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Abstract

Most lubricants contain a series of additives that reduce friction and wear, and protect contacting
surfaces. The design of these additives must be modernized to meet the challenges involved with
high operating temperatures, extreme environmental conditions, and increasingly stringent
environmental regulations. This research demonstrates three novel lubricant additive strategies
that have been developed and tested in order to address contemporary tribological demands. The
additives are molecularly engineered to undergo a specific set of chemical reactions in situ, or
within the tribological environment, producing a reactant material that is beneficial to lubrication.
The findings are a result of a collaborative effort from experts in mechanical engineering,
chemistry, and materials science. The first additive is an organosilver molecule that breaks down
at high temperatures, depositing lubricious metallic silver on contacting surfaces. The additive
successfully maintained lubricity at high temperatures, after the lubricating fluids thermally failed.
The next is an organosilane molecule that reacts with external contaminants in the lubricant,
successfully reducing contaminant particle agglomeration and mitigating wear. The additive was
specially designed, and its interaction with silica was analyzed. Then, the additive successfully
reduced spikes in friction and wear due to sand contamination. The final additive is a precursor
molecule for carbon tribofilms, which breaks down to during contact to form lubricious graphitic
carbon near contacting surfaces. Friction and wear were greatly reduced under a variety of
conditions because of the lubricious carbon tribofilms.
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Chapter 1: Introduction

1.1 Background and Motivation

Tribology is the study of the phenomena that occur at the site of interfaces of interacting surfaces
experiencing contact and relative motion. The overall goal of tribological research is to understand
how interfacing materials behave from the nano to macro scale, and how this understanding can
be applied to develop technologies that improve friction, wear, reliability, and the overall
effectiveness in mechanical systems. Tribology has been essential to human civilization
throughout history, from the first man-made machines, through the invention of the internal
combustion engine, and beyond'. Successful lubrication is crucial to modern industries for
reliability, repair costs, machine down time, oil consumption, and CO, emission!?. Improvements
in tribology enable robust new mechanical systems in automotive applications, manufacturing,
green energy, and more®. It has been reported that 1-1.4 % of an industrialized nation’s gross
national product can be saved through research and implementation of new lubrication technology,
which would also lead to dramatic reductions in prices CO2 emissions’ 8. Global projections of the

consequences of these savings are shown in Table 1.

Table 1: Projected Global Economic and Emissions Savings from Tribological Solutions®.

5-10 years 15-25 years

Emissions reduction - orye
[Tons of COyj 290 million 960 million
E""”"”’[’gjs"”’”gs 226 billion 748 billion
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1.2 Tribology Fundamentals

1.2.1 Lubrication Regimes

Lubrication regimes are used to define the characteristic behavior of a tribological system.
Lubrication system performance is mainly influenced by the viscosity of the fluid, the speed of
relative motion, and the average pressure due to the normal load. The relationship between the
coefficient of friction and these factors, in the form of the Hersey number, are classified into

lubrication regimes described by the Stribeck curve, shown in Figure 1°.

A

Friction Coefficient
Boundary Lubrication
Full Film Lubrication

Mixed Lubrication

Viscosity*Velocity
Load

-

Full Film

Figure 1: The Stribeck curve, which demonstrates the three lubrication conditions, and their

relation to friction.
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Under ideal operating conditions, lubricating fluids work by forming a continuous film that

hydrodynamically supports the load between mating surfaces. The surfaces may exhibit some
elastic deformation, but almost no wear if designed properly. This condition is known as full-film
lubrication. During low speed, or under severe loading, the lubricant fails to form a continuous
fluid film between mating surfaces, and asperities on the mating surfaces come into direct contact.
This condition is known as boundary lubrication (BL). BL is dominated by microscopic contact
and wear of asperities due to rubbing in relative motion. Increased roughness of the mating surfaces
strongly promotes BL due to increased asperity contact. Phenomena in BL are still not well
understood, because it is difficult to quantify influencing factors (i.e. heat, asperity interaction,
wear, tribochemistry, catalysis) and isolate these factors experimentally'®!'!. Mixed Lubrication
(ML) is the transition regime between BL and the full film lubrication, where some of the load is
supported by the fluid and some by solid contact. High flash temperatures, plastic deformation,
crystal structure changes, stress-promoted thermochemistry, thermionic emission, and exposure of
catalytic nascent metal have all been observed within during BL and ML conditions'?'7. There is
no consensus on a fundamental model for how all of these phenomena interact and influence
friction and wear!. The development of atomic force microscopy (AFM) has revealed fascinating
insights into the physical phenomena of contact, but conclusions are still limited by the small size
and time scale of AFM'#1?. Archard’s Law?’, a well-known methodology for predicting wear
based on sliding conditions and surface properties, often fails to predict the wear under ML and
BL conditions®!. Overall, BL and ML are the most challenging targets for friction and wear
reduction, and lubrication design for modern machines is focused increasingly on this

endeavor’>?*, Research on BL and ML conditions is especially relevant for hybrid vehicles, which
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often experience BL and ML conditions due to low engine speeds and frequent engine stopping

each time the drivetrain switches to and from battery power. Many modern vehicles also
implement ‘Start-Stop’ automation, a feature that automatically shuts the engine off when the

vehicle idles?*?.

1.2.2 Vehicle Engine Lubrication

Transportation, which accounts 70 % of petroleum consumption in the US, is an application of
special interest in the field of tribology, because of its ubiquity*®2’. Each 1 % improvement in fuel
economy of light-duty vehicles lowers fuel consumption by 100,000 barrels of oil per day in the
US?®. Engine and drive train components involve dozens of sliding surfaces that are lubricated to
reduce friction and wear. Modern lightweight and fuel-efficient engines demand increasingly high
temperatures, speeds, and pressures compared to older generation engines, and next-generation
lubricants must be capable of handling exceedingly severe conditions. Operation during extreme-

conditions is also beneficial in emergency and combat situations®*°.

Vehicle engine lubricants typically consist of a base fluid combined with 10-15 % of lubricant
additives by weight. The base fluid is typically a synthetic or mineral oil containing olefins of
assorted lengths and cross-linkings. A large variety of additive molecules are used to serve
different purposes, including friction and wear reduction, anti-oxidation, viscosity modification,
particle dispersion, and more. In addition to instant performance enhancement, additives protect
the lubricant and mating surfaces over time from changes due to oxidization, contamination, and

many other factors that potentially damage or degrade performance’’. BL and ML conditions often
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exhibit temperatures above 180 °C, at which point hydrocarbons in the base fluid are susceptible

to degradation via thermolysis and oxidation. This leads to unwanted changes in viscosity, and
third-body wear of surfaces®!, and also releases carcinogenic polycyclic aromatic hydrocarbons
through the engine exhaust®?. Many additives also face challenges from environmental regulations
due to hazardous reactivity®. Despite the enhancement and protection from lubricant additives,
some degradation is inevitable, and engine oils must still be routinely replaced in order to maintain
effectiveness and prevent permanent damage to the vehicle. When designing a lubricant
formulation, one must consider if any of the additives interfere with the base oil or the function of
other additives. Therefore, additives generally must have very good oil-solubility, and additives
that can function in low concentrations with minimal reactivity or interaction with other chemicals

are desirable.

The current research focuses on three classes of lubricant additives that are especially important
to lubricant performance in BL and ML conditions, friction modifiers (FM), extreme pressure (EP)
additives, and dispersants. FM additives are used to reduce friction at moderate to high loads. Most
FM additives are molecules consisting of a polar moiety attached to a long hydrocarbon chain®*
35, During lubrication, the polar head adsorbs on metal surfaces. The surface activity and small
size of FM molecules allows them to reach areas with the nanoscale roughness grooves of the
surface, where base oil hydrocarbons cannot reach®®. The hydrocarbon chains coating the surface
help the film-forming capabilities of the lubricant, and also exhibit anti-compressive behavior by
creating a buffer between the asperities of mating surfaces®’. Dispersants are lubricant additives

designed to sequester and remove contaminants or neutralize their abrasive characteristics.



16
Contaminant particles from oxidation, wear, or external sources significantly reduce the service

life of lubricants and tribological surfaces®. The friction and wear mechanisms of contamination
vary depending on operating conditions and the chemical, thermal, and mechanical properties of
the contaminants involved®®. Three-body abrasion occurs when particles are pressed between
mating surfaces, causing plastic deformation and sub-surface stress concentrations. Hard particles
can also become embedded in surfaces and scratch the interfacing surface*’. This is known as
embedded two-body abrasion. Two-body abrasion is generally more severe than three-body
abrasion, because embedded particles are not free to slide or rotate in between the mating
surfaces*!. Erosion occurs when a pressure gradient within the fluid induces relative motion of
particles that impact and damage surfaces*’. Insoluble contaminant particles can also influence
lubricant viscosity, and therefore hinder the performance®. Dispersants must be carefully selected
in order to optimally combat the expected contaminants in a tribological system. Extreme-pressure
(EP) additives are a class of additives designed specifically to protect surfaces and lower friction
when contact pressure and temperature become severe. EP additives usually function by
chemically reacting with the metal surfaces, forming a lubricous sacrificial film. Zinc dialkyl-
dithio-phosphates (ZDDP) is an especially effective and popular EP additive, though its use as
been increasingly discouraged due to environmental concerns®. During operation, tribological
energy breaks ZDDP down, forming a strong, smooth, and lubricious phosphate material in the

tlS

areas of asperity contact!s. Though its lubrication mechanisms are not fully understood,

researchers have determined that ZDDP activation occurs at around 200 °C and is heavily

[44-45

dependent on shear stress and the catalytic effect of worn down nascent meta . Upon

breakdown of the ZDDP, a highly viscous organometallic coating forms on the surface and
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eventually reaches a steady-state thickness due to continual shear-induced removal and thermally-

induced reformation. Such a coating also acts as an anti-oxidant by covering exposed nascent metal

surfaces that would otherwise promote oxidation'®.

1.2.3 Tribochemistry and Tribofilms
Reactions between a lubricant and surfaces under BL and ML conditions are referred to as
tribochemical reactions. Tribochemical reactions are caused primarily by shear stress, normal

stress, and frictional heat*

. Other factors like catalysis and electron emission also play a role'?.
Fundamental knowledge of tribochemistry is limited and largely empirical, because it is difficult
to observe the site of contact!. Most conventional lubricant additives are designed around
secondary chemical interactions, such as van der Waals forces and hydrogen bonding, and do not
consider the stronger covalent and ionic bonds that can arise from tribochemistry. However,
through careful selection of lubricant additives, tribochemical reactions can be designed to form
specific reactants at the site of contact in situ, or during machine operation. Although EP additives
often make use of tribochemical reactions during BL conditions, this concept has other untapped
benefits in the field of tribology*’. For example, a major constraint of conventional additives is
that they must be oil-soluble so as to not precipitate or agglomerate in engine oils over long periods
of storage. This problem can be circumvented using tribochemistry. An oil-soluble precursor
molecule can be mixed into engine oil, and during machine operation, the molecule can undergo

tribochemical change that releases an oil-insoluble reactant into the fluid or onto the contact

surfaces.



18
Because they occur locally at the site of contact, tribochemical reactions often result in a thin solid

film generated on contact surfaces known as a tribofilm. Tribofilm formation involves complex
mechanical, chemical, and thermodynamic phenomena that incorporate the surface materials,
lubrication, and other environmental species’. A tribofilm was first reported in literature in 1958,
when an “organic deposit” was observed on palladium contact surfaces*®. At the time, the film was
considered a nuisance, but tribofilms have since been proven to be a crucial tool for friction and
wear reduction*”->2, Many tribofilm-forming lubricant additives are presently used to form smooth
layers on surfaces that reduce friction and wear and protect surfaces from oxidation and corrosion.
Because they may be generated as a result of frictional energy near roughened asperity contact
zones, tribofilms tend to be generated exactly where surface damage is most severe. This localized
formation at the site of severe contact may be likened to white blood cells in the body, which seek
out areas of biological infection and mitigate the problem at the source. To continue the biological
analogy, tribofilm growth can also be likened to the ability of blood platelets to collect near wounds
and mend the body. When a tribofilm precursor is added to a worn-out mechanical system,

tribofilm formation can build up on the worn contact area and recondition the surface.

1.3 Research Overview

The present research investigates three lubricant additives that are molecularly engineered to
utilize tribochemistry for unprecedented performance in friction, wear, and contamination control.
The additives serve as oil-soluble precursor molecules that undergo in-situ tribochemical

transformation into reactants that are helpful to the lubricant. Two of the additive concepts focus
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on novel approaches for the generation of lubricious tribofilms, and a third is designed to mitigate

lubricant dust contamination.

Lubricant additive design is achieved through a collaborative process that requires knowledge
from a variety of fields, including mechanical engineering, chemistry, and materials science. The
research methodology for this work is presented in Figure 2. First, concepts are developed through
discussion in a multi-disciplinary team, and the initial chemical formulations for a new additive
concept are produced. The formulation of a new set of additives is confirmed separately through
several characterization techniques. Once confirmed, the additives are mixed into an array of
lubricant formulations, and tribological studies are performed. These studies include tests and
analyses of friction and wear, viscometry, and surface mechanical and tribochemical properties.
Post-test analysis reveals more insight into the additive performance, including nanoscale surface
morphology, lubricant properties, and tribochemical phenomena. After the team is satisfied with
the performance and characteristics of the additive, the research moves forwards to new and useful

applications.
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Figure 2: Flow chart for the collaboartive effort between mechanical engineering, chemistry, and

materials science for novel lubricant additive design, formulation, testing, assessment, and

application.
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Chapter 2: Organosilver Solid Lubricant Precursor Molecules

2.1 Introduction

In automotive engines, the temperature at the surfaces of critical components reach 100-300 °C,
and asperity contact can generate flash temperatures of 300-1000 ‘C, lasting microseconds?’. High
pressure and flash temperature in contact zones can easily plastically deform or wear away mating
surfaces and cause chemical reactions that permanently alter the surfaces and lubricants*.
Conventional lubricants are susceptible to degradation via thermolysis and oxidation. Furthermore,
harsh external conditions or cooling system insufficiency can worsen the degradation of
lubricants®" 33, A variety of lubricant additives are used in engine oils to reduce the thermal

degradation of oil or mitigate its effect through supplemental lubrication.

Solid lubricants, applied either as a surface coating, or suspended in a fluid, are known to maintain
effectiveness at high temperatures®>. Soft noble metals are effective solid lubricants because of
their low reactivity, ductility, and low shear strength, which allow the formation of a smooth and
lubricious glaze layers on surfaces in contact®®. Silver coatings on contact surface have
demonstrated friction and wear reduction at temperatures up to 750 °C>7®!. Silver nanoparticles
suspensions have been shown to increase surface fatigue life, decrease friction and wear, and work
synergistically with other lubricant additives®?%®. However, soft metal lubricants are generally not
utilized in modern engine oils for a variety of reasons. Metal particles suspended in oil typically
have poor solubility and agglomerate in storage or during operation®*. Surface coatings are difficult

to replace when damaged, as compared to replacing the lubricant fluid. Also, surface coatings can

become embedded with wear debris that will scratch the mating surface®’. An alternative strategy



22
for the delivery of lubricious silver is to use an oil-soluble silver precursor molecule as an additive

in the lubricating fluid. The precursor molecule consists of a silver molecular core functionalized
with a hydrocarbon shell that ensures proper dispersion in oil. The molecule is designed to undergo
thermoylsis at a designated temperature, depositing a layer of lubricious metallic silver onto
contact surfaces. Marks et al. developed three generations of silver precursor molecules and tested
their performance as extreme temperature additives in motor 0il®*7’. The gen. I and II additives
(Figure 3a-b) demonstrated promising wear reduction in fully formulated (FF) engine oil around
200 °C. However, these molecules contain phosphorus (P) and sulfur (S) atoms, which are
undesirable in lubricant additives due to environmental concerns®>. The Gen. III additive (Figure
3c¢) is a pyrazole-pyridine complex that has the advantage of being P- and S-free, making it safe
for use in automotive systems. However, it requires high loadings (> 20 %) for effective wear and

friction reduction, and requires a surfactant in order to be adequately suspended in base oil”!7>.
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Figure 3:(a—c) Molecular structures of silver precursor lubricant additives. (d) Molecular

structure of current generation-1V silver—pyrazolate additive.

For the next generation of the silver precursor additive, lower loadings of these molecules were
necessary to reduce costs, ensure solubility, and leave space for other additives in the additive
package’®. The newest generation of the silver precursor additive is a P- and S- free silver-pyrazole
molecule functionalized with long alkyl chains (Figure 3d). The addition of a third silver atom in
the pyrazole core, compared to the two silver atoms in Gen. III, is intended to increase density of
silver in the tribochemical deposition, and the hydrocarbon chains are intended to increase the

additive’s solubility in oil, improving the additive’s dispersion in the lubricant.
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2.2 Materials and Methods

The silver precursor additive molecule consists of a silver-containing pyrazole core functionalized
with three 6-carbon alkane chains to improve oil solubility. The molecule was formulated,
characterized, underwent tribological testing, and its performance was analyzed. The experimental

methodology for this process is outlined in Figure 4 and described in the following sections.

Additive and
Lubricant
Formulation
’ memelp]  Tribotesting
Thermal Analysis *

v

Chemical AnalysiS [

Surface Analysis

Figure 4: Diagram outlining the experimental procedure for organosilver solid lubricant

precursor.

2.2.1 Additive and Lubricant Formulation
The silver pyrazole complex was synthesized using a condensation reaction between a pyrazole

molecule and silver oxide in methanol”

. The completed additive molecule was fully characterized
using X-ray diffraction (XRD), thermogravimetric analysis (TGA), nuclear magnetic resonance
spectroscopy (NMR). The additive was combined with polyalphaolefin (PAO4) and fully-

formulated 15W-40 (FF) oils. PAO4 is a commonly used base fluid for commercial engine oils,

and the FF oil used is a military grade oil with a standard additive package. For formulation, the
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additive was dissolved in the minimal amount of hexane (1.0 mL/ 1.0 g silver additive) and then

added to the oils to achieve additive concentrations of 1.0, 2.5, and 5.0 wt %. The oil—silver
additive mixtures were stirred with a magnetic stir bar for 30 minutes to ensure homogeneity.
Adding the additive to either oil creates a cloudy suspension at 25°C that dissolves fully with

heating to 40°C and magnetic stirring.

2.2.2 Tribological Investigation

Temperature-ramped ball-on-disk tribological tests were performed to assess friction and wear
performance while simulating boundary lubrication in an engine valve train. A schematic of the
ball-on-disk tribometer (CETR UMT-2 Tribometer) used in this study is given in Figure 2. A ball
made of M50 bearing steel with 62 HRC hardness was used to apply a vertical load (F) to a 52100
steel disk with 50 HRC hardness, and the friction force (Fx) is measured throughout testing. The
roughness (Rq) of the contacting surfaces was about 30 nm, measured using a Zygo New View
7100 white-light interferometer (WLI) and SPIP surface analysis software. The surface of the disk

was coated with a 2 mL of the lubricant sample before testing.

Fx
Disk
Ball
Thermal Lubricant
chamber resevoir

Figure 5: Schematic of temperature-controlled CETR UMT-2 ball-on-disk tribometer with used

for temperature ramp friction and wear tests.
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The testing temperature range (180-350 °C) refers to the surface temperature of the lower rotating

disk in the tribometer, where the heating element in the testing chamber and thermal sensor are
located. The increasing temperature simulates the failure of the oil above its thermal limit, and test
the silver additive’s continued performance at high temperatures. The temperature range was
chosen to simulate a temperature transition for a typical -interface in an engine. The modeling of
engine tribology>’ reveals that the temperature of valve train components may reach about 200°C
under normal conditions. The tests were designed to start below this temperature value, at 180°C,
and then ramp up to 350°C. Even though the overall testing temperature starts below the
decomposition temperature of the additive complex, asperity contacts are expected to induce flash
temperatures sufficient to cause silver deposition throughout the test. An established tribological

model’®

was used to calculate the possible flash temperature based on the theory of a moving heat
source over a semi-infinite solid’’ with considerations of asperity contact, heat conduction through

the surfaces, and convection through fluid flow. This analysis revealed a flash temperature increase

of 246 °C above the ambient temperature.



Table 2: Test conditions for the silver precursor additive heat-ramp tribological tests.

Test Parameter Value
Applied load (N) 25
Hertzian Contact Pressure (GPa) 2.15
Disk rotation speed (rpm) 200
Radial location of contact (mm) 20
Sliding contact speed (m/s) 0.42
Total sliding distance (m) 754
Base oil PAO4
15W-40
Additive concentration (wt %) 0.0,1.0,2.5,5.0
Temperature range (°C) 180-350
Rate of temperature change (°C/s) 0.1
Test duration (min) 30
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2.2.3 Surface Analysis

Upon completion of the friction tests, the disks were sonicated in a hexane bath to remove oil
residue. The volume of the wear scar was then measured using WLI. Energy-dispersive x-ray
spectroscopy (EDS) on Hitachi S4800-II and Hitachi SU8030 scanning electron microscopes

(SEMs) was used to examine the morphology of the disk surface and deposited silver content.
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2.3 Results and Discussion

2.3.1 Additive Synthesis and Characterization

The silver additive was fully characterized by XRD and NMR spectroscopy. The crystallographic
results reveal that the pyrazolate ligands and silver ions in the additive form a 9-membered ring
structure, with each Ag" ion coordinated to two nitrogen centers (Figure 3a). An intermolecular
interaction with a bond distance of 3.216 A is observed, leading to a staggered ladder stacking

involving adjacent molecules in the crystal structure (Figure 3b)”.

(a) (b)

Ag

Figure 6: (a) Crystal structure of the additive. Hydrogen atoms are omitted for clarity. (b)
Molecular packing in the additive. Hydrocarbon chains are omitted for clarity. Intermolecular

Ag-Ag distance= 3.216 A. (c) Side view and (d) top view of crystal packing.
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2.3.2 Silver Additive Thermolysis

TGA was performed under nitrogen gas to evaluate the temperature at which thermolysis begins,
and the residue produced by thermolysis was then analyzed by NMR. It was found that the additive
begins to undergo thermolysis at ~300 °C, which is a more desirable thermolysis temperature than
the ~200 °C of Gen-III additive (Figure 7a)®® 7°. Ramping temperature experiments have shown
that the PAO4 and FF oil used as base oils in these experiments starts to decompose at 275 °C. At
the completion of a TGA scan, 38.5 % of the original mass remains. Elemental analysis shows that
the additive is 38.02 wt % silver, which means that a majority of the residue remaining after
thermolysis (38.5 %) is silver metal. The thermal stability of the additive was also investigated in
a hydrocarbon solution by NMR, since this additive is designed for applications in motor oil. An
NMR sample in toluene heated at 275 “C for 1 hour shows no changes in structure (Figure 7b),

indicating that the additive is stable under this condition.
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Figure 7: (a) Thermogravimetric analysis trace for the Gen. III and IV additives. The weight loss
data were recorded at the ramp rate of 5 °C min™! and a 90 mL min™! N» flow rate. (b) NMR
spectra of the additive before and after 1 hr heating at 275 °C, showing no change in molecular

structure.
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2.3.3 Solubility of Additive in Base Oil

Heating of the 5 wt % loading of the silver precursor additive at 40 °C in PAO4 yielded a
homogeneous solution (Figure 8). Solubility in base oil was a challenge for previous generations
of silver-organic additives’’. The aforementioned Gen. III additive yielded promising results, but

large loadings were required (20 wt %) it formed a cloudy, opaque mixture in oil.

Figure 8: Vial of pure PAO4 (left) and a 5 wt % solution of the in PAO4 (right), which shows a

yellow tint and no insoluble material.

2.3.4 Friction and Wear Behavior

The effects of differing concentrations in PAO4 and FF oil were investigated by ball-on-disk
tribometer measurements (Figure 9). The ball-on-disk tribometer was used to ensure that the
additive did not have detrimental effects on the coefficient of friction (COF). Figure 9 shows that
1.0, 2.5 and 5 wt % loadings of the additive all reduce friction. A 2.5 wt % loading reduces friction
by 20 % in PAO4 and by 30 % in FF oil. Loadings greater than 2.5 wt % do not decrease friction
further. A similar friction-additive concentration relationship is also observed in the studies of

previous generations of the silver additives.®7
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Figure 9: Ball-on-disk measurements of friction with increasing loadings of the silver precursor
additive in (a) PAO and (b)FF oil. Each data point is the average of a temperature ramp
experiment from 180 °C to 350 "C over 30 mins. The red line shows baseline friction for pure

PAO and FF oil.
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The time evolution of the ball-on-disk friction tests are shown in Figure 10. Measurement was

performed while ramping temperature from 180 to 350 °C over 30 minutes. These plots show a
steep increase in COF that begins around 275 °C for both fluids (PAO4 and FF oil). Initial COF
measurements range between 0.15 and 0.20 for PAO4 and between 0.10 and 0.15 for FF oil, while

the final measurements reach 0.30.
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Figure 10: Ball-on-disk tribometer tests with lubricated contact for 2.5 wt % loading of the
additive in (a) PAO4 and (b) FF oil. Temperature is ramped from 180 to 350 °C over 30 minutes.

The red line shows baseline friction for pure PAO and FF oil.
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Note that FF oil has lower initial COFs because the additive package includes friction modifiers.

Both oils exhibit a similar spike in COF at ~275 °C, which can be explained by oil degradation at
high temperature. However, when a 2.5 wt % loading of the additive is used in either oil,
remarkably, the COF does not increase even though the oil begins to degrade above ~275 °C. The

transition from oil as the primary lubricant to metallic silver as primary lubricant is seamless.

The disks used in the temperature ramp tests were next analyzed by white light interferometry to
determine the volume of the wear scars and the material buildup outside of the scar. Results are
presented in wear coefficient, the volume of material removed was normalized by load and the
distance traveled during the test. It is found that a 2.5 wt % loading of the additive reduces wear
by 60 % in PAO4 and by 70 % in FF oil (Figure 11). The trend in wear is similar to the trend in
COF (Figure 9), with a 2.5 wt % loading producing the lowest amounts of wear. The Gen. III
additive produces comparable friction and wear results at a 20 wt % loading®. The comparable
effectiveness at such low concentrations is attributable to the increased number of silver atoms per

molecule, and the improved solubility in oil.
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Figure 11: Wear rate measurements for the temperature-ramped ball-on-disk tribometer
substrates for 1 in (a) PAO4 and (b) Fully formulated oil. White light interferometry is used to
measure the volume of the wear scar at 12 positions, and the volumes for each wear scar are then

averaged. The red line shows baseline friction for pure PAO and FF oil.
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2.3.5 Surface Analysis

Scanning electron microscopy (SEM), coupled with energy-dispersive X-ray spectroscopy (EDS)
was used to analyze the elemental composition of the area in and around wear scars of the steel
substrates used in the friction and wear tests. Figure 12 shows EDS spectra for areas outside and
inside the wear scar after ball-on-disk tests were carried out with a 2.5 wt % loading of the additive
in PAO4. Note that the EDS shows a much lower concentration of silver outside the wear scar,
indicating that thermolysis and subsequent silver deposition largely occur within the contact area.
Neither the PAO4 nor the fully formulated motor oil (FF oil) used has additives containing silver,

and it can be concluded that the silver particles deposited on the metal surface result from

thermolysis of the additive.
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Figure 12: Energy dispersive spectroscopy (EDS) on the (a) outside of the post-test wear scar

and (b) the inside of the wear scar.
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SEM was used to reveal the size, morphology, and location of the silver particles formed by

thermolysis of the additive. The metallic silver is primarily deposited in the form of cloudy-looking
10 - 100 um diameter particles within the wear scar. The box in the center of Figure 13 highlights
an agglomerate of silver next to a piece of wear debris. Two-dimensional elemental mapping of

silver (bottom) shows where the silver is present, and that the wear debris contains no silver.

Figure 13: SEM image (top) and EDS map (bottom) of a silver agglomeration next to a piece of

wear debris.
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Figure 14 shows an image taken entirely within the wear scar. The surface has deep tracks resulting

from asperity contacts, and silver particles spotted around the entire surface. Elemental mapping
of this region (bottom) shows a higher silver concentration arranged along the line of the scars,

demonstrating that the silver is primarily deposited near asperity contact.

25um
Figure 14: SEM image (top) and EDS map (bottom) of the area inside a wear scar with deep

scars from asperity contact.
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Figure 15 show a higher magnification image and mapping of silver particles at the edge of the

wear scar. The increased silver concentration inside the wear scar on the left side is clearly present.
The silver particles form an agglomerate into a cloudy appearance, and some silver particles have

scattered outside the contact area.

Figure 15: SEM image (top) and EDS map (bottom) at the edge of the wear scar.
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Figure 16 shows SEM and elemental mapping of silver particles within the wear scar at higher

magnification. From the images, it appears that the particles consist of sub-micron and nano-scale

particles that have agglomeration together.

_500nm_

Figure 16: High magification SEM image (top) and EDS map (bottom) of the silver particles

within the wear scar.
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2.3.6 Lubrication Mechanisms

As illustrated in Figure 17, the silver precursor additive undergoes thermolysis at elevated
temperatures and pressures to deposit silver particles, which easily shear across the surface and
reduce friction and wear. The mechanisms for reducing friction and wear are attributed to the
specific properties of silver, particularly its softness and low shear strength. The tribochemical
deposition of silver is comparable to previously reported lubricant anti-wear additives, like ZDDP,
which form a tribofilm the surface and protecting against wear in the boundary lubrication regime,
where interfacial surface asperities come into contact’®”?. However, the silver product is inert and
appears to undergo negligible chemical reaction with the surface. Instead, the it physisorbed via
weak interactions. The resulting silver layer lubrication mechanism is also similar to that of silver
nanoparticles, which provide anti-wear properties through formation of a boundary film with low
shear stress®. Silver nanoparticles studied as anti-friction and anti-wear additives have also been
shown through XPS and EDS to deposit significant amounts of silver in the pure metallic form.
Nevertheless, silver nanoparticles are costly to produce, difficult to suspend in oil, and often

require a surfactant to prevent particle agglomeration>*.
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Figure 17: The tribochemical reaction and lubrication mechanism for the silver precursor
additive. (a) The additive mixes with the lubriant oil and enters the tribological system. (b) The
heat and pressure of asperity contact induce thermolysis of the additive, releasing metallic silver.

(c) The low shear strength silver is spread acorss the surface, reducing friction and wear.
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Chapter 2 Conclusions

A S-and-P free silver-organic additive molecule was developed and implemented to deposit

metallic silver on tribological surfaces, thereby reducing friction and wear at temperatures where

base oil degradation occurs. The following can be concluded.

1)

2)

3)

The additive represents a new generation of silver lubricant additives that exhibit useful
solubility in nonpolar base oil. The additive undergoes thermolysis between 313 and 332
°C. Temperature-ramped ball-on-disk experiments revealed the additive’s low-friction
performance at temperatures greater than ~275 “C, after both the PAO4 and FF oil failed.
The transition from oil as primary lubricant to metallic silver as primary lubricant is
seamless.

SEM and EDS analyses show that metallic silver is primarily deposited in wear scars,
indicating that high temperature caused by asperity contacts increases the probability of
thermolysis for the additive. The metallic silver acts as a protective buffer material between
the contacting surfaces.

The silver additive is shown to be effective at concentrations from 1 to 5 wt %. The
enhanced oil-solubility of the additive over previous generations enabled noteworthy

friction and wear and friction reduction at high temperature with low loadings.

Overall, these results are a marked improvement over previous generations of silver precursor

additives, as well as alternative high temperature lubrication techniques.
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Chapter 3: Organosilane Sand Dispersant

3.1 Introduction

Particle contamination is a of a major concern of friction and wear in lubricated systems®, and
nearly all lubricants contain dispersant additives to mitigate contamination. Dispersants are
typically made up of surfactant molecules with polar heads and long oil-soluble tails**. The polar
end of the molecule is attracted by polar contaminant surfaces. When several surfactant molecules
surround a contaminant, the combined effects of the hydrocarbon tails increase the particle’s
solubility in the base oil. The formation of these “molecular brushes” around contaminant particle
reduces agglomeration and softens the impact between particles and surfaces. Conventionally,
dispersant additives are designed for mitigation of contamination that is sourced from within a
tribological system, such as soot, sludge, and wear debris®’. As long as engine oils are routinely
replaced to replenish these additives, soot, sludge, and wear debris contamination can be controlled
using these additives. However, dispersants are not optimized for foreign contamination, which
can also be a serious cause of friction and wear®'"**. Sand and dust can enter tribological systems
and cause contamination issues even with optimal use of oil filtration systems. The situation is
more severe for machines in desert climates, which comprise 20 % of the planet’s total land area®’.
Many parts of the world are affected by catastrophic sandstorms that can shut down transportation,
drilling operations, manufacturing plants, and construction sites, leading to large economic
losses®? 8¢, Furthermore, construction, drilling, or earthmoving projects can unsettle dust and sand
that may easily enters engines and machinery. Sand and dust contamination is also a major concern
in space travel, especially for missions to the moon and Mars®"*8. Mineral particles like sand are

covered with hydroxyl groups, which make them insoluble in oil. Without surface modification,
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these particles will agglomerate in oil and lead to increased friction and wear. Current anti-

contamination lubricant additives are not effective on sand or other external contaminants for
numerous reasons. Dispersants are designed to be effective on particles around 1um in diameter
or less, while sand particle size ranges from 1 to 350um. Increasing sand particle size has been
shown to correlate with increasing wear damage for particles up to 100um®°!. In addition to being
larger than other contamination particles, sand is also a hard material. The chemical makeup of
sand is mostly silica, which rates at around 7/10 on Mohr’s hardness scale, making it slightly
harder than the steel found in most bearings and engine components®’. Therefore, sand
contamination can cause embedded two-body abrasion in many tribological systems. Several
studies have shown how lubricants, including fully formulated engine oil, exhibit a dramatic

increase in friction and wear when contaminated with sand®! 83-84 93,

A dispersant-like additive with reinforced surface-attraction has been developed to specifically
treat sand particles. Like a dispersant, the additive coats the particle surface with long hydrocarbon
chains to increase oil solubility and reduce particle agglomeration. However, instead of using polar
attraction to attach the additive to contaminants, it is designed to react with the terminal hydroxyl
groups covering the surface of sand particles to form a covalently bonded siloxane film on the
particle surface, as illustrated in Figure 18. This hydrocarbon chains coat the surface in situ, or
during tribological operation, with bonding energy an order of magnitude stronger than the polar
interaction used in conventional dispersants®. Similar covalently bonded hydrocarbon brushes

have been grafted to nanosilica substrates for use as an antifriction and antiwear additive®*. Grafted
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nanosilica has also been studied for drug delivery and advanced nanofiltering,”>® but this

technique has not yet been studied as a surfactant treatment on contaminants.
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Figure 18: The reaction that converts the hydroxyl groups surrounding sand particles with long
hydrocarbon chains, thus mitigating the effects of sand contamination in a tribological

environment.

3.2 Materials and Methods

The additives developed for this technique involve alkyl functionalized silanols that bind with the
terminal hydroxyl groups on the surface of sand. The additive was designed with the aid of
molecular dynamics modeling, and it was characterized through a variety of chemical and

tribological techniques, which are outlined in Figure 19 and described in the following sections.
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Figure 19: Diagram outlining the experimental procedure for organosilane sand surfactant. Blue

boxes indicate physical experiments while green boxes indicate simulations and calculations.

3.2.1 Molecular Dynamics Model

The length of the functionalized hydrocarbon chain is an important variable in the design of this

type of surfactant. Surfactant molecules with a reasonably long hydrocarbon chain exhibit better

oil-solubility and agglomeration reduction, but when the chain is too long, additive mobility and

particle affinity can be adversely affected®® 7. Because of the novelty of this type of surfactant,

there was little information regarding the optimal chain length and the influence of chain length

on the organosilane-silica reaction. A molecular dynamics (MD) model was developed to estimate

the particle-particle repulsive interaction with increasing chain length. MD modelling is a

computer simulation technique that simulates the physical movement and forces of atoms and
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groups of atoms based on a prescribed model of interatomic potential energies. The goal of the

MD simulations was to find the smallest chain length with sufficient particle-particle repulsion.
The MD model was built on LAMMPS®® and based on a model produced by Hong et al.*® that
studied nanosilica grafted with poly(ethylene oxide) oligomers. Hong’s model is a modified
version of Transferable Potential for Phase Equlibria United Atom Force Field (TraPPE-UA),
which is a united-atom potential that has been validated with accurate predictions of density, vapor
pressure, heat capacity, diffusivity, and many other physical properties for compounds containing
oxygen, hydrogen, and carbon®-'%. The model also incorporates a Buckingham force field for
silicon atoms from a similar MD model'®'. A MATLAB script was developed to build input data
files for LAMMPS that describe atom locations and bonding. The code generates two slabs of
amorphous silica, and bonds alkane chains to the surface of the slabs. The slabs are separated by a
prescribed distance in the z direction, and the molecules in x and y directions are periodic. This
configuration, shown in Figure 20, simulates infinitely large, flat, silica surfaces that are nearly in

contact.



49

Figure 20: Configuration of the MD simulation, featuring two silica slabs grafted with

hydrocarbon chains.

3.2.2 Sand Samples and Characterization

For physical experiments, the sand used for this study is classified following ISO12103-1, the
standard for testing sand contamination in oil filters, engines, and other tribological applications.
The sand particle cumulative size distributions are shown in

Figure 21a, and the “medium” and “coarse” grades chosen for these tests have a mean particle size
of 18 and 35 um. The chemical makeup of the sand, provided by the supplier and shown in

Figure 21b, consists of mostly silica, as well as other minerals and a small amount of metal oxides.
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Figure 21: The cumulative size distribution of medium and coarse grade sand (a), and (b) the

‘chemical constituents of sand.

3.2.3 Lubricant Formulation

Two different surfactant additives were formulated for testing: one with a 10 carbon alkyl chain,
and another with an 18 carbon chain, as shown in Figure 22, based on insight from the MD model.
Several formulations of lubricant samples, shown in Table 3, were created by mixing sand, additive
molecules, and a catalyst into PAO4. For better control over formulation amounts, the reaction

between sand and the additive was performed before tribometer testing in a simulated a tribological

environment.
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Figure 22: Organosilane additives for sand particle contamination control with 10 and 18 carbon

chain lengths.

A round bottom flask was charged with sand particles (2g) and toluene (50mL), which mimics the
non-polar environment of base oil and has a high boiling point. Under high speed magnetic stirring,
first, 5 % of the catalyst, dimethylhydroxy(oleate)tin (DMHOT), was added followed by the
desired amount of organosilane additive, n-decyl(trimethoxy)silane with a 10 carbon chain and an
18 carbon chain (C10 and C18). Dimethylhydroxy(oleate)tin is a condensation-cure catalyst
commonly used to make silicone and urethane polymers'%?. Organoalkoxysilane precursors have
been previously used in organosiloxane/siloxane co-condensation reactions!?-1%  The
formulations were stirred for 12 hours at 90°C, the average temperature of an automotive engine?’.

Formulation was performed with assistance Prof. Tobin Marks’s Northwestern Chemistry Lab.
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Table 3. Formulations of lubricant samples for sand contamination tests.

Sample Base Oil Sand Additive Catalyst

1 PAO - - -

2 PAO 1% Medium Grade [ -

3 PAO 1% Medium Grade [1wt% C10 5% DMHOT
4 PAO 1% Medium Grade |[Iwt% C18 5% DMHOT
5 PAO 1% Coarse Grade [ -

6 PAO 1% Coarse Grade |[1wt% C10 5% DMHOT
7 PAO 1% Coarse Grade |Iwt% C18 5% DMHOT

The reaction between the organosilane additive and the oxide surface of sand (silica), demonstrated
in Figure 23, can be described in three steps. First, the additive’s methoxy groups (O—CHj3)
surrounding the silicon atom are hydrolyzed in the presence of moisture, and the additive molecule
is attracted to the oxide surface due to hydrogen bonding. The additive’s silanol protons are more
electrophilic than alcohol protons, which results in a high dipole moment for its silanol group.
Therefore, the silanol group is oriented towards the oxide surface and hydrogen bonds are formed.
Then, a condensation reaction then occurs, forming covalent bonds between the silica and the
linked additive molecules. This generates a siloxane film on the silica surface, which can be
functionalized with any desired R group. The siloxane film thickness depends on the water

concentration of near the silica surface.



53

R R
R R R R S S
S S S S HO-$-OH HO-S-OH
x-8i-x x-§i=x 0-F-00%0 | yogen .0, .0
X X H C') c.) H bonding H'O'H H"O'H
H20 H,0H0 hydrolysis H H aggregation I |
{ Oxide surface [ Oxide surface Oxide surface J
step 1 step 2

Condensation
-H-0

0 R high water content

R
8 ’Sli_/a‘h/"_( high concentration
0

proper water content,
ideal solvent
ideal concentration

R Si R R R R
o
C o3¢ S50
=-ol |
ST\ 08 - -8i-0-Si-0—Si--
0 9 0 9 9
[ Oxide surface ] [Oxide surface ]

Figure 23: The reaction between the additive and the oxide surface of silica that forms a siloxane

film on sand particle surfaces.

In order to confirm this reaction pathway, Fourier transform infrared spectroscopy (FTIR) and
thermogravimetric analysis (TGA) were performed on a silica sample mixed with the additive and

catalyst, and a reference sample that was left without the treatment.
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3.2.4 Tribological Studies

Tribometer experiments were carried out in a CETR UMT-2 Tribometer, as described in the
previous chapter. Again, the disk was made of 52100 steel, and the ball was made of M50 tool
steel slightly harder than the disk, both with a roughness of 30 nm. For all tests, the Hertzian
pressure was 1 GPa, and the tests ran at 1 m/s relative motion for 30 minutes. The BL regime was
chosen to ensure tribological surfaces would be prone to abrasive wear and asperity contact. To
prevent the sand from settling in the fluid before testing, the formulations were mixed and
sonicated for 10 minutes and then immediately tested. Each tribometer test was repeated at least
twice. The friction force was recorded, and wear measurements were taken on the wear scar of the

worn disk after cleaning via WLIL

Table 4: Tribometer Test Conditions for the organosilane additive.

Test Parameter Value
Applied load (N) 15
Hertzian Contact Pressure (GPa) 1.0
Disk rotation speed (rpm) 100
Radial location of contact (mm) 20
Sliding contact speed (m/s) 1
Total sliding distance (m) 754
Base oil PAO4

Test duration (min) 30
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3.2.5 Fluid Dynamics Tests

The viscosity of the fluid from each formulation was measured using an Ostwald viscometer in a
constant-temperature bath at room temperature and at the ambient vehicle engine temperature of
90°C. Dynamic Light Scattering (DLS) was performed on a Malvern Zetasizer to measure the size
and stability of particles in the oil formulations. DLS measures the diffraction of a laser beam
traveling through a fluid to estimate the range of particle sizes in the fluid. Fluid samples were
thoroughly mixed and sonicated before measurement, and size distributions were calculated from

10 laser scans. Particle size was measured three times at a 60 second interval.

3.3 Results and Discussion

3.3.1 MD Analysis for Chain Length

Ideally, the hydrocarbon chain should be as short as possible while still providing sufficient
particle-particle repulsion. Before experimentation, MD simulations were performed to provide
insight into the idea length of the additive’s hydrocarbon chain. Each simulation involved two
silica slabs with grafted alkane chains of varying length being together while measuring the
repulsive force acting on one slab by the other. When the force vs. distance curve is integrated
over displacement, the resultant energy value corresponds to the work required to bring two
particles together. Figure 24(a) shows the force vs. distance curves for all simulations. Increasing
the chain length corresponds to higher repulsive force for all cases, but the correlation is not linear,
and the effect of increasing repulsive force diminishes with longer carbon chains. Figure 24(b)
shows the integrated force-distance energy values for various chain lengths. Based on the MD

results, the 18-carbon (C18) hydrocarbon chain length was chosen as the most reasonable option,
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because chains longer than 18 carbon atoms long did not show a significant improvement in

particle-particle repulsion. For comparison, a 10-carbon chain additive (C10) was also formulated

and tested.
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Figure 24: The MD model calculating repulsive force vs. distance curves (a) and total repulsive

energies (b) for various hydrocarbon chain lengths of the organosilane molecule grafted to silica.
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3.3.2 Reaction Analysis

Figure 25 shows the difference in appearance of the different lubricant samples. Adding sand
particles to the clear base oil makes the fluid semi-opaque, but the effect is greatly reduced for

PAO with sand particles treated with the additive.

+Sand |
+ Additive
+ Catalyst

Figure 25: Visual difference between PAO4, PAO4 with sand particles, and PAO4 with sand
particles and the additive package.

FTIR spectroscopy results are shown in Figure 26(a). At around 1100 cm™, Si-O-Si peaks'® are
observed for both samples, confirming the presence silica. The silica sample mixed with the
additive loses its hydroxyl peak'% at around 3500 cm™, and a faint alkyl peak'®” appears at around
2700 cm™'. The reaction was only proven between pure silica particles and the additive, because
the FTIR signal for the additive—test sand mixture did not show any indication of a reaction in a
non-tribological lab environment. The TGA results, shown in Figure 26(b), reveal a weight loss of
6 % in the reacted sample. This is due to thermolysis of the organosilane molecules at high
temperature. The unreacted sample, consisting only of thermally stable silica, lost almost no

weight.
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Figure 26: FTIR (a) and TGA (b) results for pure silica and silica mixed with the additive and
catalyst. The peaks for Alkyl and OH features change after the reaction occurs, suggesting a

successful reaction, and only the reacted silica experiences weight loss during heating.
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3.3.3 Friction and wear results

The entire series of oil-sand-additive mixtures underwent tribological testing, and the friction and
wear performance of each sample were evaluated. The wear results, shown in Figure 27,
demonstrate a significant increase in wear with the addition of sand. Wear volume was increased
by 73 and 82 % due the medium and coarse sand contamination, respectively. The coarse sand
caused a higher wear rate, which is in agreement with the particle size effect reported in other
studies®®”!. Both additives types were successful in reducing the effect of contamination wear.
Each additive sample was able to reduce wear back to wear level when lubricated with the pure
PAO4, with the exception of the C10 sample with medium sand, which reveals the importance of

sufficient alkane chain length of the additive.



60
(a) pao+ [ —
PAO4 + 1% Sand (Medium) _
PAO4 + 1% Sand (Medium) + _
1% C10 Additive + 1% Catalyst ‘

PAO4 + 1% Sand (Medium) + _
1% C18 Additive + 1% Catalyst ‘

0.E+00 1.E+06 2.E+06 3.E+06 4 E+06 5.E+06
Wear Volume (um3)

(b) | |
raos (GGG —

PAO4 + 1% Sand (Coarse) [N
PAO4 + 1% Sand (Coarse) + _
1% C10 Additive + 1% Catalyst
PAO4 + 1% Sand (Coarse) +
1% C18 Additive + 1% Catalyst -

0.E+00 1.E+06 2.E+06 3.E+06 4, E+06 5.E+06
Wear Volume (um3)

Figure 27: Wear results for disks lubricated with the pure PAO4 and contaminated PAO4 with

and without the additives, using medium (a) and coarse (b) grade sand.

Figure 28 shows the time-averaged friction results for all tribometer tests. Sand contamination
caused an equal increase in friction of about 15 % for the oils containing the medium or coarse
grades of sand. Particle size is known to influence wear results, but not necessarily friction. The

friction force is attributed to increased asperity contact by roughened surfaces, as well as sand
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particles embedded in mating surfaces, which causes increased friction due to plowing'%. Both the

C10 and C18 additives were able to prevent these effects, and the C18 additive was able to lower

friction comparable to that obtained using the pure PAO4
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Figure 28: Average friction results for pure PAO4 and contaminated PAO4 with and without the

additives, using medium grade sand (a) and coarse grade sand (b)
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3.3.4 Fluid Dynamics

Figure 29 shows three DLS measurements of the formulations taken at one minute intervals. The
Zetasizer is designed for small particles and does not successfully detect particles larger than
10um. Therefore, only the medium grade sand was tested with DLS. If particles larger than 10um
are excluded from the cumulative size distribution of

Figure 21(a), the resulting average size of the detectable particles is around Sum, which
corresponds well with the DLS measurements. The time-evolution of DLS measurements can be
used qualitatively to observe the oil-solubility of sand. The first measurement was performed
immediately after the sample was mixed and sonicated for accurate readings. As time proceeds,
insoluble particles agglomerate and settle at the bottom of chamber®’. Because the DLS sensor is
unable to detect particle sediment, only smaller particle sizes were recorded, and the average
particle size was underreported. The additive-free sample exhibits this underreporting behavior
over time, suggesting insoluble sand particles in the fluid and agglomeration at the bottom of the
chamber. Meanwhile, the C18 additive sample maintains a more constant DLS reading, which

indicates improved solubility and the prevention of sand agglomeration.



63

7
® PAO + Medium Sand + C18
SECET I
t35 E
mv
e 4
gg 3 “A-.
9= 9
&5 PAOC4+ A

1 Medium Sand

0

0 20 40 60 80 100 120

Measurement time (s)

Figure 29: DLS measurements of the average particle size of 1 wt % of medium grade sand in

PAOs with and without the C18 additive. Measurements were taken in one minute intervals.

Viscosity analysis, shown in Figure 30, was performed only for the more effective C18 additive,
and excluded the C10 version. At room temperature, the coarse grade sand caused a 16 % increase
in viscosity, while medium grade sand increased viscosity by 3 %. The 90°C viscometry tests show
a much less significant change in viscosity. This is expected, as viscosity change from
contamination is less severe at higher temperatures'®. The additive appears to slightly reduce
viscosity from sand contamination by improving the oil-solubility of sand particles. However, the
grafted sand particles may also act as an oil thickener, which would counter the effect. The
chemical morphology of a long chain alkane-grafted particle mimics that of high molecular-weight

polymer viscosity modifying additives that are used to increase viscosity '°.
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Figure 30: Viscosity of pure PAO and contaminated PAO, with and without the C18 additive, at
room temperature (a) and 90°C (b).

3.4 Chapter 3 Conclusions

A new organosilane surfactant was developed to reduce the friction and wear from sand
contamination, and the following conclusions were observed.

1) The additive is molecularly engineered to form in situ covalent bonds with the oxide
surfaces as they enter a tribological system. The siloxane films on the particle surfaces are
functionalized with hydrocarbon chains that increase the solubility of sand in oil and reduce
agglomeration of sand particles. The reaction between silica and the additive was

confirmed using FTIR and TGA.
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2) Friction and wear increased due to contamination by about 15 and 75 %, respectively., and

the friction and wear increases were mitigated through the addition of the silica surfactant
additive.

3) The effect of the additive and sand on viscosity were analyzed, and the additive mitigated
the viscosity increase due to medium sand at room temperature. DLS measurements

revealed the ability of the additive to increase solubility of the sand in the oil.

Overall, the sand surfactant additive represents a promising alternative solution to sand

contamination in lubricants.
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Chapter 4: Novel Carbon Tribofilm Additive

4.1 Introduction

Extreme-pressure (EP) additives, the additives designed specifically to protect surfaces in BL and
ML conditions, work by harnessing the energetic and chemically active environment at asperity
contacts to form lubricious and protective tribofilms. Despite its effectiveness, use of the EP
additive ZDDP has been increasingly discouraged because phosphorus- and sulfur-containing

residues from the decomposition of ZDDP can accumulate in catalytic converters®® !!!

, causing
permanent damage''>!'>. Dozens of sulfur- and phosphorus-free EP functional alternatives to
ZDDP have been developed over the years, but none have been cost-effective enough to replace
it''®, and a low-cost alternative has long been needed.

Carbon, specifically graphite, has been used for lubrication for centuries, but recent discoveries
and developments have shed new light on carbon as a material of the future'!”. Some applications
of carbon lubrication have been presented as a potential replacement for phosphorus- and sulfur-
containing lubricant additives like ZDDP!!8-11° The lubricity of a carbon material depends on its
environment and the hybridization of its carbon-carbon bonds. As shown in Figure 31, sp>-bonded
carbon has a three dimensional, rigid structure crystal structure that produces hard, inert, and non-

conductive materials, while sp?-bonded carbon exists in polycyclic two-dimensional crystal

structures with weak inter-plane bonding between its lamellar structure.
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Figure 31: The bonds directions and crystalline structure of (a) sp3- and (b) sp2-bonded

carbon'?,

The traditional carbon lubricant, graphite, consists primarily of sp?>-bonded carbon. Graphite
lubrication was used heavily in the Industrial Revolution, and was also one of the first vehicle
lubricant additives'?!. Although its use as an additive has been phased out due to discoloration and
agglomeration issues, graphite is still used as a solid lubricant'?>'?°. The lubricity of graphite is
derived from its lamellar polycyclic carbon structure, which has in-plane strength 100 times greater
than its lateral shear strength. During contact, graphite basal planes orient parallel to the direction
of contact lower friction by shearing across each other. The low shear strength of graphite is
dependent on adsorption of water vapor between the planes, which passivates the outer carbon
atoms and keeps the lamellae separated'?®. However, under extreme localized temperature and

pressure, the intercalated vapor can desorb from the graphite layers, causing exposure of reactive
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carbon edge sites that dramatically increase inter-plane attraction and cause a spike in friction!'?”-

128 This is also why graphitic lubricity is highly dependent moisture in the ambient air!%°,

A variety of novel carbon nanomaterials have also been adopted to tribological applications for
friction and wear improvement. Carbon nanotubes are used in coatings and as lubricant additives
to reinforce the strength of surfaces and serve as rolling spacers that prevent direct contact between
asperities'*. Single layer graphite sheets, known as graphene, can be chemically modified to have
enhanced oil solubility, thereby increasing its effectiveness as a lubricant additive over graphite
suspensions'®!. Although these nanomaterials have shown promising results, their wide-scale

adoption has been restricted by cost, solubility issues, and complicated formulation procedures'32.

Diamond-like-carbon (DLC) is another recently discovered carbon-based material used in
tribology. DLC is a catch-all term for amorphous carbon materials containing a mixture of
hydrogen, sp?- and sp>-bonded carbon, and other elements such as nitrogen and metals. It has been
used industry-wide in protective overcoats for computer disk drive contact surfaces since the early
1990°s!'33-137. More recently, DLC, has been applied as low-wear surface coating on bearings and
cutting tools'*®. DLC has been shown to exhibit excellent tribological performance with ultra-low
friction behavior. This behavior is attributed to lubricious graphitic films that slide between
surfaces, much like graphite and graphene'*®'3°. For automotive applications, a major problem for
DLC is that it must be deposited on surfaces as a pre-treatment during manufacturing.
Delamination, poor adhesion, and high internal stresses are among some of the challenges for DLC

coatings in tribological applications'*’. Once the coating is worn away, it cannot be replenished
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without complete disassembly of the system. Furthermore, DLC-coated surfaces are chemically

inert, and therefore have poor compatibility with conventional lubricant additives'® 141-142,

One may circumvent the problems with DLC discussed in the preceding paragraph by producing
carbon tribofilms in situ, rather than relying solely on a static DLC coating. Carbon tribofilms are
known to form when hydrocarbons dissociate at asperity contacts'#-!4#4. Although properties of
carbon tribofilms vary widely, they are generally formed through a distinct chemical pathway'*.
First, hydrocarbon adsorbed near the contact undergoes tribochemical oxidation, resulting in high-
molecular-weight polymers that precipitate out of the fluid. The hydrocarbon macromolecules then
dehydrogenate into amorphous carbon, and continued frictional energy input causes further
transformation to graphitic carbon films. Graphitic carbon reduces friction and wear by providing
a soft, low-shear-stress buffer material between mating surfaces!> 1434 Under certain conditions,
including under vacuum conditions, and extreme temperature and loading conditions, carbon
tribofilms can be as effective as ZDDP tribofilms'* 146147 Erdemir and coworkers developed a
catalytically active coating based on nanoscale copper that facilitates the dissociation of the
lubricant’s hydrocarbon base fluid into such lubricious carbon tribofilms'#®. Additional studies
have documented carbon-based tribofilms with carbon derived from base fluids and carbon-

containing vapors®® 48153,

These studies represent a promising alternative technique to
conventional EP additives, but they are limited by various factors. The surfaces presented in these

studies are often modified to create catalytically active environment necessary for lubricious

carbon tribofilm formation. If such surface modification is worn away, or depleted at the locations
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where such a film is demanded, the process to form lubricious carbon films cannot be reactivated

without component disassembly and coating re-deposition.

The work reported in this paper represents a novel technology for EP lubricant additives designed
to provide replenishable carbon films in situ at the location of contact, without any pre-treatment
of the contact surfaces, under practical operating conditions. The additive is designed to undergo
a tribochemical reaction that produces a lubricious carbon film. An example molecule embodying
this concept has been demonstrated through tribotesting and surface analysis. Analysis of the
tribochemistry and lubrication mechanisms will then be presented. Tribofilm success is dependent
on a variety of factors, including load, shear stress, temperature, catalysis, and more. These factors
can be difficult to disentangle, and extensive testing is required to understand the mechanism of
tribofilm growth, and reveal key factors that are important to the additive’s performance. The
technique is also applied to applications for further illustration. The overall experimental design is

outlined in Figure 32 and described in the following section.
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Figure 32: Diagram outlining the experimental procedure for carbon the tribofilm additive. Blue

boxes indicate physical experiments while green boxes indicate simulations and calculations.

4.2 Materials and Methods

4.2.1 Additive and Lubricant Formulation

By principle, the carbon tribofilm precursor molecule must be soluble in base oil and have two key
moieties. The first is a three- or four-carbon cycloalkane, which is metastable because the carbon-
carbon bonds within the cycloalkane are highly strained and are therefore prone to dissociation,
compared to linear hydrocarbons in base o0il'>*. The second moiety is a surface-active group that
binds the molecule to the surface via dipole forces, directly coupling the frictional energy to the
precursor molecule'®. Carboxylic (-COOH) and alcohol (-OH) groups are examples of such
surface-active species. Cyclopropanecarboxylic acid (CPCa), shown in Figure 33(a), is an obvious
choice of molecule for this concept for many reasons. The molecule is widely produced and

commercially available at a low-cost'>*, and cyclopropane is the cycloalkane with the highest
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amount of ring stain'>’. The bonding angle between three bonded carbon atoms is 60 °, while the

ideal tetrahedral angle is 109.5 °, as shown in Figure 33(b). The irreversible ring-opening of
cyclopropane is easily catalyzed by transition metals, and it has a low oxidation potential . These
factors make cyclopropane much more prone to release carbon in a tribological environment than
its linear alkane counterpart, propane'>’. Figure 33(c) shows how the additive arranges itself on
the contact surface and how frictional heat and pressure would be directly transferred from the
surface to the metastable cyclopropane ring. The additive was added in 2.5 wt % concentration to
PAO4 base oil, with no other additives included, in order to avoid misattribution of any effects

from the CPCa.

O
(a)
Surface-
active site
Ring-strained o __I H I
cyclopropane
(b) - 109.5°: |deal tetrahedral
carbon

<[>\ 60°: Cyclopropane

Figure 33: CPCa molecule containing a metastable carbon ring (cyclopropane) as the carbon

source and a surface-active group (-COOH) that provides adsorption to the surface.
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4.2.2 Fluid dynamics and solubility

Before testing BL and ML functionality, it must first be shown that the additive does not interfere
with the lubricant’s fluid properties and performance during EHL conditions. CPCa is fully
miscible with PAO4. No phase separation was observed, even after leaving the fluid still for 48

hours, as shown in Figure 34.

Figure 34: Picture of PAO4 and PAO4 + 2.5 wt % CPCa after sitting for 48 hours. No phase

separation was observed.

Figure 35 shows that the addition of 2.5 % of CPCa has no influence on the shear stress—strain rate
behavior, and only causes a slight increase in viscosity at low strain rates. Carboxylic acids are

routinely used as additives in lubricant formulations, and this compatibility should be expected.
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Figure 35: Shear stress (a) and dynamic viscosity (b) of PAO4 influenced by strain rate with and
without the addition of 2.5 wt % CPCa.

4.2.3 Tribological Studies

ML and BL ball-on-disk tests were performed under fully flooded lubrication in simple sliding for
30 minutes using a CETR UMT-2 tribometer, following similar methods from the previous
chapters. For this series of tests, the ball and disk were both 52100 bearing steel with a hardness
of 60 HRC, polished to root-mean-square roughness (R,) of 50 nm and 100 nm, respectively. Table
5 shows the test matrix consisting of 20 test conditions at different speed-load combinations,
designed to reproduce a range of BL and ML conditions. An additional set of tests, referred to as
the two-stage test, was designed to see the lasting effect of the carbon tribofilms on a surface after
CPCa has been removed from the lubricant. For all tests, the friction force was measured in real
time during tribotesting, while wear of the ball was evaluated after testing using WLI. The wear

rate is defined as the volume removed from the surface divided by the distance traveled.
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Table 5: Tribometer Test Conditions for the carbon tribofilm additive

Test Parameter Value

Applied load (N) 3,5,10, 15,20
Hertzian Contact Pressure (GPa) 0.5-1.4

Sliding contact speed (mm/s) 25, 50, 100, 200
Total sliding distance (m) 45-360

Base oil PAO4

Additive concentration (wt %) 2.5
Temperature range ("C) RT

Test duration (min) 30

4.2.4 Computational Contact Model

Tests conditions were selected to cover the BL and ML regimes, based on film thickness
predictions made using the same contact modeling software from Chapter 27”. The software model
also predicts the maximum asperity flash temperature and the percentage of the total load

supported by asperities, as opposed to fluid support.
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4.2.5 Determination of Key Tribological Factors

A large range of tribological test conditions were studied in order to isolate the most important
factors influence friction and wear reduction for the carbon tribofilm. By combining the predicted
information provided by the computational contact model with experimental results, the overall
trends involving the relationship between friction, wear, fluid film thickness, asperity contact,

temperature, and other properties can be determined.

4.2.6 Surface and Tribofilm Analysis

Post-test surfaces were cleaned and then analyzed using optical microscopy, scanning electron
microscopy (SEM), Raman spectroscopy, and nanoindentation. Nanoindentation was performed
using a Berkovich tip. The roughness of the surfaces was also observed using WLI and the
topography software SPIP. In the Raman spectrum, two features, the D and G bands, around 1360
and 1560 cm’' respectively, have been extensively discussed in the literature. The G band
corresponds to carbon sp? bond stretching within the crystalline graphite structure. The D band is
linked to vibration at the edges of graphite or graphene structures, and is associated with
disordered, non-crystalline carbon morphology!'*®. The relationship between these properties and
a sample’s carbon peaks are shown in Figure 36. The Raman spectrum for unreacted CPCa does

not exhibit peaks D or G peaks'®’.
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Figure 36: Characteristic peaks for Raman spectroscopy of carbon species, and how shifts in the

peak can indicate properties of the peaks.

4.2.7 Static Heat and Pressure Tests

In order to demonstrate that the formation of a carbon tribofilm from the additive is indeed
tribologically induced, it must be shown that the same temperature and pressure under static
loading will not produce a carbon tribofilm. The same ball-on-disk tribological test setup was used
to apply a static 20 N load, with and without 100 °C ambient heating, for 30 minutes, with no
relative motion between the ball and disk. The post-test surfaces were examined with Raman
spectroscopy to search for evidence of carbon formation. To further understand the behavior of the
thermal dynamics of the additive and base oil during simple heating, TGA with mass spectroscopy
(TGA-MS) was performed on the PAO4 + 2.5 CPCa sample, revealing the precise reactants that

might occur during static heating of the sample.
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4.2.8 Microroller Application

In addition to tribological testing, this research was applied to an experimental manufacturing
project developed at Northwestern University’s Advanced Manufacturing Processing Lab: the
electrically assisted microrolling (EAuR) mill'®®. The EAuR rolls microscale patterns into small
samples of sheet metal, while passing a high current through the workpiece, as shown as Figure
37. The current heats up the workpiece, softening it for enhanced forming. The roll on the device
also features specialized surface textures, which transfer to the workpiece and generate
multifunctional features, such as hydrophobicity and drag reduction. The EApR device provides a
high-load, low-speed contact, heated contact surface that is suitable for our lubricant additive. The
EApR project benefited from the implementation of lubrication to improve its forming process,
and also the implementation of carbon coatings on the sample substrate during the micro-rolling
process. Four sheet metal samples were rolled through the machine, creating a microscale channel
pattern. One sample was dry, another had pure PAO4, another had just the CPCa additive, and the
last was a mixture of POA4 with the additive. Raman was performed in the same spot on each

workpiece after testing.

Roll Force

Micro-
channel
Pattern
Carbon
Lubricant on Tribofilm
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\_ Shear
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+
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Figure 37: Illustration of the EApR functioning with the carbon precursor additive.
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4.2.9 Activation Energy

The energy required for activation of a tribofilm precursor additive is an important piece of
information for lubrication engineers, but the kinetics of tribochemical reactions are complicated
by the fact that the pressure of contact greatly influences the energy landscape of chemical
reactions. Through analysis of this additive’s friction performance and time evolution, a novel
method for obtaining the activation energy of tribofilm formation was developed, using a data set
compiled from a range of speed and load conditions. The method is used to calculate the activation
energy of CPCa tribofilm formation, though the process could possibly be adopted for any friction-
reducing tribofilm. The energy of tribofilm CPCa tribofilm formation is predicted for a range of

loading conditions, and compared with literature values for non-tribochemical reactions.
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4.3 Results and Discussion

4.3.1 Friction and Wear Performance

Figure 38 presents wear rates obtained from 20 tests using PAO4 as lubricant and 20 tests using

PAO4+CPCa. When averaged over all 20 tests, PAO4+CPCa results in a 93 % reduction in wear

rate compared with neat PAOA4.
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Figure 38: Wear rates for tests using PAO4 and PAO4+CPCa as lubricants, and a comparison of

wear rates averaged over all 20 tests using these two lubricants.
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Figure 39 shows results on coefficient of friction, averaged over 30 minutes, obtained from 20

tests using PAO4 as lubricant and 20 tests using PAO4+CPCa. When averaged over all 20 tests,

PAO4+CPCa yields an 18

% reduction in coefficient of friction compared with neat PAO4. The

more successful trials reach COF values matching those observed in DLC studies (~0.06)'6!-162,
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Figure 39: Time-averaged coefficient of friction for tests using PAO4 and PAO4+CPCa as

lubricants, and a comparison of friction coefficients averaged over all 20 tests using these

lubricants.
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Figure 40 shows the time evolution of friction coefficient for a few representative tests. The friction

curves for the PAO4+CPCa fluid have two notable features. First, they exhibit an exponential
decay of friction from the neat PAO4 value to a lower steady-state value, within the first few
minutes of the test. The shape of the curve is similar to what has been observed previously for
other tribofilm-forming additives>? !63-165 The second feature, shown in Figure 40(c-d), is a sudden
jump after in the coefficient of friction a few minutes of tribotesting. These friction spikes were
also observed contacts lubricated by a graphene suspension in ethanol, suggesting the cause if
related to graphitic carbon lubrication®>!. All friction vs. time plots for PAO4+CPCa follow either

the shape of Figure 40(a-b) or (c-d).
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Figure 40: Friction-time curves, showing initial rapid friction reduction (a-b), in the presence of

CPCa, and in some cases, followed by sudden friction increase, as noted in (c) and (d).
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With significant friction and wear reduction demonstrated, the next tests aimed to examine if the

carbon deposited by the CPCa remains effective even after the additive is no longer present in the
lubricant. A 2-stage tribometer test was performed: In stage 1, boundary lubrication tests were
performed on disk A, with PAO4 and disk B, with PAO4 + 2.5 wt % CPCa. Then, without
removing the disks from the tribometer, the fluids were cleaned from the system, and in stage 2,
the tests were repeated using pure PAO4 on both disks. Figure 41 shows that friction was reduced
in Disk B, for both stage 1 and stage 2, showing that a coating of carbon generated in stage 1
provided lasting improvement in friction, even after the CPCa additive was removed. Figure 41

also shows wear reduction in disk B, as expected.
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Figure 41: Friction and wear results from the 2-stage test. Disk A was lubricated with PAO4 for
both stages, Disk B was lubricated with PAO4 + 2.5 wt % CPCa for stage 1, and pure PAO4 for
stage 2.
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4.3.2 Tribological Performance Factors

Figure 43 shows a series of interpolated heat maps plotting the trends of wear rate and average
friction from the 20 experiments using PAO4 + CPCa. Black circles indicate points where the tests
were actually performed, and the maps were filled in between those points through linear
interpolation. The best performance in friction and wear occurs at low loads and high speeds.
According to the Stribeck curve, these conditions are associated with greater load support from the
fluid'®. In graphite lubrication, smooth friction and low wear depend on a continuous oriented

graphitic transfer layers, and these layers can be penetrated by wear debris and asperity contact!®’,
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Figure 42: Interpolated maps of (a) friction and (b) wear results based on tests using

PAO4+CPCa.

The friction and wear results show an especially strong correlation with the contact load ratio,
which is the computationally predicted percentage of load supported by the solid, instead of
through hydrodynamic support, as shown in Figure 42. Figure 42(a) is a heat map of contact load
ratio for each of the tests, and superimposed onto this plot are indicators of which PAO4+CPCa

tests resulted a friction spike, as seen in Figure 40(a-b). Figure 42(b) shows how the wear rate

correlates with this percentage (contact load ratio).
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Figure 43: (a) Occurrence of tribofilm failure using PAO4+CPCa at certain speed-load
combinations, with an overlay of the contact load ratio. (b) Wear rate vs. contact load ratio. Note

the constant wear rate for L. between 5 and 95 %.

There is a transition point of contact load ratio equal to about 30 + 10 %, at which point the friction
spikes no longer occur. Also, the wear rate remains constant while the contact load ratio is between

5 and 95 %, and then sharply increases when the two surfaces come into complete contact and
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there is no load support by the fluid. Some fluid load support is evidently necessary for the

tribofilms to provide consistent friction and wear reduction. Carbon lubrication generate a large
volume of transfer layers that move inside and outside of the contact area, and a low fluid film
thickness could lead to agglomeration of carbon and wear debris near the contact area, which in
turn inhibits fluid flow even further'®®. Partial fluid support also helps prevent localized loading
on graphitic carbon from asperity contact, which can cause desorption of vapor between the

graphite layers, and rapid friction increases in friction!?% 1%,

4.3.3 Tribofilm and Surface Properties

Figure 44 is an optical micrograph of the wear scar with carbon deposits on the disk surface after
testing with PAO4+CPCa at 10 N load and 200 mm s™'. Carbon deposits from graphitic DLC
transfer films have been reported as discontinuous particle clusters similar in appearance to the

imagel70-l72.

Figure 44: Optical micrograph obtained from the disk surface after tribotesting at 10 N and 200
mm s with PAO4+CPCa.
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Figure 45 is a series of Raman spectra taken from the untested disk surface, the wear scar, a

commercial DLC film, and the colored deposit seen in Figure 44. This comparison identifies the
deposit as DLC-like carbon tribofilm, which is present only in samples tested with PAO4+CPCa.

Its adhesion to the disk surface is not strong, and it is removed after five-minute sonication in

hexane.
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Figure 45: Raman spectra obtained from the untested disk surface, the wear scar, a commercial

DLC film, and the colored deposit in the wear track.
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The root-mean-square roughness of different regions on the surface were recorded using WLI and

are presented in Figure 46. The carbon deposits, seen in the colored streaks Figure 44, are very
smooth, and the entire PAO4+CPCa wear scar also had a lower roughness than the PAO4 sample’s
wear scar. The increased smoothness of carbon tribofilms has also been observed in graphite

173

lubrication’ . After sonicating in hexane, carbon was no longer visible on the surface, and the

roughness increases to its original value.
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Figure 46: Surface roughness of various regions on the post-test surface.
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Figure 47 compares the nanoindentation curve obtained from the PAO4 wear scar surface and the

colored deposit (carbon tribofilm). The larger indentation depth on the carbon film at the same

load shows that it is softer than the PAO4 only wear scar, which suggest a graphitic carbon layer

on the surface after testing!”*.
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Figure 47: Nanoindentation curves obtained from the disk surface and the carbon tribofilm.
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Figure 48-Figure 54 are a series of SEM images obtained from the disk surface after testing at 200

mm s and 10N. Figure 49 shows two wear tracks, one after testing in PAO4 and one in

PAO4+CPCa. The streaks of dark material on the bottom wear scar were previously identified as

a DLC-like material using Raman spectroscopy.

PAO4 + CPCa

Figure 48: SEM image of the post-test disk, lubricated with PAO4 and PAO4+CPCa.
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Figure 49 gives a more detailed look at the flaky appearance of the carbon material generated

within the wear scar. The material is similar in appearance to DLC transfer layers and other carbon

d50, 161

tribofilms previously reporte

Figure 49: SEM image of the graphitic carbon tribofilm on the post-test surface.
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Figure 50 highlights the higher concentration of the tribofilm specifically near areas of increased

roughness of the disk, both near pre-existing scratches on the surface and near wear scratches in

the direction of sliding.

Figure 50: (a) SEM image of the post-test disk showing the carbon film filling in crevices and

growing near scratches.
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Figure 51 shows a closer view of the tribofilm growth on a surface scratch. The nucleation of the

tribofilm seems to form at the raised ridge on the outside of the scratch, and the tribofilm grows

outward, filling in the scratch and bridging the gap in some parts.

Figure 51: SEM image with a closer view of the carbon tribofilm growth near the rougher scratch

on the post-test surface.
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Figure 52 show the smearing of the film across the surface, filling in crevices and smoothing rough

areas. The graphitic, low-shear stress carbon material is spread across the surface in the direction
of motion. This shearing process is observed in other solid lubricants like silver and MoS;, and it

is likely key to the friction and wear reduction of the additive, as well as the increase in smoothness

55,173

of the tribofilm surface

Figure 52: (a) SEM image of the post-test disk showing the smearing of the film along direction
of sliding.
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Figure 53 shows a high magnification image of the carbon deposit compared to a SEM image from

another study on a graphite nanosheets EP additive formulation. The similarity between the two
morphologies of carbon suggest that graphitic nanosheets are forming during sliding from the
CPCa additive. The lubrication mechanisms reported in the nanosheets study is similar to what is
found from the carbon tribofilm, but in comparison, the CPCa additive has the benefit of not

requiring a dispersing agent!??

500 nm

Figure 53: SEM images of dispersed graphitic nanosheets researched as an EP additive'? (a)

compared to the nanoscale carbon flakes present on the post-test disks (b).
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Cross-sectional SEM images were also obtained using FIB milling on a disk that was lubricated

with base oil and 2.5 wt % CPCa under 10 N and 200 mm s™'. Figure 10 shows an SEM image
taken at an approach angle of 52°, after milling. Before milling, a palladium overlayer was
sputtered onto the surface to protect it from damage. A line-scan of EDS elemental analysis was
performed across the boundary of the overlayer and the steel surface, revealing a carbon-rich

tribofilm that is visible in the dark regions between the overlayer and the steel.
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Figure 54: Cross-sectional SEM image of a post-test disk surface etched away using FIB milling,
revealing the dark carbonaceous regions on the steel surface, with the protective palladium

overlayer. The elemental analysis line scan for carbon is included across the surface boundaries.
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Figure 55 shows Raman spectra obtained from the post-test ball surface for a variety of loading

and speed conditions tested with PAO4+CPCa. Just outside the contact area, carbon films formed
are thick enough to be readily detectable by Raman. Visual inspection shows that the D/G ratio
increases with increasing speed and load, which indicates increasing graphiticy, consistent with
previous observations made of carbon transfer layers from DLC coatings'3> 161175 All D/G ratios
indicate an amorphous carbon material similar to nanocrystaline graphite!3*. Also note the shift of
the G peak from carbon tribofilms formed in our experiments to higher wavenumbers compared
with the DLC reference sample. This shift is attributed to increased fraction of sp> bonded carbon,
indicating that carbon tribofilms formed in these experiments are more graphitic than the

commercial DLC'!,
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Figure 55: Raman spectra obtained from ball surfaces after testing with PAO4+CPCa
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Figure 56 shows two optical micrographs of the ball surface tested with PAO4+CPCa at 15 N load

and a speed of 100 mm s-1. This test condition yields a friction jump after about 10 minutes into
the test as seen in Figure 40(c). Repeated tests were stopped before and immediately after the
friction jump, so that images of the ball surface could be taken. Fig. 9(a) shows that before the
friction jump, the surface contains a dark, mostly continuous tribofilm in the outlet area that has
about the same width as the contact. Fig. 9(b) shows that after the friction jump, the film has

become thinner and discontinuous.

Outlet

Figure 56: Optical micrographs of the ball surface after testing with PAO4+CPCa test at 15 N

and 100 mm s™! (a) before the jump in friction, and (b) immediately after the jump in friction.
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4.3.4 Microroller Surface Analysis

Figure 57(a) shows Raman spectroscopy results and carbon peaks present for the samples
containing the CPCa additives, indicating carbon produced on the surface during the microrolling
process. Figure 57(b) shows how the addition of a lubricant fluid improves the consistency in width

and depth of the microchannels produced the EApuR.
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Figure 57: (a) Raman results for the steel EAuR samples that were processed using no lubricant
and lubricants with and without CPCa. (b) Microscope images of the microchannels for each

sample.
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4.3.5 Static Loading and Heating

Static tests were performed in the tribometer with apply heat and pressure and no relative motion.
Raman spectroscopy for the static test ball surfaces are shown in Figure 58, with a commercial
DLC surface included for comparison. The lower Raman spectrum experienced no contact
pressure and 100 °C ambient temperature, and the other experience 100 °C with a downward
pressure of 20 N. The Raman curves for the post-test surfaces show peaks associated with surface
oxides'”®, but there is no significant D and G peak, and therefore no significant indication of the
deposition of carbon. A similar conclusion was found in a static pressure test applied to ZDDP*.
The surface that experience heat and pressure did show darkening in the contact area, due to

oxidation of the metal surface.

PAO4 + 2.5wt% CPCa, 20 N, 100 °C

PAO4 + 2.5wt% CPCa, No Load, 100 °C

Intensity

Commercial DLC

1000 1200 1400 1600 1800 100 pm.
Raman Shift (cm™)

Figure 58: Surfaces and Raman spectroscopy after experiencing motionless contact at 100 °C for

30 miniutes, with and without 20 N downward pressure.
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The TGA-MS results shown in Figure 59 reveal what occurs when the PAO4 +2.5 % CPCa sample
is heated in ambient pressure to 300 °C. The TGA curve shows mass loss of 2.5 % at around 90
°C, which suggests removal of the CPCa from the fluid. According to the mass spectroscopy, the
CPCa does not dissociate, but simply evaporates from the fluid. The MS pattern of the material
leaving the chamber at 90 °C matches the standard for CPCa, as shown in Figure 59(b). The
oxidation of PAO4 is also seen stating around 220 °C. This is further indication that shear stress

and pressure are required for the release of carbon from the CPCa molecule.
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Figure 59: TGA (a) with MS (b) results for PAO4 + 2.5 wt % CPCa.

4.3.6 Lubrication Mechanisms

Tribotesting and post-test analysis of the CPCa additive demonstrated the in sifu tribochemical

transformation into a carbon tribofilm that provides friction reduction and wear protection. This

transformation is tribologically-induced at ambient temperatures. Based on these observations, we

postulate a mechanism through which carbon films are formed from the carbon precursor additive,

as shown in Figure 60. Once added to a lubricant, the precursor additive adsorbs onto the mating

surfaces (Figure 60(a)). At asperity contacts, the high flash temperature and pressure trigger
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fragmentation of the metastable cycloalkane (Figure 60(b)), which eventually results in the

formation of carbon tribofilm (Figure 60(c)). The graphitic carbon’s softness allows the films to
be sheared to fill in crevices. These tribofilms are similar to previously reported graphitized DLC

transfer layers in appearance, Raman signature, and friction performance!*-144,

Adsorbed (@) Asperity

cPCa ~—~ Nl " contact

Lubricant — |
Steel
surface
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Tribochemical :;r:ﬁg:j
reaction carbon film

Graphitic
carbon

Figure 60: Mechanism of carbon formation from CPCa. (a) CPCa molecules adsorb on mating
surfaces, (b) high flash temperature and pressure trigger tribochemical reaction that produces the

carbon tribofilm, and (¢) soft carbon tribofilm filling in the surface roughness.
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4.3.7 Activation Energy

The activation energy for carbon tribofilm formation was approximated based on friction-time
curves under a range of speed and load conditions. Steiner et al.'®® presented a model that predicts
friction and wear performance of DLC that includes a method for correlating friction reduction
over time with carbon tribofilm growth. It is based on the assumption that during contact, newly
formed graphitic carbon accumulates inside roughness grooves of the surfaces, and friction is
continually reduced until the roughness grooves are filled and coefficient of friction (COF) reaches
a steady state value. Under this assumption, the difference in friction between the neat PAO4
sample and the PAO4+CPCa sample can be connected to the thickness of carbon filling in the

surface roughness, as shown below.

D¢
U(O) paoatcrca = Upaos — 53 Aps® 4-1)

where D, is the thickness of the carbon tribofilm formed within the contact area, AuSS the
difference in the COF at the steady-state for the PAO4 and PAO4+CPCa samples, and R the

surface roughness of the rougher surface. Figure 61 shows this relationship graphically for the 3

N, 100 mm s™! experiment.
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Figure 61: An example (3N, 200mm s™!) of the COF-time curve that demonstrates the difference
between the PAO4 and PAO4 + CPCa samples attributed to carbon tribofilm formation.

Additionally, the friction curve for PAO4+CPCa in Figure 61 can be approximated with an

exponential decay function, as shown below:

~ -2 ss
1) paoarcrca = e ™ + ulosscrca  (42)

where 4 is the exponential decay constant, and ¢ time of the experiment. Setting eq. 1 equal to eq.

2, one can solve for the carbon tribofilm thickness D¢ :
D, =R(1—e™?) (4-3)
If ¢,/ as the time it takes for carbon to fill in half of the surface roughness, then it can be readily

shown that #;> = In 2/A. We approximate the average growth rate of carbon £ as the growth rate at

t=1t;,t0 be
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dt T2ty

==
I
—

(4-4)
t=t1/2

The Arrhenius plot is then constructed by plotting the natural log of k against the inverse of the

flash temperature T~ for each tribotest, based on the Arrhenius equation, shown in eq. 5.

AEact) (4-5)

k =k,exp (— kT

where 4E,: 1s the activation, k, is a pre-exponential factor, kj is the Boltzmann constant, and T
is the predicted flash temperature. A valid Arrhenius plot should have a linear trend, the slope of
which is used to find the activation energy of a reaction. In order to validate the assumptions made
for obtaining k, additional tribotests were performed on disks polished to different roughness
values, which are plugged in to eq. 3. The Arrhenius plot, shown in Figure 62, remains linear

regardless of surface roughness, which reinforces the validity of the tribofilm growth model.
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Figure 62: Arrhenius plot of the natural log of the growth rate against the inverse of the absolute

temperature, for the 10 N tests performed with disks polished to different roughnesses.

A collection of these Arrhenius plots is shown in Figure 63(a) for each testing load. In
tribochemical reactions, including those involving carbon'#*, shear stress decreases the activation

energy barrier for the reaction'*’- 177180

, thus accelerating the tribochemical reaction. Therefore,
this factor was incorporated the calculation. The shear stress affects activation energy based on the

following equation,

AEq e = AEact,o — 04V (4-6)

where AE,¢;, is the activation energy with shear stress, 4E.o 1s activation energy without stress,

o is the shear stress, AV, the activation volume'® '3, Shear stress for each test was approximated

by multiplying the normal contact stress by the steady-state coefficient of friction!8!. Here, the
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activation volume depends on molecular deformation, and the shape of the potential energy

surfaces associated with initial and transition states of such a tribochemical reaction, not any
physical volume of the molecule. For each test, AEa is determined from the slopes on the
Arrhenius plots in Figure 63(a). Figure 63(b) shows how the AE. varies with shear stress. Based
on eq. 6, the y-intercept of this plot is AEact,0, the activation energy under zero shear stress, which
is approximated to be 223.5 kJ/mole. Remarkably, this value compares well with the reported

)82 and also the dissociation

value of C-C bond dissociation within cyclopropane (257 kJ/mole
energy of CPCa (249 kJ/mole)'®3. This match suggests that the opening of the cyclopropane ring

is the rate-limiting step in carbon tribofilm formation from the decomposition of CPCa.
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Figure 63: (a) Arrhenius plots of the natural log of growth rate against the inverse of temperature
for different loads; (b) Variation of activation energy for carbon tribofilm formation versus

contact pressure.



110
4.4 Chapter 4 Conclusions

This chapter reported the development of a novel technique for carbon tribofilm lubrication using
cyclopropanecarboxylic acid (CPCa), a carbon precursor additive molecule that dissolves in oil,
adsorbs on contact surfaces, and undergoes a tribochemical transformation into a lubricious
graphitic tribofilm. The following can be concluded.

1) Addition of 2.5 wt % of CPCa to PAO4 results in an average 18 % reduction in friction
and 93 % reduction in wear rate. SEM images of the post-test surfaces show that carbon is
generated near areas of high asperity contact, filling in rough areas of the surface. The
tribofilm is also sheared across the surface in the direction of sliding.

2) Raman spectroscopy and nanoindentation confirmed that the tribofilm consists of a
relatively soft and amorphous graphitic material.

3) The activation energy of carbon tribofilm formation was determined to be 223.5 kJ mol™!,

which is close to the C-C bond dissociation energy in cyclopropane within CPCa.

This study suggests a new strategy to providing replenishable carbon films for on-demand

lubrication without resorting to special surface modification methods.
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Chapter S: Conclusions

The research in this dissertation is part of a recent shift in focus in the development of lubricant
additives where empirical guesswork is being replaced by more precise, fundamental knowledge,
and more consideration is being given to the environmental impact of the additives. This
advancement is the result of an increased understanding of the thermodynamic, chemical, and
mechanical phenomena at the contacting interfaces in relative motion, and the aid of advanced
computer modeling and MD simulations. The results of this research can be summarized as
follows:

1. Three lubricant additives presented in this report are direct results of that process. Each
additive was designed to perform a specialized function, and the molecule structure of each
additive was carefully selected based on its expected behavior in the tribological
environment.

2. The organosilver solid lubricant additive provides a combination of extreme temperature
solid lubrication with strong oil solubility, giving a best-of-both-worlds option to any
application that requires on-demand high temperature lubrication. Temperature-ramped
ball-on-disk experiments revealed the additive’s low-friction performance at temperatures
greater than ~275 °C, after both the PAO4 and FF oil failed. The transition from oil as
primary lubricant to metallic silver as primary lubricant is seamless. SEM and EDS
analyses show that metallic silver is primarily deposited in wear scars, indicating that high
temperature caused by asperity contacts increases the probability of thermolysis for the
additive. The metallic silver acts as a protective buffer material between the contacting

surfaces.
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The organosilane sand dispersant additive works towards solving potentially damaging

external contamination issues by bonding to silica surfaces and reducing abrasiveness and
agglomeration. The additive is molecularly engineered to form in situ covalent bonds with
the oxide surfaces as they enter a tribological system, increase the solubility of sand in oil
and reducing agglomeration of sand particles. Friction and wear increases from
contamination of two sizing grades of test sand were mitigated by the use of the additive.
A novel technique for carbon tribofilm lubrication was demonstrated using
cyclopropanecarboxylic acid (CPCa), a carbon precursor additive molecule that dissolves
in oil, adsorbs on contact surfaces, and undergoes a tribochemical transformation into a
lubricious graphitic tribofilm. The addition of 2.5 wt % of CPCa to PAO4 results in an
average 18 % reduction in friction and 93 % reduction in wear rate. SEM, Raman
Spectroscopy and nanoindentation confirmed that the tribofilm consists of a relatively soft
and amorphous graphitic material. The activation energy of carbon tribofilm formation was
determined to be 223.5 kJ mol™!, which is close to the C-C bond dissociation energy in
cyclopropane within CPCa. The low-cost additive has boundless potential, both as an
engine lubrication additive, and in other applications like manufacturing and surface
coatings.

The three proposed additive technologies show promising potential, and with continued

development, their benefits can be appreciated in more and more applications.
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Chapter 6: Future Work

6.1 Organosilver Solid Lubricant Precursor Molecule

The continuing objective of the research into the organosilver solid lubricant precursor will involve
the design, synthesis, and characterization of new organometallic complexes that are quicker and
easier to synthesize and more efficient at depositing lubricious metallic films than the previous
Gen. IV additive. Silver is an expensive raw material, and increased efficiency is persistently an
objective. Also, exploration will also be made into incorporation of other non-toxic soft, lubricious

metals, such as In, Cu, Ni, and Au.

6.2 Organosilane Sand Dispersant

Future work on sand surfactants will involve continued improvement in the molecular design of
the additive in order to enable an easier reaction with sand particle and enhanced oil-solubility.
Additionally, the additive will be coupled with specialized catalytic nanoparticle air filters that
promote the tribochemical reaction and provide a complete contamination solution. Another future
task is the evaluation of the additive in a fully formulated oil, in order to investigate whether

functional interference will occur with other additives in formulated oils.

6.3 Novel Carbon Tribofilm Additive

As the carbon tribofilm additive is continually developed, a molecular dynamics model should be
conducted to reveal explicit details into the reaction pathway between a given additive molecule

and the resulting carbon tribofilm. Additionally, extended timescale tribometer test (>24hrs)
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should examine how long the effectiveness of the carbon coating lasts under boundary lubrication.

One additional design choice for the additive that will be explored is size of the additive molecule.
Since thermal energy is coupled to the metastable carbon ring from the surface, if one or more
organic groups R such as —CH; are inserted between the metastable carbon ring and the surface-
active, then the R group spacer would dissipate some of the thermal energy coming from the
surface and away from the metastable carbon ring, making the latter more stable against thermal
decomposition. This allows the control of the decomposition kinetics by simply changing the
number of such spacers between the surface-active end and the metastable carbon ring for partial

thermal energy dissipation.
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