purposes, the aluminum disks
were examined, see Fig. 6.2(b), and they revealed a 99% correlation between an increase
in surface roughness and an increase in wear volume. These trends are expected in both
material pairs because as an increase in surface roughness causes an increase in asperity
contact by means of asperity interlocking. As the counter surfaces traverse past each
other the increased asperity contacts require shearing in the form of plastic deformation
and fracture to occur, which generally results in larger amounts of abrasive wear.
Examining the wear volume trends based on particle size for each surface roughness
reveals that the wear volume is indeed influenced by the third body hBN particulate
additives present in the lubricant mixture. Table 6.3, shows the correlation coefficients
between the average wear volume and the hBN particle sizes for a given surface

roughness.
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Table 6.3: Correlation Coefficient, R-value between

hBN particle size and the wear volume

Surface Average Wear R-value Disk Material
Roughness (um) Volume (mm?

1.25 0.0149 -0.78

0.49 0.0073 -0.85

0.20 0.0056 0.81

011 0.0072 076 C101 Copper Disk
0.11 0.0110 0.92

0.09 0.0072 0.50

0.43 0.4132 -0.86

0.27 0.1475 0.99 2024 Aluminum Disk
0.22 0.0786 0.93

In Table 6.3, the combined effects of boron nitride particles of differing sizes and
various R, values of surfaces can influence the wear mechanisms to different degrees as
observed in the differing correlation coefficients (R-values). Here, surfaces that have a R,
value greater than 0.4um demonstrate strong negative correlations between hBN particle
size and wear volume indicating that as the particle size increases the wear volume
decreases. This signifies that larger particles have a greater impact on the tribological
performance. On the contrary, also from Table 6.3, surfaces with R, values below 0.4pum
show strong to moderate positive correlations between hBN particle size and wear
volume indicating that as the particle size decreases the wear volume decreases. This

suggests that with smoother surfaces, smaller particle have a better effect on the
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tribological performance. Investigating the relationship between surface roughness and
wear volume reveals a 90% negative correlation between particle size and the influence
surface roughness has on wear and is depicted in Fig. 6.5(a) for the copper disk. Similarly,
the correlation between surface roughness and wear volume was determined to be 99%
for the aluminum disk. These correlations indicate that as the surface roughness decreases,
the wear volume also tends to decrease, and the influence of smaller particle size
becomes greater. In Fig 6.5(a) it can be easily observed that generally as the surface
roughness increases the wear volume increases and the added effects of particle additives
are inversely related. For example in the presence of rough surfaces, larger particles are
optimal and in smoother surfaces smaller particles become desired. It can be seen in Fig.
5.2 that as the particle size decreases from 5.0 um to 0.07um, the particles undergo a
transition from having a plate-shaped geometry to a more spherical-shaped geometry. It
can be speculated that the particle size and shape influence the wear mechanisms where
smaller particles have a greater impact. This is substantiated here in Fig. 6.5(b) by
examining the correlation between surface roughness and wear for each individual
particle. As the particle size decreases from 5.0um to 0.07um, the R-value (correlation
percentage) increases from 33% to 96%, thus revealing the influence that smaller

particulate additives have to improve the tribological performance of the lubricant.
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Figure 6.5: Correlation between particle size and the influence surface roughness has on
wear volume; (a) plot of wear volume vs. surface roughness of disk for individual

particle sizes and (b) table of correlation percentages for individual particles.

6.4.3 Surface Analysis

The effects of surface roughness and particle additive size on friction and wear are
further examined through the use of scanning electron microscopy (SEM). The impacts
can be visually observed through the micrographs shown in Figs. 6.6 and 6.7 for the
copper disks with Ra values of 1.25um and 0.11um respectively. In Fig. 6.6, it can be
seen that as the particle additives in the lubricant mixtures increase in size, two
phenomena are observed: (1) the wear track is decreasing in width and (2) the wear track
roughness is decreasing. These observations agree with the tribological results that both
friction and wear generally increase with an increase in surface roughness. It can be
speculated that in rough surfaces, the smaller particles’ ability to coalesce in the asperity

valleys and develop an effective transfer film to thwart friction and wear is reduced. As a
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consequence to using the smaller particles as shown in Figs. 6.6(a) through (d), with
relatively rougher surfaces, there is increased asperity contact resulting in more abrasive
wear by plastic deformation. In this case, plowing occurs in the disk where material is
removed and pushed to the sides creating grooves parallel to the direction of sliding. As
larger particles are introduced into the tribo-interface, Figs. 6.6(e) through (h), the
amount of plastic deformation occurring is reduced as the larger particles are able to
support more of the asperity contact loads to reduce the friction and wear. Interestingly,
Figs. 6.6(a) and (b) represent the wear track of the 0.07um particulate additive slid again
the disk with a Ra value of 1.25um that was revealed to be an outlier to the witnessed
trends of friction. It can be seen in Fig. 6.6(a) that the wear track shows signs of
chattering, where the deformed material would actually build up on the pin before being
pushed off to the sides of the wear track. This can be seen in the repetitious instances of
material conglomeration where chattering took place causing the wear track to have
discontinuous grooves as seen in higher magnification in Fig. 6.6(b). The chattering may
have caused the test to have lower friction coefficients due to the skipping however it had

a negligible impact on the wear rate.
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Figure 6.6: SEM micrographs of the wear tracks of the 80 grit SiC polished disk surface
(Ra=1.25um) (a) & (b) hBN particle size 0.07um, (c) & (d) hBN particle size 0.5um,
(e) & (f) hBN particle size 1.5um, (g) & (h) hBN particle size Spym
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Figure 6.7 represent the surface of the wear track for a 1200 grit SiC polished disk
surface with a Ra value of 0.11. The micrographs shown in the figure reveal contrasting
trends where smaller particles dominate and large particles cause increased friction and
wear. It can be seen that as the particle size increases the wear track width increases and
the roughness of the wear track also increases. The observations are in agreement with
the friction and wear results reported previously. It is inferred these observations are
indicative of the smaller particles’ ability to coalesce in the asperity valleys creating
superior transfer films that lower friction and wear by minimizing the amount of asperity
contact. In addition, the micrographs further substantiate through tribological theory that
the larger particles behave as a third-body abrasive particle due to their size and plate-
shaped geometry, despite their ability to support more of the contact load. When these
larger particles having sizes of 1.5um and 5.0um traverse across the tribo-interface of a
relatively smooth surface they abrade the surface resulting in significant plastic

deformation that causes deep wear grooves to be formed as seen in Figs. 6.7(e) through

(h).
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Figure 6.7: SEM micrographs of the wear tracks of the 1200 grit SiC polished disk
surface (Ra = 0.11pum) (a) & (b) hBN particle size 0.07um, (c) & (d) hBN particle size
0.5um, (e) & (f) hBN particle size 1.5um, (g) & (h) hBN particle size Sum



227

6.4.4 Particle-Size Analysis

The overall influence that particulate additives have on the tribological properties
requires investigating both the friction and wear volumes simultaneously. Quantifying the
relationship between various tribological properties allows for a determination of an
overall correlation coefficient of 0.60 between friction and wear. Table 6.4, shows the
individual correlation percentages between friction and wear for each of the surface

roughnesses studied.

Table 6.4: Individual correlation percentages between

friction and wear for each surface roughness investigated

Polishing 1 pum 1200 Grit | 1200 Grit | 600 Grit | 320 Grit | 80 Grit

Technique Diamond | SiC Dry | Sic Slurry | Dry Dry SiC
Slurry Polish Polish Polish Polish Dry
Polish Polish

Surface Roughness | 0.09 0.11 0.11 0.20 0.49 1.25

(nm)

R-value 0.60 0.95 0.95 0.78 0.97 0.99'

"Excludes the 0.07um particle test

Studying the tribological properties reveals a parabolic trend between particle size and
surface roughness that is evident in both the friction and wear values and it is illustrated
in Fig. 6.8. Figure 6.8(a) depicts the coefficient of friction values for the copper disks and
Fig. 6.8(b) depicts the wear volume for the corresponding copper disks with the parabolic

trend lines.
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Figure 6.8: Friction and wear results at the competition of the tests for the copper disks

(a) depicts the COF values and (b) depicts the wear volumes

From Fig. 6.8, it is speculated that two competing tribological phenomena are at work.
On one end of the spectrum, there are smaller spherical-shaped particles particularly the
0.07um hBN particles that have the ability to coalesce in the asperity valleys due to their
small size and create thin lubricious transfer films to lower friction and wear. On the
other end of the spectrum, there are the larger more plate-shaped particles that have the

ability to support the contact load in the tribo-interface to minimize friction and wear.
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Figure 6.9 illustrates the particle-to-surface interaction for the hBN particles and captures

a scaled representation of the particle sizes for a given surface roughness.

0.07um hBN particle 0.5pum hBN particle

V""“

1.5pum hBN particle Sum hBN particle

C D

Figure 6.9: Schematic diagram of boron nitride and canola oil particulate mixtures with
size (a) 70 nm, (b) 0.5 um, (c) 1.5 pum, (d) 5.0 um at the tribo-interface

The disks with Ra values of 0.09um to 0.20pum show the friction and wear values
are the lowest with the 0.07um particles. This is considered to be a result of the smaller
spherical-shaped particles being able to successfully establish an effective transfer film

that can minimize friction and wear. The larger particles due to their significantly larger
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size and plate-shaped geometry tend to behavior more abrasively thus increasing the
friction and wear values as seen in previous work by the author [118]. As the parabolic
trend line in Fig. 6.8 reaches its vertex at a Ra value of approximately 0.20um, the
competing tribological mechanisms begin to shift as the disk surface roughness increases.
The disks with the surface roughness of 1.25um and 0.49um show that the larger
particles act to lower the friction and wear, this is due to the competing tribological
mechanisms where the larger particles’ size and shape dominate. In this scenario, the
effects of the larger particles are more beneficial because the surfaces are initially of a
‘high’ roughness where larger particles can physically move amongst the larger surface
asperities to minimize further asperity contact in the tribo-interface by carrying a larger
portion of the contact load. When the surface roughness is beyond the size of the smaller
spherical particles such as the 0.07 um hBN particles, the smaller particles ability to
coalesce in the asperity valleys to lower friction and wear is minimized due to the overly
rough surface where development of an effective transfer film is obstructed.

The trends demonstrated in Fig. 6.8 were for the first combination material pair
between the 440C stainless steel pin sliding on the C101 copper disk. These trends are
also evident in the second material pair where a C101 copper pin is sliding on a 2024
aluminum alloy disk illustrated in Fig. 6.10. Examining these results, shown in Figs.
6.1(b) and 6.4(b), demonstrate that the tribo-interactions between the hBN particles and
the surface roughness are also affected by size and shape of the particles and surface
roughness. The disks polished with the 220 grit emery paper had a surface roughness of

0.43um. In this study, the COF and the wear rate decrease as the particle size increases
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with an 81% and 86% correlation. This demonstrates that the presence of larger particles
on a rough surface is more significant than the smaller particles despite the fact that the
larger hBN particles have a more abrasive tendency as a result of their plate-shaped
geometry as shown in Fig. 5.2. The disks polished with the 600 grit emery paper had a
surface roughness of 0.27um. These values revealed a transition in the tribological
properties. As seen in Fig. 6.10, the COF and the wear rate steadily increase as the
particle size increases with a 99% correlation. This demonstrates that as the surface
roughness begins to decrease, the influence of the smaller particles begins to dominant
and the larger plate-shaped particles begin to behave abrasively reducing the tribological
performance. The disks polished with the 1200 grit emery paper had a surface roughness
of 0.22um. In this study, as the particle size increases, the COF and the wear rate increase
sharply with a 97% and 93% correlation. These results illustrate that as the surface
roughness continues to decrease, the influence of the smaller particles to lower friction
and wear becomes paramount. Here, the smaller spherical-shaped particles are superior
for their ability to coalesce in the asperity valleys establishing a thin, smooth, solid
lamellar film between the contacting surfaces thus providing them the ability to decrease
the friction coefficient and wear rate. Moreover, the abrasive nature of the larger plate-
shaped particles increase the wear rate of smooth surfaces demonstrating their

diminishing tribological advantage on a smooth surface as compared to a rough surface.
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6.4.5 Particle-Size to Surface Roughness Index

The use of particulate additives particularly lamellar particles in lubricants is
widespread and ubiquitous in the lubrication industry, therefore the choice of the optimal
solid particle additive is an important step to enhancing a lubricant. In an attempt to
quantify the appropriate choice of a solid particle additive three variables should be
considered as seen in this study: particle size, particle shape, and surface roughness.
These three parameters establish causal relationships where they can beneficially or
adversely affect the tribological performance of a lubricant. To define this relationship a
two dimensional hybrid roughness parameter is introduced known as the particle size-to-
surface roughness (PSR)-Index (Wsgr) [118]. The Psr is previously described in Chapter 5

by Eq. (5.3) and is illustrated below:

Eq. (5.3)

In Eq. (5.3), Ra is the arithmetic average of the disk surfaces and n, is the average
additive particle size blended with the natural oil. Figure 6.11 depicts the particle size-to-
surface index for each of the hBN additives used in this study over a range of surface

roughness values.
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Region 1: Particulate
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Figure 6.11: Predicted particle size-to-surface indices (Wsg) for varying particle sizes and

various initial disk surface roughnesses

Within Fig. 6.11, the plot is divided into three regions determined from the
current experimental data, in actuality the transition between the regions would be better
represented by the color gradient in the background. Here, the represents the first region
on the left where thin film lubricious transfer films established by small spherical-shaped
particles dominates as witnessed in the experimental results. In this region, the surface
roughness is less than approximately 0.27um (based of the current investigation) and is
characterized by the large difference in particle size-to-surface index values. In this
region, the smaller particles are able to successfully establish protective transfer films
that lower friction and wear. It could be speculated that this region operates in a
particulate boundary lubrication regime. On the contrary in region 1, the larger particles

due to their plate-shaped geometry behave abrasively when traversing the surface thus
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negatively influencing the tribological properties. The second region is a transitional
region where the benefits of both the smaller and larger particles begin to converge and is
depicted by a transition in colors in the background. In this region the size and shape
properties of the particulate additives compete to improve or impair the tribological
performance of the lubricant thus acting as a particulate elastohydrodynamic/mixed
lubrication regime. The third region in Fig. 6.11 is where the particle size-to-surface
index values have begun converging. This is indicative of the surface roughness
increasing where larger asperities will begin to disrupt and retard the formation of
transfer films formed by the smaller particles, making them unproductive. In this region,
larger particles dominate where their plate-shaped geometry does not pose a threat to the
friction and wear by causing unwanted abrasion. Instead the larger particles are able to
successfully traverse the tribo-interface and support more load carrying capacity thus
minimize the asperity contact therefore lowering the friction and wear. This regime could

be redefined as the particulate hydrodynamic region.

6.5. Conclusions

The goal of this study was to evaluate the influence of particle size, particle shape,
and surface roughness on the tribological properties of canola oil-based lubricants with
hBN particulate additives. The results of this investigation illustrate the importance of
choosing an appropriately sized boron nitride particle to enhance the lubricity and
minimize wear in the tribo-interface. By choosing the appropriate particle size based on a

pre-defined known surface roughness the combined effects of the particulate additive in
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the lubricant can enhance the tribological properties. Furthermore, by selecting a
particulate additive that is environmentally benign such as boron nitride and selecting a
bio-base oil such as canola oil to act as a carrier fluid, a sustainable biolubricant can be
developed that has properties that will lower friction and wear, thereby improving system
efficiency and reliability. The following conclusions can be drawn from the current
research.

e The ability of particulate additives to improve the tribological performance of bio-
based lubricants is influenced by the surface roughness of the counter materials
and the particle size and shape.

e Particle size and particle shape (i.e. change in sphericity) compete to improve or
impair the tribological performance of the lubricant and can influence different
particulate lubrication regimes.

e A new a 2D hybrid roughness parameter was introduced, the particle size-to-
surface roughness, Wsr and used to define the relationship between particle size,
particle shape, and surface roughness.

e New particulate lubrication regimes were proposed and based off the Wsg values
to define the lubricating mechanisms: particulate boundary lubrication, particulate
elastohydrodynamic lubrication, and particulate hydrodynamic lubrication.

e Rough surfaces benefit tribologically from particulate hydrodynamic lubrication
due to larger particles, regardless of their shape, for their ability to carry a portion

of the load between the contacting asperities resulting in lower friction and wear.
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e Smoother surfaces benefit from particulate boundary lubrication where the
smaller spherical particles coalesce in the asperity valleys and create lubricious

transfer layers.
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Chapter 7 The Tribological Performance of Imidazolium and
Phosphonium lonic Liquid Lubricants: An Advancement in

Environmentally Friendly Biolubricants

7.1 Introduction

The use of biolubricants derived from plant oils and animal fats dates back to
antiquity. Scientists have known for centuries that biolubricants provide favorable
friction and wear properties. Since the beginning of the 20th century, investigations into
the properties of bio-based oils have received significant attention due to the fact that
50% of all lubricants worldwide end up in the environment through usage, spill, volatility,
or improper disposal [16, 107, 321]. Of these lubricants entering the environment, 95%
are derived from petroleum-based oils and are detrimental to many biological ecosystems
[152]. More still, within North America along, over 100 million gallons of toxic
lubricants drip, spill, and leak into the environment annually. With the advent of
petroleum-based oils in the mid-1800s, the use of bio-based oils as lubricants began to
decline dramatically. Recently, there has been a reappearance of biolubricants due to
increased environmental efforts to reduce the use of petroleum-based lubricants in
addition to the depletion of oil reserves, increases in oil price, and rises in lubricant

disposal costs [79, 80].
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When compared to petroleum-based oils, biolubricants have a higher lubricity,
lower volatility, higher shear stability, higher viscosity index, higher load carrying
capacity, and superior detergency and dispersancy [6, 17, 96], therefore, they are
excellent alternatives to petroleum-based oils. Biolubricants are typically derived from
naturally occurring organic substances whose properties and utility vary based on
biological factors such as nutrient availability, climate, light, temperature, and water [81,
92, 196]. Despite, these favorable attributes, the largest drawbacks to many bio-based oils
are their poor thermal-oxidative stability, high pour points, and inconsistent chemical
composition, which have led to the development of chemically modified synthetic

biolubricants, the use of stabilizing additives, and ionic liquids [84].

7.2. Tribological Advancements
7.2.1 Conventional Biolubricants

The emphasis placed on biolubricants is a result of the increase in demand for
environmentally-friendly lubricants that are less toxic to the environment, renewable, and
provide feasible and economical alternatives to traditional lubricants. The interest
surrounding liquid biolubricants derived from various bio-based vegetable oils is due to
their composition of triacylglycerol molecules made up of esters derived from glycerol
and long chains of polar fatty acids. The fatty acids are desirable in boundary lubrication
for their ability to adhere to metallic surfaces due to their polar carboxyl group, remain
closely packed, and create a monolayer film that is effective at reducing friction and wear

by minimizing the asperity contact [106]. Much of the work with bio-based oils has
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concentrated on understanding the fundamentals of saturated and unsaturated fatty acids
with the bulk of the attention focusing on the use of natural oils as neat lubricants, fatty
acids as additives in mineral oils, and bio-based feedstock for chemically-modified
lubricants [16, 17, 24]. Recently, biolubricants are finding uses as carrier fluids for
lamellar powder additives in sliding contact [6, 16, 98, 118].

Biolubricants composed of lamellar powders such as boric acid (HsBOs) and
hexagonal boron nitride (hBN) are well-known solid lubricants for their low interlayer
friction, ability to form a protective boundary layer, and accommodate relative surface
velocities [17, 118]. As with many lamellar powders atoms on the same plane form layers
through strong covalent bonds. The layers themselves are held together through the weak
van der Waals force, providing the minimal shear resistance, and enabling the low
interlayer friction. Lamellar powders are effective in a broad range of environments of
extreme pressure and temperature as well as various applications from automotive to
aerospace to lower friction and minimize wear [6, 81]. An important property of boron
derived lamellar powders is that they are environmentally-benign and inert to most
chemicals making them attractive performance enhancing additives to bio-based oils.
Experiments have shown that these lamellar particles can be forced out of the contact
zone in sliding contact and therefore adding them to natural oils such as canola oil create
a superior bio-lubricant [16, 339]. This new class of biolubricant maintains the properties
of the powder additives to coalesce and fill in the asperity valleys, thereby establishing a
thin, smooth, solid lamellar film between the contacting surfaces, thus decreasing the

friction coefficient, wear rate, and surface roughness[6]. In addition, these lubricants
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maintain boundary lubrication characteristics by establishing the fatty acid adsorption
film that thwarts metal-to-metal contact.

The use of biolubricants composed of natural plant oils or solid lubricants have
their merits; however they do have their limitations, which have stifled their ability to be
widely accepted within the lubrication industry. The drawbacks to these lubricants are
summarized below. For natural oils, they suffer from thermal-oxidative instability, high
pour points, inconsistent chemical composition, hydrolytic instability, and a sever
susceptibility to biological deterioration. For lamellar powders, they suffer from
concentration optimization (which affects their price making these lubricants expensive),
unwanted abrasive behavior due to particle size and shape, particles can settle out of the
colloidal suspension rendering them useless, large particles can block tubes and
capillaries within critical engine parts, and they can clog oil filters in circulatory
lubrication systems. These shortcomings of traditional biolubricants ultimately cause
economic issues where the lubricants themselves can become very expensive in an effort

to modify their properties for the many thousands of potential applications.

7.2.2 lonic Lubricants

lonic liquids were originally a novel class of solvents typically consisting of an
organic cation in combination with any of a wide variety of organic or inorganic anions,
exhibit a number of unique and useful characteristics, including high thermal stability,
low melting point, a broad liquidus range, and negligible vapor pressure. The last of

these properties, by minimizing solvent losses due to volatilization (i.e., fugative
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emissions), have led many to regard ionic liquids as “green solvents”, and over the last
decade, they have been evaluated in a wide range of applications, including the
fabrication of dye-sensitized solar cells [340], the preparation of electrolytes for
electrochemical storage devices [341] and batteries, the electrodeposition of metals [135],
the recovery of metal ions from aqueous solutions via liquid-liquid extraction (LLE) [342,
343], and in the development of separation processes for various organic compounds
[344]. Many of the same properties that make ILs useful in these applications also make
them good candidates as high-performance lubricants [151].

The use of ionic liquids as lubricants was first reported in 1961, when fluoride-
containing molten salts (i.e. LiF and BeF,) were subjected to high-temperature (650-
815°C) bearing tests [345]. Nearly four decades later, low-melting analogs of classical
molten salts, room-temperature ionic liquids (RTILs), were first evaluated as synthetic
lubricating fluids [346]. Since this time, considerable attention has been devoted to the
utilization of ILs as lubricants. Three main applications have been most extensively
explored: the use of ILs as base oils, as additives, and as thin films [136]. When
employed as base oils, ILs have been reported to exhibit good tribological performance
for steel/steel, steel/copper, steel/aluminum, ceramic/ceramic, and steel/ceramic sliding
pairs [140, 347-359]. The negligible vapor pressure of ILs makes them good candidates
for use under vacuum and in spacecraft applications [136]. ILs are also effective as
additives to the main lubricant (e.g., mineral oils), where because of their tendency to
form strong boundary films, that enhance the tribological performance of the base

lubricant [136, 360]. Thin-film lubrication employing ILs has been studied by many
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researchers with the goal of replacing conventional perfluoropolyether (PFPE) lubricants
[357, 358, 361-365].

Although the chemical structure of the cationic and anionic substituents of an IL
can vary greatly, the most commonly studied ILs in tribological processes have been
those containing a tetrafluoroborate (BF;) or hexafluorophosphate (PFg) anion [366,
367], the result of the superior tribological properties that boron- and/or phosphorus-
containing compounds often exhibit under the high pressures and elevated temperatures
that lubricants can encounter [368-371]. The frequent use of boron- and phosphorus-
containing ILs as lubricants does not imply that either of them is optimum. Rather, ILs
based on these anions are commonly studied because they are readily available and low
cost [372]. In fact, BF4 and PFg have been found to cause corrosion of steel under
humid  conditions. Moreover  other  hydrophobic  anions,  such  as
bis(trifluoromethanesulfonyl)amide (TFSA) and tris(tetrafluoroethyl)trifluorophosphate
(FAP), actually exhibit better tribological properties for steel-steel contact [151, 372,
373]. In general, as the hydrophobicity of the anion increases, both the thermo-oxidative
stability and the tribological properties improve [372].

Among the many possible IL cations, the imidazolium ion has probably been
studied in the most detail, a result of the high thermal stability of imidazole-based rings
[374]. Additionally, the chain length on the imidazolium cation can be readily altered.
Increasing the chain length to make the IL more hydrophobic will decrease the friction
coefficient in a manner similar to that observed when the anion is made more

hydrophobic. In contrast to the improvement in thermo-oxidative stability observed with



244

hydrophobic anions, however, a decrease in stability is observed with more hydrophobic
cations [372]. Nonetheless, ILs with longer alkyl chains and lower polarity have been
reported to have excellent tribological properties from low to high temperature (-30°C to
200°C) [375]. Other ILs have been studied with the goal of improving their tribological

properties include phosphonium [376-378] and ammonium [356, 357, 379-381].

7.3 Room Temperature lonic Liquid Lubricants (RTILs)

As the industrial marketplace continues to become more ecologically focused
with much of the attention centered on novel approaches to achieve efficient energy
conservation and sustainability, new classes of green lubricants are being developed.
Much of the development aims at creating environmentally friendly lubricants that
contain many of the properties of the aforementioned biolubricants such as polar
molecules (similar to the fatty acids), lamellar crystal structure (like the solid lubricants),
derived from bio-based feedstock (natural plant-based oils), high thermal-oxidative
stability, physicochemical consistency (which natural oils inherently lack), superior
lubricity with minimal wear, and require minimal use of additives. lonic liquids (ILs),
particularly those that are fluid at room temperature, represent a promising new class of
biolubricants that show potential to improve the limitations associated with petroleum-
based oils, bio-based oils, and solid powder additives [132, 136, 140].

In this study, imidazolium and phosphonium ILs with carboylate anions are

investigated for their ability to address the environmental, health, economic, and



245

performance challenges of modern lubricants. Room temperature ionic liquids are molten
salts, which typically consist of combinations of a bulky, asymmetric organic cation and
an appropriate organic anion with melting points below 100°C and a liquid range beyond
300°C [138, 382]. The atomic structure of an IL is shown in Fig. 2.1. This structure
resembles a lamellar solid crystal structure, except with ILs the anions and the cations
form ionic bonds to creating layers and these layers are help together with the weak van
der Waals force [383]. This structure provides ILs with their liquid lamellar crystal
structure [384]. ILs exhibit a number of unique and useful properties that make them well
suited as the basis of a new family of lubricants and initial research has already begun
investigating the properties of ILs [132, 137, 140, 151, 385, 386]. The appeal of ILs as
lubricants becomes even more evident when one considers their many potential
advantages over other lubricants including: (1) a broad liquid range (low melting and
high boiling point); (2) negligible vapor pressure; (3) non-flammability and non-
combustibility; (4) superior thermal stability; (5) high viscosity; (6) miscibility and
solubility; (7) environmentally-benign (non-toxic); (8) lamellar-like liquid crystal
structure; (9) long polar anion-cation molecular chains; and (10) economical costs [133,
135, 136, 151, 372, 387].

Additionally, ionic liquids have a consistent and easily tailorable chemical
composition that affords them the ability to provide the level of thermal-oxidative
stability and lubricity required for a variety of applications in the aerospace, automotive,
manufacturing and magnetic storage industries [135, 347]. The consistent chemical

composition allows ILs to have physicochemical properties that are readily reproducible.
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Furthermore, they can be designed to be environmentally friendly by selecting both the
cationic and anionic constituents to be non-toxic. In many instances, the ILs can be
prepared from non-petroleum resources. Lastly, their capacity to overcome the variety of
environmental, cost and performance challenges faced by conventional lubricants makes
them a potentially attractive alternative lubricant [136, 138].

The possibility of preparing an ionic liquid capable of functioning as an efficient
lubricant while exhibiting a variety of other useful properties is a result of the
physicochemical characteristics, inherent tunability, and structural diversity of these
novel compounds. Regarding the latter point, it has been estimated that as many as 10'®
different combinations of anion and cation moieties are possible [134, 139]. Clearly, this
vast assortment of possibilities can pose a significant challenge in ionic liquid design. As
the number of desired properties increases, the number of possible candidate ILs declines
dramatically. Here, for example, the desire for an environmentally friendly lubricant
means that the use of highly fluorinated anions is unacceptable [388]. Instead, the use of
carboxylic anions based on common food additives (e.g., benzoate™ and salicylate’, are
well known preservatives) or artificial sweeteners (e.g., Saccharinate) are utilized.
Similar considerations guide the choice of the cation and suggest that
trinexyl(tetradecyl)phosphonium salts (i.e., Pges 14'), Some of which have been found to
exhibit anti-microbial and biodegradable properties, can satisfy many of the desired
criteria [148]. Along these same lines, the objective of employing renewable feedstocks
for the preparation of the ILs suggests the use of certain 1,3-dialkylimidazolium cations,

such as can be derived from fructose or other bio-based feedstock [144, 145, 389-392].
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7.4. Experimentation

To access the potential of using ILs as base lubricants, two studies were
conducted. In the first study, a series of experiments were performed with two
conventional ionic liquids, a phosphonium-based (Pegs 14 TT2N) and an imidazolium-based
(C1omimTf,N) ionic liquid that were both mixed with avocado oil in five different
proportions as shown in Table 7.1 to investigate their use as an additive versus a base
fluid. In the second study, another set of experiments were conducted by interchanging
the cation-anion moieties of the phosphonium-based and imidazolium-based ionic liquids.
Multiple IL lubricants having different ion pairs were then compared with various
vegetable oils and commercial lubricants. In both studies, experiments were conducted
using a Ducom Instruments pin-on-disk tribometer to characterize the tribological

performance of the ionic liquids as possible biolubricants.

Table 7.1: Lubricant mixture composition of ionic liquids and avocado oil

Mixture Number lonic Liquid Natural Oil Notation
Percentage Percentage
1) 0% 100% 0% IL
) 25% 75% 25% IL
?3) 50% 50% 50% IL
(4) 75% 25% 75% IL
(5) 100% 0% 100% IL
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7.5 Results and Discussions
7.5.1 Study 1: lonic Liquids as Additives in Natural Oils
7.5.1.1 Friction Results

Figure 7.1, show the variation of the COF for different mixtures of phosphonium-
based ILs and avocado oil. In Fig. 7.1(a) it can be seen that the lubricant mixtures
generally decrease with sliding distance and eventually reach a steady state value at a
sliding distance of approximately 1000m. Figure 7.1(b) shows the final COF values at the

completion of the tests.
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250

It can be seen that as graph moves from left to right the amount of the IL sequentially
decreases from 100% to 0%, in 25% decrements. This means that on the left, the 100%
IL is a lubricant composed entirely of Pges14TfoN and on the right, the 0% IL is a
lubricant composed entirely of avocado oil. The lubricant mixtures in the middle are
composed of combinations of the two base fluids. Table 7.2 displays the friction results at
the completion of the tests. The correlation between the friction results and the
composition of the IL in the base fluid is strong with a negative correlation coefficient
(R-value) of -0.982 as shown in Table 7.2. This indicates that as the percentage of the IL

increases in the lubricant mixture the COF decreases.

Table 7.2: Friction and wear results of the Pggs 14 TT2N

and avocado oil lubricant mixtures at the completion of the tests

Mixture lonic Liquid Natural Oil
Number Percentage Percentage  Notation COF  Wear (mm®)
1) 0% 100% 0% IL 0.0155 0.0135
(2) 25% 75% 25% 1L 0.0223 0.0185
(3) 50% 50% 50% IL  0.0381 0.0335
4) 75% 25% 75% IL  0.0442 0.0401
(5) 100% 0% 100% IL  0.0498 0.0507
Correlation Coefficient, R-value -0.982 -0.991

Having similar results to the phosphonium-based IL and avocado oil lubricant
mixtures, Fig. 7.2, shows the variation of the COF for different mixtures of imidazolium-

based IL and avocado oil lubricant mixtures. In Fig. 7.2(a) it can be seen that the
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lubricant mixtures continue to decrease with sliding distance and eventually reach a

steady state value at a sliding distance about of 1000m. Figure 7.2(b) shows the final

COF values at the completion of the tests.
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Figure 7.2: Variation of the coefficient of friction for different mixtures of imidazolium-

based ionic liquid and avocado oil (a) lubricant mixtures with sliding distance and (b)

lubricant mixtures at the completion of tests

Similarly, it can be seen that as graph moves from left to right the amount of the IL

sequentially decreases from 100% to 0%. On the left the 100% IL is a lubricant
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composed entirely of C;omimTf,N and on the right, the 0% IL is a lubricant composed
entirely of avocado oil. The lubricant mixtures in the middle are composed of
combinations of the two base fluids. The correlation between the friction results and the
composition of the IL in the base fluid is strong with a negative correlation coefficient
(R-value) of -0.998, as shown in Table 7.3. This indicates that as the percentage of the IL

increases in the lubricant mixtures the COF decreases.

Table 7.3: Friction and wear results for CyomimTf,N

and avocado oil lubricant mixture at the completion of the tests

Mixture lonic Liquid  Natural Oil
Number  Percentage Percentage Notation COF  Wear (mm°®)
(1) 0% 100% 0% IL 0.0168 0.0207
(2) 25% 75% 25% IL 0.0259 0.0267
(3) 50% 50% 50% IL 0.0355 0.0367
(4) 75% 25% 75% IL 0.0417 0.0411
(5) 100% 0% 100% IL 0.0512 0.0508
Correlation Coefficient, R-value -0.998 -0.994

The friction results indicate that the presence of either the phosphonium-based or
imidizolium-based IL as an additive improves the COF. As detailed in Tables 7.2 and 7.3,
as the amount of the IL additive increases to the point where it becomes the majority fluid,
effectively becoming the base-fluid, it continues to impart superior friction properties that

outperform the avocado oil.
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7.5.1.2 Wear Results

Figure 7.3, show the variation of the wear volume for different mixtures of
phosphonium-based ILs and avocado oil. In Fig. 7.3(a) it can be seen that the lubricant
mixtures generally increase with sliding distance and eventually reaches a steady wear
rate at a sliding distance of approximately 1000m in agreement with the COF results
shown in Fig. 7.1. Figure 7.3(b) shows the final wear volume at the completion of the
tests. It can be seen that as the graph moves from left to right the amount of the IL

sequentially decreases from 100% to 0% IL, in 25% decrements.
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Figure 7.3: Variation of the wear volume for different mixtures of phosphonium-based

ionic liquid and avocado oil (a) lubricant mixtures with sliding distance and (b)
lubricant mixtures at the completion of tests

On the left the 100% IL is a lubricant composed entirely of Pggs 14TT2N; on the right, the
0% IL is a lubricant composed entirely of avocado oil; and in the middle are lubricants
composed of combinations of the two fluids. The correlation between the friction results

and the composition of the IL in the base fluid is strong with a negative correlation
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coefficient (R-value) of -0.998 as shown in Table 7.3. This indicates that as the

percentage of the IL increases in the lubricant mixture the wear volume decreases. Figure

7.4, shows similar trends with the imidazolium-based ILs. Figure 7.4(a) shows the wear

volume increasing with sliding distance and reaching a steady wear rate at about 1000m.

Fig. 7.4(b) shows the final wear volume at the completion of the test.
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mixtures at the completion of tests
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It can be seen in Table 7.3 that as the percentage of the IL declines, the wear volume

increases with a strong negative correlation, having an R-value of -0.994.

7.5.1.3 Surface Analysis

Figure 7.5, shows the scanning electron micrographs of the worn pin surfaces
lubricated with different lubricant mixtures of the phosphonium-based IL and avocado oil.
It can be seen in Fig 7.5(a) that when 100% IL is used as the base fluid the worn surface
has minimal wear scars and is relatively smooth. Fig. 7.5(b), shows a 50% IL mixture and
the surface has become more rough and abrasive. Lastly, Fig. 7.5(c) shows the 0% IL
mixture where the wear track is clearly noticeable, the surface is no longer smooth, and

significant abrasion by means of plastic deformation caused by plowing has occurred.

700x " .+ 100% fonic LicqUid [l 700x 50% lonic Liquid J§ 700x 0% lonic Liquid

Figure 7.5: Scanning electron micrographs of a worn pin surface lubricated with different
mixtures of phosphonium -based ionic liquid and avocado oil (a) 100% IL at 700x
magnification; (b) 50% IL at 700x magnification; and (c) 0% IL at 700x magnification

The scanning electron micrographs reveal the positive effects of the ionic liquids present

in the avocado oil lubricant mixtures. The friction and wear results indicate that the



257

presence of either the phosphonium-based or imidizolium-based IL as additives improve
the tribological performance. As the amount of the IL additives increase to the point
where they become the base-fluid (in the form of a neat lubricant), they continue to
impart superior tribological properties that outperform any mixture containing avocado
oil. The low friction properties of the ionic liquids are due to (1) their liquid crystal
lamellar structure that affords them low internal resistance, (2) their anion-cation moiety
that inherently adsorbs on to charged worn metal surfaces; and (3) their ability to
establish monolayers that effectively minimize the amount of asperity contact [135, 136,
140].

This study demonstrates that ionic liquids can not only be considered as additives
in lubricants, but they can also be considered as base fluids in the form of neat lubricants.
In the following investigation, various ionic liquids having different anion-cation
moieties will be examined for their friction and wear properties. The IL lubricants will be
compared to other natural oils and well-known commercial lubricants from both

petroleum-based and bio-base feedstock.

7.5.2 Study 2: lonic Liquid Anion-Cation Moiety Manipulation
7.5.2.1 Friction Results

Figure 7.6, shows the variation of the coefficient of friction at the completion of
the tests for different anion-cation moieties separated into two groups. The first group
shown in Fig. 7.6(a), shows a cation study of different ionic liquids all with the same

TN anion.
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Here, an investigation into the influence of cation chain length was performed with the
five imidazolium cations having chain lengths of 10, 8, 6, 5, and 3 carbons as well as the
phosphonium cation, Pgss 14 having a chain length of 14 carbon atoms. It can be seen in
Fig. 7.6(a) and similarly in Table 7.4 that as the COF decreases, the cation chain length

increases, with a strong negative correlation coefficient, R-value of -0.878.

Table 7.4: Friction and wear results for X'Tf,N cation chain length

lonic Liquid | Cation | Anion | Chain Length COF Wear (mm®)
CiomimTfN | Ciomim | TN 10 0.0526 0.0342
Pess,14 TT2N Pess1a | TF2N 14 0.0586 0.0263
CsmimTf,N Csmim | TH,;,N 8 0.099 0.0487
CemimTf,N Cemim | TH,N 6 0.116 0.0689
CsmimTf,N Csmim | TH,N 5 0.120 0.123
CsmimTf,N Csmim | TH,N 3 0.199 0.137
Correlation Coefficient, R-value | -0.878 -0.894

It can be seen that having 10 or 14 carbon atoms produces similar friction results with a
10% difference maintaining values of 0.0526 and 0.0586, respectively. The COF percent
difference between 10 and 14 carbon atoms is approximately 10%, whereas the percent
difference between 10 and 8 carbon atoms for two imidazolium-based cations is 47%.

Furthermore, the COF percent difference between 8 and 3 carbon atoms is 50%. The
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relative percent differences, indicate the importance of larger alkyl chains in the cation

help to promote a thicker adsorbed monolayer film that is more effective at minimizing

asperity contact. These results are in agreement with previous investigations of ionic

liquids [136].

The second group shown in Fig. 7.6(b) reveals the anion study of different ionic

liquids all with the same Pggs 14 Cation. This study examines the influence of anion ring

size on the phosphonium-based ionic liquids. The anions invested are shown in Table 7.5

along with their corresponding ring size and final COF values.

Table 7.5: Friction and wear results for Pegs 14X” anion ring size

lonic Liquid Cation | Anion Ring Size | COF Wear (mm®)
Pesss,145accharinate | Pess 14 Saccharinate 2 0.025 0.0139
Psss 14Cyclohexane | Pggs 14 Cyclohexane 1 0.0309 0.0177
Pess 14Benzoate Pe66,14 Benzoate 1 0.0403 0.0460
Pess,145alicylate Pees,14 Salicylate 1 0.0419 0.0390
Pess,14TT2N Pe66,14 Tf2N 0 0.0586 0.0263
Pees,14Cl Pe66,14 Cl 0 0.0727 0.0219
Correlation Coefficient, R-value | -0.917 -0.881

It can be seen in Fig. 7(b) and in Table 7.5 that as the COF decreases, the anion ring size

increases, with a strong negative correlation coefficient, of -0.917. It can be seen that the

saccharinate with 2 aromatic rings has the lowest COF value followed by cyclohexane
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carboxylate. The cyclohexane has a 6-vertexed ring that does not conform to the shape of
a perfect hexagon, thus its non-planar shape is often considered a 3D chair or boat
conformation. The benzoate and the salicylate anions demonstrate similar properties as
they have very similar aromatic molecular structures consisting of only one ring and a
difference of one hydroxyl group as observed in Table 3.1. The Tf,N and ClI anions have
no ring shape and are included for comparative purposes. Interestingly, the ring shaped
anions (saccharinate, cyclohexane, benzoate, and salicylate) maintain a significantly
lower COF value than the C;omim cation. The difference between the Pggg 14Salicylate
and the C;omimTf,N reveals a 20% difference in the friction values and this difference
can only increase as the ring size increases. Therefore the influence of larger ring sized
anions tends to improve upon the effect that longer alkyl chain length cations have on

lowering friction.

7.5.2.2 Wear Results

The wear results at the completion of the tests for the two groups of anion-cation
moieties are shown in Fig. 7.7. The first group shown in Fig. 7.7(a), depicts the cation
study of different ionic liquids all with the same Tf,N anion. Similar trends are observed

with the wear volume results as witnessed with the COF results.
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Figure 7.7: Variation of the wear volume at the completion of the tests for different

anion-cation moieties (a) X Tf,N cation study and (b) Pges 14X anion study

The wear results and the R-value are shown in Table 7.4. As the wear volume decreases,
the chain length increases with a strong negative correlation coefficient of -0.894. In this
Fig. 7.7(a), the Pges14TT.N has the lowest COF followed by the C;omimTf;N and the
CsmimTf,N. The influence of the longer alkyl chains on the larger asymmetric cations
positively influences the wear properties, by establishing an effective monolayer that

continues to minimize asperity contact and reduce the wear rate.
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Figure 7.7(b) reveals the wear volume at the completion of the tests for the anion study of
different ionic liquids all with the same Pggs 14 Cation. In this study, the influence of larger
anion ring size on the phosphonium-based ionic liquids continues to dominate, where the
Pess,145accharinate and the Pggs 14Cyclohexane have the lowest wear rates. The correlation
between wear volume and anion ring size once again revealed a strong negative
correlation coefficient with a R-value of -0.881 as denoted in Table 7.5. Despite this
relatively strong correlation, Fig. 7.7(b) shows deviations in the wear volume trend,
where benzoate and salicylate having similar aromatic structures had the highest wear

rate. Table 7.5, shows the wear volume and the correlation coefficient for this study.

7.5.2.3 Surface Analysis

Examining the pin worn surfaces of the imizadolium-based and phosphonium-
based ionic liquids from the anion and cation studies, revealed the influence of ion size
on the tribological properties. Table 7.6 shows the friction and wear values aggregated
for both the anion and cation study. Figure 7.8 depict the scanning electron micrographs
for the pin worn surfaces for both studies as they increase in surface roughness. The
visible increase in surface roughness of the pin worn surfaces is in agreement with the
wear volume from Fig. 7.7 or as listed in Table 7.5. Examining the imidazolium-based
ILs from the cation study in Fig. 7.8, shows that as the alkyl chain length decreases from
CiomimTf,N to CsmimTf,N, the surfaces become increasingly more abraded by plastic
deformation resulting in higher wear and thus increased friction as observed in Figs.

7.6(a) and 7.7(a).



Table 7.6: Friction and wear results for the

phosphonium and imidazolium ionic liquid lubricants

Pess,145accharinate
Pess 14Cyclohexane
Pesss 14Benzoate
P655|14Sal |CY| ate
C1omimTf,N
Pees,14 12N
Pees,14Cl
CgmimTf;N
CemimTf,;N
CsmimTf;N
C3mimTf2N

0.025
0.031
0.040
0.042
0.053
0.059
0.073
0.099
0.116
0.120
0.199

0.014
0.018
0.046
0.039
0.034
0.026
0.022
0.049
0.069
0.123
0.137

700x CmimTf,N

CsmimTf,N

CsmimTf,N

264

CgmimTf,N

Figure 7.8: Scanning electron micrographs of a worn pin surface lubricated with

different mixtures of imidazolium-based ionic liquid at 700x magnification (a)
Pess,14 TT2N; (b) C1omimTf,N; (C) Pess14Benzoate; (d) CsmimTH,N; () CemimTf;N; (f)

CsmimTf;,N; and (g) CsmimTf,;N
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The pin worn surfaces of the phosphonium-based ILs show a variety of surface effects. In
Figure 7.8(a), the micrograph shows the Pggs 14 TT2N worn pin surface as having a slightly
smoother surface than Fig. 7.8(b), the C;omimTf;N. On the contrary, the Pggs14Benzoate
pin shown in Fig. 7.8(c) has a surface roughness that looks to be slightly more rough than
the C;omimTf;N, Fig. 7.8(b). This comparison is validated when inspecting the wear
volume in Table 7.6. Figure 7.9, shows the micrographs of the pin worn surfaces
lubricated with the phosphonium-based ILs. Figures 7.9(a) through (c) show

Pess,145accharinate, Pggs 14Cyclohexane, and Pggs 14Cl, respectively.

30x Pees,129aCcharinate  30x Pse14Cyclohexane  30x Pgss,14Cl

Figure 7.9: Scanning electron micrographs of a worn pin surface lubricated with different
mixtures of phosphonium-based ionic liquid at 30x magnification (a) Pess 14Saccharinate;

(b) Pegs 14Cylyclohexane; and (C) Pess,14Cl

All of these lubricants maintain low wear, while only the Pggg14Saccharinate and the
Pess,14Cyclohexane maintain low friction. Figures 7.9(a) and 7.9(b) show the relatively
smooth surface finishes of these two lubricants and the small cross-sectional areas of the
pin tips, indicating minimal wear and low friction. The pin lubricated with the Pggg 14Cl,

shown in Fig. 7.9(c), does not maintain low friction, in fact it has moderately high
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friction as shown in Table 7.2 and Fig. 7.6(b). The micrograph in Fig. 7.9(c) shows a
tribo-reaction on the surface of the pin tip. This is speculated to be the result of the IL
lubricant causing a tribo-corrosion reaction at the sliding interface. It is well-known that
the Cl is corrosive for some metallic pairs [393-397] and in this study it is speculated that
the CI anion contributed to the development of a tribo-chemical reaction that produced a
thin reactionary film that resulted in minimized wear, but higher friction. An
investigation into the tribo-reaction is beyond the scope of this study as this lubricant was
used for comparative purposes only and is not considered environmentally friendly.
Studies of the pin worn surfaces reaffirm that aromatic anions and long alkyl chain length
cations are important for improved tribological properties. It can be inferred that this is
due to density of the monolayer, to remain tightly packed on a surface thus covering more

of the surface to prevent unwanted asperity contact and aiding to minimize wear.

7.5.6. Environmentally Friendly lonic Liquid Lubricants

The anion-cation investigations thus far have shown that that different anionic and
cationic constituents influence the performance of ionic liquids. Within the combinations
of anion-cation moieties investigated, those ILs with superior tribological properties can
server as practical lubricants. Further examination will compare the tribological
properties of the ILs in particular, the ecofriendly ionic liquids to conventional ILs, bio-
based (natural) oils, and petroleum-based oils. Table 7.7, classifies the lubricants into the
four categories based on their source and Table 7.8 compiles all the friction and wear

values for the lubricants tested.



Table 7.7: Classification of investigated lubricants based on source

P666,14Benzoate
Pess,145accharinate
P666,14Sal icylate

Pess,14Cyclohexane
Pess 14 TT2N
Psgs,14Cl

CiomimTf,N
CgmimszN
CemimTf;N

CsmimTf;N
CsmimTf;N

Peanut
Avocado
Canola
(rapeseed)
Vegetable
(soybean)
Commercial
biolubricant

Synthetic Motor oil




Table 7.8: Classification of investigated lubricants

Pess,145accharinate Ecofriendly IL 0.025 | 0.014
Pess,14Cyclohexane Conventional 1L 0.031 | 0.018
Pess,14Benzoate Ecofriendly IL 0.040 | 0.046
Pess,145alicylate Ecofriendly IL 0.042 | 0.039
Ci1omimTf,N Conventional IL 0.053 | 0.034
Pess,14 TT2N Conventional 1L 0.059 | 0.026
Vegetable (soybean) oil Bio-based Oils 0.069 | 0.330
Peanut oil Bio-based Oils 0.072 | 0.279
Pe66,14Cl Conventional 1L 0.073 | 0.022
Avocado oil Bio-based Oils 0.073 | 0.322
Canola (rapeseed) oil Bio-based Oils 0.096 | 0.318
CsmimTf,N Conventional IL 0.099 0.049
Commercial biolubricant Bio-based Oils 0.106 | 0.327
CemimTf,N Conventional IL 0.116 | 0.069
CsmimTf,N Conventional IL 0.120 | 0.123
Synthetic oil Petroleum-based oil 0.173 | 0.463
CsmimTf,N Conventional IL 0.199 | 0.137

268
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7.5.3.1 Friction Results

Figure 7.10(a), depicts the final COF values at the completion of the tests for all
of the lubricants studied in this investigation. The ionic liquid lubricants maintain
superior tribological properties when compared to all other lubricants tested. More
specifically, the environmentally friendly ILs (Pesss14Saccharinate, Pgss14Salicyate, and
Pess,14Benzoate) exhibit lower coefficient of friction values better than all conventional
ILs (except Pesgs 14Cyclohexane), bio-based oils, and petroleum-based oil.

Two trends emerge when analyzing the lubricant chemical composition and the
friction values. As denoted previously in Fig. 7.6, the COF decreases as the alkyl chain
length of the cation increases and as the aromatic ring size of the anion increases. These
trends remain true with the ecofriendly ILs, as they consist of the largest cation with 14
carbon atoms in the alkyl chain and the largest anions with single or double aromatic
rings that enables them to have low friction. Comparing the ecofriendly ILs to the bio-
based natural oils, the ecofriendly ILs outperform the bio-based oils in all circumstances.
This is speculated to be caused by the resilient monolayers composed of both anion and
cation molecules. Here, the ionic liquids are able to maintain lower COF values due to
their polar molecules that can adhere to the charged metallic surfaces, establish a
monolayer, remain tightly packed, and minimize asperity contact as well as benefit from
their lamellar-liquid crystal structure that affords the ILs the reduced internal resistance
during shearing in the tribo-interface. On the contrary, the bio-based oils, maintain high

lubricity due to their fatty acid composition consisting of over 70% of oleic acid (C18:1)
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and linoleic acid (C18:2). These fatty acids having 18 carbon atoms and one or two

double bonds can form a monolayer that promotes low friction, however their properties
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Figure 7.10: Variation of the tribological properties for different mixtures of ecofriendly
ionic liquids, natural oils, conventional ionic liquids and commercial lubricants (a)
coefficient of friction of the lubricant mixtures at the completion of tests and (b) wear
volume of the lubricant mixtures at the completion of tests



271

are susceptible to rapid oxidation and chemical inconsistency which can impede their
tribological performance. The synthetic motor oil tested exhibits the highest friction. The
friction results are important because they directly reveal the advantages of ecofriendly

ionic liquids that make them well suited as a new class of greener biolubricants.

7.5.3.2 Wear Results

Figure 7.10(b) reveals the final wear volume results at the completion of the test
for each lubricant investigated. Here, the ecofriendly IL, Pgss 145accharinate demonstrates
superior wear resistance. The other two ecofriendly ILs, Pggsi14Salicyate and
Pess,14Benzoate demonstrated moderate wear rates when compared to other ionic liquids.
Overall, the ILs as a whole demonstrate exceptionally low wear rates that were beyond
those of the bio-based and petroleum-based oils. The synthetic motor oil tested for
comparative purposes continues to have the highest wear rate. As revealed in Fig. 7.7, the
ionic liquids exhibit trends within the wear volume. As the wear volume decreases the
alkyl chain length of the cation increases and the ring size of the anion increases. When
examining the trends in Fig. 7.10(b), it seems as if the anion and the cation size effects
are competing to lower the wear rate when considering the relatively high wear volumes
of the Pggs 14Salicyate and Pggg 14Benzoate ILs. Ultimately, when the largest anion and the
largest cation are combined into the Pggs 14Saccharinate, it reveals the lowest wear volume.
Examining the bio-based and petroleum-based oils, they have a significantly higher wear
rate than the IL lubricants, which again could be a result of the successful monolayer

development being composed of anions and cations.
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7.5.3.3 Surface Analysis

The tribological results for the ILs suggest that larger asymmetric cations and
aromatic carboxylic anions improve friction and wear by providing a sufficiently resilient
monolayer that adequately protects the surfaces of the pin-disk interface. These trends
also suggest that for the ionic liquids, the combination of the aromatic carboxylic anion
and the asymmetric cation both contribute to the wear rate minimization. Figure 7.11,
displays micrographs of the disk surfaces after sliding contact. These micrographs further

substantiate the effects of the monolayers.

‘>

PaanULOll

20pm

Figure 7.11: Scanning electron micrograph of the worn stainless steel disk lubricated with

the (a) Psss 14Saccharinate and (B) peanut oil

Figure 7.11(a) is a micrograph of the Pggg 14Saccharinate and Fig. 7.11(b) is a micrograph
of the peanut oil. It can be seen that the Pggs 14Saccharinate has a smoother surface finish

after the test indicative of less wear occurrence. The peanut oil has a much rougher and
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more abrasive looking surface suggesting higher levels of wear. In fact this is true, from
Table 7.8, the Pggs14Saccharinate had 0.014 mm?® of wear occur and the peanut oil had
0.279 mm® of wear occur. The peanut oil had about 95% more wear than the
Pess,145accharinate. In both of these cases, EDS was performed on the surface and
counter-surface of the worn specimen as shown in Fig. 7.12 with Pggg 14Saccharinate in
red and peanut oil in blue. The results revealed there was no evidence of a transfer layer
or any physicochemical reactions to the materials, thus the only contributing factor to the
difference in tribological performance are the lubricants themselves having different

physiochemical compositions and structures.
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Figure 7.12: Energy-dispersive X-ray spectrograph of the (A) 440C stainless steel disk
and (B) 2024 aluminum pin
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The ILs have tribological properties better than the bio-based and the petroleum-
based oils. When considered together with a variety of other physicochemical properties
relevant to tribological behavior, these properties (e.g., their wide liquidus range, high
viscosity, tunable miscibility, and lamellar-like liquid crystal structure) clearly indicate
that ionic liquids, specifically the ecofriendly ILs, Pggs14Saccharinate, Pggs14Salicyate,
and Pges14Benzoate, offer tremendous potential as a new family of environmentally
benign lubricants. Their superior protection in boundary lubrication is a result of the
development of a physicochemical adsorption monolayer film caused by the negatively
charged anion and positively charged cation adhering to the oppositely charged metal
surface providing anti-wear properties and improved lubricity, making these ILs excellent

lubricants and a next step in the advancement of biolubricants.

7.6. Conclusions

The results of this chapter shed light on a promising new class of environmentally
friendly lubricants known as room temperature ionic liquid lubricants. It has been shown
that their lamellar-like liquid crystal structure improves lubricity. The dipolar structure
allows cations and anions to adsorb on charged worn metal surfaces facilitating self-
assembling monolayers that create boundary films that minimize wear, reduce friction,
and improve component operation. Environmentally friendly ILs were presented and
demonstrated to be feasible in design and provide superior tribological properties.

The lubrication industry continues to make new strides towards sustainable

biolubricants with properties that will lower friction and wear, thereby improving system
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efficiency and ultimately conserving energy. Continuing this trend, future lubricants
formulated from bio-based feedstock should offer the following advantages over
petroleum-based oils: a higher lubricity lending to lower friction losses and improved
efficiency, affording more power output and better economy. As oil prices rise,
environmental awareness grows, and the demand for renewable and sustainable
lubricants increases, biolubricants will begin to seek prominence. For this reason,
fundamental research is an important step to the macroscale development, economical
competence, and industrial use of biolubricants for energy conservation and sustainability.
Room temperature ionic liquid lubricants represent a new class of novel “greener”
lubricants that are non-toxic, obtainable from sustainable (non-petroleum) resources, and
environmentally friendly. They have the ability to satisfy the combination of
environmental, health, economic, and performance demands of modern lubricants. Their
ability to be tunable establishes them as designer lubricants, where the optimization of
cation-anion moiety facilitates energy conservation through superior tribological
performance. The major findings of the current investigation of room temperature ionic
liquid lubricants revealed the following conclusions
e Phosphonium and imidazolium ionic liquids can be utilized as additives for
natural oils where the higher the IL concentration the better the tribological
properties.
e Phosphonium and imidazolium ionic liquids with carboxylate anions outperform
bio-based and petroleum-based oils due to their lamellar-like liquid crystal

structure improving lubricity and wear resistance.
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Due to their unique dipolar structure, the charged anions and cations in the ionic
liquids can potentially be adsorbed on to the oppositely charged worn metal
surfaces therefore forming an effective boundary film that acts to minimize wear.
Long bulky asymmetric organic cations (=10 atoms on the alkyl chain) and
aromatic carboxylic organic anions (with 1 or 2 rings) effectively reduce friction
and wear.

Pess,145accharinate, Pggs14Salicyate, and Pggs 14Benzoate ionic liquids maintain
superior tribological properties and offer tremendous potential as a new family of

environmentally benign lubricants.
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Chapter 8 The Tribological Performance of Imidazolium and
Phosphonium lonic Liquids with Carboxylate Anions as
Biolubricants for High Temperature Applications Involving Steel-

Steel Contacts

8.1 Introduction

Room temperature ionic liquids (RTILs) are molten salts which represent a new
class of designer lubricants that consist of an organic cation combined with an organic or
inorganic anion and maintain melting points below 100°C and a liquid range beyond
300°C [138, 382]. As a result of the many properties associated with ionic liquids (ILs)
they have found early success in a variety of applications, including solar cells, batteries,
and thin films as well as many other applications [135, 340-344, 357, 358, 361-365]. The
appeal of ILs as lubricants becomes even more evident when one considers their many
potential advantages over other lubricants including: (1) a broad liquid range (low
melting and high boiling point); (2) negligible vapor pressure; (3) non-flammability and
non-combustibility; (4) superior thermal stability; (5) high viscosity; (6) miscibility and
solubility; (8) lamellar-like liquid crystal structure; and (9) long polar anion-cation
molecular chains [132, 133, 135-137, 140, 151, 372, 383-387]. Many of the these
properties make ILs good candidates as high temperature lubricants [151].

The earliest reports of the use of ionic liquids as high temperature lubricants was

in 1961, when fluoride-containing molten salts were subjected to high-temperature
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bearing tests of 650 to 815°C [345]. Currently, ILs are beginning to gain relevance as
synthetic lubricants with much of the attention concentrated on their utilization as base
oils in steel/steel, steel/copper, steel/aluminum, ceramic/ceramic, and steel/ceramic tribo-
interfaces [140, 346-359]. ILs are also effective as additives in mineral oils, because of
their tendency to form strong boundary films, that enhance the tribological performance
of the base oils [136, 360]. These properties along with their negligible vapor pressure
make them alternative lubricants for use under vacuum for spacecraft applications and in
the automotive, manufacturing and magnetic storage industries [135, 136, 347]. Although
the chemical structure of the cationic and anionic constituents of an ILs can vary greatly,
some of the more commonly studied ILs for high pressure and elevated temperature
tribological processes are those containing tetrafluoroborate (BF,), hexafluorophosphate
(PFg), bis(trifluoromethanesulfonyl)amide, and tris(tetrafluoroethyl)trifluorophosphate
anions [151, 366-373]. In general, as the hydrophobicity of the anion increases, both the
high thermo-oxidative stability and the tribological properties improve [372].
Investigations into the thermal properties of IL cations, include imidazolium ions due to
their high thermal stability of imidazole-based rings [374]. In contrast, these cations
exhibit a decrease in thermo-oxidative stability with an increase in hydrophobicity [372].
Nonetheless, ILs with longer alkyl chains and lower polarity have been reported to have
excellent tribological properties from low to high temperatures (-30°C to 200°C) [375].
Other IL cations have been studied with the goal of improving their tribological

properties include phosphonium [376-378] and ammonium [356, 357, 379-381] salts.
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As the industrial marketplace continues to become more ecologically focused in
an attempt to reduce the use of petroleum-based lubricants much of the attention has
centered on novel approaches to achieve efficient energy conservation and sustainability
[79, 80]. The development of creating environmentally friendly ILs that can function at
both low and high temperature environments while providing effective lubrication with
minimal wear, derived from bio-based feedstock, and maintain high thermal-oxidative
stability can be challenging considering the are as many as 10*® different combinations of
anion and cation moieties [134, 139]. The process of designing an IL to be
environmentally friendly begins by selecting both the cationic and anionic constituents to
be non-toxic i.e. prepared from non-petroleum resources. As the number of desired
properties increases, the number of possible candidate ILs declines dramatically. Here,
for example, the desire for an environmentally friendly lubricant means that the use of
highly fluorinated anions is unacceptable [388]. Instead, the use of carboxylic anions
based on common food additives (e.g., benzoate” and salicylate’, well known
preservatives) or artificial sweeteners (e.g., saccharinate’) are utilized. Similar
considerations  guide the choice of the cation and suggest that
trihnexyl(tetradecyl)phosphonium salts (i.e., Pges 14'), Some of which have been found to
exhibit anti-microbial and biodegradable properties [148]. Similarly, the objective of
employing renewable feedstocks for the preparation of the ILs suggests the use of certain
1,3-dialkylimidazolium cations, such as can be derived from fructose or other bio-based
feedstock [144, 145, 389-392]. Here, ecofriendly ILs are developed and tested in hopes

that someday their wide scale utilization can overcome the variety of environmental, cost
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and performance challenges faced by conventional lubricants therefore making them a
potentially attractive alternative lubricant [136, 138]. RTILs represent a promising new
class of biolubricants that show potential to improve the high temperature limitations
associated with bio-based and petroleum-based oils due to their physicochemical

characteristics, and thermal-oxidative instabilities [132, 136, 140].

8.2 Experimentation

In this investigation environmentally benign phosphonium-based and
imidazolium-based ionic liquids undergoing cation-anion moiety manipulation were
evaluated for their tribological and thermal properties under high temperature conditions
by pin-on-disk testing and a thermogravimetric analysis. The IL lubricants having
different ion pairs were then compared with bio-based and petroleum-based lubricants to

investigate their tribological performance.

8.3 Results and Discussion
8.3.1 Friction Results

Figure 8.1 shows the coefficient of friction values for the various imidazolium-
based ionic liquid lubricants. Figure 8.1(a) shows the variation of the COF for the
imidazolium-based ILs with different anions over the sliding distance. It can be seen that
generally as the sliding distance increases the COF decreases, reaching an approximate
steady state at approximately 1200m. Figure 8.1(b) shows the final COF at the

completion of the tests.
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Figure 8.1: Variation of the coefficient of friction of different imidazolium-based ionic

liquids (a) with sliding distance and (b) at the completion of the tests
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The effects of the various imidazolium alkyl chain length can be witnessed. As the COF

decreases, the chain length increases from 3 carbon atoms to 10 carbon atoms for the

CxmimTf;N ionic liquids. When the Tf;N anion is replaced with a carboxylic anion i.e.

saccharinate or salicylate, the COF for the C;omim and Cgmim cations both decrease by

approximately 20%. This demonstrates the effect that aromatic carboxylic anions have

over the conventional non-aromatic anion such as the Tf,N. The correlation coefficient

between the COF and the chain length illustrate a strong negative correlation with a R-

value of -0.851 as shown in Table 8.1. When the CjiymimSaccharinate and the

CsmimSalicylate ILs are omitted the correlation coefficient increases to -0.962 for the

CxmimTf;N ILs, revealing a stronger relationship between friction and alkyl chain length.

Table 8.1: Imidazolium-based ionic liquid lubricants — Cation investigation

lonic Liquid Cation | Anion Cation Chain COF Wear (mm®)
Length
CiomimSacchari | Ciomim | Saccharinate 10
nate 0.0480 0.0192
CsmimSalicylate | Csmim | Salicylate 8 0.0483 0.0213
CiomimTf,N Ciomim | TN 10 0.0597
1 ? 1 ? 0.0246
CgmimszN Cgmim szN 8 0.0609
0.0250
CemimszN Cemim szN 6 0.0675
0.0291
CsmimTf,N Csmim THN 5 0.0687
0.0334
CsmimTf,N Csmim TN 3 0.0778
0.0416
Correlation Coefficient, R-value -0.851 -0.929
Correlation Coefficient between COF and Wear, R-value 0.955
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Figure 8.2 shows the coefficient of friction values for the phosphonium-based ILs.
Figure 8.2(a) shows the variation of the COF for the phosphonium-based ILs with
different anions over sliding distance. In this figure, the COF decreases with sliding
distance. Most of the ILs, reach a steady state COF by 1400m, except the Pggs 14Salicylate,
which tends to oscillate over the sliding distance. Figure 8.2(b) shows the COF value at
the completion of the tests for the ILs. It can be seen that the Pggs14Cl has the highest

COF value while the Pggg 14Saccharinate maintains the lowest COF value.
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As illustrated in Table 8.2, as the COF decreases, the anion ring size increases with a
strong negative correlation coefficient of -0.813. Saccharinate having the most rings with
two also has the lowest coefficient of friction followed by cyclohexane carboxylate. The
cyclohexane carboxylate has a six-sided ring that does not conform to a hexagonal shape,
instead it is non-planar and often considered a 3D chair or boat conformation. Here,
benzoate and salicylate maintain similar COF values, despite the oscillations seen in the
salicylate. The agreement between the two anions is not without surprise as they both are
carboxylate anions with aromatic structures consisting of one ring. The difference
between benzoate and salicylate is that salicylate has one addition hydroxyl group as

shown in the structures of the molecules in Table 3.1.

Table 8.2: Phosphonium-based ionic liquid lubricants — Anion investigation

lonic Liquid Cation | Anion Anion COF Wear (mm®)
Ring Size
Pess,145accharin | Pggs,14 Saccharinate 2
ate 0.0257 0.0068
Pess,14Cyclohexa | Pggs,14 Cyclohexane 1
ne
0.0426 0.0091
P Salicylate | P Salicylate 1 0.0119
666,14 y 666,14 y 0.0447
p Benzoate | P Benzoate 1 0.0142
666,14 666,14 0.0465
P Tf2N P Tf2N 0
000,44 006,14 0.0477 0.0150
P Cl P Cl 0
200,44 000,14 0.0800 0.0686
Correlation Coefficient, R-value | -0.813 -0.630
Correlation Coefficient between COF and Wear, R- 0.934
value
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8.3.2 Wear Results
Figure 8.3(a) shows the variation in the wear volume of the imidazolium-based ionic
liquids with sliding distance. It can be seen that the ionic liquids generally increase in
wear volume with sliding distance and at approximately 1000m begin to reach a steady
state wear rate. This steady state is due to the tribo-surfaces conforming to each other by
means of plastic deformation as the two surfaces remain in extended sliding contact.
Figure 8.3(b) shows the final wear volume at the completion of the tests. The wear results
are displayed in Table 8.1. These results are in agreement to their corresponding friction
results as denoted by their high correlation coefficient between friction and wear having
an R-value of 0.955. Similar trends present themselves in the wear results, where the
wear volume decreases as the alkyl chain length increases in the Cxmim cation from 3
carbon atoms to 10 carbon atoms. The correlation coefficient between the cation chain
length and the wear volume is -0.929, indicating a strong negative relationship as
indicated in Table 8.1. Furthermore, it can be seen that as the carboxylate anions (i.e.
saccharinate and salicylate) replace the Tf,N anion, the wear volume for the Cy;omim and
Csmim cation decrease by 22% and 15% respectively. This again shows how the
aromatic carboxylate anions further reduce the wear rate for the ionic liquids.

Figure 8.4(a) shows the variation in the wear volume for selected phosphonium-
based ionic liquids with sliding distance. It can be seen here that the ILs generally
increase with sliding distance. Figure 8.4(b) shows the final wear volume for all of the

phosphonium-based ILs and Table 8.2 shows the values of the wear volume.
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It can be seen that the Pggs 145accharinate has the lowest wear volume and Pggs 14Chloride
has the highest wear. Similar to the friction results in Figure 8.2, the wear shows the trend
of decreasing wear volume with an increasing ring size. The friction and wear results
reveal a strong correlation coefficient for the phosphonium-based ionic liquids with an R-
value of 0.934. Additionally from Table 8.2, the correlation coefficient, R-value of -0.630,
indicates that there is a moderately negative correlation between an increase in the

number of rings and a decrease in the wear volume.

8.3.3 Surface Analysis

Figure 8.5 shows the scanning electron micrographs for the worn pin surfaces of
select imidazolium-based ionic liquids at two different magnifications 20x and 50x. From
an EDS analysis there was no evidence of transfer layer formation or physicochemical
reactions in the interface. From top to bottom in Fig. 8.5(a) and (b) are the

CiomimSaccharinate, (c) and (d) are the C;omimTf,N, (e) and (f) are the CemimTf,N, (g)
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and (h) are the CsmimTf,N, and (i) and (j) are the CsmimTf;N. In the micrographs the
worn pin tips are in agreement with the tribological results where the ionic liquids with
lower friction and wear rates have less of a wear scar. For example the
CiomimSaccharinate in Fig 5(a) and (b) has a smaller wear scar diameter than the
CiomimTf,N shown in Fig. 5(c) and (d). As previously described, as the alkyl chain
decreases, the wear rate increases as verified with the increasing wear scar with
decreasing carbon atoms on the alkyl chains as well as the amount of wear debris on and
around the worn surface. Interestingly, only minor abrasion marks were observable on the
worn surfaces potentially indicating how the combined effects of sustained high
temperatures with frictional heating may have slightly decreased the yield stress of the
pin material while simultaneously allowing the strain rate to increase. These minute
changes in mechanical properties could be enough to allow the material to undergo
abrasive wear by plastic deformation where the damage to the surface roughness was
minimal despite having wear occur. The phosphonium-based ionic liquids demonstrated
similar results in their surface analysis where the larger ring sizes had minimal friction,
lower wear, and smaller wear scars. The phosphonium-based ILs had very small wear
tracks due to their already low wear rate. Ultimately, the surface analysis results indicate
that the effect of increasing the alkyl chain length in the cation lowered the friction and
wear rate as well as minimizing the wear scar. The effect of larger ring shaped anions
additionally helped to benefit with further reductions of the friction, wear rate, and wear

scar of the worn specimen.
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Figure 8.5: Scanning electron micrograph of the worn stainless steel disk lubricated with the
Imidazolium-based ionic liquids (a) CiomimSaccharinate at 20x, (b) CiomimSaccharinate at
50x, (c) C1omimTf,N at 20X, (d) C1omimTf,N at 50X, (e) CemimTf,N at 20x, (f) CemimTf,N at
50x, (g) CsmimTf,N at 20x, (h) CsmimTf;N at 50x, (i) CsmimTf,N at 20x, and (j) CsmimTf,N
at 50x
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The ionic liquids investigated demonstrate that specific combinations of the

anions and cations perform better than others as potential high temperature lubricants in

steel-steel tribo-contacts. Further examination will compare the tribological properties of

imidazolium and phosphonium ILs incorporating environmentally friendly anions with

various bio-based and petroleum-based lubricants. The classification of the investigated

lubricants are shown in Table 8.3, where the ionic liquids are classified according to their

source and type as ecofriendly ILs, toxic ILs, bio-based (natural) oils, and petroleum-

based oils.

Table 8.3: Classification of investigated lubricants according to source and type

Pess 14Benzoate

Pess,145accharinate

Pess,145alicylate

CiomimSaccharinate

CgmimSalicylate

Toxic ILs

Pess 14Cyclohexane
Pses14 TT2N
Pe66,14Cl

CiomimTf,N
CsmimTf,N
CemimTf,oN
CsmimTf,;N
CsmimTf,N

Avocado
Canola (rapeseed)
Commercial

biolubricant

Synthetic Motor oil

Regarding the classification of an environmentally benign IL, due to the fact that both the

imidazolium and phosphonium cations can be theoretically derived from bio-based
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feedstock and produced in a manner that is ecofriendly, this investigation will only
consider environmentally friendly ILs as those where the anion is non-toxic and
ecofriendly. From Table 4 only the Pggs 14Benzoate, Pggs14Saccharinate, Pggs 14Salicylate,
CiomimSaccharinate, and CgmimSalicylate ILs are considered ecofriendly.

Figure 8.6(a) shows the variation of the COF with sliding distance for all the
lubricants tested. The general trend of the COF decreasing with sliding distance remains
intact. Figure 8.6(b) shows the final COF at the completion of the tests for the lubricants
and Table 8.4 shows the final COF values at the completion of the tests. It can be seen
that overall, the ionic liquids maintain lower COF values than the bio-based and
petroleum-based lubricants. Within the lubricants tested, the ecofriendly ILs maintain
some of the lowest COF values, with Pggg 14Saccharinate having the lowest COF. It can be
seen here that the combination of longer alkyl chains on the cation and larger carboxylate
aromatic anions provide the optimal lubricant with the lowest friction while remaining

non-toxic and environmentally benign.
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Table 8.4: Friction and wear results for the phosphonium-

based, imidazolium-based, bio-based , and petroleum-based

lubricants at 100°C
Lobricant  COF  Wear(mm) |
Pess,145accharinate 0.0257 0.0068
Pess,14Cyclohexane 0.0426 0.0091
Pess,14Salicylate 0.0447 0.0119
Pess,14Benzoate 0.0465 0.0142
Pess 14 TT2N 0.0477 0.0150
CiomimSaccharinate 0.0480 0.0192
CgmimSalicylate 0.0483 0.0213
CiomimTf;N 0.0597 0.0246
CsmimTf,N 0.0609 0.0250
Avocado QOil 0.0648 0.0304
CemimTf,N 0.0675 0.0291
CsmimTf,N 0.0687 0.0334
Canola (rapeseed) Oil 0.0709 0.0440
Pess,14Cl 0.0800 0.0686
CsmimTf,N 0.0778 0.0416
Synthetic Motor Qil 0.0872 0.0505
Commercial Biolubricant 0.1053 0.0430

Figure 8.7(a) shows the variation of the wear volume with sliding distance for all
the lubricants investigated. It can be seen that the wear rate generally increased with
sliding distance. Figure 8.7(b) shows the wear volume at the completion of the tests for
each of the lubricants tested. Table 8.4 shows the final wear volume values for each of

the lubricants. Similar to the friction results, it can be seen in Fig. 8.7(b) that the ionic
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liquids maintain lower wear rates than the bio-based and petroleum-based lubricants.
The ecofriendly ionic liquids i.e. those ILs contains saccharinate, salicylate, or benzoate

anions maintain some of the lowest wear rates with Pggg 14 Saccharinate having the lowest.
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Figure 8.7: Variation of the wear volume of different ecofriendly ionic liquids, natural
oils, toxic ionic liquids, and petroleum-based oil (a) with sliding distance and (b) at the

completion of tests

Examining the friction and wear results indicate that ionic liquids as a whole have
superior tribological properties i.e. higher lubricity and lower wear than bio-based and
petroleum-based oils. It is not surprising that the bio-based oils outperform the
petroleum-based oils as it is well known that natural oils maintain higher lubricity than
many petroleum-based oils due to their high carboxylate acids amounts that exist in the
form of fatty acids particularly oleic acid (C18:1) and linoleic acid (C18:2). These fatty
acids are effective performance enhancing additives in oils for their ability to adsorb on
to the charged metal surfaces due to their polar head. This allows the fatty acids to form
monolayers that reduce the asperity contact and reduce the friction and wear. lonic
liquids maintain similar mechanisms for decreasing friction and wear. When considered
together with a variety of other physicochemical properties relevant to tribological

behavior, these properties (e.g., their wide liquidus range, high viscosity, tunable
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miscibility, and lamellar-like liquid crystal structure) clearly indicate that ionic liquids,
specifically the ecofriendly ILs, Pggsi14Saccharinate, Pegs14Salicyate, Pegss14Benzoate,
CiomimSaccharinate, and CgmimSalicylate offer tremendous potential as a new family of
high temperature biolubricants. Their superior protection in boundary lubrication is a
result of the development of (1) a physicochemical adsorption monolayer film caused by
the negatively charged anion and positively charged cation adhering to the oppositely
charged metal surface and (2) inherent liquid crystal lamellar structure that has low
interlayer resistance due to the weak van der Waals’ force providing anti-wear properties

and improved lubricity which makes these ILs excellent biolubricants.

8.3.4 Thermogravimetic Analysis (TGA)

As previously mentioned, in many applications of steel-steel contacts it is
important for lubricants such as motor oil, to be able to withstand elevated temperatures
for extended period of time without significant decomposition. In fact in many
applications, lubricants are used to not only provide lubrication but also dissipate heat
from the tribo-interface. For these reasons the thermal stability of the ionic liquids and
the bio-based oils were therefore investigated by thermogravimetric analysis. In this
analysis, two different sets of decomposition experiments were carried out on the
lubricants. First were dynamic decomposition measurements, in which the temperatures
of the samples were increased at a constant rate to determine the temperature at which
decomposition (as indicated by mass loss) begins and the temperature at which

decomposition is complete. Once the temperature corresponding to the onset of
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decomposition, Tgensety Was determined, the lubricants were then subjected to isothermal
decomposition measurements, in which they were held at 100°C and 50°C below their
Tawnsery fOr an eight hour period to determine stability over an extended period of time.
Figures 8.8 and 8.9 show both the dynamic and isothermal decomposition graphs for
selected ionic liquids and bio-based lubricants, respectively. In these figures the graphs
on the left depict the dynamic decomposition tests and the graphs on the right depict the
isothermal decomposition tests. In Fig. 8.8, the Pggs14Benzoate, Pggs14Salicyate, and
Pess,145accharinate ionic liquid TGA results are shown. Similarly in Fig. 8.9 the TGA
results for avocado, canola, vegetable and safflower oils are shown. Table 8.5 shows the

combined TGA results for all the ionic ILs and the bio-based natural oils.
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oils (a) dynamic decomposition graph of avocado oil; (b) isothermal decomposition graph
of avocado oil; (c) dynamic decomposition graph of canola (rapeseed) oil; (d) isothermal
decomposition graph of canola (rapeseed) oil; (e) dynamic decomposition graph of
vegetable (soybean) oil; (f) isothermal decomposition graph of vegetable (soybean) oil;
(9) dynamic decomposition graph of safflower oil; and (h) isothermal decomposition

graph of safflower oil
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Table 8.5: Thermal degradation results for various natural oils,

ionic liquids, and petroleum-based oils

Te(m . . Smoke Point
Avocado Oil 376 410 21 82 271
Canola Oil 377 410 20 79 226
Corn Oil 372 410 16 76 165
Olive Oil 377 | 411 27 86 160
Peanut Oil 378 411 18 92 107
Safflower Oil 376 410 19 91 160
Sesame Oil 370 407 32 72 177
Vegetable Oil 371 | 409 13 76 2250
CsmimTf;N 409 | 446 100 100 N/A
CsmimTf,N 409 4438 100 100 N/A
CsmimTf,N 404 450 91 100 N/A
CiomimTf;,N 409 451 87 100 N/A
Psss.14 TT2N 406 | 408 43 100 N/A
Pess 14Benzoate 327 379 23 62 N/A
Pess 145alicylate 341 371 10 55 N/A
Pess,145accharinate 376 410 7 76 N/A
Syntheti_c Motor ) ) ) ) 930"
Oil

Reference [398]
Reference [399]
N/A = Not Applicable
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From Table 8.5 it can be seen that the imidazolium-based ionic liquid lubricants
exhibit thermal decomposition temperatures approximately 40°C higher than the bio-
based oils. The phosphonium-based ILs demonstrate thermal decomposition temperatures
that are comparable to or less than (by as much as 50°C) the bio-based oils. When
considering Tyeonsety and Tymax) for the natural oils, it should be noted that the TGA was
conducted in a nitrogen environment that reduces the effects of oil oxidation therefore the
oils can sustain higher temperatures before significant thermal degradation is observed. In
actuality, the bio-based oils would begin to breakdown as significantly lower
temperatures, as can be seen in the table by their smoke temperatures range from 271°C
to 107°C. At these temperatures in an oxygenated “open-air” environment the oils would
have begun to breakdown and become inoperable lubricants. Even the synthetic motor oil
would degrade around 232°C, much lower than the ILs. lonic liquids on the other hand
due not smoke and have no flash temperature because they are nonvolatile,
noncombustible, and nonflammable as a result of their lack of vapor pressure. This
feature alone, affords ILs the ability to operate in higher temperatures with increased
thermal stability than bio-based and petroleum-based oils.

It has been suggested by some that decomposition temperature measurements in
dynamic experiments provide inaccurate estimates of the thermal stability and only
isothermal measurements appropriately characterize the thermal stability. For this reason,
isothermal results are shown in Table 8.5 at temperatures 100°C and 50°C below the
Tdnsety. At 100°C below the corresponding Tqenser), the bio-based natural oils show a

moderate thermal stability with 32% or less of the bio-based lubricants decomposing. The
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imidazolium-based ILs show a nearly complete thermal degradation at 100°C below the
corresponding Tgonsery With 87% or more decomposition. It can be seen here, that the ILs
with the Tf,N anion show a decrease in the thermal degradation with an increase in the
cation alkyl chain length. Exchanging the imidazolium cation for the phosphonium cation
revealed much more stable ILs. The phosphonium-based ionic liquids exhibited the most
thermal stability at 100°C below the corresponding Tqensety and they revealed that an
increase in aromaticity in the anion lower the amount of decomposition. At 50°C below
the corresponding Tqenset), the bio-based oils and the imidazolium-based ILs were found
to exhibit substantial and in many instance, nearly complete decomposition. The
phosphonium-based ILs demonstrated high thermal decomposition as well, however with
the aromatic anions the thermal stability witnessed minor improvements.

These results are encouraging for the potential use of the ecofriendly ILs as
lubricants in high temperature environments. At higher temperatures they decomposed
comparably or less than many of the other lubricants tests and at lower temperatures their
thermal stability was far superior. Interestingly, the ecofriendly ILs were demonstrated to
have lower onset of thermal degradation temperatures, yet they exhibited a significantly
lower rate of thermal degradation when compared to the toxic ionic liquids, bio-based
oils, and petroleum-based oil. This allows the ecofriendly ILs to be used for longer
intervals and for longer heat exposures at slightly lower temperatures. The reasons for the
thermal properties within the ILs has been considered to be in part caused by the
electrostatic potential that exists between the cations and the anions quantitatively

referred to as the lattice energy [400]. The combination of larger bulky asymmetric
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cations and smaller aromatic anions, creates mismatches in the shape, size, and structure
of the ion pairs. This in turn creates unbalanced anion-cation moieties which cause
inefficient ion packing and effectively increase the interionic separation, thereby
lowering the lattice energy and lowering the thermal stability [93]. Despite, the lower
lattice energy, it is the global electrostatic potential that benefits the ionic liquids because
with the cations and anions attracting each other, they collectively are responsible for the
low melting points and non-measurable vapor pressure [93]. It is these properties that
provide ionic liquids an advantage in high temperature applications because they are less
sussceptible to flame, combustion, or otherwise dangerous reactions due to operation in

high temperature conditions.

8.4 Conclusions

This chapter investigated the use of imidazolium- and phosphonium-based ionic
liquids as a promising new class of environmentally friendly lubricants for high
temperature applications involving steel-on-steel contacts. It has been shown that their
lamellar-like liquid crystal structure, dipolar molecules, and electrostatic potential afford
ionic liquids the ability to provide adequate lubrication with low friction, minimal wear,
and high thermal stability while being feasible in design. These properties when
considered together with a variety of other physicochemical properties (e.g., their wide
liquidus range, high viscosity, tunable miscibility, nonvolatility, adsorption behavior,
non-flammability, and non-combustibility) relevant to a new class of non-toxic,

obtainable from sustainable (non-petroleum) resources, environmentally friendly IL
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lubricants outperform bio-based and petroleum-based oils in high temperature
applications. The ability of ILs to be tunable establishes them as designer lubricants,
where the optimization of the cation-anion moiety facilitates energy conservation through
superior tribological performance that can additionally help to satisfy the combination of
environmental, health, economic, and performance demands of modern lubricants. As the
lubrication industry continues striving for cleaner, safer, and less toxic lubricants, the
demand for biolubricants will escalate, therefore fundamental research such as this, is an
important step to the macroscale development, economical competence, and industrial
use of biolubricants for energy conservation and sustainability. The major findings of this
investigation of room temperature ionic liquid lubricants revealed the following
conclusions:

e Longer alkyl chains on the bulky asymmetric organic imidazolium cations with
bis(trifluoromethylsulfonyl)amide anions improve the tribological properties.

e Aromatic carboxylic organic anions have the greatest effect on the tribological
performance of imidazolium and phosphonium ionic liquids to lower friction and
wear.

e Phosphonium-based ionic liquids with carboxylate anions representing
ecofriendly ionic liquids with potential environmentally friendly feed-stock
derivation outperform bio-based and petroleum-based oils with lower friction and

lower wear.
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Longer alkyl chains on the bulky asymmetric organic imidazolium cations with
bis(trifluoromethylsulfonyl)amide anions enhance the thermal stability of the
ionic liquids by lowering the thermal degradation.

Natural oils have higher onsets of thermal degradation temperatures as well as
higher rates of decomposition when compared to ionic liquids. This causes the
natural oils to be more susceptible to thermal degradation and to succumb to it in
a shorter time interval.

Phosphonium-based ionic liquids incorporating carboxylate anions representing
ecofriendly ionic liquids have lower onsets of thermal degradation temperatures
and lower rates of thermal degradation than bio-based oils and imidazolium-based

ionic liquids.
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Chapter 9 The Effect of Particulate Additive Size on the
Tribological Performance of Phosphonium lonic Liquid

Biolubricants Incorporating Carboxylate Anions

9.1. Introduction

In recent decades the lubrication industry has strived towards environmental
responsibility and the development of environmentally friendly lubricants. Recent studies
have focused on developing biolubricants by combining natural oils with solid particle
additives in an attempt to provide a suitable alternative to petroleum-based lubricants.
One reason for these compound biolubricants is due to the fact that solid particle
lubricants such as boric acid and MoS, can be forced out of the contact zone during
sliding contact resulting in an unlubricated dry scenario with high friction, high wear, and
high potential to damage components [113]. In an attempt to remedy this problem, a
carrier fluid is needed such as petroleum-based greases and oils or natural oils. The other
reason is concerned with replacing the ubiquitous petroleum-based oils that are toxic to
the environment with a more environmentally friendly lubricant such as canola oil or
avocado oil [6, 81]. Natural oils such as canola oil are often chosen because they are
readily available, inexpensive, and have a viscosity and surface tension similar to
petroleum-based lubricants used in industrial applications for metal stamping and
transmission fluids [81, 91, 92]. Studies have shown that molybdenum disulfide and boric
acid with micron and nano-sized particle additives in canola oil establish a colloidal

solution leading to improved friction and wear reduction in pin-on-disk tests [19, 81, 92,
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196, 204-209]. Investigations have revealed that the carrier fluids allow the particle
additives to remain in the contacting pin-disk interface without degrading over time. The
presence of the nano-sized particulate mixtures by themselves or in combination with
micron-sized particles has exhibited improvements in the tribological performance [113,
118, 196, 401]. Investigations have shown that ILs outperform natural oils, for this reason,
to improve upon the current natural oil-based compound lubricants ionic liquids are used.
The particle additives used in these lubricants are often lamellar solids because
they have a low interlayer friction such as graphite, molybdenum disulfide (MoS,),
tungsten disulfide (WS,), boric acid (HsBO3), and hexagonal boron nitride (hBN) [9, 92,
197]. Lamellar powder lubricants are known for their crystal structure where atoms lying
on the same layer are closely packed and strongly bonded together by covalent bonds and
the layers are relatively far apart due to the weak van der Waals force [113, 401]. In some
instances the particulate additives consist of multi-walled carbon nanotubes (MWNTS)
instead of lamellar solid because they have atomically smooth surfaces and the concentric
cylinders of graphene can rotate with minimal friction [402-406]. Carbon nanotubes
(CNTSs) are known for their high strength, hardness, and stiffness making them suitable
for high contact pressure tribo-contacts [407-410]. Despite the type of additive whether a
lamellar solid particle or carbon nanotube, these powder additives become entrained
between the sliding surfaces and can adhere to the surface forming a protective boundary
layer. This boundary layer prevents wear and acts as a lubricant in sliding contacts by
accommodating the relative surface velocities. The lamellar solid particle lubricants

accomplish this by aligning themselves parallel to the direction of motion and sliding
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over one another with minimal friction while the CNTs displace the relative velocites by
rotating amongst each other acting as a cylinderical bearing [403, 411]. Moreover, these
powder additives can lubricate in extreme conditions such as high or low temperatures
and pressures [11, 90-92, 113, 194, 195]. Within the particulate additives boron nitride is
of specific interest because it is environmentally-friendly and inert to most chemicals
furthermore it is highly refractory with physical and chemical properties similar to that of
graphite [198]. In addition boron nitride has been demonstrated to show a change in
shape with particle size where smaller nanometer sized particles maintain a lubricious
spherical shaped geometry. As the particles increase in size to submicron and micron
their particle shape also transitions to a less spherical geometry where they become
abrasive and plate-shaped [6, 118].

Investigating the carrier fluids, as previously mentioned natural oils such as
canola (rapeseed), vegetable (soybean), and avocado oil are being investigated as a
renewable, biodegradable, and non-toxic alternatives to petroleum-based lubricants due
to their triacylglycerol composition [24, 90, 106, 107, 110, 111, 117]. Within natural oils
their long chains of polar fatty acids provide them with superior boundary lubricating
properties allowing them to adhere to metallic surfaces, remain closely packed, and create
a monolayer that is effective at reducing friction and wear [24, 106, 107, 117]. It is these
properties that provide natural oils the ability to exhibit higher lubricity, lower volatility,
higher shear stability, higher viscosity index, higher load carrying index, and superior
detergency and dispersancy in comparisons with mineral and synthetic petroleum-based

oils [24, 43, 81, 90]. Despite the environmental and tribological advantages to using
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natural oils, they do suffer from poor thermal and oxidative stability, biological
(bacterial) deterioration, hydrolytic instability, poor fluid flow behavior, solidification at
low temperatures, inconsistent chemical composition, and on occasion high wear rates
[109, 153-158].

As a means to progress beyond natural oils, environmentally friendly room
temperature ionic liquid (RTIL) lubricants have been proposed as a next step in
biolubrication for their similar properties to natural oils. lonic liquids are composed of
cations and anions that that can adsorb onto charged metallic surfaces forming
monolayers that minimize the asperity contact thus reducing friction and wear [135, 136,
140]. Additionally, ILs have a lamellar liquid crystal structure that allows them low
internal resistance and high lubricity [383, 384]. Other properties that make ILs attractive
substitutes to both petroleum-based lubricants and natural oils are their broad liquid
range; negligible vapor pressure; non-flammability and non-combustibility; high thermal-
oxidative stability; high viscosity; miscibility and solubility; environmentally-benign
(non-toxic) constituents; derivation from bio-based feedstock, and physicochemical
consistency [132, 133, 135-137, 140, 151, 372, 383-387]. lonic liquids are generally used
as solvents in organic chemistry, recently they have found use as lubricants in steel/steel,
steel/copper, steel/aluminum, ceramic/ceramic, and steel/ceramic tribo-contacts [140,
347-359] where they are used as base oils, additives, and thin films [136, 357, 358, 360-

365].
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9.2. Experimentation

In the present investigation, a phosphonium ionic liquid containing carboxylate
anions was used as a carrier fluid with various particulate additives in a colloidal mixture
and studied for its tribological effects as a two-phase compound biolubricant. The
phosphonium-based IL lubricants were composed of trihexyl(tetradecyl)phosphonium
(Pess.14”) cations and salicylate anions (salicylate’). This particular IL was chosen because
in previous studies it was shown to be an effective lubricant and more specifically a
potential biolubricant [132, 141, 142]. The IL, Pegs 14 Salicylate™ (further referred to as
Pess,145alicylate) can be considered environmentally friendly because both the cation and
the anion constituents are non-toxic and derived from bio-based feedstock. Investigations
have shown that trihexyl(tetradecyl)phosphonium salts can exhibit anti-microbial and
biodegradable properties [148]. Additionally, some carboxylate anions such as salicylate
are derived from common food additives thus rendering them environmentally benign.
The performance of this lubricant was studied by varying the size and type of the powder
additives in the base oil. A pin-on-disk tribometer with a 440C stainless steel pin sliding
against a 2024 aluminum disk was used to quantify the friction and wear properties of the
lubricants. The steel used in these tests was selected for its high strength and the
aluminum was selected for its high strength-to-weight ratio due to its varying elemental
composition. The steel pin dimensions were 6.35 mm in diameter, 50 mm in length, and
had a hemispherical tip. The aluminum disk dimensions were 70 mm in diameter, 6.35
mm in thickness, and were polished to a surface roughness having an arithmetic average,

Ra, value of 0.2 = 0.02 um. During each test, 5 mL of Pggg 145alicylate oil were mixed
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with 5% by weight of each particulate additive forming nine colloidal lubricant mixtures
containing additives. Two additional tests were performed, the first with pure
Pess,145alicylate as a neat lubricant with no additive and the second a dry unlubricated
test with neither IL lubricant nor particulate additives. The tests involving particulate

additives are shown in Table 9.1.



Table 9.1: Lubricant Composition Mixtures involving

Pecs,145alicylate and Various Particle Additives
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Additive

Test Name Additive Name Composition  Size (um) Structure
70nm hBN Boron Nitride h-BN 0.07 Lamellar
0.5um hBN Boron Nitride h-BN 0.50 Lamellar
1.5um hBN Boron Nitride h-BN 1.50 Lamellar
5um hBN Boron Nitride h-BN 5.00 Lamellar
55nm WS, Tungsten Disulfide WS, 0.055 Lamellar
0.6pum WS, Tungsten Disulfide WS, 0.60 Lamellar
50nm Graphite C 0.05 Lamellar
Graphite
2um MoS; Molybdenum MoS, 2.00 Lamellar

Disulfide
5um MWNT Multi-Walled C O.D.xL Cylindrical

Carbon Nanotube 0.006-0.009

x5.0

O.D. = Outside Diameter

L = Length
The Pggs 14Salicylate ionic liquid was combined with the particle additives by using a
vortex generator to mix the lubricant until a homogenous mixture was present. Prior to
each experiment test specimens were cleaned with soap, acetone, and hexane solutions in
an ultrasonic cleaner. During each of the tests, the disk was completely covered by the
lubricant mixture making the pin-disk interface continually lubricated throughout the test
duration. Each test was repeated a minimum of three times to ensure repeatability and

accuracy of the results.
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9.3 Results and Discussions
9.3.1 Friction Results

Figure 9.1, shows the coefficient of friction (COF) for the various lubricant
mixtures. It can be seen in Fig. 9.1(a) how the COF varies with sliding distance. The
particulate additive mixtures reach steady state by the end of the tests with the exception
of the dry test and the 5um length multi-walled carbon nanotube (MWNT) test. When
omitting these two trials, which had the highest and most volatile COF values, Fig. 9.1(b),
shows the COF values with sliding distance for the particulate additive mixtures and the
pure IL tests. It can be seen how stable the IL mixtures are and how they reach a steady-
state COF by approximately 300m. Figure 9.1(c) shows the final COF values at the
completion of the tests for each trial. The friction results reveal that in the IL, the smaller
nanometer and submicron sized particles predominantly have lower COF values with the
70nm hBN particles having the lowest COF, preceded by the 55nm WS,, 0.5um hBN,
and 0.6um WS, particles. Here, the 70nm hBN particle demonstrates how an
environmentally friendly particulate additive can maintain low friction in the presence of
an ecofriendly ionic liquid such as Pggs14Salicylate. In the lubricant mixtures, larger
particles of 1.5 or 2 microns exhibited lower COF values than that of the pure IL
lubricant with no additives. This further revealed how smaller particles enhanced the
tribological properties by establishing smooth protective transfer films. Interestingly,
larger micron-sized particles such as the 5um hBN particles and the 5um MWNT

exhibited higher friction coefficients beyond that of the pure IL. It is speculated that
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surface roughness could have potentially impacted the 5um hBN particle performance
because of the relatively low initial surface roughness the larger particles may not have
had the ability to coalesce in the asperity values instead they had to traverse the asperity
peaks and support the contact load [6, 118, 199, 337]. On the contrary, this is not the
same for the carbon nanotubes. The MWNTSs were tested for comparative reasons and
they revealed interesting results. It was shown that during the tests the MWNTSs exhibited
low friction at the start of the tests as shown in Fig. 9.1(a), but slowly this fiction
increased to a level similar to that of an unlubricated dry test, while simultaneously the
available liquid in the lubricant mixture began drying up. The reason for this is due to
capillaries effects caused by intermolecular forces i.e. surface tension and adhesion forces,
whereby the lubricant is drawn into the carbon nanotubes [412, 413]. At the start of the
test the lubricant mixture flows because there is a surplus of carrier fluid to circulate the
MWNTs in the solution. It is as this instance where the MWNTs can act as small
cylindrical bearings aligning themselves to the direction of motion in the tribo-interface
thereby minimizing asperity contact and lowering friction [403]. Initially, the MWNTSs
provide low friction due to their telescoped cylindrical shells with atomically smooth
surfaces enabling easy intershell sliding with rotational degrees of freedom, affording the
MWNTs the ability to accommodate the relative surface velocities [402, 404-406, 414-
416]. However, this is short lived in the experiment as the inherently polar ionic liquid
begins interacting with the hydrophobic carbon surface causing the MWNT to wick the

fluid inside it. At a molecular level, the energy involved in the capillary process is
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proportional to the surface area through the surface tension. This energy is balanced by
the bulk free energy which is proportional to the difference of the chemical potential of
the ionic liquid [417]. As the IL is adsorbed into the MWNTS, this causes the nanotubes
to no longer be circulated by the lubricant and thus it is forced out of the tribo-contact
thereby entering a quasi-dry or unlubricated scenario where the COF increases to levels
similar to the unlubricated test as observed in Fig. 9.1(a).

Figure 9.2 shows the influence of particle size with the COF as demonstrated
with the boron nitride particle. Figure 9.2(a) shows the COF for boron nitride particulate
mixtures with sliding distance and Fig. 9.2(b) shows the COF for hBN particles at the

completion of the tests.
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Figure 9.2: Variation of the coefficient of friction for hBN particulate additive mixtures

(a) with sliding distance (b) at completion of test

The hBN particles are a clear example of the effect that particle size has on the
friction properties. As in this figure, the smaller the particle size the lower the friction.
This indicates that smaller more spherical shaped particulate additives in IL lubricants are
more effective when they can coalesce in the asperity valleys, establish a thin smooth
transfer film, accommodate the relative surface velocity, and provide minimal asperity

contact in order to lower the friction coefficient [118]. On the contrary, larger more plate-
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shaped particles such as the 5um hBN are able to support more of the asperity contact
load and minimize wear and friction. This function however does not seem effective
which could be caused by the plate-shaped more abrasive tendencies of these larger
particles. Large abrasive particles in the lubricant can damage the tribo-interface by

acting as a third-body abrasive particle causing high friction [418, 419].

9.3.2 Wear Results

Figure 9.3, shows the wear volume for the various lubricant mixtures. It can be
seen in Fig. 9.3(a) how the wear rate varies with sliding distance. In a similar manner to
the COF results, the particulate containing lubricant mixtures show steady wear rates
with the exception of the dry unlubricated and the MWNT tests, which show significant
variation in their wear rates. Figure 9.3(b) shows the final wear volume values at the

completion of the tests for each trial.
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The wear results reveal comparable trends to the friction results where smaller
particles have lower wear volumes than larger particles. In the figure, there is a clear
separation where the effects of the smaller particles dominate with the 55nm WS,, 70nm
hBN, and 50nm graphite particles having the lowest wear volumes, preceded by the
0.5um hBN, 0.6um WS,, and 1.5um hBN particles. Here, the environmentally benign

particulate additives, hBN and graphite were shown to minimize the wear rate. It was
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confirmed in the wear results that particulate lubricant mixtures containing particles with
an approximate size of 1.5um or smaller exhibit low wear rates that were lower than that
of the pure lubricants with no additives. Examining the percent difference in wear rate
between nanometer and micron-sized particles, it was calculated that a 43% percent
difference occurred between the 55nm WS, and the 1.5um hBN particles. The larger
particles demonstrate a significant step up in wear rate, where the percent difference
between the 1.5um hBN and 5um hBN particles is 51%. Again these results reveals how
the smaller particles’ ability to coalesce and establish a transfer layer to enhance the
tribological properties is more significant than that of larger particles’ ability to carry
asperity contact loads. Interestingly, with regards to wear, larger particles such as the
5um hBN, 2um MoS,, and the 5um MWNT particles, were shown to have higher wear
rates with only the latter two particles having wear rates greater than that of the pure
lubricant with no additives. Although the 2um MoS; has a smaller particle size than the
5um hBN particles it has a higher wear rate. This could be due to the effects of moisture
in the IL.

The MWNTSs revealed a relatively volatile wear rate that fluctuated throughout
the duration of the test as seen in Fig. 9.3(a). Again, the high wear volume in the
MWNTSs is caused by the continuously adsorbed Pggs 14Salicylate oil. This resulted in the
carbon nanotubes swelling up with fluid, creating a highly viscous two-phase mixture,
and eventually being pushed out from the tribo-interface therefore starving the interacting
surfaces with lubricant and creating the oscillatory behavior in wear volume as wear

debris, saturated MWNTS, and lubricant agglomerated. Figure 9.4 shows the influence of
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particle size with the wear volume as demonstrated with the boron nitride particle. Figure
9.4(a) shows the wear volume for boron nitride particulate mixtures with sliding distance
and Fig. 9.4(b) shows the wear volume for hBN particulate mixtures at the completion of
the tests. It can be seen in the figure that the effects of the smaller particles to improve

upon the tribological properties i.e. wear volume, is significant.
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9.3.3 Surface Analysis

Figure 9.5 shows the scanning electron micrographs of the worn disk lubricated
with the various mixtures under 200x magnification. Figures 9.5(a) through (c) are the
SEM images for the 55nm WS;, 70nm hBN, and 50nm graphite particles, respectively.
These particles represent the smallest sized particles in this investigation having a size on
the order of nanometers. Examining the SEM figures it can be seen that the wear tracks
have the smallest diameter and they illustrate minimal abrasive wear due to plastic
deformation caused by plowing from the harder pin thus corresponding to the low friction
and low wear observed during the tribological testing. Figures 9.5(d) through (f) are the
micrographs for the 0.5um hBN, 0.6um WS,, and 1.5um hBN particles, respectively.
These particles represent the submicron and micron sized particles that revealed moderate
friction and wear rates, which is demonstrated in the micrographs by the larger width in
the wear track. The increased width in the wear track is representative of an increase in
wear as more material is deformed and removed from the contacting interface. These
particles along with the nanometer sized particles when used as an additive enhanced the
tribological properties of base fluid for their ability to coalesce in the asperity valleys.
Figures 9.5(g) through (i) represent the SEM images for the 5um hBN, pure IL, and
2.0um MoS; particle tests, respectively. These images reveal larger more abrasive wear
tracks that are a result of the larger particulate additives having a plate-shaped geometry
that abrades the lubricating surface as the particle traverses the surface. In Fig. 9.5(g) the
5um hBN particles reveal a slightly narrower wear track than the pure IL test shown in

Fig. 9.5(h), which corresponds to their lower wear rate than the pure IL test. Furthermore
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the 2.0um MoS; particles had a slightly higher wear rate than the pure IL test and this is
confirmed by the wider more abrasive wear track shown in Fig. 9.5(i) that is beyond the
frame of the image. The micrographs shown in Figs. 9.5(j) and (k) are for the 5um
MWNT particulate mixture and dry test respectively. As a result of the aforementioned
phenomenon that occurred with the MWNT tests, it reasonable to observe a wear track
that resembles the dry test. In the images, the wear tracks are extremely wide indicating
the occurrence of significant wear as observed in the sliding tests. Furthermore, the high
roughness of the surfaces as observed in the micrographs leads to the conclusion that as a
result of the significant plastic deformation and material removal this could result in high
friction as witnessed in these two tests. The micrographs shown in Fig. 9.5 do indicate
that the effects of the particles due to their size, independent of the particle type does play
an important role on the tribological performance of their use as additives in ionic liquid

lubricants.
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Figure 9.5: Scanning electron micrographs of the worn aluminum disk lubricated with the

various particulate mixtures at 200x magnification (a) 55nm WS, (b) 70nm hBN, (c) 50nm
Graphite, (d) 0.5um hBN, (e) 0.6um WS,, (f) 1.5um hBN, (g) 5um hBN, (h) Pure IL, (i)
2.0um MoS;, (j) 5pm MWNT, and (k) Dry
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9.4 Effect of Particulate Additives in Avocado Oil

As a basis for comparison, avocado oil was mixed with the same particulate
additives as the Pggs 14Salicylate to study the effect of these additives on the tribological
performance. This investigation is a continuation of the experiments conducted in
Chapter 5, section 5.4.2 — Avocado Oil Tests. Here, pin-on-disk tests were conducted
using a C101 copper pin sliding on a 2024 aluminum disk with a 10N normal load,
36mm/s sliding velocity, at ambient conditions, and particles added at 5% by weight.
Similar to the Pggs 14Salicylate particulate additive testing, this study was performed using
a Ducom Instrument Material Characterization System tribometer. It should be noted that
friction is a system dependent property that is dependent upon test environment,
operating conditions, and surface geometrical configuration. Therefore, friction is not a
property to make direct comparisons in regards to coefficient of friction values.
Nevertheless, these natural oil tests provide an important comparison to understand the

impact of the particulate additives to improve upon the avocado oil.

9.4.1 Results and Discussion
9.4.2 Friction Results

Figure 9.6 shows the COF for all the particulate mixtures containing avocado oil.
Figure 9.6(a) and (b) show the single- and multi-particle tests and the variation of the
COF with sliding distance, respectively. Figure 9.6(c) shows the final COF values at the
completion of the tests for all particulate mixtures. From these figures it can be seen that

the COF generally decreases with sliding distance. It can be seen that the lower COF is
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not necessarily dependent on the particle size, although smaller particles do lower friction,
but it can be seen that hBN has the lowest friction and within the hBN particles the
smaller sized particles maintain lower friction. This is what occurred in Chapter 5 with
the avocado oil tests. Examining the types of particulate additives revealed that hBN
outperforms, MoS,, WS, graphite, and the MWNTSs. The trends described in Chapter 5
for the hBN are present here for each type of particulate additive. These trends are more
clearly observed in Figure 9.7 which depicted the final COF values for selected
particulate mixtures. In Fig. 9.7(a), the trends of the individual particle mixtures can be
seen. It was revealed that the particles align themselves according to their ability to
lubricate within the avocado oil, but within each particular type of additive the were
arranged based on particle size. This is different than the witnessed trends seen in the
ionic liquid with particulate additives where size was the dominating characteristic.
Figure 9.7(b), shows the effects of combining particles of different sizes for the boron
nitride particles as explained in Chapter 5. The 70nm particles enhance the properties of
the other lubricants be better filling the asperity valleys and better accommodating the
relative surface velocities by establishing a lubricious transfer film. Interestingly, when
the hBN particles are added to the MoS; particles as seen in Fig. 9.7(c), the trends of the
hBN particles persist. Here, the hBN particles improving upon the friction properties of
the MoS; and they remain in order of particle size despite having the MoS; present. In
fact by adding the hBN particles to the MoS, the 70nm and 0.5um particles lowered the
COF of the MoS; by 33% and 14% respectively as shown in Table 9.2. The 1.5um hBN

particles had no effect on the COF and the 5.0um hBN particles increased the COF of the
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MoS; by 45%. Of the four particles investigated only the hBN and MoS; particles
improved the friction properties of the avocado oil. The WS, and graphite properties did
not enhance the lubricity. The carbon nanotube particulate mixtures witnessed capillary
effects as seen with the ionic liquids in the MWNTSs that absorbed the lubricant, creating

a highly viscous slurry, and rendering the particulate mixture useless as a lubricant.
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Figure 9.6: (a) Variation of the coefficient of friction with sliding distance for single
particle mixtures; (b) variation of the coefficient of friction with sliding distance for
multiple particle mixtures; and (c) final coefficient of friction for various single and

multiple particle mixtures
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Table 9.2 Percentage change due to the influence of hBN particles on the COF

Particle Additive

Base Particle

0.07um hBN

0.5pm hBN

1.5um hBN

5.0um hBN

2um MoS;

-33%

-14%

-0.0%

45%
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9.4.3 Wear Results

The wear results with sliding distance of the avocado particulate mixtures are
shown in Figs. 9.8(a) and (b) for the single and multi-particle mixtures. As expected the
wear volume increases with sliding distance. Figure 9.8(c) shows the final wear volume
at the completion of the tests for the lubricant mixtures. The wear results reveal that the
hBN particulate mixtures maintain the lowest wear values followed by the MoS;, WS;,
graphite, and MWNT. Figure 9.9(a) shows the final wear volume at the completion of
the tests for (a) the single particle mixtures, (b) hBN mixtures, and (c) the MoS, mixtures.
From Fig. 9.9(a) the wear results reveal that for a single type of particle additive the
smaller the particle size the lower the wear rate. These trends are in agreement with the
friction results that smaller particles improve the friction properties. Examining Figs.
9.9(b) and (c) it is revealed that the addition of smaller hBN particles to a lubricant
whether to boron nitride itself or MoS,, the small size of the particle additive the lower
the wear rate is. The analysis of Fig 9.9(b) was performed in Chapter 5, section 5.4.2 —
Wear Volume Results, and it revealed that smaller hBN particles particularly the 70nm
hBN particles greatly influences the effects of other particles because of its superior
ability to coalesce in the asperity values and establish a transfer film that minimizes
asperity contact and can accommodate the relative surface velocities therefore lowering
the wear rate. The influence of the hBN particles on the MoS; revealed improvements
where the 70nm, 0.5pum, and 1.5um hBN particles lowered the wear volume of the MoS;
by 48%, 21%, and 12%, respectively as shown in Table 9.3. The 5.0um hBN particles

increased the wear volume of the MoS; by 33%. Similar to the friction results only two
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the five different particle additives were able to improve upon the wear volume, they
were the hBN and the MoS; particles. The WS, and graphite particles exhibited higher
wear volumes that slightly decreased for a particular particle type if the particle was
smaller. For example 55nm WS; out performed 0.6um WS,, by having a smaller particle
size despite WS, having some of the highest wear volumes in the investigation. The
MWNT particles exhibited high wear due to the lubricant adsorption that rendered the

lubricant mixture ineffective.
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Table 9.3 Percentage change due to the influence of hBN particles on the wear volume

Particle Additive
Base Particle 0.07um hBN | 0.5um hBN | 1.5um hBN 5.0um hBN
2um MoS; -48% -21% -12% 33%
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The ability of the particulate additives to improve upon the tribological properties
of the natural oils is drastically different than their method of improving the tribological
properties of the ILs. In the natural oils, particle selection and then the choice of particle
size, where the smaller size the better, are revealed as the selection criteria for using solid
particle additives. In contrast, it was shown in the ionic liquid particulate mixtures that
particle type was not as important as selecting the smallest particle to improve upon the
tribological properties. These results indicate that intrinsic properties to the base fluids
should be further instigated to understand why the particle additives perform differently
within the two fluids. Nevertheless, the use of particle additive in natural oils or in ionic

liquids does have the ability to enhance the tribological performance.

9.5 Fractal Analysis

Table 9.4, shows the final COF and wear volume results for the lubricant mixtures
as well as the pure IL and unlubricated dry tests. As described previously, there is a clear
divide in the ability of the particulate additives to positively influence the tribological
properties. Lubricants that enhance the tribological performance of the Pggs14Salicylate
depend primarily on particle size instead of the particle type. This is confirmed when
examining the two correlation coefficients between particle size and COF and between
particle size and wear volume shown in Table 9.4, where each has a strong positive
correlation of 0.831 and 0.828, respectively. It can be generally inferred that as the
particle size decreases the coefficient of friction and the wear volume decrease. Further

examination into the particle types and sizes demonstrates that synthetic solid particle
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additives i.e. hBN and WS;, most strongly maintain these trends. For each of these
additives, as the particle size decreases the COF values and the wear rate decrease with
R-values greater than 0.94. This is speculated to be a result of these synthetic inorganic
solid lubricants being highly refractory and thermo-chemically stable, thus allowing for
sustained lubricity. Although MoS, and graphite are well known solid particulate
additives, they exhibit minor enhancements to the base fluid with moderate friction
values. Immediate speculation leads to the idea that hydrolytic instability caused by
moisture in the form of water content in the lubricant due to hygroscopicity influenced
these lubricant additives [420]. MoS, for example has been shown to have depleted
performance in the presence of moisture, which has a detrimental effect on its lubricity
[65, 66]. On the contrary, graphite is well known for exhibiting superior lubrication in
moist air environments, while being a poor lubricant in dry or vacuum environments
[421]. However, in these tests MoS; exhibited a high wear rate while graphite maintained
a low wear rate which could be directly related to their large and small particle sizes,
respectively. Most lamellar solids have good wetting capability and chemical affinity for

ferrous surfaces thus adding to their lubricious behavior [64].
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Table 9.4: Particle size-to surface roughness index, friction value,

and wear volume for various lubricant mixtures tested

Particle size-to Wear
surface roughness Coefficient Volume
Test Name Particle Size index of Friction (mm?®)
70nm hBN 0.070 0.650 0.0358 0.1613
55nm WS2 0.055 0.725 0.0493 0.1500
0.5um hBN 0.500 1.50 0.0578 0.2177
0.6um WS2 0.600 2.00 0.0620 0.2483
2.0um MoS2 0.050 9.00 0.0699 0.7312
50nm Graphite 0.050 0.75 0.0737 0.1860
1.5um hBN 1.500 6.50 0.0879 0.2641
Pure IL 0.000 N/A 0.0893 0.6300
5um hBN 5.000 24.0 0.1212 0.5375
5um MWNT 5.000 24.0 0.2576 0.7674
Dry 0.000 N/A 0.3862 1.2360
Correlation coefficients, R-value 0.9976 0.8310 0.8277
Correlation coefficient, between friction and wear 0.8664

Previous research by the authors has shown that when a surface roughness
becomes relatively smooth, the effects of smaller particulate additives in the lubricant to
lower the friction and wear rate dominate. In this investigation the initial surface
roughness, R, value of 0.2 + 0.02 um, is within the region where smaller particles
enhance the tribological properties. Furthermore investigation into the particle size-to-
surface roughness (PSR)-Index (Wsgr) index reveals a threshold to which the effect of
large particle sizes having adverse effects. In a previous investigation with boron nitride
particles, when the Wsg reached approximately 4.0, the larger sized particles began having
detrimental effects on the tribological properties such as increases in friction, wear, and

surface roughness [118]. In the current investigation, as the Wsg approaches 6.50 this
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becomes the upper limit where beyond this a transition occurs where larger particles
become detrimental to the tribological performance.

An empirical model helps to illustrate the effects of the particle size on the
tribological performance. As indicated in Table 9.4, the correlation coefficient between
friction and wear is approximately 0.866. This indicates that there is a strong correlation
between having high friction and high wear. Throughout this assessment and in the
following calculations the friction model will be compared with the wear model. To
describe the empirical model, it must start with the experimental data shown in Table 9.4
for both the friction and wear. Performing a 2" order polynomial least squares regression
on the friction and wear volume data allows two independent functions to be calculated

with the following equations:

£(x) = 0.0026x% — 0.0147x + 0.0728 Eq. (9.1a)

w(x) = 0.0265x% — 0.386x + 0.7013 Eq. (9.1b)

In Eq. (9.1a), f(x) is the predicted coefficient of friction as a function of particle size, x.
Similarly in Eg. (9.1b), w(x) is the predicted wear volume expressed as a function of
particle size. These equations represent the basis for a set of macroscale fractal functions
where the particle size represents the fractal dimension [422-424]. Here, X represents a
wide variety of possible variables that could influence the performance of the particulate
additive such as particle size, particle shape, interatomic layer distance, contacting

materials, testing parameters, etc. In this analysis x will represent the particle size. Figure
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9.11, illustrates the fractal function as a function of particle size based of the current

experimental data for the friction and wear plots.
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volume

In Fig. 9.11, there are four regions that correspond to the respective particle sizes. It can
be seen that the empirical model represents the trend line that corresponds to the data
points with its corresponding confidence interval. The four regions denote areas where
this function may behave as a fractal, on the basis that as the relative scale (in this

instance, the size of the particles) could potentially change the complexity of the function
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the complexity of the function could also change. Typically in tribology, a fractal
analysis is reserved for surface roughness as a direct correspondence to Mandelbrot who
developed fractal geometry to characterize the irregular and fragmented patterns within
nature and to provide a means by which seemingly chaotic and random patterns could be
quantified [425, 426]. When considering fractals, a rough or fragmented pattern will vary
depending on the degree of roughness of the pattern. Further, the fractal dimension will
also have a different value for each pattern type with the fractal dimension being specific
for a particular pattern [427]. By utilizing a fractal analysis of the roughness and size
distribution of granular materials by Hyslip et al. [428] and a simple fractal analysis
method of surface roughness by Jahn et al. [429] a preliminary fractal analysis can be
performed to determine if indeed the friction and wear behavior could be a fractal with
particle size or surface roughness as the scale.

The fractal dimension of a particular pattern or function can change within
consecutive regions especially when analyzed at different scales. This can create what is
known as ‘bi-fractality’ or ‘multi-fractality’. In the current empirical model the system is
unscaled in Fig. 9.10. However, when analyzing the data in a scaled version as shown in
Fig. 9.11 for both the COF and wear volume data the different regions can be postulated
to undergo multi-fractality resulting in multiple fractal dimensions based on the scale of
the particle size. It is these relative size scales ranging between subnano and micron that
would be the basis for the fractal behavior. An inherent feature with the different scales is
that different aspects of the pattern, characteristics of the particle, or influences of the

tribo-interface can become apparent or become no longer noticeable. In the current
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example, in the subnano region as the particles get infinitely small, the lubricant mixture
will approach a consistency and physical behavior as if there were never particulate
additives present and for this reason it becomes effectively a pure lubricant that has high
friction and wear rate as seen in the experimental data, thus instantly moving from a
subnano scale to a micron scale on the order of roughness. Within the nanometer range
the particles may behave significantly differently or they may behave similarly as they
did in the current investigation with consistently low friction values and low wear rates,
however this could be a direct result of the surface roughness effects as denoted by the
PSR-Index. Within the nanometer sized particles the PSR-Index varies by 15%, revealing
how consistent the particles behave at the current surface roughness level. However like a
fractal this could change significantly if the surface roughness was on the same order of
magnitude as the nanometer sized particles. In the large scale regions, the submicron and
micron sized particles could reveal an exponential progression that increases the wear
rate tremendously as the particle size increases. Due to the significant range in particle
size different regions of this empirical model could behave differently and is dependent
on the fractal dimension resulting in incremental complexities to the functions derived in
EQ. (9.1). The true scale shown in Fig. 9.11, reveals how a fractal line or fractal function
could be used to represent the different regions as the scale increases or decreases
revealing or concealing the complexities of the particulate additives that would affect

friction and wear.
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Figure 9.11: Friction and wear volume results on a true scale of particle size

Applying a modified version of Mandelbrot’s definition of a fractal line derived from his
theories of fractal power laws, P()), to the 2" order functions of friction and wear shown
in Eg. (9.1), a fractal analysis can begin to take shape. The fractal line is defined as
P(A) = nAl Dr Eq. (9.2)

where P(}) is the unit of measurement of length A and is defined by Eq. (9.1) for friction
and wear. In this case A is the particle size and P(A) is the coefficient of friction and wear
rate; n is the proportionality constant (equal to the actual and indeterminate size of the
particle); D is the fractal dimension of the function which is a quantitative descriptor of

“roughness” or in this case the relative scale between particle size and surface roughness.
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Taking the logarithm of both sides of Eq. (9.2) yields the linear relationship between P())
and A with Dr related to the linear slope coefficient, m by
Dp=1-m Eqg. (9.3)

A plot of the fractal dimension versus the corresponding particle size, A on a full
logarithmic scale will result in a linear plot with the slope of the line through the
individual data points related to the fractal dimension defined in Eq. (9.3) [428]. Here, a
fractal line that increases in complexity with different scales should yield, 1 < Dg < 2
[429]. If the fractal lines become geometrically smooth than Dr = 1 and if the fractal
decreases in complexity then it is characterized by a Dg < 1. Figure 9.12 plots the two
fractal dimensions for the COF and wear volume data based on the particle size as a

function of the length scale, A.
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Figure 9.12: Fractal Dimension for the coefficient of friction and wear volume based off

a modified Divider method.
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It can be seen in Fig. 9.12 that for both the COF and wear volume, the fractal dimension
decreases as the scale size (particle size) increases. The general trend and characteristics
of Fig. 9.13 are in agreement with established techniques [428, 430]. The decrease in
fractal dimension with an increase in scale size is expected because as particle size
increases to microns the effects of surface roughness and other phenomena diminish
resulting in a more simplified relationship that is less dependent on the scale size. In
contrast, as the scale size decreases, the fractal dimension increases thus illustrating how
the complexity of smaller particle sizes will influence friction and wear. This allows other
phenomena such as inter-atomic layer distance, surface roughness, humidity, lubricant
viscosity, etc. to become prevalent. The COF data reveals a relatively low fractal
dimension, revealing minor complexities that would develop as the scale size decreased.
These complexities would be affected the “texture” of the particles i.e. the macro-details
such as major particle irregularities, surface roughness, lubricity, transfer films
development, and aggregation properties of the particle additives. It can be seen that at a
particle size of approximately 2um, the fractal dimension crosses below unity revealing a
more geometrical relationship between particle size and friction where the “structure” or
larger macro scale physical properties such as particle size and shape dominate.
Effectively, this would cause the topographical shape of the fractal function for friction to
become over simplified. The fractal dimensions for wear are significantly greater than
those for friction. Here, the complexities of the wear volume are significant and reveal
strong textural influences. As the scale size decreases i.e. the particle size decreases, the

fractal function for wear is expected to witness an increase in surface irregularities and
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express a level of self-affinity [431]. This is to say that the wear rate due to the presence
of smaller particles is likely to develop new levels of complexity from parts of the full
fractal function at a lower scale. This level of speculation seems plausible because it is
well known in tribology that roughness profiles are considered to be stochastic processes
and therefore they are self-affine only in a stochastic sense. Here, the surface has similar
features in all scales of view however not necessarily identical make it differentiable
from self-similarity [429]. With regards to wear in a tribo-interface, there are many
mechanisms contributing to the wear rate and thus a fractal function may reveal or
conceal these mechanisms depending on the length scale.

This analysis is preliminary, however for the use of particulate additives in ionic
liquids that were revealed to be independent of particle type and highly dependent on
particle size, this fractal analysis was able to provide some insight. This relatively simple
fractal model was able to reveal that the science in the current experimental
investigations moves beyond the current length scale of surface roughness and into other
regions where the particle size to surface roughness can and my exhibit scale-invariant
properties. The current model does provide a macroscopic view of the influence of
particle size on the friction and wear properties and provides a guideline to how other
particulate additives of different sizes may behave. Furthermore it was shown that the
current experimental data can be used to establish a fractal model that indicates the

presence of fractal dimensions and scale-invariant behaviors.
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9.6 Conclusions
The influence of particulate additives in a phosphonium-based environmentally
friendly ionic liquid, Pegsi14Salicylate was investigated and demonstrated to be a
successful carrier fluid for circulating the particulate additives. It was shown that
submicron or smaller particulate additives enhance the tribological performance. It was
also revealed that an environmentally friendly two-phase lubricant consisting of ionic
liquid and solid particles is possible. In the current investigation when the base fluid was
combined with the 70nm hexagonal boron nitride (hBN) it was revealed to have among
the lowest friction and wear rates of all the lubricant mixtures examined, thus illustrating
the feasibility of an ecofriendly IL-based biolubricant. Below are the major conclusions
from this experimental analysis.
e Particle size is independent of particle type as the dominating parameter that
influences the effectiveness of solid particle additives in ionic liquids.
e Particle size is dependent on particle type as the dominating parameter that
influences the effectiveness of solid particle additives in natural oils.
e Nanometer and submicron-sized particulate additives enhance the tribological
properties of the ILs with smaller particles having the greatest effect.
e Larger micron-sized particles are detrimental to the tribological performance and
increase the friction, wear, and surface roughness of the worn surface.
e Multi-walled carbon nanotubes initially act as a lubricant additive until capillary

effects dominate rendering them inept.
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The influence of particulate additives can be empirically modeled by a single or
piecewise composite function where the resolution is based on the particle size
which is a fractal dimension. In the current model the fractal dimension was
particle size.

The major fractal dimensions were categorized into four regions, subnano,
nanometer, submicron, and micron and are based in part on the physical particle
size and the initial surface roughness of the tribo-interface.

From the fractal analysis it is speculated that nanometer-sized particles approach
an infinitely small size allowing the lubricant mixture to behave as if there are no
particle present

The fractal dimension increases with a decrease in scale length indicating the
opportunity for the fractal model to significantly increase in complexity when
investigating the effects at a micron, submicron, or nanometer scale.

The fractal dimension decreases to a geometrical relationship of low complexity
as the scale length increases to microns, indicating that macro scale effects such

as surface roughness, shape, and particle size will dominate.
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Chapter 10 Conclusions

10.1 Conclusions

The goal of this work was to investigate the feasibility of developing
environmentally friendly lubricants. This endeavor began by investigating natural oils as
biolubricants to gain an understanding of the effects that long chain fatty acids have on
the tribological performance of natural oils. Although, previous research has explored the
tribological performance of fatty acids, it was importat in this study to develop a basis of
fundamental knowledge that revealed the lubricating mechanisms of multiple natural oils.
The experimental investigations revealed that natural oils containing high amounts of
stearic (C18:0), oleic (C18:1), and linoleic (C18:2) acids were best for enhancing the
tribological performance of the natural oils. Within this subgroup of fatty acids, natural
oils with low unsaturation numbers due to high concentrations of oleic acid demonstrated
superior friction and wear properties as well as high thermal-oxidative stability. This
result reaffirmed the results of many authors that oleic acid is a superior additive to
lubricants because it is able to effectively adsorb to the metal surface, form a monolayer,
and aid in minimizing the asperity contact in boundary lubrication all while exhibiting a
low pour point and thermal-oxidative stability.

As a next step toward further improvements upon the natural oils, particulate
additives were used. Extensive testing of multiple natural oils and various particulate
additives composed of a variety of types, sizes, and shapes as well as surface roughnesses

revealed that natural oils benefit tremendously from nanometer-sized spherical shaped
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hexagonal boron nitride particles in smoother surface roughness applications, where the
R, value was lower. In situations where the R, value was higher, larger particles were
more effective at improving the tribological performance. This work provided new
insight into the utilization of particulate additives in carrier fluids, especially the use of
hBN particles which are considered environmentally benign and thus a two-phase
compound biolubricant was developed. More still, a particle size-to surface index was
developed to aid lubrication specialists in the choice of a particulate additive (shown in
Fig. 6.11). Here, this choice of a particle additive is now dependent upon the surface
roughness to allow for the greatest improvement of tribological performance and
minimize the risk of unwanted abrasion or surface damage.

In an effort to further improve upon biolubricants composed of particulate
additives in a natural oil suspension, room temperature ionic liquid lubricants were
chosen because of their ability to lubricate in boundary lubrication due to their inherent
polar molecules; their ability to be tuned for specific applications; and most notably their
lack of vapor pressure provides numerous opportunities for liquid lubricants. For example,
liquid lubricants were previously disregarded when considered for use in vacuum
environments due to their volatility, however with ionic liquids and their lack of vapor
pressure, now ionic liquid lubricants can be seriously considered for use in a vacuum
environment. Investigations into the ionic liquid lubricants revealed that longer alkyl
chains on the cations and larger aromatic carboxylate anions exhibited the most lubricity
as a neat lubricant. Again, these lubricants were subjected to particulate additivation and

it was revealed that smaller nanometer sized particles provided the greatest benefit to
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lowering friction and minimizing wear. Interestingly, the ionic liquids demonstrated a
high sensitivity to particle size independent of the particle type. The performance of the
ionic liquids improved with the particulate additives and it was further verified through
the literature that the phosphonium or imidazolium cations with food grade carboxylate
anions such as saccharinate, salicylate, or benzoate could be considered as biolubricants
and the current investigation demonstrated that they maintained superior tribological
properties as well as high thermal-oxidative stability.

The results of this experimental investigation provide significant contribution to
the lubrication industry because it has been demonstrated that room temperature ionic
liquid lubricants do indeed represent a new class of novel “greener” lubricants that are
non-toxic, sustainable, and environmentally benign. After a thorough examination of the
ionic liquids’ tribological performance, their tribological properties surpass currently
used industry lubricants thus providing new opportunities for non-volatile liquid
lubricants. Such new opportunities include the use of ionic liquids as lubricants in
vacuum environments, as conventional biolubricants, as an anti-wear additive potentially
to replace Zinc dialkyldithiophosphates (ZDDP); and as adsorption additives to replace
fatty acids and esters. This investigation has illuminated the potential of bio-based ionic
liquid lubricants to satisfy the growing environmental, health, economic, and
performance concerns of modern lubricants. Although, ionic liquids as biolubricants may
never fully replace petroleum-based lubricants due to their higher cost, they can act as a
suitable replacement in applications with high vulnerability to environmental leakage

thus minimizing the impact of toxic lubricants. This research brings attention to ionic
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liquids and provides the fundamental basis for evaluating this new class of biolubricants,

(which they were previously not considered as) in hopes that one day the macroscale

development, economical competence, and industrial use will allow the lubrication

industry to cleanly and safely move one step further to reaching its goals of energy

conservation and sustainability.

The major conclusions based on the experimental studies are as follows:

1.

Natural oils with high percentages of oleic acid maintain low COF values and low
wear rates because the acid establishes a denser fatty acid monolayer that minimizes
the asperity contact and protects the metallic surfaces.

Natural oils with low unsaturation numbers due to relatively high percentages of
stearic and oleic acids are optimal to ensure superior thermal-oxidative stability in
ambient and high temperature environments.

In an oxygen-free environment, the thermal stability of natural oils is dependent on
individual fatty acid percentages and independent of the degree of unsaturation, while
in an oxygen environment, the oxidative stability of natural oils is dependent on the
unsaturation number which becomes coupled with thermal stability.

Phosphonium and imidazolium ionic liquids with carboxylate anions outperform bio-
based and petroleum-based oils due to their lamellar-like liquid crystal structure and
unique dipolar structure improving lubricity and wear resistance.

Long bulky asymmetric organic cations (>10 atoms on the alkyl chain) and aromatic
carboxylic organic anions (with 1 or 2 rings) effectively reduce friction and wear

while enhancing the thermal stability by lowering the thermal degradation.
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In a tribo-interface smooth surfaces benefit from the lubricity of smaller nano-sized
particles for their ability to accommodate relative surface velocities by operating in
the particulate boundary lubrication regime whereas rough surfaces benefit from
improved load carrying capacities and particulate hydrodynamic lubrication due to
micron-sized particles.

In ionic liquids, particle size is independent of particle type as the dominating
parameter that influences the effectiveness of solid particle additives while in natural
oils, particle size is dependent on particle type as the dominating parameter that
influences the effectiveness of solid particle additives.

The effect of particulate additives in a lubricant is influenced by the surface
roughness of the counter material, the particle size, and the particle shape, this
behavior can be characterized as a fractal function with multiple variables as step
lengths. Thus the selection of a particle additive to improve the tribological
performance must be made in accordance with the initial surface roughness of the
tribo-interface.

The fractal dimension increases with a decrease in step length indicating the
opportunity for the fractal model to significantly increase in complexity when
studying the effects of particulate additives or surface roughness at a micron,
submicron, nanometer, or subnanometer scale.

Pess,145accharinate, Pggs14Salicyate, and Pgggs14Benzoate ionic liquids maintain
superior tribological properties and offer tremendous potential as a new family of

environmentally benign biolubricants.
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10.2 Future Work

Future work in the area of biolubricants and biolubrication technology is vast and
ongoing as new industrial applications develop and environmental initiatives remain
prevalent. In the current experimental investigation future work is encouraged to examine
the following area:

e Perform a direct comparison of low, medium, and high temperature pin-on-disk
testing of natural oils and ionic liquids in oxygenated and oxygen-free environments
to understand the effects of thermal degradation in situ.

e Investigate the capillary effects of multi-walled carbon nanotubes when utilized as
additives in a lubricant. This investigation would be to determine if non-lamellar
particle additives can become a new class of solid particle lubricants.

e Explore the intrinsic properties of the various particulate additives to explain why
particle size matters in ionic liquids but not to the same degree in natural oils.

e Develop a fractal model to characterize the influence of surface roughness and
particle size at various step sizes from micron to nano-size in order to quantify and
predict the tribological performance

e Investigate the influence of viscosity in both natural oils and ionic liquids as neat
lubricants and as mixtures of particulate additives in order to understand the
tribological regimes present in the tribo-interface.

e Perform a finite-element analysis of the pin-on-disk interface with the natural oils and

ionic liquids as neat lubricants and as mixtures of particulate additives. In this
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analysis the disk should capture the different surface roughness profiles and the
particles should vary in size and sphericity.

Perform a molecular dynamic simulation to understand more closely the boundary
lubrication mechanisms that relate to the improved performance of the cationic-
anionic adsorption monolayer and determine how it differs from the fatty acid
adsorption monolayer.

Perform a life cycle assessment (LCA) on the ionic liquids and determine if their
synthesis, product use, and disposal processes are environment benign. This will help

support their case as a truly viable lubricant for wide scale adoption.
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Appendix: Sample Calculation of the Pearson product-moment

correlation coefficient

Using Eq. 3.2 shown below can be rewritten in an alternative form, Eq. (Al) for
computing the sample correlation coefficient.

Y X=X (v-Y)

r= Eq. (3.2)
\/Z?ﬂ(xi—)?)zzglm—ﬂz
r= Y XYl XD, Y /n Eq. (Al)
\/Z?ﬂxiz—(2?=1Xi)2/n\/2?=1Yiz—(Z?ﬂYi)z/n
Consider the following data:
X ‘18 ’1 ‘24 ‘5 ‘7 ‘8 ‘19 ‘16 ‘2
Y ‘117 ’3 ‘170 ‘22 ‘34 ‘41 ‘126 ‘101 ‘7

The sample correlation coefficient, r for the data above may be obtained by first

constructing the Table Al, then by using Eq. (A1) withn=9.



Table A1: Numerical Calculations

Xi Yi Xi Y XiYi
18 117 324 13738.54 | 2109.81
1 3 1 7.49 2.74
24 170 576 29025.61 | 4088.86
5 22 25 491.53 110.85
7 34 49 1178.93 240.35
8 41 64 1668.27 326.76
19 126 361 15812.17 | 2389.18
16 101 256 10114.49 | 1609.13

Sum 100 620.72 1660.00 | 72082.43 | 10891.15

Resulting in
_ (10891.15)—-(100)(620.72)/9 ~ —09965

~ J/1660—(100)2/9,/72082.43—(620.72)%/9

Here, ris close to -1, indicating a strong negative linear relationship between x and y.
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2" Place, UWM — College of Engineering and Applied Science, Undergraduate
Research Poster Competition, 2012, “Room Temperature Ionic Liquid as
Environmentally Friendly Lubricants: The Next Step in Green Tribology”

Chancellor’s Award, University of Wisconsin-Milwaukee, 2010 —2013
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Top 10 National Finalists, MillerCoors Urban Entrepreneurs Series Business Plan
Competition, 2013

1% Place Finalist, Scheinfeld Entrepreneurial Award Fund, 2013
1% Place Finalist, Scheinfeld Entrepreneurial Award Fund, 2012
2" Place, BizStarts Milwaukee — Collegiate Business Plan Competition, 2012

2nd Place, UWM — Lubar School of Business — New Venture Business Plan
Competition, 2012

PRESENTATIONS
Oral Presentations

1.

“The Tribological Performance of Bio-Based Room Temperature lonic Liquid
Lubricants: A Possible Next Step in Biolubricant Technology,” Carlton J.
Reeves, Pradeep L. Menezes, Michael R. Lovell, Tien-Chien Jen, Sarah Garvey,
and Mark Dietz. World Tribology Congress — 5, Torino, Italy, 2013

“The Effect of Surface Roughness on the Tribological Performance of
Environmentally Friendly Bio-Based Lubricants with Varying Particle Size,”
Carlton J. Reeves, Pradeep L. Menezes, Tien-Chien Jen, and Michael R. Lovell.
2013 STLE Annual Meeting & Exhibition (STLE2013), Detroit, USA, 2013

“The Effect of Anion-Cation Moiety Manipulation to Characterize the
Tribological Performance of Environmentally Benign Room Temperature lonic
Liquid Lubricants,” Carlton J. Reeves, Pradeep L. Menezes, Sarah Garvey, Tien-
Chien Jen, Mark Dietz, and Michael R. Lovell. 2013 STLE Annual Meeting &
Exhibition (STLE2013), Detroit, USA, 2013

“Tribological Performance of Environmentally-Friendly Ionic Liquid Lubricants,”
Carlton J. Reeves, Sarah Garvey, Pradeep L. Menezes, Mark Dietz, Tien-Chien
Jen, and Michael R. Lovell. ASME/STLE International Joint Tribology
Conference (1JTC2012), Denver, USA, 2012

“Evaluating the Tribological Performance of Green Liquid Lubricants and
Powder Additives Based Green Liquid Lubricants,” Carlton J. Reeves, Pradeep
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L. Menezes, Tien-Chien Jen, and Michael R. Lovell. 2012 STLE Annual Meeting
& Exhibition (STLE2012), St. Louis, USA, 2012

Poster Presentations

6.

10.

“Multi-Functional ‘Designer’ Bio-Fluids for Controlled Environments in
Terrestrial and Extraterrestrial Applications,” Carlton J. Reeves, Pradeep L.
Menezes, Tien-Chien Jen, Michael R. Lovell, Sarah Garvey, and Mark Dietz.
2013 STLE Annual Meeting & Exhibition (STLE2013), Detroit, USA, 2013

“Multi-Functional ‘Designer’ Bio-Fluids for Controlled Environments in
Terrestrial and Extraterrestrial Applications,” Carlton J. Reeves, Pradeep L.
Menezes, Tien-Chien Jen, Michael R. Lovell, Sarah Garvey, and Mark Dietz.
College of Engineering and Applied Science, University of Wisconsin-Milwaukee,
Graduate Research Poster Competition, Spring 2013

“Bio-Based Room Temperature lonic Liquid Lubricants for Energy Conservation
and Sustainability,” Carlton J. Reeves, Pradeep L. Menezes, Tien-Chien Jen,
Michael R. Lovell, Sarah Garvey, and Mark Dietz. 2012 ASME-International
Mechanical Engineering Congress and Exposition (IMECE2012), Houston, TX,
USA, 2012. Top 40 National Science Foundation Student Poster Symposium.

“Tribological Performance of Environmentally-Friendly lonic Liquid Lubricants
for Energy Conservation and Sustainability,” Carlton J. Reeves, Sarah Garvey,
Pradeep L. Menezes, Mark Dietz, Tien-Chien Jen, and Michael R. Lovell.
ASME/STLE International Joint Tribology Conference (IJTC2012), Denver, USA,
2012

“Natural Oil and Novel Ionic Liquid Lubricants for Energy Conservation and
Sustainability,” Carlton J. Reeves, Sarah Garvey, Pradeep L. Menezes, Mark
Dietz, Tien-Chien Jen, and Michael R. Lovell. College of Engineering and
Applied Science, University of Wisconsin-Milwaukee, Graduate Research Poster
Competition, Spring 2012

GUEST LECTURER

1.

Professional Seminar, EAS-200 December 2013
University of Wisconsin-Milwaukee
“My Journey through Academia, Research, Entrepreneurship, & Innovation”

Transitioning Your Leadership...Series November, 2013
University of Wisconsin-Milwaukee
“A Didactic Journey in the Making”

Friction and Wear, ME-465 September, 2013
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University of Wisconsin-Milwaukee

4. Milwaukee Tribology Consortium February, 2012
University of Wisconsin-Milwaukee
“An Investigation in Green Tribology: On the Size Effect of Boron Nitride
Particles and the Tribological Performance of Canola Oil”

5. Milwaukee Tribology Consortium September, 2012
University of Wisconsin-Milwaukee
“Tribology of Green lonic Liquid Lubricants”

PROJECTS

Biologically Inspired Micro/Nano Robotics Project, Fall 2009
e Designed a robot that mimics the jumping characteristics of insects to jump into the

air using shape memory alloys

Mechanical Engineering Senior Capstone Design Project, Spring 2009
e Designed and prototyped a home-use callisthenic exercise machine to offer a full

body workout to the user

Decision Tools in Mechanical Engineer & Entrepreneurship Project, Spring 2009
e Created a business model for the production of Nanofiber Bio-scaffolding used in

liver transplants

Google Lunar X-Prize, Astrobotics, Fall 2008
e Assisted in engineering and enterprise work to send a robot designed by students

faculty to the moon to video record the Apollo landing sites

VOLUNTEER EXPERIENCE

Alternative Break: Peru Service Learning Trip March 2009

Led trip to improve impoverished community’s wellbeing

Alternative Break: Ecuador Trip March 2008

Led trip to biomarine reserve to assist in rainforest ecosystem preservation
Hurricane Katrina Relief Trip March 2007

Led a group of students to New Orleans to help rebuild homes and communities
Dominican Republic Trip March 2005

Setup clinics in impoverished villages and provided personnel healthcare

East Africa Trip June - August 2004

Computer education teacher at Kilimani Primary School in Arusha, Tanzania

LEADERSHIP EXPERIENCE

Entrepreneurship Advisory Committee, December 2012 — Current
Milwaukee Area Technical College,

College of Engineering and Applied Sciences Graduate Student Senator
University of Wisconsin Milwaukee, 2011- 2012
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Student Leadership Award, Carnegie Mellon University, 2009
e Alternative Break Community Service Organization, 2007-2009
Carnegie Mellon University
President, 2008-2009; and Head Spring Trip Leader, 2006-2008
e Judicial Board Member, Carnegie Mellon University, 2007-2009

SKILLS & SOFTWARE
Operating Systems: Windows, MacOS, Linux
Software: SolidWorks, MATLAB, Mathematica, ANSYS, Fluent, ADAMS,
ProEngineer, PeopleSoft, LabVIEW, LS-DYNA
Laboratory Equipment: SEM with EDX/EDS, AFM, 2D & 3D Optical
Profilometer, Tribometers of various configurations

ACTIVITIES & HONORS
e Private Pilot’s License, Allegheny Airport, PA, 2009

e University Athletic Association Champions, Men’s Track and Field
NCAA Division Ill, 2007



