An Analytical and Experimental Investigation of Nanoparticle Lubricants
By

Hamed Ghaednia

A dissertation submitted to the Graduate Faculty of
Auburn University
in partial fulfillment of the
requirements for the Degree of
Doctor of Philosophy

Auburn, Alabama
August 2™, 2014

Keywords: Contact Mechanics, Friction, Lubrication, Nanoparticle, Oil Additive, Tribology, Wear

Approved by

Robert L. Jackson, Chair, Associate Professor of Mechanical Engineering
Jay M. Khodadadi, Alumni Professor of Mechanical Engineering
Hareesh Tippur, McWane Professor of Mechanical Engineering
W. Robert Ashurst, Associate Professor of Chemical Engineering



Abstract

This work investigated the tribological effects of nanoparticle additives on lubrication
through experimental and analytical investigations on colloidal lubricants. The focus of
this dissertation was to investigate and elucidate the enhancement mechanisms of

nanoparticles.

Different types of particles including copper oxide, silver and diamond nanoparticles
were used as lubricant additives. Various fluids were also used as the base lubricant in
the experiments including mineral base oil, dodecane, polyethylene glycol 600,
polyalphaolefin base oil and fully formulated SAE 5W20. The friction experiments were
performed using a pin on disk and a disk on disk test setup. Studies were carried out using
dry nanoparticles in powder form and lubricated experiments in the boundary, mixed and
elasto-hydrodynamic lubrication regimes. Three dimensional surface metrology were
performed using a stylus profilometer and an optical profilometer. Wear measurements
were done through analysis of the wear grooves. Various surface analysis including
scanning electron microscope (SEM), energy-dispersive x-ray spectroscopy (EDX) and
auger electron spectroscopy (AES) was performed to assess the stoichiometry of the
elements on the tested surfaces. X-ray photoelectron spectroscopy (XPS) surface analysis
was also performed to detect the bonds between the elements on the surface and to
confirm the stoichiometry. Analytical analysis was also adopted to study the system in
depth. A contact model for nanoparticles in contact between rough surfaces was
developed. This contact model was also adapted to the general case of particles that are
of the same scale as the roughness. This model is useful for the contact of surfaces with

contaminants such as sand or dust between them.

1



Based on the results, the mechanism of “the reduction in area of contact” for
nanoparticles in boundary and mixed lubrication was proposed. The third body contact
model was used to further verify this mechanism. The results showed that the
nanoparticles reduce the friction force in the thin film elasto-hydrodynamic lubrication
(EHL) regime. A mechanism was discovered and proposed to explain the effect of
nanoparticles on friction in the EHL regime. That is the nanoparticles induce a plug flow
and localize the shear to the layers adjacent to the walls which in turn reduce the friction
force. Results also showed that the dry nanoparticles in powder form are effective in
reducing friction and wear. Also, it was demonstrated that there is a critical concentration
of nanoparticles below which they can’t sustain a reduced friction force. Based on all the
results it was proposed that the nanoparticles have a dual effect on a contact’s tribology.
A direct and an indirect effect which need to be added to find the overall effect of particles
on the system. The results showed that diamond nanoparticles in fully formulated oil can
effectively reduce friction and impose a positive polishing effect on the surfaces. Silver
nanoparticles in fully formulated oil showed significant reduction in both the friction and

wear.
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1. Introduction and literature review

The unique behavior of materials at the nano scale has drawn great attention as a possible
solution to conventional engineering challenges. The first step toward this goal is through
the fabrication and close observation of nano structures. Nano structures such as nano-
whiskers, nanowires, pillars and nanoparticles have been the topic of intense research in
recent years [1-11]. Historically, nano- and micron-sized additives for lubricants have
been used without being explicitly explored as “nano-additives”, sometimes referred to
as “solid lubricant additives”. Chemists have long been very active in investigating
nanoparticle suspensions known as “colloidal fluids” but recently these colloidal fluids
using a lubricant as the main solvent have been labeled nano-lubricants. A nano-lubricant
usually consists of three components; the main solvent which is a conventional lubricant,
the nanoparticles that are often made of metallic or anti-friction materials and the
surfactant that occupies the interface area between the fluid and the particles [12].
Previous literature suggests that the nanoparticles as additives can induce marked effects

on the lubricant properties [13-26].

There are several reasons why nanoparticles are interesting as a potential lubricant
additive. First and foremost is their small size. Nanoparticles are small enough to
penetrate the gaps between the surfaces and alter the tribology of the contact pair. Also
they are small enough to pass through oil filters. Nanoparticles usually possess scale
dependent properties such as elevated hardness. Different nanoparticles have versatile
characteristics. Therefore the combinations of different nanoparticles and lubricants can
result in numerous nano-lubricants. The nano-lubricant can be tailored to a specific

application.

However there are challenges associated with the nanoparticles as well. Nano-lubricants

as well as any other colloidal solution exhibit problem of suspension’s stability (i.e. the
16



particles can precipitate out of suspension due to agglomeration). Some of the
nanoparticles pose environmental issues and therefore need to be reclaimed after use as
oil additives. Some types of the particles are often expensive. Perhaps the most crucial
challenge of the nanoparticle additives is that the mechanisms by which the nanoparticles

enhance the tribology of contacts are unknown or unestablished.

A main focus of this dissertation is on the tribological properties of colloidal nano-
lubricants of copper oxide (CuO) in organic solvents such as mineral oils. A few
researchers have investigated the effect of CuO on common lubricating oils and have
shown promising results. Sajith et al. [16] found that although the CuO and Al,Os particles
had only a slight effect on the fluid viscosity, the flash temperature of the fluid decreased
significantly, thus improving the fluid stability without affecting its lubricating capabilities.
Wu et al. [25] found that the addition of CuO nanoparticles reduced friction and improved
the wear resistance. Hernandez Battez et al. [22, 24] tested different concentrations of
CuO nanoparticles suspended inside PAO6 using a block on a ring tribometer. They found
that 2 %wt CuO nano-lubricant lowers the wear rate significantly but the modification of
the friction coefficient was minor. They suggest that tribo-sintering of nanoparticles
results in the formation of a tribofilm and consequently enhanced tribological properties.
Lee et al. [23] evaluated fullerene and CuO nano-lubricants to enhance the overall

performance of refrigerator compressors.

However, in some works, the nanoparticles were mixed into the oil along with a dispersing
fluid such as glycol. The dispersing fluid was not added to the base oil used as the control
and so could also be causing the change in the lubricant performance. In addition, usually
commercial oils are used as base solvents for particles. High concentrations of different
additives in commercial oils may result in secondary and uncontrolled chemical reactions
with the particles. The reaction between boundary lubricant additives and metallic
nanoparticles could be a possible secondary reaction. Therefore, there is an uncertainty

about the original cause of the changes in the oil properties.
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In addition, some of the papers lack proper wear or viscosity measurements and therefore
it is hard to draw a meaningful conclusion out of the data. For instance, a nano-lubricant
is useless if the particles reduce friction and increase wear that in turn reduces the life of
the surface. Lack of information on the stability of the nano-lubricants is another issue
with some of the previous works in the literature. It is common practice to disperse dry
particles in the lubricants using a sonicator and perform experiments quickly. Some of
these friction experiments take hours to finish but there is uncertainty if the suspension
is stable through the experiments. Also, unstable nano-lubricants would result in
aggregations and clustering. Large clusters of nanoparticles may not enter through the
gaps to the contact zone and be effective. In addition, instability would cause the
properties and concentration of the nano-lubricant to change and decay with time.
Therefore one the goals of this work is to study the isolated effect of the nanoparticles on
lubrication. This would be accomplished through investigation of the stable suspension
of nanoparticles in base oils (in the absence of other additives) and in fully formulated

oils.

Although it has been well known for many years that the mechanics at the atomic scale
or just above are very important for a complete understanding of friction and wear, in the
past several decades advances in technology have allowed the actual control and
fabrication of nano-scale tribological features. The incorporation of small size
manipulation and measurement equipment such as the atomic force microscope (AFM)
and electron microscopy yielded a great deal of data on various fundamental tribological
phenomena [27]. Also, numerical chemistry methods such as molecular dynamics has
shed light on many unobservable tribological aspects by providing in depth mechanical
and chemical analysis tools for researchers as shown by the pioneering work of the late
eighties and nineties [28-32]. The system of interest in this work, nanoparticles, have
been the topic of many careful studies [2-4, 7, 8, 10, 11, 33-35] using methods such as
single nanoparticle indentation and molecular dynamics modeling. Other researched

topics include single nanoparticle fracture, scale dependent strength of free standing
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nano structures, surfactant coated nanoparticles and the interfacial chemistry of
nanoparticles. As a result, the literature on the nanoparticle tribology is rich and ever
growing. Nonetheless, a review of nanoparticle lubrication literature [13-17, 19, 20, 22,
24, 36-42] shows many contradicting results and conclusions. It is claimed that the
nanoparticles may exhibit mechanisms in the mixed and boundary lubrication regimes to
affect performance, such as: (1) the particles affect oil viscosity [25], (2) the particles
affect the thermal properties and thermal stability [26, 43], (3) the particles could roll
between the surfaces and act as “nano ball bearings” [11], (4) the particles could mend
worn surfaces by adhering to them and also forming a protective tribo-film [25, 44], (5)
the particles can also induce abrasive wear which will result in a higher wear rate [22].
However, defining the active and dominant mechanisms causing friction reduction and

improved wear of nano-lubricated surfaces are also the subjects of debates.

There are two aspects of nano-lubricant systems which makes it difficult to produce
conclusive investigations. First is the multiscale nature of the system, meaning that
nanoparticles, micron size roughness features and macro size effects coexist and play
roles simultaneously. Secondly, due to their nature, nanoparticles in lubricants are
governed by a wide variety of physical mechanisms, such as adhesion, Brownian motion,
scale dependent strength, interfacial and chemical interactions, cluster formation,
hydrodynamics, abrasive wear and erosion. Therefore, the second goal of this work is to
study the enhancement mechanism of nanoparticles through analytical and experimental
analyses. Analytical investigation of nanoparticles includes developing a third body
contact model for nano-lubricants between rough surfaces. Although a great deal of work
exists on modeling rough surface contact, including very small scales [45-52] and
individual nanoscale asperity contact, very little work has attempted to explicitly include
nanoparticles in a rough surface contact model. Actually, the most relevant advances
have been made in the area of modeling third bodies in contact such as powder and
particulate lubrication [53-55] and third body abrasive wear analysis [56, 57]. The contact

model would include different scales of contact in the system and helps to solve the multi-
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scale complexity of the nano-lubricants. The experimental methods consist of the
preparation and characterization of nano-lubricants, performing various friction and wear
tests in different lubrication regimes, viscometry and rheometry on the lubricants, and

post-test evaluation using profilometry, SEM, EDX, AES and XPS.

The next six sections elaborate on the results and progress of the project. These sections
discuss the approaches, methodologies and techniques employed to effectively
investigate the problems as well as the results and discussions on the topics. Section 2
presents the experimental investigation of stable CuO particles in a mineral base oil. The
goal of this study was to demonstrate the effectiveness of nanoparticle additives in the
absence of any other conventional additives. Based on the observations of this study a
mechanism was proposed for nanoparticle additives in the boundary lubrication regime.
Sections 3 and 4 present the contact models developed for nano-lubricants and
nanoparticles in contact between rough surfaces. The contact model presented in section
3 considers nano-lubricants in the boundary lubrication regime. This study was intended
to verify the contact area mechanism proposed in section 2. The contact model presented
in section 4 is applicable to a general system of particles in contact between rough
surfaces (not necessarily nano sized particles). Section 5 explores the effect of
nanoparticles on thin film elasto-hydrodynamic lubrication. The goal of this study was to
elucidate the enhancing mechanism of nanoparticle additives in the elasto-hydrodynamic
lubrication regime. Section 6 presents a novel nano-lubricant consisting of metallic silver
particles suspended in polyethylene glycol. The goal of this study was to evaluate the
effect of nanoparticle additives in different lubrication regimes. Section 7 investigates
the effect of nanoparticle additives on fully formulated oils. The studies presented in this
chapter used strategically designed experiments to investigate the role of nanoparticles

in lubrication. The final section is a conclusion of all the discussions of the dissertation.
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2. Experimental investigations of stable CuO nanoparticle lubricants

In this work, base lubricants with no additives have been used as the base solvents to
isolate the results and investigate the effect of particles explicitly. Also the effect of
different concentrations of nano-lubricants on the friction and wear properties of
lubricants is investigated. The nanoparticles used are unique CuO nano-particles
developed recently by Clary and Mills [58]. The nano-lubricant used in this work is
exceptionally stable which makes it a viable candidate for analysis and possibly for
industrial applications. To perform the experiments, a disk-on-disk test setup is used that
measures the friction coefficient using torque and load sensors, in addition to the
temperature of the lubricant. The surface samples are submerged in a small reservoir of
the nano-lubricant. The experiments will be discussed in more detail later. The wear and
surface analysis are evaluated by surface profilometery, electron microscopy and electron

dispersive X-ray spectroscopy.
2.1.  Nano-lubricant description

CuO nanoparticles used in this paper are developed by Clary and Mills [58] which are
especially designed for dispersion in hydrocarbons. In their method, sodium oleate (SOA)
is used as a surfactant to help the dispersion of particles in non-polar solutions. They
monitored the CuO concentration in non-polar solvents spectroscopically at room
temperature and proved stability over a period of at least eight months. They also
conducted stability studies for repeated phased change cycles and reported no significant
precipitation. Particles were observed to be quasi-spherical in shape with an average
diameter of 9 nm and 90% of the population existing within the range of 5-15 nm (Figure
1). It is also proven that the addition of these particles to alkanes modifies the thermal
properties of the solution in terms of the specific heat and thermal conductivity [43]. The

III

base oil used in this paper is a 50% volumetric blend of “mineral 600HC heavy base oi
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and “mineral 100HC light base oil” (10 %wt dodecane is also added to the final solution).

The base oils used are group Il base oils with more than 99% of saturates.

In order to make the nano-lubricant, first CuO particles are dispersed in dodecane (C12Hz6)
at a 10% weight fraction (dodecane acts as a dispersing agent that helps create a more
stable and higher concentration of nano-lubricants). The solution is first stirred and
heated for 4 hours and then diluted to the desired weight fraction by blending with the
base oil. A solution of the same concentration of dodecane in the blended base oil without

nanoparticles is prepared as a control sample.
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Figure 1: (a) TEM image of CuO nanoparticles, (b) particle size distribution [58].
2.2.  Experimental setup and results

Figure 2 shows the schematic of the disk on disk test setup used in this work (also known
as a thrust washer test). The drive shaft rotates the disks on one another and induces the
desired sliding motion. Surface samples are submerged in the nano-lubricant inside a
reservoir, see Figure 2. The frictional torque between the surfaces is measured using a
torque sensor. The normal load is monitored using a load cell supporting the reservoir.
The friction coefficient is calculated from the torque using the method introduced by
Jackson and Green [59]. A thermocouple is also deployed to determine the temperature

of the lubricant. A data acquisition system and user interface software records and
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controls the experiments. This test setup is designed for conducting boundary lubrication
experiments with a small volume of lubricant. Surface samples are zinc plated steel disks
with an inner and outer diameter of 9.5 mm and 22.2 mm, respectively. The average root

mean square (RMS) roughness of the samples is 4 um.
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Figure 2: (a) The disk on disk friction tester used in the experiments. (b) Schematic view

of the disk on disk test setup.

Friction enhancement of the nano-lubricants is investigated through direct friction
coefficient analysis and viscosity measurements. Figure 3(a) presents the results of the
tests for the control sample which is a 10 %wt solution of dodecane in the blended base
oil and also for several other concentrations of nano-lubricants. Each test was repeated
three times. Surfaces went through a run-in process and then data was recorded for a
duration of three minutes at the rotational speed of 570 rpm. Results indicate that the
nanoparticles decrease the coefficient of friction. The effect of nanoparticles is more
influential at higher loads and nanoparticle concentrations. The system works in the
boundary lubrication regime which is the case where the lubricant film thickness between
surfaces approaches the surface RMS roughness. In this lubrication regime, there is
substantial contact between surfaces but also some parts of the surfaces are separated
by the lubricant film. Therefore, an increase in the normal load would squeeze more

lubricant out of the contact region which reduces the lubricant film thickness between
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surfaces. This would escalate the probability of contact between surfaces and hence,
increases the probability of particle engagement in the contact (i.e. the particles are more

influential further in the boundary lubrication regime).
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Figure 3: Results showing the effect of nanoparticle concentration on friction and

temperature.
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Figure 3(b) shows the steady state temperature of the lubricant at the end of the
experiment. In the case of nano-lubricants, a lower friction coefficient results in less heat
production and consequently the final temperature is lower. As mentioned, the CuO
nanoparticles also have proven to affect the thermal properties of the solution (such as
conduction) which could result in better heat dissipation. Therefore the combination of
these effects appears to result in a significant reduction in the temperature in comparison
to the lubricant without nano particles. One of the known effects nanoparticles have on
fluids is to change the viscosity. The fluid flow pattern is affected in the presence of the
solid nanoparticles suspended in the liquid that results in an increase in dissipated energy
and anincrease in the viscosity of the nano fluids. Figure 4 shows the results of viscometry
for different concentrations of CuO nano-lubricants versus temperature using a
Brookfield® DV-Il +Pro rotational viscometer capable of measuring small volumes at
controlled temperatures. The temperature range was selected to match the steady state
temperatures reported in Fig. 3(b). The average of five readings were taken for each
temperature. The average error for the results shown in Fig. 4 is 2.30%. At a given
temperature, an increase in the viscosity in response to raising the particle concentration
is observed. The relative change in viscosity is fairly constant at different temperatures.
For example, for all temperatures between 20 °C and 70°C, the average viscosity increase
for a 2.0 %wt increase of nanoparticles is 20.4% with a standard deviation of 0.02%. The
present viscosity results (see Fig 4(b)) confirm some of the experimental data from the
literature [60] which report viscosities for nano-fluids that are greater than that predicted

by the Einstein model [61].

The data from the friction and viscosity measurements is collapsed into the widely used
Stribeck curve [62] in an attempt to develop generalized observations (see Fig. 5). In Fig
5 P, u, nand o are the average contact pressure, friction coefficient, viscosity and
rotating speed respectively. The Stribeck curve is able to account for the effect of changes
in viscosity due to temperature rise and particle concentration, along with pressure in one

combined plot. The change of viscosity versus the steady state temperature is considered
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in Fig. 5 using the data shown in Figs. 3(b) and 4(a). In the experiments of this paper, the
surfaces in the contact undergo severe wear at the higher loads so clearly the system is

operating in the boundary lubrication regime (more data is available in the surface

analysis section).
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Figure 4: (a) Viscosity versus temperature for different concentrations of nano-

lubricants (b) viscosity versus volume fraction for T = 20°C.
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In Fig. 5, the friction coefficient decreases as more nanoparticles are introduced in the
lubricant and as contact pressure increases. As contact pressure increases, more
asperities in the contact region yield and undergo plastic deformation. Lower resistance
to the applied tangential load is exhibited, causing the overall friction coefficient to drop
in accordance with existing friction theories [63-71]. Figure 5 shows that CuO
nanoparticles additives decrease friction coefficient deep into the boundary lubrication

regime (on the far left of the curve).
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Figure 5: Stribeck curve for different weight fractions of nano additives.

After testing, the surfaces are analyzed using a Veeco Dektak 150 stylus profilometer and
three dimensional profiles of the surfaces are obtained (see Figs. 8-10(a)). The 3D surface
profiles show clear evidence of surface contact and wear grooves which prove that the

system is working in the boundary lubrication regime.

One of the disks used in the friction tests is smaller, resulting in a smaller worn region
than the larger washer surface area. Consequently, the unworn surfaces provide a

reference plane (baseline) with which to use in a volumetric wear analysis. Figure 6 shows
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a sample cross section profile of a surface after the test. Based on the original surface
baseline and the grooves geometry one can integrate the area below the baseline and
find the wear volume. Figure 7 presents the predicted volumetric wear rates based on the
surface profilometery results discussed. V and s in this figure represent the wear volume
and the sliding distance. Results show an increase in wear up to the 1.0 %wt concentration
of nanoparticles and a decrease as particle concentration increased up to 2.0 %wt
(although the inflection point is not defined due to the limited data points). Since wear is
larger at the 1.0% weight fraction of nanoparticles and minimum at 2.0%, the results
suggest that the addition of nano-lubricants can in some cases increase wear, while in
other cases reduce it. Due to the scaling effect on material strength, nanoparticles exhibit
higher hardness than bulk materials [1-5, 7, 10] which potentially makes them a source
of abrasive wear. The same trend for wear of different nanoparticles has been reported

by Hernandez Battez et al. [22]
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Figure 6: Wear analysis schematics.
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Figure 7: Wear per sliding distance as a function of the nanoparticles concentration.

Scanning electron microscopy (SEM) and electron dispersive X-ray spectroscopy (EDS)
were also used to investigate the material composition of the surfaces before and after

tests. All surfaces were cleaned with acetone before SEM/EDS tests.

Figures 8-12 present the SEM/EDS microscopy results. SEM/EDS results for surfaces
before testing (Fig. 8) and for surfaces tested with a base oil only, i.e. no particles, (Fig. 9)
are reported as control samples. Note that in the second case the wear is severe and
results in the coating being worn through. Cases where the coating is not worn away can
be compared to the new surfaces, while cases of the severe wear through the coating
should be more compatible to the second case. Figure 8, presents the SEM image of test
surfaces before performing any test and its material composition. As one expects, the
majority of the unworn test surfaces are composed of zinc. Whereas, SEM/EDS results
show that the majority of the samples worn under a pure base oil are composed of iron
inside the wear grooves (Fig. 9). It is also evident in Figs. 8 and 9 that there is no trace of
the element copper on the surface samples used in this work, prior to surfaces being
exposed to CuO particles. Figure 10 shows the SEM/EDS analysis for a sample surface
tested with a 0.5%wt CuO nano-lubricant. The x-ray analysis indicates that traces of the

element copper exists on the surfaces after being exposed to the nano-lubricant during
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the test. The high concentration of zinc on the surface suggests that the coating at the
SEM/EDS analysis is still largely intact on the surface. This is also made more apparent by

comparing to the x-ray analysis of the control sample (Fig. 8).
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Figure 8: SEM image of the test surfaces as obtained and its material composition using
EDS.
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Figure 9: SEM image inside the wear groove for lubricant with no nanoparticles additive
and its material composition using EDS.
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Figure 10: SEM image for the surfaces tested with 0.5%wt CuO nano-lubricant and its
material composition using EDS.

Figures 11 and 12 present the SEM/EDS result for surfaces tested with 1.0% and 2.0%wt
nano-lubricant, respectively. In Fig. 11(c), the high traces of iron suggests that the zinc
plating has worn through, but the concentrations of copper suggest that the CuO particles
could also be deposited on the inside of the wear grooves. This is in contrast to the
surfaces worn while submerged in a base lubricant with no CuO particles because they
have no signs of copper (see Fig. 9). Figure 11(d) shows the copper element mapping of
the same surface and indicates a well dispersed distribution of nanoparticles adhering to
the surface in and outside of the wear grooves. The same arguments stand for Fig. 12 and
the copper element trace appears to also be randomly distributed. Using EDX the average
weight fraction of copper detected on the surfaces exposed to the nano-lubricant was

measured to be 1.51 %at.
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The sample surfaces studied in this work are zinc-coated steel disks and therefore, a
comparative study of the surface composition yields more insight on the particle-surface
interaction. That is why the analysis of the original surface (Fig.8 (c)) shows that the
majority of the surface is made out of zinc with some minor trace of the steel beneath the
coating is detected (Fe, C, Cr). Fig. 9(c) shows the composition of a surface tested with the
base oil. Here higher traces of steel and less traces of zinc are detected which indicates
that the coating is partially worn. Fig. 10(c) shows the composition of a surface tested
with the 0.5 %wt CuO nano-lubricant. High traces of zinc and low traces of steel (Fe, C, Pt)
beneath the coating suggest that this is a relatively shallow groove. Fig. 11(c) shows the
composition of a surface tested with the 1.0 %wt CuO nano-lubricant. High traces of steel
(Fe, C) and low traces of zinc suggest that this is a relatively deep groove where the coating
is almost worn away. Fig. 12(c) shows the composition of a surface tested with the 2.0
%wt CuO nano-lubricant. Mild traces of zinc and steel (Fe, C) suggest that this is a medium
groove. Therefore the overall conclusion of Figs 10, 11, 12 is that particles are adhered to
the surfaces in all cases regardless of the depth of the grooves. This suggests that the
adherence of the particles does not depend on the high pressures within the asperity
contacts as is theorized to be the case with many lubricant additives. The minute trace of
platinum (Pt) in Fig. 10(c) and chromium (Cr) in Fig. 8(c) is coming from the additives in
the alloy steel and concentrations are marginally detectable in the accuracy of the EDX

machine and that is why these elements are not detected in the rest of the results.
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Figure 11: SEM image for the surfaces tested with 1.0%wt CuO nano-lubricant and its
material composition using EDS.
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Figure 12: SEM image for the surfaces tested with 2.0%wt CuO nano-lubricant and its
material composition using EDS.

2.3. Discussion

Several enhancing and modification mechanisms have been proposed for nanoparticle
lubricants in the boundary lubrication regime in the literature, such as: viscosity
alteration, thermal stability enhancement, mending worn surfaces and the rolling effect
of nanoparticles. Based on the results and discussions presented in this paper, viscosity
and thermal properties are affected by the CuO nanoparticles. However, the effect of
these two mechanisms is minimal in the boundary lubrication regime where tribology is
dominated by the contact of asperities. Particle deposition is evident and the element of
copper is present at all the sample surfaces tested with the nano-lubricant. However, the
dispersion of particles on the surface is random and is not sufficient to replace a
significant portion of the worn material. Therefore, the mending mechanism is not
evident in our tests. In contrast, the deposition of nanoparticles happens randomly in the

contact zone and the average concentration of CuO deposited on the surface is on the
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same order as the nanoparticle concentration in the lubricant. The other mechanism,
nanoparticles rolling and acting as nano ball bearings implies that the use of a nano-
lubricant should result in minimal wear which is not the case in our studies. It is proven
that nanoparticles can roll in between surfaces in contact [11], however, based on the
extensive wear in our samples it is probably not a dominant mechanism for the current
type of particles. Particles of the stable nano-lubricants (such as the one studied in this
paper) are able to exist as individual particles and don’t form clusters in the suspension.
In this paper particles are well coated with the surfactant and several filtration techniques
[58] were used to ensure the quality of surfactant in the nano-lubricant. One can use the
Kinetic energy theory and Brownian motion to characterize the motion of suspended
particles. Calculations show that nanoparticles studied in this paper have an average
Brownian velocity of 0.4 m/s which is significant and suggests that particles are dispersed
throughout the contact region and are not likely to sediment physically in the local valleys.
Moreover, Figs 11(d) and 12(d) show a random distribution of particles throughout the
contact zone on peaks and in the valleys. Therefore, it is evident that particles are
dispersed randomly throughout the contact zone and are able to infiltrate the contact
regions. This would disregard the hypothesis that the majority of particles fill up valleys

and are not engaged in contact.

Alternatively, the reduction of friction monotonically continues as more nanoparticles are
dispersed in the lubricant. Also, wear seems to be a function of nanoparticle
concentration. Based on the all the discussions and results, we would like to suggest the
nanoparticles actually reduce the real area of contact and therefore reduce friction in the
boundary lubrication. This theory implies that, particles engaged in contact would keep
surfaces apart around the particles which results in the reduction of real area of contact,
see Fig. 13. A decrease in the real area of contact translates to a reduction of the friction
coefficient. As more concentrated nano-lubricants are used, more particles would be
engaged in the contact which explains the monotonic reduction in the friction coefficient

versus particle concentration in the tests. In addition, these particles would bear high
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pressures and induce abrasive wear by plowing on the surface. The number of particles
in the contact would increase as the nanoparticle concentration increases which is going
to decrease both the average particle/surface contact pressure and the plowing abrasive
wear. It should be noted that the stability of the nano-lubricants is crucial to avoid any
aggregation, precipitation and clustering effects. In order to avoid these effects, the
concentration of nano-lubricants is limited to 2.0 %wt in this study. However, it is
reported in the literature [38-40] that the nanoparticle effect on wear and friction would
saturate at a certain concentration. The saturation concentration depends on the type

and size of the particle, as well as the properties of the base oil.

The mechanism of reduction in the real area of contact needs further investigation and
study to be fully proven. One helpful study could be the characterization of the size of
nanoparticles prior to and after the tests which can prove the abrasive nature of particle-
surface contact. It should be added that various nanoparticles behave differently based
on their mechanical behavior as governed by chemical and physical properties (As an
example, the enhancing mechanism of fullerene-like WS2 (MoS2) nanoparticles is known
to be exfoliation and coating the surface) and arguments raised in this chapter are

currently limited to the CuO/SOA nanoparticles studied.
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Contact Regions

Figure 13: lllustration of the proposed mechanism, reduction of the real area of contact
by the nanoparticles.

2.4. Conclusion

CuO/SOA nanoparticles are added to mineral base oil in the absence of any other
lubricant additives using dodecane as a dispersing agent. The results for the nano-
lubricant are then compared to the results of a base oil with the same concentration of
dodecane. A disk-on-disk friction tribometer is used to test lubricants in the boundary
lubrication region. The values of the friction coefficient and steady state temperature are
then recorded for different values of applied normal load. Results show that, the friction
coefficient decreases by 14 and 23% for the CuO nanoparticle concentrations of 1.0 and
2.0%wt, respectively. The steady state temperature is also 10°C lower on average for
nano-lubricants which could be the result of the higher thermal performance of
nanofluids and/or the lower friction of the nano-lubricants. The viscosities of the nano-
lubricants increase by an average value of 10% and 20% for the nanoparticle

concentrations of 1.0% and 2.0%wt, respectively. The Stribeck curve was introduced
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which consolidates the friction and the viscosity results into one curve. Wear volume
shows a peak at the 1.0%wt and is less for a 2.0%wt concentration of nanoparticle in the
lubricant. The SEM/EDS analysis measured the stoichiometry of copper element to be
1.51 %at on the surface samples tested with the nano-lubricants. Based on the results
different possible enhancing mechanisms were discussed and the reduction of real area
of contact was proposed as the dominant mechanism for the CuO particles in this work.
The proposed mechanism is compatible with the friction and wear experimental results.

Nonetheless, more investigations are needed to fully prove the proposed mechanism.
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3. Analytical multi-scale contact model for nano-lubricants

Prior to this work, there was no contact model for nanoparticle lubricants in contact
between rough surfaces. The effect of nanoparticles on the real area of contact and
contact force can be investigated using an analytical model. The goal of this part of the
current work is to develop such a contact model and relate the contact parameters to
measurable parameters such as friction and wear. This model can also be used to further
investigate the proposed reduction in the real area of contact mechanism. That is

believed to reduce the friction in the nanoparticle lubricated surfaces.

The focus of this study is to investigate the mechanisms governing the wear and friction
in the lubrication system of silicon nanoparticles suspended in a lubricant. Silicon
nanoparticles are chosen because of the relative wealth of available knowledge compared
to other particles. The methodology used in this work uses two sub-models to handle the
different scales of contact (i.e. a rough surface contact model and a statistical particle
contact model). The rough surface contact model considers the contact of roughness
features and provides predictions of the average contact pressure and rough surface
contact area. The statistical particle model is used to model particles inside the contact
regions of the rough surfaces. This sub-model reports the area of contact of the actual
nanoparticles, the void area around the particles, the forces acting on the particles, and
the distribution of the deformation mechanisms of the particles [72]. The results from the

model are presented and discussed throughout the section.

The approach taken in this section tries to identify, quantify and evaluate the most
influential contact parameters affecting the system into a model that can illuminate the
mechanisms behind the friction and wear behavior of nano-lubricants. This model is
based on the extensive available data on the nanoparticles and nanotribology mentioned

earlier. However, it is still early to claim that such a model would be quantitatively
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accurate and includes all the critical details. Rather, its objective is to understand the ‘big
picture’ and relationships between the mechanics of particles and surfaces with friction

and wear.
3.1. Methodology and assumptions

The system of interest in this paper is composed of rough surfaces separated by a stable
nano-lubricant, such as those in [58], working in the boundary lubrication regime with no
significant hydrodynamic lift (nominally flat surfaces). If surfaces were pushed into
contact, the lubricant would squeeze out until asperities initiate contact resulting in
contact regions between peaks or asperities. Once the surface separation is lower than
the particle diameter, particles are entrapped into contact within these contact spots.
Particles in contact would separate surfaces locally, resulting in the formation of void
areas in the vicinity of particles (see Fig.14). The change in the real area of contact
induced by the voids as well as the particles reaction force would alter the contact

mechanics.

Therefore, the system of interest in this paper includes two distinct ranges of scale which
dominate the mechanics. Contact between rough surfaces which depend on the
roughness features that are known to be in the scale of microns (for most engineering
surfaces), and at smaller scales there are the nano-sized particles. The methodology in
this work utilizes two well-known contact sub-models to handle these different scales. A
multi-scale rough surface contact model solves the contact between surface asperities.
The model reports the real area of contact between surfaces (As) and average contact
pressure (P"). A statistical (Greenwood Williamson type[73]) contact sub-model considers
the effect of particles inside As and also includes the scale dependent properties of
particles. This sub-model reports force (Fp), contact area (Ap) and the void area (Avoid)
created by particles. Before discussing more details on the afore-mentioned sub-models,

certain assumptions need to be discussed.
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Figure 14: lllustration of stacked rough surface and statistical model.

One assumption associated with the statistical particle sub-model is that the surfaces
inside the contact region are effectively flat compared to the dimensions of the particles.
The goal is to show that the surface dimples at the nano-scale can’t accommodate a
nanoparticle and are in fact much wider as compared to the geometry of the spherical
nanoparticles. In order to show this, a fast Fourier transform is used to decompose the
surface into different scales. Each scale is defined by a sine wave which is also defined by
an amplitude (o) and wavelength (1). Measurement on different engineering surfaces
shows that the ratio of amplitude to wavelength (B = &/4) is usually in the range of 10“to

103 regardless of the scale [74]. The dimples on the surface at the nano-scale can be
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regarded as the valleys of the sine waves at that scale which has a B value of about 10
to 1073, The aspect ratio of spherical particles is one which means that if a particle of size
Jis placed into the valley of a sine wave with an amplitude that is equal to the particle
diameter (), the wave length of that sine wave is 10% to 10°times the value of o (see Fig.
14). The difference in the aspect ratio of the decomposed surface sine waves and
nanoparticles at the same ¢ value suggests that surfaces around the particles are

effectively flat in comparison to the geometry of the particles.

The effect of fluid pressure also needs to be examined. The fluid pressure around a
particle could alter the deformation and fracture characteristics of the nanoparticle. In
order to evaluate the importance of this effect one can compare the fluid pressure to the
failure strength of silicon nanoparticles considered in this section. The maximum fluid
pressure should be less than the surface contact pressure. Therefore, for the sake of
evaluating the assumption and considering the worst case scenario, the maximum fluid
pressure is deliberately overestimated using a dry contact model. In addition, the
lubricant pressure would result in a rise in the hydrostatic stress of the particle which
would not cause yielding, but may cause brittle failure. Calculation for three different
actual surfaces assumed in this work has been done according to the multi-scale contact
model [74]. Results show that the maximum fluid pressure corresponds to the roughest
surface (og = 0.18 um) and is 0.41 GPa whereas the minimum failure strength of the
nanoparticles considered in this study is measured to be 10 GPa [3, 33]. So the overall
effect of pressure on the failure of particles is less than 5.0% and for the sake of simplicity
in the current work the effect of fluid pressure on the particle deformation and failure is
ignored. Nevertheless, the fluid pressure would resist the compression of the particles
and delay the fracture of the particle. Therefore it would promote the effectiveness of
the particles inside the contact region. However due to the presence of non-continuum
and size effects in the particle/surface/lubricant system (especially under tangential

motion) further investigation of the system is necessary.
43



3.2. Modeling

This section discusses and describes the details of the full model. Firstly the contact sub-
models, namely the multi-scale rough surface contact model and statistical nanoparticle
model, are discussed. Secondly, the algorithm used to find the overall solution is

presented. Lastly, the fundamental models for friction and wear are presented.
3.2.1. Rough surface sub-model

A multi-scale rough surface model [74, 75] was chosen to describe the contact between
rough surfaces. The model uses fast Fourier transforms to decompose the rough surface
into stacked sine waves. Using superposition the model finds the average contact
pressure required to overcome all the scales of roughness and predicts the real area of
contact. Equations (1-4) present the model, where B is the ratio of &/4 for different scales
of roughness, E”is the effective elastic modulus (contact modulus), Sy is the yield strength,
v is the Poisson ratio, P'is the average contact pressure, and Fsand As are the contact
force and real area of contact between surfaces. The model predicts a contact pressure
based on the maximum value of B represented by Bmax and distinguishes between the

elastic and elastic-plastic regimes by the critical value of B.(see Eq.(3)).

P = J24E' B for Bmax<Bc (1)

-3/5
P =27E'B_, [[12”'5 B +7) /11] for Bmax>Be (2)

\/EsyeZV/S
C:£8_3262v/3 (3)
3r E
F
s 4
A P (4)
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The average rough surface contact radius (ars) can also be found using this model.

According to Jackson et al [76] ars is found to be given by Eq. (5) where Amax is the asperity

wavelength corresponding to Bmax.

a _ Lo (5)

rs /272_

3.2.2. Statistical nanoparticle contact sub-model

Greenwood and Williamson (GW) [73] originally developed their model to consider rough
surfaces in contact. However, a similar statistical approach can be re-engineered to
model nanoparticles in contact between two flat surfaces. The height distribution and
the asperity density considered in the original GW model can be reinterpreted as the
particle size distribution and nanoparticle density between surfaces, respectively. The
nanoparticle density (7 ) and density of the nano-lubricant ( p,, ) need to be modeled
based on practical and measurable parameters. The density of the nano-lubricant can be

found from Eq. (6)

Wt% 100—wt%)
psoI:l0 p + ,0
NP lub (6)

a
vol% = {0.01— £re (0,01- Wt%l)}
Plub

where pand wt% are the density and weight percent of nanoparticles in the final
solutions. Subscripts “NP”, “lub” and “sol” refer to nanoparticle, lubricant and solution
respectively. The relation between vol% and wt% is also given in Eq. (6) based on

simplistic proportionalities.

Nanoparticle density (7) is considered to be the number of nanoparticles ( Nyp ) in contact
per nominal area ( A,). Considering d as the separation of two surfaces, the total volume
of nano-lubricant in between the surfaces is v, = A,d . The total nanoparticle volume is
presented in Eq. (7) where vpp is the total volume of nanoparticles in the lubricant.
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Psol W% Aqd
Vyp = —————— (7)
PNP

Assuming spherically shaped nanoparticles with the distribution of ¢D), which is a

function of nanoparticle size (D), one can formulate vnp as a function of the distribution.
Vnp == Nyp [ ¢(D) D*dD (8)
NP =75 NP J

Using Egs. (7) and (8) the number of nanoparticles per nominal area of contact could be

found from,

Psol WE% d

p(d)="1e

A - (9)
100 ppp (6 [, #(D) D3dD)

Note that 7 is a function of surface separation (d) and as surfaces get closer this
formulation automatically accounts for the change in the nano-lubricant volume and
number of nanoparticles between the surfaces. In this work, the nanoparticle distribution
(@) is assumed to be a normal Gaussian function which is characterized by the average

particle size and standard deviation (oy).

The statistical model also requires a single nanoparticle indentation model that accounts
for nanoparticle deformation and failure. Close observation and in-situ experiments on
single spherical silicon nanoparticles have been reported in the literature [2, 3, 33, 35].
Spherical silicon nanoparticles of size 30 to 150 nm were observed to act as brittle
materials. The particles do not exhibit much hardening beyond failure and smaller
particles show higher failure strength. Failure strain and failure strength of different size
particles is reported. Based on the availability of data on the silicon nanoparticles, this
type of nanoparticle was chosen for this work. A single nanoparticle indentation model is
also needed to be employed in the statistical model. As reported [3], on average particles
deform 45% prior to fracture. Therefore an already developed model [77] for heavily

deformed spheres was modified to fit nanoparticle deformation data, see Appendix Il for
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more details. The model solves for the single particle area of contact and particle force,

Eq. (A1-4).

Figure 15: Schematic of the spherical particle contact mechanics.

As mentioned in the methodology section, particles separate surfaces resulting in void
areas in the vicinity of particles (see Fig.15). Each nanoparticle in contact acts as a nano-
indenter deforming the surfaces. However, the surfaces possess scale dependent
properties as well (e.g. an experiment [78] on steel reports the nano-hardness to be
around 10 GPa). Therefore for an accurate modeling of particle/surface interaction
further investigation is required. In order to approximate the radius of the void area in
this paper a half space elastic model [79] was used. Half the deformed particle diameter
R-w was assumed as the indentation on the surface and the surface profile equations
were solved to find where the surfaces meet again and find the void radius per particle
(av) and void area (Avwid=7ma,), as shown in Fig. 15. R is the particle original radius and w s
the particle indentation depth as shown on the Fig. 15. The void radius is limited to the
average rough surface contact radius (ars) (Eq.(5)). When the load on the particle exceeds
the failure strength, the particle fails and the void is assumed to close. Note that in reality,
particles are trapped and the voids could not completely close even if the particles
fracture. This assumption would underestimate the void area and hence underrates the
effectiveness for fractured particles. Therefore it is a conservative assumption which can
be further improved once a better understanding of the surface/nanoparticle interaction
in the lubricant medium has been achieved. So far three single nanoparticle parameters

have been discussed; particle area of contact (Anp), particle force (Fne) and the void area

47



(Avoia). Also, nanoparticle density (77) and size distribution (¢ was introduced and
formulated. Rearranging and substituting all these parameters in a GW type model [73]

yields the final form of the statistical nanoparticle model, given by

A (d -

"A(n)= [, 7(¥) 4(y) A (@,D) dy

F.(d) (= Fyo (e, D)

A = [, n(y) py) —= = dy (10)

%: [ 7(9) #(y) Ayy(@,D,2,F) dy

Ap, Fp and Ay are the total contact area, force and void area of particles. In Eq. (10) particle
interference w is defined as w=(y-d)/2. Also note that in this set of equations 7 is a
function of y and particles come into contact once the surface separation is smaller than
the particle diameter. Also, ¢is a function of y to account for particles of different sizes.

The composite Simpson’s method is used to solve the integrals of Eq. (10) in this work.

3.2.3. Algorithm

As discussed, the rough surface model uses the surface profile to find the average contact
pressure (P*) and the rough surface real area of contact (As). The statistical model solves
for contact between two surfaces with the particles in-between and finds the real area of
contact for particles (Ap), force carried by particles (Fp) and the void area induced by

particles (A/), see Fig.16 (Note that A, also includes Ap).
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Figure 16: Schematic of the overall contact problem.

An algorithm was developed to solve the overall contact problem by balancing the forces
between the two sub-models. The goal is to determine how much of the external load
(Fext) is carried by the surface (Fs) and how much is carried by the particles (Fp) and to
check the force balance equation Fext-Fs+ Fp. Firstly, an external force of Fex is assumed to
be acting on the system and assuming all the load is being carried by the surface, the
multi-scale model is used to find the P* and As. Then initially assuming that the same

average pressure, P” is exerted on the particles, F, is found to be
F,=AP (11)

Note that particles are assumed to be in contact where surfaces are in contact and this
means that As should be regarded as the nominal area of contact for the statistical model.
Based on the value of F, the corresponding surface separation is found and A, and Ay are

found (using Egs. (11)). Then the surface area of contact is updated as follows

Agnew — Agold _ A, (12)

The new surface force is then found based on the updated surface area Fs=A; P". The force
carried by particles is then updated based on Fy=Fex-Fs and the statistical model is used
to find the new values of A, and A,. The next solution is found by going back to Eq. (12),

updating the surface area and iterating through the steps again. The convergence is
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checked in each iteration according to ‘(FS"EW—FSO'd )/FSO'd <107, The final solution is

found by iterating through the loop and checking for the convergence criterion. In order
to get a faster convergence the statistical model was solved first for various values of d
and the solution was determined from a table and using interpolation through the overall

algorithm.
3.2.4. Friction and wear models

The final solution of the contact problem reports As, Fs, Ap, Fp and A, along with the
statistical information on the nanoparticles in contact. Validating the direct result from
the model is practically impossible. However, fundamental and simplistic friction and
wear models can be utilized to translate the change in the contact force, real contact area
and the statistical data on nanoparticles into measurable parameters. The accuracy of
the friction and wear models will influence the quantitative accuracy of the final results
but validation over general trends of the enhancement is made possible using
fundamental models. The friction of the surfaces in contact is governed by the real area
of contact and forces acting in the normal and tangential directions. Equation (13) can be

used to find the coefficient of friction.

_ AT + Aprp

T

(13)
ext

sand 7, are shear stresses working on the surface/surface and particle/surface interfaces
during sliding, respectively. There have been experimental and theoretical efforts to shed
light on the behavior of nanoparticles in dynamic contact [11, 80, 81]. However, in this
paper 7z and 17, are evaluated as the shear strength between lubricated surfaces in

contact.

Combining the effect of particles and surfaces to find an overall model for wear in the
system is a challenging task. However, based on the statistical data on particles one can

find the particle induced wear using plowing abrasive wear models [79] (see Fig. 17).
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Figure 17: Schematic of the particle abrasive wear.

Spherical particles plowing on the surface can induce abrasive wear that is proportional

to the cross section of particle to surface interference, see Eq. (14) and Fig. 17.

22— ["1() §(9) Acs(,D) o

A = D_Z{Sin-l{&z)(D —a))s(D - 2(0)}_ 8w(D — w),o,(D _ Zw)} (14)
8 D D

Where Ve, L and Acs are wear volume (induced by particles), sliding distance and

interference cross sectional area between the particle and surface.
3.3.  Results

This section presents the results of the discussed model for various case studies. The
effects of particle concentration, distribution, size and surface roughness on the real area
of contact and contact pressure have been studied. Consequently, the change in the real
area of contact and pressure at the particle-surface interface is translated to an alteration
in friction force and particle induced wear. See Appendix lll for the numerical values used

in the model and other complimentary data about the simulations.
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Figure 18: The effect of particle concentration (a) and particle average size (b) on the
real contact area versus contact force.
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The effect of nanoparticle concentration and average particle size is shown in Figure 18.
In this study the surface roughness is 0.05um and the standard deviation of the particle
distribution is oy = 1.5 nm. A, in this figure is the total real area of contact which is the
combined particle and surface contact area, A=As+A,. Figure 18(a) represents the effect
of particle concentration for an average particle diameter of 40 nm. As the volume
percent increases, the number of particles engaged in the contact escalates. This
increases the void area induced in the vicinity of particles and reduces the real area of
contact. The effect of various particle sizes for a volume concentration of 5.0% is
presented in the Fig. 18(b). A decrease in the particle size results in a raise in the number
of particles (given that volume concentration is held constant), which would consequently
reduce the real area of contact. In this case, smaller particles also exhibit higher strength
which amplifies the accumulative effect. In either case shown in Fig 18, the particles bear
high pressures at the particle-surface interface and keep the surfaces apart in the vicinity
of particles. This decreases the real area of contact and causes high pressure spikes in

the particle-surface interface.

The effect of particle distribution on the real contact area is shown in Fig. 19. Figure 19(a)
shows the dimensionless real area of contact versus dimensionless normal contact force
for different distributions of particles all having the same average size (vol% = 5 and
Rg=0.05 um). The distribution of particles versus size is displayed in the Fig 19(b). Results
suggest that, a sharper distribution of particles results in more reduction in the real area
of contact between surfaces. Particles with a wider distribution engage in contact
gradually which results in an enormous force on each particle and consequently particles
tend to fracture in a cascading fashion. Whereas particles with a narrower distribution
engage in contact simultaneously which results in a stiffer contact (in other words,
particles withstand the contact force in large numbers). Figure 20, presents the number
of fractured particles as a function of the surface separation that shows the cascading

fracture of particles with a wider distribution.
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Figure 19: The effect of particle distribution on the real area of contact.
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Figure 21: The effect of surface roughness on (a) the real area of contact versus contact
force, (b) change in the real area of contact as the result of nanoparticles.
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The effect of roughness on the contact’s characteristics is presented in Fig. 21(a). In this
study the particle content is 5.0 %vol and the average size of the particles is 40 nm with
the distribution of oy = 1.5 nm. Particles stiffen the contact for different values of
roughness. As would be expected the reduction in the real area of contact (Fig. 21(b)) is
more as the surface roughness decreases which suggests that particles are more

influential in the contact of smoother surfaces.
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Figure 22: Coefficient of friction and particle induced wear versus nanoparticle content.

Figure 22 shows the variation of coefficient of friction (COF) and particle induced
volumetric wear per sliding distance versus nanoparticle volume percent for Rg=0.05 um,
0y=1.5 nm and average particle size of 40 nm. An increase in the content of nanoparticles
reduces the friction and lowers the COF and increases wear induced by particles. The
decrease in friction is caused by the reduction in the real area of contact. As the particle
concentration increases and more particles engage in contact, the average particle force
decreases which will cease the increase in wear at a certain particle concentration. Note

that the particle induced wear shown on Fig. 22 drops to zero as nanoparticle
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concentration approaches zero which is due to the fact that conventional surface wear

has not been included here.
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Figure 23: Particle induced wear (a) and coefficient of friction (b) changing with particle

average size and distribution.

The effect of nanoparticle size and distribution on the particle induced wear and COF is

presented in Fig. 23 for Rg=0.05 and 5.0 %vol of particles. Figure 23(a) suggests that

smaller particles and particles with wider distributions of size, induce more wear. Here is

a simple sequence to show this: 1. Wear is related to the number of particles multiplied

by the cross section orwear oc Nyp x A . 2. According to Eq.(9), Nyp ocVoI%/ V4 e oc1/D?

where vaugne is the average particle volume and vol% is constant. 3. A. o« D? according
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to Eq. (15). Thus combining the equations yields wear «c1/ D which suggests that wear is
higher for smaller particles. Figure 23(b) shows that smaller particles and the particles
with sharper distributions are more effective in reducing friction. This behavior is partially
because of the size dependent properties of particles and partially controlled by the
number of particles in contact. For instance, when the concentration of particles in a
solution is held fixed the total number of the particles is also dependent on the average

particle size.
3.4. Discussion

The third body nanoparticle multi-scale contact model presented in this study models the
nanoparticles in contact and reports the change in the real area of contact and contact
force. Even though silicon nanoparticles were studied, for the sake of available data, the
general observations may stand for other kinds of particles as well. This is because nano-
structures, including nanoparticles in general, exhibit an elevated strength [1-5, 33-35,
82] which is the source of the mechanisms modeled in this paper. Therefore, unless for
particles with special physical or chemical characters e.g. particles capable of bonding
with the surface, the general mechanism of reducing the real area of contact is in action.
This makes the model applicable for qualitative comparison as long as the size of particles

is substantially smaller than the average rough surface radius of contact, D<<ays.

The developed model suggests that particles reduce the friction in the system by keeping
surfaces out of contact locally, resulting in a reduction in the real area of contact. Even
though the force carried by the particles is small comparing to the force carried by the
surfaces (for example on average Fp/Fext = 0.083 for a lubricant with 3.0 %wt particles),
the overall effect of particles on the contact area is found to be consequential. Figure 22
shows that friction further reduces if more particles are introduced in the lubricant yet
eventually this effect saturates. This behavior has been observed experimentally and
reported throughout the literature, repeatedly [37, 39, 41, 42] but never theoretically

confirmed.
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One of the key observations of the nanoparticle contact model is the effect of particle size
distribution (oy) on the nano-lubricant effectiveness. oy controls the number of
nanoparticles in contact (7, Eq. (9)) and also a wider distribution of particles could result
in the gradual engagement of nanoparticles in contact and reduce effectiveness (Figs. 19-
20). Particle induced wear and the friction coefficient also changes with oy, (see Fig 23),
which makes oy an important parameter in nano-lubricant optimization and design.
Despite this, the particles size distribution is not always a control parameter in the studies
which could be one of the reasons that comparison between different nano-lubricants

investigations is sometimes inconclusive.

In this work only the particle induced abrasive wear was modeled and the effect of
different parameters was studied. The accumulative effect of surfaces and particles on
the overall wear of the system is very complicated and needs further investigation.
However, based on the developed model, very helpful observations and predictions can
be made that helps better selection of nano-lubricants for further studies. In this work it
is assumed that the particles are harder than the surface and abrade the surface.
Therefore, soft particles and fullerene like particles[11, 80] (that can deposit layers on the
surface) would not induce abrasive wear. Furthermore, these particles reduce the real
area of contact which would diminish surface to surface wear and the overall effect of
particles is a decrease in the system’s wear. Harder particles, such as the silicon
nanoparticles studied in this work, would induce wear. One can compare the particle
induced wear (approximated by the model) to the lubricated surface wear (without
particles) and decide if particles can practically promote wear. For instance, if particle
induced wear is greater than the lubricated surface wear then the nanoparticles would
increase wear. If the particle induced wear is predominantly lower than the lubricated
surfaces wear then the addition of particles would not change the wear practically.
However, if particle induced wear is on the same order as the lubricated surface wear,
the competing effects of particle induced wear and reduction in the real area of contact

would determine the overall effect of particles on the system. Therefore, particle induced
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wear, as modeled in this study, can provide some guidelines for the better selection of
particles for a lubricating system. Moreover, this argument suggests that particles could
increase or decrease wear based on the lubricant and the surfaces in contact. Thus,
particles should be carefully selected for different lubricating systems. Wear of different
combinations of surfaces and particles have been studied and the results seem to agree
with the general observations from the model and the arguments raised in this

investigation [22, 38, 40].
3.5. Conclusion

A model for the third body contact of nanoparticles between rough surfaces has been
developed. The model uses two sub-models to handle different scales of contact. Silicon
nanoparticles of 40 nm to 110 nm with normal Gaussian size distributions are considered.
The model suggests that particles separate surfaces locally resulting in a reduction in the
real area of contact and a decrease in the friction of the system. Results also suggest that
high concentrations of particles, smaller particles, narrower distributions of particles and

smoother surfaces can boost the friction enhancement.

Wear induced by the particles is also reported that suggests hard particles would promote
abrasive wear on the surfaces. However, results also suggest some methodologies to
control the wear rate; (1) narrower distributions of particles help distribute the load on
more particles and hence decrease the average pressure on the nanoparticles. (2)
Particles reduce the real area of contact so if surface abrasive wear is higher than particle
induced wear, particles could help separate surfaces locally and decrease wear. (3) Bigger
particles produce less abrasive wear but are less effective in reducing the friction,
therefore particle size is a tradeoff parameter one can use to tune wear and COF in the

acceptable range.

The fact that there is not a single universal friction and wear model available (even for dry
surfaces in contact) shows the challenges incorporated with modeling the friction and

wear. Granted that the model can be further improved, the third body multi-scale contact
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model presented in this work is a plausible and reasonably successful effort in connecting
the properties of nano-lubricants to the measurable data. One of the products of the
developed nanoparticle contact model is to provide guidelines for future experimental
investigations and lubrication design engineers. Carefully designed experiments can
focus on the mechanism proposed by the model and further verify the exact mechanisms.
The results and discussions presented in this paper are only valid for the assumptions
stated and similar approaches can be utilized to explore the nature of other nanoparticle

lubrication systems.
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4. A third body contact model for a particle contaminated contact

In the previous section [83] a system of nano sized particles (nanoparticles) was modeled
between two rough surfaces in contact. The goal of that previous work was to recognize
the relationships between the mechanics of nanoparticles and surfaces, with the change
in the real area of contact, friction and wear. The model takes advantage of certain
assumptions due to the specific scale of nanoparticles such as; 1. Particles are in contact
where surfaces are in contact, 2. The surfaces around the particles are effectively flat as
compared to the geometry of the nanoparticles. However, these assumptions are not
valid for larger particles such as sand. The current work presents a statistical contact
model for third body contact between rough surfaces. The model extends the
Greenwood and Williamson (GW) [73] statistical method to a general third body contact

model.

In order to apply the model to a practical situation and be able to evaluate the model by
comparing to the experiments the sand contaminated electrical contact application was
chosen. An electrical connectors’ reliability is affected by several factors including
corrosion [84], mechanical vibration [85], thermal effects [86] and contamination [87].
Dust particle contamination at the contact interfaces can cause electrical contact failures
[87-90]. There are several early works published by Williamson et al [88], Mano [89] and
Reagor et al [90]. A review in 2007 given by Ji Gao Zhang [87] reported the effect of dust
contamination on electrical contact failure and showed that dust particle contamination
was a main problem that could cause contact failures. The composition of dust is
complicated. It was found that about 80% by weight of the materials were inorganic
compounds, including quartz, various feldspars (albite, anorthoclase), micas (muscovite,
biotite), gypsum, calcite, etc [91], roughly 20% of the dust contained approximately 20

kinds of organic materials, mainly alkanes and two ortho-benzendicarboxylic acid esters
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[92]. Analysis of failed connector contacts showed that not only hard materials, such as
silicon compounds, but also soft materials such as gypsum, mica and organic materials,
may cause contact problems[87]. Thus, it is importance to study the contact model of
particle contaminated electrical contacts and the effect of particle contamination on
contact failure for device reliability. Sand (quartz) was chosen for this simulation since it

is usually a main component of ordinary dust.
4.1. The Contact Model

First we need to choose appropriate parameters to characterize a system of particles on
a surface. Let’s assume that a group of particles with a total mass of M, are uniformly
dispersed on a surface having a total area of A, therefore the areal mass density of
particles is, mp, = M,/ An. Also, let’s assume that the particles possess a size distribution
over a rage, characterized by ¢ (D), where D is the size of the particles. One can show

that the areal volume density (v, = Vp/ An) of the particles [83] is
v —%wqﬁ (D)D3dD
p— 6An p (15)
0
where N, is the total number of particles on the surface. Using the particles’ density one
can find v, to be, vp= m, / pp. Equating this equation with Eq. (15) one can find the number

of particles per area to be as shown in Eq. (16). Equation (16) connects the number of

particles per area to the measurable parameters mp, o, and ¢.
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It is common practice to develop contact models in terms of the surface separation (d).
In order to define surface separation we need to assume that a rigid flat surface is in
contact with a rough surface. The distance between the rigid surface to the average
height of the rough surface at any given moment is the surface separation. Let’s assume
that the rough surface is isotropic with a height distribution of ¢(y) and its profile is
defined by, y = y(x). In order to effectively develop the contact model, two regions have
been defined based on the surface separation: Region 1, which refers to the portion of
the surface with, y > d and region 2 where, y < d. Fig. 24, shows the surface profile with
the scattered particles on top and the corresponding surface height distribution. The
surface separation of d is drawn with a red dashed line. Therefore the surface portion
above the line is region 1 and the rest is defined as region 2. It is obvious that all the
particles that happen to be sitting in region 1 are in contact for a surface separation of d.
However, particles in region 2 may or may not be in contact depending on their location
and size. As shown in Fig. 24, some of them can be in contact while others are out of

contact.
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In region 1 both particles and surface asperities (peaks) are in contact, therefore one can

combine the effect of both to find the overall contact force and area of contact, as shown

by Eq. (17).
f Fap(©) ( Yy,
(An):ans 4 (y) 2 dy+jnp(d) o)
alONy #5(¥) Aggp() d
s Ps sp\ @
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In Eq. (17), s is the areal asperity density for the surface, E” is the reduced elasticity, Fasp
and Aqsp are the single asperity force and area, Fp, and A, are the single particle force and
area and w, o are the asperity and particle indentations, respectively. 7,/ is the areal

density for the particles in region 1 which is defined as follows.

1p(@) =15 [ 4 ()0 (18)
d

Note that in Eq. (17), the first integral calculates the overall effect of the surface asperities
by integrating over asperity height and the second integral calculates the effect of the
particles in region 1 by integrating over the particle size. Also, note that A,'is not added

to A/ because it overlaps the area of the asperities.

Region 2 is more complex because only a portion of the particles in this region are in
contact. Equation (19) presents 7, (d,y”) which is the areal density of the particles sitting
on the surface at y =y” and in contact when surface separation is d. Here is an explanation
for (5), Ny is the total number of the particles, so therefore N, x ¢ps(y”) is the number of

the particles sitting at height y = y”. Among these particles only the ones larger than the
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gap (d-y”) are in contact, therefore the number of particles in contact would be

N, & (Y”)L_y,ﬁp (@)dg | which is Eq. (19) if divided by An.

1y (@) =1, .Y [ p(0)dlq

(19)
d-y”

The next step is to find the average force and area of contact for particles in region 2
sitting on the surface at y=y” and when the surface separation is d. Particles in contact in

this region are of different sizes. The average force and area of contact for these particles

can be formulated as given by Eq. (20).
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Equation (20) represents the average force (Fay) and area of contact (Aay”) as the

summation of force and area for different sizes of particles divided by the total number

of particles in contact. @" in Eq. (20) is the particle indentation and is equal to

w"=[q—d—y”)]/2. The force and real area of contact for all the particles engaged in contact

in region 2 can then be calculated by integrating over y” as shown in Eq. (21).
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Equations (17) and (21) present the contact force and area for all the asperities and
particles in contact. The effect of particles and surfaces for the contact problem are

accumulated as shown in Eq. (22).

— 1! 17 —_ gl 1
F=F'+F" A =A4'+4 22)

Note that the area of contact for particles in region 1 (A,') is left out of Eq. (22) because it
overlaps with A/. However, it should be accounted for if the conductive area of contact
is of interest, which is the case in this work. For the case where only the surfaces are

conductive, the overall conductive area is as follows:
A=A A, (23)

In this work it is assumed that the sand particles’ contribution to contact conduction is

negligible, therefore Eq. (23) is used to find the conductive area of contact.

The contact model presented in this section is a general 3™ body contact model which can
be applied to various practical applications. However, the appropriate material
properties, single asperity and single particle models need to be used to capture the
interaction of the surfaces and the particles. For example, if the model is to be used for
submicron particles, the use of scale dependent material properties should be

considered.
4.2. Electrical Contact Resistance

Electrical contact resistance (Re) for a rough surface contact which has multiple asperity

contact of a; radius can be formulated as Eq. (24) [93].

_ Pe
Re = 2% a (24)
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Equation (24) is the rough surface contact resistance which can be rewritten as Eq. (25).

1 2 7
R o !nsczﬁs(y)aaw(w)dy (25)

e

peis the resistivity and aasp is the asperity contact radius in Eq. (25). Equation (25) can be

added to the contact model to provide a prediction of the electrical contact resistance.

The current paper aims to model micron size sand particles in contact between rough
golden surfaces. This system is particularly of interest because sand contamination is a
major cause of fault in electrical connectors. The presence of sand in the electrical
connectors would hamper the direct contact between surfaces, hence increasing the
electrical contact resistance. Using nanoindentation experiments on micron size sand
grains, Daphalapurkar et al. [94] measured the material properties of sand grains (mostly
made of SiO) to be; Sy, = 6.1 GPa, E, = 90.1 GPa. The yield stress of gold is S,,s = 120 MPa,
therefore the gold substrate is much softer than the sand particles. In order to properly
model the interaction between a softer substrate and harder particles (Fp) an elastic-
plastic indentation contact model by Komvopoulos and Ye[95] was used. This model is
capable of modeling the indentation interaction between the particles and surfaces. To
model the asperity versus asperity interaction (Fasp) it is better to use a flattening type of
contact model. This paper used the elastic-plastic flattening contact model by Jackson

and Green [96] for this purpose.

The surface parameters were estimated based on the surface profilometry
measurements of actual connectors [97, 98]. It was observed that there are 29 peaks in
a 149um profile, which translates to 75 = 3.788x10%° m™ for an isotropic surface. The
average distance between the peaks is found to be 5.15 um and the peak-to-valley
distance was measured to be 1.47 um. Assuming the asperities follow a sine wave profile,
one can estimate the radius of curvature at the tip of the sine wave as follows; Resp =

A2/(4724) = 0.9 um. The surface roughness of the connectors was also measured to be
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0.3 um. The contact force in an actual cell phone connector is about 0.5 N to 1.5 N and

the nominal contact area was measured to be A,=2.22 mm?Z.
4.3, Results

Assuming that the particles’ sizes and the asperities’ heights have a normal distribution,
the contact model (Equations (17), (21), (22), (25) and (25)) has been solved for various
sets of parameters. Figs. 25, 26 and 27 present the predictions of the model. This study

focuses on the effect of sand content, surface roughness and sand particles’ average size.

Fig. 25 presents the solution for the sand particle content (mj) in term of the real area of
contact and the electrical resistance versus the contact force. In this study, surface
roughness is 0.3 um and the average particle size is 1.0 um. Based on the typical contact
force and area presented in the previous section, one can calculate the typical contact
pressure for a connector to be F/(E.An) = 5x10°® ~ 1.5x10°. The resistance of a clear
cellphone contact point is about 5 m£2 in this pressure range. Experiments also suggest
that the presence of sand particles increase the contact resistance by many orders of
magnitude to about 25 2. Comparing this to the predictions made by the model one can
see that the model may under predict the contact resistance. This is probably due to the
fact that the measurements include bulk resistance or the connectors may have degraded
farther due to the sand. However, the model is successful in capturing the effect of sand
contamination on electrical contact resistance. The model is also capable of measuring
the critical particle content, which can substantially alter the contact resistance. The
critical particle content for the study presented in Fig. 25 seems to be approximately 0.1

x 10® kg.m=.
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Figure 25: Real area of contact (top) and electrical resistant (bottom) versus contact
force for different values of sand content on the surface. Both Arand R. are very
sensitive to the presence of sand in amounts over mp=0.1x10° kg.m™.
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Figure 26: Real area of contact (top) and electrical resistant (bottom) versus contact
force for various particle sizes. Particles larger than the average valleys on the surface
have a higher possibility of engaging in contact and reducing the conductive area of
contact hence increasing the contact resistance.
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Fig. 26 represents similar plots for particles of different sizes. In this study the surface
roughness is 0.3 um and the particle content is mp=1.0x10° kg.m2. The larger the
particles are, the higher is the possibility for them to engage in contact. Especially when
the contact pressure is low and the majority of contact is mainly made through the larger

particles.

Fig. 27 shows the effect of surface roughness on electrical resistance and particle
contamination. Obviously a smoother surface (lower roughness value) produces more
contact area and hence lower contact resistance. However, on a smooth surface there is
very little room for third body contamination, such as sand particles, which makes them
susceptible and less robust. This is because the average roughness valley on a smooth
surface is small and particles can’t simply fit in these gaps and therefore engage in contact
more often. The results in Fig. 27 show that when the surface roughness is equal to the
particle average size, the sand contamination has a minor effect on electrical resistance
(however, this also depends on particle content, mp). This means that when surface
valleys can accommodate the majority of the particles, the particles have a small effect

on the electrical contact.
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Figure 27: Real area of contact (top) and electrical resistant (bottom) versus contact
force for various surface roughness values. Even though lower roughness values
(smother surfaces) result in lower contact resistance, they are more susceptible to
particle contamination.
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4.4,  Conclusion

A third body contact model for rough surfaces in contact with a system of third body
contact particles is presented. The model is capable of predicting the real area of contact
and contact force. The model is then used to predict the electrical contact resistance for
cellphone connectors. Appropriate parameters were chosen according to the
measurements of real connector surfaces. The results show that the model is capable of
capturing the effect of sand contamination of the surfaces. The model can also be used
to predict the critical sand content that can result in contact failure due to high contact
resistance. The model can also be used to find out the best surface roughness to
minimize the contamination issues based on the typical particle content and size. In the

future we plan to validate the model with experimental results.
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5. The effect of nanoparticles on thin film elasto-hydrodynamic lubrication

Elasto-hydrodynamic lubrication (EHL) has been the topic of extensive studies in the past
sixty years. It was originally explored to provide an explanation for the behavior of line
and point contact between gears and bearings with a focus on predicting the minimum
film thickness [99]. The EHL is interestingly proven to be a very effective lubrication
regime especially in the case of thin lubricant films. Various experimental and analytical
studies have explored the problems associated with the EHL in different systems [100].
The results suggested that the classical EHL models[101-103] are accurate down to gaps
as small as 10 to 20 nm [104, 105]. For very thin films, by using experimental[106],
numerical[107] and analytical methods[108], it has been shown that the surface forces
promote layering of the lubricant’s molecules, which in turn leads to a considerable
reduction in the coefficient of friction (COF). This work explores the effect of nanoparticle

additives in the thin film EHL regime.

In the context of nano-lubricants, it has been recently reported by different groups of
researchers that nanoparticle additives can improve the lubricity of lubricants[37, 38, 41,
109, 110]. However, most of the studies were aimed at the performance of the
nanoparticles in the boundary lubrication regime in which substantial contact occurs
between the surfaces. Hence, most of the proposed friction reduction mechanisms for
nanopaticles such as rolling [11, 111], transfer films [39, 112], formation of tribofilms
[110, 113] and reducing the real area of contact [83, 109] require particles/surface
interactions. This paper focuses on the performance of nanoparticle additives on thin
film elasto-hydrodynamic lubrication in which no significant contact occurs between the
lubricated surfaces and the pressure in the lubrication film is high (0.7~1.5 GPa). The
hypothesis of the current work is that nano-sized particles can infiltrate into the small

gaps between surfaces in the EHL regime and when the size of the gap is comparable to

75



the particle’s size and the film pressure is high, particles may affect the friction properties
of the contact pairs. In this study, we have conducted careful experiments using a sphere
(pin) on flat (disk) friction tester to demonstrate the effect of nanoparticles on reducing
friction in the EHL regime. Moreover, surface analysis and molecular-level simulations
have been utilized to investigate the possible interaction between the nanoparticles and
the surfaces or lubricant in order to determine the potential enhancing mechanism. The
results propose a new friction reducing mechanism induced by the nanoparticles in the

EHL lubrication regime.

Figure 28. Schematic of the contact pair.

5.1.  Nano-lubricant and experiments

The nano-lubricant used in the experiments contains silver nanoparticles with an average
size of 7 nm suspended in polyethylene glycol (PEG). The molecular weight of the PEG is
600 g/mol. Polyvinylpyrollidone (PVP) with a molecular weight of 10 Kg/mol is used as the
coating agent to stabilize the suspension. The nano-lubricant has 3 mM silver
nanoparticles and 1.5 mM PVP suspended in PEG and the control lubricant consists of 1.5

mM of PVP in PEG. The viscosities of the nano-lubricant and the control lubricant are
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measured to be 170.8 and 166.4 mPa.s, respectively. Also, the nano-lubricant and the
sample are observed to behave as Newtonian fluids in shear rates higher than 10 s (data
is not given here). The stability of the suspension was studied and the nano-lubricant was

observed to be stable for a 6 months period.
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Figure 29. Pin and disk profiles after the friction tests for one of the contact pairs.

Friction tests were performed with a pin-on-disk friction test setup that consists of a
spherical pin (10 mm diameter) in contact with a rotating disk (please see appendix | for
details). This configuration provides a concentrated point contact between surfaces. The
disk part is made of AISI 1080 carbon steel and the pin is made of AISI 52100 chromium
steel. The contact is submerged under the lubricant using a reservoir. The sphere and
disk are brought into contact by changing the normal force while the lubricant exists
between the surfaces. An electrical contact resistant sensor (ECR) is used to detect

contact between the solid conductive surfaces.

The test procedure has two steps, first the run-in step during which the surfaces are
brought into contact. In this step, the contact pressure (maximum Hertzian contact

pressure) is held at 0.97 GPa for 15 min and then increased to 1.40 GPa for another 15
77



min. During this step the surfaces develop and a shallow groove forms on the disk. Figure
28 shows the schematic of the contact pair and the groove. During the next step of the
friction test the force is changed from 2.0 N to 50.0 N in nine increaments over three
minute intervals and the friction data is collected. This step tries to collect the data in

short intervals so that the change in the geometry of the surfaces is minimal.

Upon completion of the tests, the profiles of the pins and the disks are measured in order
to accurately estimate the contact pressures. The profiles of a contact pair are shown in
Figure 29. The profiles are used to calculate the actual curvature of the pins and the
grooves in the contact region during the data collecting step. The overall effective contact
radius in the y-direction is Ry = Ry, '+ R,,4 and in the x-direction is Rxe = R,,, where
subscripts x, y, e, p and d stand for x-direction, y-direction, effective, pin and disk (see
Fig.28 for definition of coordinates). Ry, Rxp and Ry,q have been measured based on the
actual surface profiles. Due to the difference in effective contact radius in the x- and y-
directions the contact region is elliptical in shape. Hence, the contact pressure for

elliptical point contact is calculated using the general Hertzian contact solution[114].

The results are plotted in Figure 30 in terms of the COF versus the contact pressure (the
maximum Hertzian contact pressure). As the contact pressure increases, the COF first
decreases and then increases, which is a typical behavior of lubricated pairs in the EHL
regime. The plateaus at the far right of the curves correspond to the initiation of contact
between surfaces. The results indicate that the nanoparticle additives enhance friction
in the EHL regime which is associated with the contact pressures = 0.8 to 1.6 GPa. This
observation confirms that the supplement of nanoparticles improves friction when
contact pairs are separated by a film of lubricant. As mentioned earlier, the viscosity of
the nano-lubricant is higher than the viscosity of the control lubricant and therefore the
enhancement does not originate from the bulk lubricant properties that are effective in
the hydrodynamic lubrication regime. In addition, the ECR sensor shows that there is no
contact between surfaces, and the pressure is high, showing that the regime is not
boundary lubrication either. These observations lead to the conclusion that the
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nanoparticles reduce friction in the EHL regime. However the reason and mechanism

which allows this is not known.
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Figure 30. Coefficient of friction versus contact pressure.

The contact system consists of three components, particles, surfaces and the lubricant.
Therefore, we need to investigate the interaction between any pair of these components
to find the dominant effective mechanism of nanoparticles in the EHL regime. The
interaction between the lubricant and the surfaces is the common factor for the nano-
lubricant and the control lubricant. Hence, the mechanism should have roots in the
interaction between the nanoparticles and the surfaces or the nanoparticles and the
lubricant. Possible phenomena that arise from the particle/surface interactions can be
either the particles forming nano-structures on the surface or filling up the valleys of the
surface, leading to a change in the nano-texture of the surface and therefore affecting the
EHL. Particle/lubricant interaction at the thin film EHL may also result in the reduction of
the COF. For instance, the nanoparticles can affect the flow pattern or glass transition of
the lubricant at high pressures. The rest of this work studies the nanoparticles/surface
and the nanoparticles/lubricant interactions in order to find the dominant mechanism

responsible for reducing friction.
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Figure 31. Picture of contact region obtained with scanning electron microscope, (a) AES
spectra inside (b) and outside (c) the contact region.

5.2.

Surface analysis

In order to investigate possible particle/surface interactions, various surface analyses

were performed on the disk surfaces after the tests. A scanning electron microscope

(SEM) image of one of the contact regions is shown in Figure 31 (a). As shown in the

figure, Auger electron spectroscopy (AES) spectra were recorded both inside and outside
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the contact groove. Results shown in Figure 31 (b) and (c) indicate that there is slightly
more Ag inside the wear groove than outside the groove. Surface stoichiometry
measurements both outside and inside the contact groove were obtained by X-ray
photoelectron spectroscopy (XPS), yielding the average amount of surface Ag to be 0.06
and 0.1 at% for the regions outside and inside the groove, respectively. XPS was used for
the stoichiometric measurement rather than AES due to the higher accuracy of XPS in
stoichiometric determinations. The analysis on the surfaces tested with the control
lubricant showed no evidence of Ag on the surfaces. The next step is to study the
configuration of the particles on the surface and detect possible chemical bonding
between the nanoparticles and the surfaces. Ar sputter etching was used to drill ~ 12.5
nm into the surface (slightly over the average size of a particle). AES results before and
after the drilling shows that the Ag signal completely vanished after drilling (see Figure
32). Moreover, XPS analysis inside the contact region showed that Fe on the surface is
largely in an oxide form (Fe203), with no bonding between Ag and other surface elements.
This shows that there is no strong bonding between the Ag nanoparticles and the surface.
Figure 33 illustrates the possible scenarios that may happen in regard to the
nanoparticles/surface interaction and schematically shows the possible effects of drilling
for each scenario. In the first scenario (see Figure 33 (a)), it is assumed that the
nanoparticles either (1) deposit in the valleys, (2) coalesce to form nano-structures or (3)
bond to the surface. In this scenario, drilling does not remove all of the nanoparticles. In
contrast, in the second scenario in which individual nanoparticles are loosely adhered to
the surface (see Figure 33 (b)), drilling removes the Ag nanoparticles, which is the
phenomenon observed in our tests. Considering that the information depth for both
AES/XPS is ~ 5 nm, this analysis along with the surface stoichiometry using XPS suggests
that Ag resides strictly on the surface in the form of individual nanoparticles loosely
adhered to the surface. We conclude that no influential interaction is taking place
between the nanoparticles and the surfaces that can be considered to be the mechanism

behind the observed friction reduction.
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Figure 33. Schematic of possible particle/surface interaction: (a) particles deposit on the
surface and inside the valleys (b) scattered loosely adhered particles on the surface.

5.3.  Molecular dynamics simulations

Next, molecular dynamics (MD) simulations are utilized to study the underlying

mechanisms in relation to the interactions between the nanoparticles, the surfaces and
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the lubricant in the thin film EHL (the MD simulations was done by Mr. Hasan Babaei and
Dr. Jay Khodadadi of Auburn University Mechanical Engineering Department). In order to
simplify our MD simulations, the lubricant is chosen to be n-dodecane. Since the MD
simulations are designed to study the mechanistic interactions between the nanoparticles
and the lubricant, this choice of lubricant does not affect our overall purpose for
performing MD simulation. The minimum film thickness in the friction tests was
estimated by theoretical calculations [102, 103] to be 90 nm and the combined roughness
in the sliding direction (x-direction) was measured to be 70 nm. This means that the gaps
between the surfaces are on average around 20 nm. Therefore, the geometries in MD

simulations were chosen to have the similar ratio of particle size over gap size.

Simulations were performed on a smaller system containing a nanoparticle with a
diameter ~24 or 37 A suspended within the gap of 54 A filled with n-dodecane molecules
confined between two rigid walls (see Figure 34). The Ag atoms included in the
nanoparticle are located on a faced-centered cubic (FCC) lattice with a lattice constant of
4.09 A [115]. The walls are made of iron atoms located on a body-centered cubic (BCC)
lattice with a lattice constant of 2.87 A [115]. The walls include three layers of atoms with

a cross-sectional area of ~60x60 AZ.

A Lennard-Jones (LJ) potential is utilized for interactions among Ag and Fe atoms [115].
The Nath, Escobedo, and de Pablo-revised (NERD) force field [116] is used to describe
interactions between dodecane molecules. For the cross-interaction potential between
different elements, the Lorentz-Berthelot mixing rule [117] is used for determining the LJ
potential parameters. A time step of 1 fs is used in all simulations. All simulations were
performed with the large-scale atomic/molecular massively parallel simulator (LAMMPS)

molecular dynamics package [118].

The steps of the MD simulations are as follows. Pure fluid (control lubricant) or nano-
lubricant (the term that is used for systems containing nanoparticles) systems were

initially equilibrated under isobaric-isothermal (NPT) ensembles at 7=300 K and
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atmospheric pressure without the walls. At this stage, the periodic boundary conditions
were applied on all directions of simulation boxes. Then, these systems were brought into
contact with the two walls and subjected to compression by moving the walls toward
each other. In this step, the periodic boundary conditions were applied on the directions
parallel to the walls’ surfaces, whereas for the normal direction, a fixed non-periodic
boundary condition was utilized. A schematic diagram of a nano-lubricant system after

compression is exhibited in Figure 34.

The density curves for different gap distances during compression simulations show that
by compressing the fluid within the gap, planar layers of the lubricant’s molecules are
formed. The density curve for gap size of 54 A without the nanoparticle is shown in Fig.
35(a). This phenomenon is in agreement with the results of other MD works [119-122]
on thin films between two walls. However, in our study, upon shearing the walls, the
layered structure midway between the walls vanishes, leaving only a few ordered layers
in the vicinity of the walls. In this scenario, the pressure and gap distance between the
walls change simultaneously. To overcome this problem and to find the dependency of
the COF on the pressure independently from the gap distance, simulations were carried
out on systems containing different numbers of lubricant molecules (i.e. densities). In
other words, the gap distance is kept constant while the pressure changes due to the
number of molecules. After the compression step, the systems were equilibrated for
1,000,000 time steps under the isothermal-constant volume (NVT) conditions. Then, the
walls were sheared in opposite directions for 4,000,000 to 6,000,000 time steps until the
systems reached the steady-state condition. Upon attaining the steady-state condition,
the normal and shear stresses on the walls were obtained by dividing the average forces
imposed on the walls from the lubricant’s molecules by the cross-sectional area of the
walls. Figure 35(b) exhibits the calculated COF versus pressure for the pure and nano-
lubricant cases. The results show that for all cases, the COF decreases with increasing
pressure. In addition, the presence of the nanoparticles leads to a decrease in the COF.

The general trend of the friction results from the MD simulations (Figure 35(b)) and the
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experiments (Figure 30) corroborate each other on the fact that the presence of the
nanoparticle in the contact system results in a decrease in the COF. This also supports

the idea that the nanoparticles/lubricant interaction is responsible for improved

performance in thin film EHL.
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Figure 34. Schematic diagram of the simulation system and boundary conditions.

85



P

(a) G=54A

Density (g/cm3)

0
\v)

-30 -20 -10 10 20 30 40

I
o

z (aﬁgstrom)

0.3
0.28 - == G=54 A, pure

| = B G=54A D=24A
0.26 o4 A Dog7 A
0.24 - -@= G=54 A, D=37

0.22 -
0.2 -
0.18 -
0.16 -
0.14 -
0.12 - (b) ]
0.1 . . : .

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

P (GPa)

COF

Figure 35. (a) Density curve for pure at G=54 A, showing the formation of planar layers.
(b) COF versus pressure at G=54 A for pure system and two nanofluid systems
containing nanoparticles with D=24 and 37 A.

By monitoring the motion of lubricant molecules and tracing them when the walls are
sheared, we found that the lubricant’s molecules move with each nanoparticle (in a
translating motion). This is most likely the key mechanism behind the reduction in the
COF when a nanoparticle is present. The presence of a nanoparticle forces the lubricant’s
molecules to move along with the nanoparticle, promoting an obstructed flow (please
refer to movies of molecular dynamics simulations available in supporting information
section). This is clearly observed in the velocity profile for the nano-lubricant cases given
in Figure 36. For obtaining the velocity profiles, the region between the walls is divided

into a sufficient number of slabs normal to the z-direction. Then, the time-averaged
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velocity of all particles within those slabs was calculated. For nano-lubricant cases, there
is a flat region in the velocity profiles which indicates that shearing occurs over a few
layers of lubricant adjacent to the walls. While for the pure case, the velocity profile
includes both a linear region and a jump which shows that shear is distributed through all
regions of the gap. The proposed mechanism is further verified by modeling a pure fluid
system containing a less number of the lubricant’s molecules and a smaller gap. Similar
simulation steps were carried out for a gap size of G=18 A and having a pressure of 0.7
GPa. Despite the aforementioned simulations, in this case, shearing does not destroy the
planar structure of the layered molecules and dodecane molecules slip on each other on
the sliding layers (see Figure 36). The calculated COF for this case is 0.12, which is closer
to the COF for the nano-lubricant systems rather than COF for the pure fluid with G=54 A
and having the same pressure. The similar values of COF suggest that in both cases, the
case with a few layers of pure fluid and the nano-lubricant case, the same mechanism
occurs. Consequently, this directs us to the conclusion that the mechanism for
nanoparticles in the thin film EHL regime is the occurrence of obstructed flow caused by
nanoparticles promoting the shearing action over a few layers of the lubricant. One point
should be noted about the velocity curves in Fig. 36 and that is the velocity profiles are
not symmetrical around zero. This is because firstly the initial arrangement of molecules
does not contain symmetry and also the molecules are long and can cross the center line
of the simulation box and bend throughout the simulation box leading to an asymmetry
case. Moreover, the different strengths of the liquid layering effect due to the walls can
destroy symmetry. The only criterion is that the overall momentum needs to be zero in
the simulation box which is correct as one looks at the higher velocity next to the top wall

due to the higher liquid layering effect.
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Figure 36. Examples of the velocity profiles for the pure and the nano-lubricant cases

with G=54 A and a pure case with G=18 A.
5.4.  Conclusion

In summary, in this work, a new friction reduction mechanism was proposed for nano-
lubricants in thin film EHL regime. Through careful friction tests it was demonstrated that
nanoparticles reduce the COF in the thin film EHL regime. Extensive surface analysis
studies shows that there is low amount of Ag nanoparticles on the surface. XPS analyses
were unable to detect bonding between the particles and the surfaces. Moreover,
surfaces were drilled with Ar sputter cleaning which showed that Ag presence is strictly
on the surface and particles are loosely adhered to the surface. Molecular dynamics
simulations were performed to elucidate the interactions between the nanoparticles and
the lubricant molecules in pressurized thin film EHL. The general trend of the COF curves
versus the pressure obtained from simulations (Fig. 35(b)) agrees with the curves
obtained from measurements (Fig. 30). Careful observation of molecules flow pattern
inside the gap revealed the underlying mechanism to be occurrence of obstructed flow.
Nanoparticles are small enough to infiltrate into nano-scale gaps formed between the in-

contact surfaces and change the characteristics of the lubrication system locally. Within
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the pressurized small gaps, the nanoparticles influence the flow pattern and reduce
friction. Conventionally, lubricants with higher viscosity are used to reduce friction in the
EHL regime while preventing contact between surfaces. However, the proposed
mechanism suggests a new solution to this problem, which is the addition of nano-sized
particles to infiltrate into the gaps and enhance local lubricity. Further investigations
using in-situ film thickness measuring technics during the friction tests and studying the
effect of pressure on bulk viscosity of nano-lubricants are underway for further

verification of the proposed mechanism.
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6. Tribological performance of silver nanoparticle-enhanced polyethylene glycol

lubricants in boundary and mixed lubrication regime

Nanoparticle additives as a lubricant modifier have proven to be effective [37, 38, 41, 109,
123, 124]. Investigations on various type of nanoparticle additives almost unanimously
report a decrease in coefficient of friction (COF). However, the effect of particles on wear
is reported to be multifarious. Various enhancement mechanisms have been proposed
for nanoparticles including, rolling [11, 111], transfer films [39, 112], formation of
tribofilms [113] and reducing the real area of contact [83, 109]. This section investigates
the tribological effect of silver nanoparticles additives in polyethylene glycol (PEG) as a
nano-lubricant and discusses the possible enhancing mechanism. Water-solubility, low
volatility, natural lubricity and non-toxicity of PEGs make them a candidate lubricant for

a wide range of applications.

Silver nanoparticles are currently the most widely used nanomaterial in commercial
products [125]. They are often applied as antibacterial agents in medical products and
consumer goods such as wound dressings and disinfectants and fresh box containers.
Silver nanoparticles have a very large surface area per mass which increases the release
of silver ions which in turn result in cell lysis and results in an antibacterial effect [126].
Silver nanoparticles are also incorporated into plastic, adhesives and fluids to increase the
electrical and thermal conductivity [127-129]. Therefore, silver nanoparticles are indeed
the most attractive type of nanoparticles from an industrialization standpoint in spite of
silver being a high-end value material. Sub-micrometer silver structures have been the
topic of compression tests [130]. Experiments showed that submicron silver pillars
possess an elevated flow strength (as compared to the bulk property) that is inversely
proportional to the pillar’s diameter. Nanoindentation studies on silver nanoparticles

with an average size of 13 nm reported the hardness to be 3.12 GPa [131]. This flow
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strength while being higher that of the bulk, is considered soft as compared to the other

type of nanoparticles [7, 10].

The nano-lubricant used in this study is similar to the one introduced in the previous
section consisting of silver nanoparticles with an average size of 7 nm suspended in
polyethylene glycol (PEG). The nano-lubricant was prepared in three different
concentrations of 1.5, 3.0 and 4.5 mM. The results were compared to a control sample

containing the same concentration of PVP as the nano-lubricant solutions.

6.1.  Viscosity measurements

In order to obtain a complete picture of the Rheological performance of the silver nano-
lubricants, viscometery studies were performed. Measurements were carried out using
a Brookfield® DV-Il +Pro rotational viscometer capable of measuring small volumes at
controlled temperatures (please see appendix | for details). Measurements were
performed for different concentrations of nano-lubricant (NL) in various temperatures
and shear rates. Fig. 37, shows the variation of viscosity versus shear rate at different
temperature values. Results show that the nano-lubricant behaves as a Newtonian fluid
for shear rates higher than 10 s (some minor shear thinning effects were observed at
lower shear rates). Therefore, the nano-lubricant behaves as a Newtonian fluid in the
shear rate ranges of the experiments in this study and for lubrication applications (which
are well above 10 s?). These viscosity measurements will later be used to generate the

Stribeck curve for the control and the nano-lubricant.

Figure 38(a) shows the variation of viscosity versus nanoparticle concentration for a
temperature of 30°C. The nano-lubricant’s viscosity increases as the nanoparticle content
increases in a quasi-linear manner. The addition of nanoparticles accelerates the energy
dissipation in the system which translates into an increase in the bulk viscosity. A similar
trend was observed in our previous study [109] on CuO particles and by other studies in

the field.
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Figure 38(b) shows the dependence of viscosity on temperature for the control lubricant
and 4.5 mM Ag nano-lubricant. This graph shows that the viscosity dependency on
temperature is greater than its dependency on nanoparticle content. Note that the
viscosity value of the other two concentrations of nano-lubricants considered in this work

falls in between the two curves.
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Figure 38: (a) Viscosity versus nanoparticle concentration at T = 30 °C, (b) Change in
viscosity versus temperature.
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6.2. Friction and wear tests

Friction tests were run using a pin on disk (sphere on flat) tribometer capable of precise
controlling of the normal load and the sliding velocity. The pin is mounted on a suspension
that helps tuning the normal load as well as sustaining the contact between surfaces
during sliding. The disk is submerged under the lubricant and rotating continuously to
provide the sliding motion. The pin is a 10 mm sphere made of AISI 52100 chromium
steel. The disk is made of AISI 1080 carbon steel with a surface roughness of 0.4 um. An
electrical contact resistor (ECR) is installed in the tribometer to detect direct contact
between surfaces. The ECR can be used to distinguish between lubrication regimes.
Therefore the machine and the setup are capable of performing finely tuned experiments

in different lubrication regimes (please see appendix | for details).

Friction tests were run for a total distance of 2500 m at a sliding speed of 0.5 m/s. The
mean Hertzian pressure was set to be 666.7 MPa during the tests. Figure 39 shows the
progression of the COF versus sliding distance for different concentrations of
nanoparticles. Each curve represents the COF signal of a single test. COF results show that
the run in step takes less than 1000 m of sliding distance also that the Ag nanoparticle
additives are capable of maintaining a low COF value throughout the experiment. Another
observation is that the nanoparticles help with the run-in process as the COF for the nano-
lubricants tend to reach a quasi-steady state value earlier. These tests are in the mixed
lubrication regime in which there is contact between the surfaces. Consequently, a groove
forms on the surface during the tests. Wear measurements were carried out by
guantifying the amount of the material that has been removed during the tests [132]. A
three dimensional profile of the wear track was obtained using the stylus profilometer
which was used to calculate the wear volume. Figure 40 shows the three dimensional

profile of one of the wear tracks used in the analysis.
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Figure 40: Three dimensional surface profile of a wear track obtained for wear
measurements.

Friction experiments were repeated for various nanoparticle concentrations. The average

value of COF for sliding distances over the first 1000 m was reported as the COF value of

a test. The friction results were paired with the wear measurement as shown in Fig. 41.

It was observed that the silver nanoparticle additives are capable of reducing both friction

and wear at different nanoparticle concentrations. COF and wear tend to monotonically
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decrease as the nanoparticle content increases. A notable point is that the nano-
lubricants used in this study include low concentrations of nanoparticles, namely 1.5, 3.0

and 4.5 mM. However, it is observed that both the wear and COF decrease by 35%.
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Figure 41: Effect of nanoparticle concentration on friction and wear.

A Stribeck curve analysis was performed in order to investigate the range in which the
silver nanoparticle are effective in reducing friction and wear. Stribeck curves
characterize the effect of the lubricant in various lubrication regimes i.e. the boundary,
mixed, EHL and hydrodynamic lubrication regimes. A Stribeck curve shows the COF values
versus viscosity multiplied by speed over load or pressure (na/F or na/P) depending on
the availability of a contact pressure value. Such curves are usually generated by changing
load or speed and recording the COF. However, it is usually challenging to generate a
repeatable Stribeck curve. This is due to the fact that the contact is usually abrasive in the
boundary and mixed regimes, hence the geometry of the contact pairs tend to change
during the test which will skew the data. In order to overcome this challenge a series of
experiments were performed at different normal load and speed values. The test
procedures were evaluated based on the repeatability of the results. Finally a test
procedure was found using a trial and error scheme that yields repeatable results with
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the lowest error values. The Stribeck curves for the control and the 3.0 mM nano-
lubricant is shown in Fig. 42. The results demonstrate the effectiveness of silver
nanoparticles throughout boundary and mixed lubrication regimes. The nanoparticles
decrease the COF the most in the mixed lubrication regime. Deeper into the boundary

lubrication regime the particles seem to have a lesser effect on the COF.

An interesting observation is that the performance of the nano-lubricant and the control
does not converge at the end of the mixed lubrication regime (right side of the graph).
This was in contradiction to our speculation which was that the control lubricant should
outperform the nano-lubricant once there is no contact between the surface i.e. EHL or
HL. This was speculated due to the fact that the nano-lubricant has a higher viscosity and
should yield in a greater COF value once the genesis of the friction is from the shearing of
the lubricant film. However the graphs in Fig. 42 did not support that idea as the curves
do not seem to converge at the end of the mixed lubrication regime. This phenomenon

was investigated in depth [123] and the results were discussed in the previous chapter.
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Figure 42: The Stribeck curve obtained for the nano-lubricant and the control showing
the performance of the lubricants in boundary and mixed lubrication regimes.
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6.3.  Surface analysis

X-ray photoelectron spectroscopy (XPS) analysis were performed on the surfaces in order
to investigate the effect of the Ag nanoparticles on the surface. XPS is strictly a surface
method having a probing depth of about 6 nm. XPS is capable of detecting small amounts
of elements on the surface. In addition, XPS can detect the bonds between the elements
by measuring the shift in energy peaks. Therefore, XPS is an excellent tool to be used for
our tribological purposes. The surfaces were rinsed with distilled water prior to surface
analysis. The analyses were performed inside and outside of the wear grooves. It was
observed that the wear surface is largely Fe oxide, as observed by the Fe2p peak shape
and binding energy (Figs. 43 and 44). The Fe2p peak has the general shape and energy as
Fe>03 which is the stoichiometric native oxide of Fe. Analysis also revealed that there is
slightly more Ag in the wear groove than outside the groove. XPS outside the groove
shows that the amount of surface Ag is very small (~ 0.5 wt%). Moreover, no bond
between the Ag and any other surface element was found. Given these points, it was
concluded the Ag particles don’t chemically interact with the surface or physically deposit

on the surfaces in large numbers.
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Figure 43: XPS analysis spectrum obtained inside the groove of a sample tested with the
nano-lubricant.
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Figure 44: XPS analysis spectrum obtained outside the groove of a sample tested with
the nano-lubricant.

6.4. Discussion and conclusion

In this work a new type of polyethylene glycol (PEG) based nano-lubricant was introduced.
The reaction of the nano-lubricant to shearing starin was investigated using viscometry
experiments.  The viscosity of the nano-lubricant was measured at different
temperatures, shear rates and particle concentrations. Friction experiments were carried
out using a pin on disk tribometer. Wear analysis were performed using a stylus
profilometer. Results showed that the Ag particle (even in small concentration, 4.5 mM)
are very effective in reducing both the COF and wear. Moreover, Stribeck curve analysis
revealed that the particles are effective throughout the mixed and boundary lubrication
regime. However, silver particles are most effective in the mixed lubrication regime,
yielding up to 35% reduction in the COF and wear. Surface analysis was performed that

suggested the particles don’t interact with or alter the surface significantly.

The results are in agreement with the previous studies on CuO particles. However, in this
study softer Ag nanoparticles don’t scratch the surface to generate abrasive wear. On the

contrary, the Ag particles can reduce wear as was predicted using the reduction in the
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real area of contact mechanism. Unlike the CuO particles Ag particles seems to have a
more pronounced effect on the mixed lubrication regime’s performance. CuO particles
were observed to be more influential deeper in the boundary lubrication regime. This is
because Ag particles are softer and tend to yield easier than the CuO particles. Our
observation offers a method for tailoring the nanoparticle additives for a specific
application. For example, if the system of interest is performing in the boundary
lubrication regime, harder particles are likely to be more effective, while softer particles

such as Ag particles are better suited for applications in the mixed lubrication regime.
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7. The performance of nanoparticles in fully formulated oils

Nanoparticles when suspended in a lubricant can infiltrate small gaps between a rough
surface contact and alter the contact’s tribological performance. The ability of nano-size
particles to pass through conventional filters, penetrate into contacts that larger particles
cannot, along with the enhanced scale dependent properties of the nano-sized particles
have made them a promising new type of lubricant additive. Different nanoparticles have
proven to reduce the coefficient of friction up to 25% and 50% in recent studies[39, 109].
However, there are contradictions in the reported effects of nanoparticles on wear.
Moreover, the dominant enhancing mechanisms of nanoparticles are uncertain or
unknown with few exceptions (such as for MoS; particles). All of the proposed active
mechanisms for nanoparticles such as rolling [111], transfer films [39], formation of
tribofilms [113], polishing [133], and reducing the real area of contact [83, 109] would
justify the friction reduction induced by the nanoparticles. However, a physical
understanding that explains the synergic effect of these mechanisms and the effect of
nanoparticles on wear is yet to be formalized. This is the missing link in our understanding
on the nano-lubricants and hinders the industrialization of nano-lubricants in major
applications. Also by studying the effect of nanoparticles on wear one can differentiate
between and evaluate the proposed mechanisms for nanoparticles. Therefore, the
current work will study the effect of different nanoparticle additives in fully formulated

oils on friction and wear.

Some of the results in the literature are inconclusive and contradicting, some classic
examples are studies reporting the use of diamond nanoparticles to reduce wear [111,
134] while they are used for gemstone polishing because they produce “the highest
material removal rates” [135, 136]. Another example is that some particles are reported

to increase or decrease wear and friction in different studies. When it comes to
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investigating nano-lubricants, there are several pitfalls and complications that entangle
the conclusion of the studies. (1) Abrasive particles can polish the surfaces and change
the surface roughness (nanopolishing) and (2) nanoparticles will influence viscosity which
in turn could change the tribology of contact or regime of lubrication. (3) Nano-lubricants
studied in nano or micro-tribometers neglect the macro effects of the system such as the
elastic deformation of surfaces and hydrodynamic pressure. (4) There exists a lack of
information about the contact mechanics of nanoparticles; for example, if particles are
not loaded enough to yield, the formation of transfer films by particles can’t be the active
mechanism. That is why the current work uses strategically designed and thorough
experimental analyses to assess the full effect of nanoparticles on wear and friction in
fully formulated oils. A secondary focus will be on elucidating the role of nanoparticle

additives in lubrication.
7.1.  Experimental approach

Friction and wear in a nano-lubricated interface is the result of nanoparticle to surface
and surface to surface interactions. The current work aims to investigate both of these
interactions independently to better understand the role of the nanoparticles in a fully
formulated oil. Three sets of experiments were designed to investigate the system in

depth.

(1) Nanoparticles in dry form: in these experiments CuO particles in powder form were
used to conduct dry friction experiments. The CuO nanoparticles can be obtained in and
out of solution without any chemical interventions. Therefore, CuO particles are an ideal
candidate to perform dry friction tests to understand the explicit role of nanoparticles in

contact.

(2) Base lubricant’s effect: in these experiments CuO particles are suspended in (i)
dodecane, (ii) polyalphaolefin (PAO) base oil and (iii) fully formulated SAE 5W20 engine
oil. The friction experiments on nano-lubricants with the same type and concentration of

the nanoparticles can reveal the role of surface to surface interactions in the system.
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(3) Nanoparticle’s effect: In order to study the effect of nanoparticle’s character on these
systems three types of nanoparticles were used: silver (Ag), copper oxide (CuO) and
diamond nanoparticles (all are stable in the suspensions). Our previous studies showed
that Ag nanoparticles decrease the wear while CuO particles can result in a decrease or
increase in wear based on the test conditions and diamond nanoparticles are abrasive.

Therefore, this choice of nanoparticles covers the full spectrum of nanoparticle hardness.

The CuO nanoparticles are similar to the particles described and used in the studies of
section 2, i.e. CuO nanoparticles coated with sodium oleate. However, for this study the
particles were obtained in a chloroform solution. The nanoparticles in the chloroform
solution were applied on the surface and dried using a heating lamp. This would leave dry
CuO particles in powder form on the surface for dry tests. Moreover, the same solution
can be used to make the nano-lubricants. This was done by applying the CuO-chloroform
solution to the base lubricant and evaporating the chloroform using heat and vacuum
while stirring the solution. All the CuO nano-lubricants were prepared at a concentration
of 5.0 %wt of CuO particles to highlight the particles’ effect in the experiments. It should
be noted that this is a very high concentration of nanoparticles which is far from the
optimum concentration of nanoparticle additives. However, for the purpose of

investigating the effect of particle to surface interaction it is a logical choice.

The CuO nano-lubricant in fully formulated SAW 5W20 is also prepared as mentioned
above. Hence consisting of 5.0 %wt of CuO nanoparticles coated with sodium oleate in
5W20. The diamond nano-lubricant consists of 20 nm particle suspended in 5W20 along
with polyolester (POE) oil as the dispersing agent. The Ag nano-lubricant consists of 10
nm particles in 5W20 along with oleoyl sarcosine as the dispersing agent (please see

appendix | for details).
7.2. Results

The experiments were carried out using the pin on disk and disk on disk methods

described in previous sections. Figure 45 shows the COF versus time for the CuO
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nanoparticles dry test versus the control test. It should be noted that the tests were done
by a pin on disk setup with 1 Hz frequency so the time axis is also the cycle axis in these
tests. Figure 45(a) shows the results for a normal load of 20 N. In this test the dry CuO
nanoparticles reduce the COF significantly in the first 150 cycles. However the COF then
increases to the value of the control after 150 cycles. The test was then repeated for a
lower normal load of 2.0 N. The COF results on Fig 45 (b) show that the nanoparticles
reduce the COF in this load as well. However, in this test the dry nanoparticles stop
performing after 400 cycles. After this the COF values increases up to the value of the
control again. The hypothesis was that the nanoparticles are pushed out of contact during

the test and that is why there is an increase in the COF signal.

In order to put this hypothesis to the test, a new experiment on dry CuO nanoparticles
were conducted using a disk on disk setup. The disk on disk setup allows for lower contact
pressures. Additionally, the initial concentration of the nanoparticles on surface can be
controlled due to the large contact area in this setup. Two disks were prepared for the
tests with two different concentration of nanoparticles deposited on them (see Figs. 46
(a),(b) and (c)). Figure 46(d) shows the results in terms of COF versus time. The particles
are able to reduce friction in both cases. The disk with the higher concentration of
nanoparticles stop performing at about 1200 sec whereas the disk with the lower
concentration of the nanoparticles stops performing at about 600 sec. Figure 46 (e)
shows the same graphs as Fig 46(e) only the graph for the lower nanoparticle sample is
shifted to the right. It is interesting to see the two graphs overlap one another and the
only difference is the starting point. In case of the higher concentration of the particles,
it takes longer for the particles to get pushed out of contact. It seems like there is a critical
concentration below which the nanoparticles can’t sustain a reduced COF. The initial
concentration of the particles on the surface determines how long it takes for the critical
concentration to be reached in the test. This provides more proof that the behavior
observed in this study so far is governed by the concentration of the nanoparticles on the

surface.
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Figure 46: (a) The control disk without any nanoparticles, (b) The disk with the high
concentration of dry nanoparticles, (c) The disk with the low concentration of
nanoparticles stopped at 600 sec. (d) Disk on disk dry tests performed on CuO particles
with two different concentration of particles on the surface. (e) The low concentration
curve was shifted to right to demonstrate the repeatability of the tests.

In order to prove that the performance of the particles on the surface is solely governed
by their concentration another dry test was run. In this experiment the nanoparticles

were deposited on the surface in the powder form and the test was run at normal load of
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F=2.0 N. As was expected the dry CuO particles stopped reducing COF at about 400 cycles,
Fig 47. However, this time the test was stopped and dry CuO nanoparticles were applied
to the surface to account for the particles pushed out of contact zone. The test was
resumed afterwards and as the results show on Fig. 47 the particles decreased the COF
for another 400 cycles. Afterwards, the COF began increasing again. This time the test
was stopped and some of the nanoparticles in the pile-up around the edges of the contact
were pushed back to contact zone. The test was resumed and it was observed that the
small amount of the particles could decrease the COF again. This test proved that the
reduction of the nanoparticles concentration is most responsible for the increase in
friction. However, there is another major observation to be made here that is, there is a
critical concentration of the nanoparticles below which the nanoparticles can’t decrease
friction. In other words, as the nanoparticle content is being reduces as the test
progresses (Figs. 45 and 47) the COF seems to be fairly constant until it reaches a certain
point. Beyond this point the nanoparticles can’t decrease the COF anymore and the COF
begins increasing rapidly until it reaches the control’s value. In order to measure this
critical concentration a test was stopped right before the particles stop performing. An
XPS analysis was performed inside the contact zone to measure the stoichiometry of the
elements on the surface. The measurement showed that there is 1.6 at% of Cu on the
surface right before the particles stop performing. The XPS analysis on the control sample
did not show any trace of Cu element. Additionally surfaces were drilled by 12.5 nm using
Ar sputter cleaning. Analysis on the drilled surface didn’t show any trace of Cu which

means Cu is strictly present on the surface only.
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Figure 47: COF in a pin on disk dry test performed on CuO particles. The test was
stopped when the nanoparticles stopped performing to add particles to the contact and
resume the experiment.
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nanoparticle concentration.
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More dry experiments using the CuO particles were run to investigate the effect of the
particles on wear. Results presented in Fig. 49 show that the nanoparticles in dry form

significantly reduced the wear as well as the friction.
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Figure 49: Wear measurement for a samples tested with the dry nanoparticles versus a
dry control test.

The next round of experiments were done using the CuO particles in various base
lubricants. The tests were started with CuO suspended in dodecane (Ci12H26). Dodecane
was chosen as it represents an inferior lubricant relative to commercial oils. A 5.0 %wt
solution of the CuO nanoparticles in dodecane was prepared. Friction tests were
performed using the pin on disk setup at normal loads of 2.0 and 20 N. Figure 50 shows
the COF versus time for normal load of 2.0 N. The results show that the CuO particles are

able to decrease the COF significantly throughout the experiment.
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Figure 50: COF versus test progress for CuO dodecane nano-lubricant and the control at
normal load value of F=2.0 N.

The tests were repeated and the wear measurements were carried out using the three
dimensional profiles, Fig. 51. The results are presented in Fig. 52 and show that the CuO
particles when suspended in dodecane can reduce both friction and wear significantly. It
should be noted that in Fig. 51, for the nano-lubricant at a normal load of F=2.0 N, no
measurable wear was induced during the test. The wear results are in sync with the
friction results and the nanoparticles are effectively reducing friction for different normal

loads.
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Figure 51: Three dimensional profile of the wear track for a sample tested with the
control dodecane solution at normal load of F=20 N.
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Figure 52: Friction and Wear analysis for CuO nanoparticles suspended in dodacane at
various normal loads.

The next round of the tests were perform on a nano-lubricant containing CuO particles in
PAO. PAO is a common synthetic base oil and is used in our experiments as a superior

base oil. Fig. 53 shows the COF versus time (cycle) for a pin on disk test at normal load of
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F=20N. In this case it is observed that the control PAO sample marginally out performs
the nano-lubricant. However, when the test was repeated at a higher normal load of F=50
N, the nano-lubricant yields a lower COF value, Fig 54. The tests were repeated and a

wear analysis was performed using three dimensional profiles of the wear tracks (Fig.55).
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Figure 53: COF versus test progress for CuO PAO nano-lubricant and the control at
normal load value of F=20 N.
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Figure 54: COF versus test progress for CuO PAO nano-lubricant and the control at
normal load value of F=50 N.
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Figure 55: Three dimensional profile of the wear track for a sample tested with the
control PAO solution at normal load of F=50 N.
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Figure 56: Friction and Wear analysis for CuO nanoparticles suspended in PAO at various
normal loads.

The friction and wear results presented in Fig. 56, show that the performance of the CuO
particle in PAO depends on the normal force. The particles are increasing friction at a

lower normal load of F=20 N while they decrease friction at F=50 N. The effect of particle
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on wear is also mixed. The CuO particle additives don’t affect wear at F=20 N while
decreasing wear at F=50 N. A possible explanation is that at higher loads there is higher
possibility of particles engaging in contact hence promoting the reduction in contact area

mechanism. This is probably why particles have a more positive effect at higher loads.

Next, a set of experiments were conducted that focused on the effect of CuO nanoparticle
additives on fully formulated SAE 5W20. Commercial oils such as 5W20 usually contain
10% to 20% additives by volume. Lubrication additives influence different properties of
the base oil such as viscosity modifiers, anti-oxidants, extreme pressure additives, friction
modifiers, antiwear additives, corrosion inhibitors, pour point modifiers, anti-misting
additives, anti-foam additives, etc. Some of these, such as extreme pressure additives and
antiwear additives are designed to form a protective layer on the surface called a tribofilm
(often called boundary films). A tribofilm can physically or chemically bond to the surface
and has a sacrificial role in lubrication. These nano size tribofilms help minimize direct

metal on metal contact, which would result in severe wear and friction.

CuO particles were added to 5W20 engine oil by a concentration of 5.0 %wt and the pin
on disk setup was used to perform the experiments. The friction tests were performed
at normal loads of 20, 50 and 150 N. Wear measurements were performed using three
dimensional surface profilometry. The friction and wear results are presented in Fig. 57.
CuO particles are observed to consistently increase the COF when added to the
formulated oil (this is due to the high concentration of the particles that was used in this
test.). However the effect of nanoparticles on wear is mixed and varies with the normal
load. At the lower loads of 20 and 50 N the nanoparticles were capable of reducing the
wear. However, when the load was increased to 150 N, nanoparticles had a negative
effect on wear. At higher loads, the film forming additives of the 5W20 are more active.
In addition, nanoparticles are more inclined to abrade the contact surfaces at higher
loads. Therefore, there is possibility of nanoparticles interaction with the tribo-films

(absorbed films) which needs to be investigated.
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Figure 57: Friction and Wear analysis for CuO nanoparticles suspended in the fully
formulated SAE 5W20 engine oil at various normal loads.

A surface that was tested with a solution of CuO particle in 5W20 and a control surface
were analyzed using the XPS. Two analyses were performed on each surface, one on the
surface as received after the tests and another analysis was performed after the surfaces
were drilled 12 nm with the Ar sputter cleaning. On the control sample traces of Fe, O, C,
F and Si were detected (see Fig 58). The majority the surface is made of C which is from
the lubricant residues on the surface. The analysis after Ag sputter cleaning showed that
the drilling process removed all of the F and Si on the surface and only Fe, O and Carbon
was detected. Therefore it is evident that F and Si are within the absorbed layers
(tribofilms) of the 5W20 on the surface. Similar analysis was performed on a sample
tested with the CuO nano-lubricant. Traces of Fe, O, C, F, Si and Cu were detected on the
surface. However, the amount of F and Si on the surface is lower than that of the control
sample. Similar to the control, the traces of F, Si and Cu vanished after the Ar sputter

cleaning. This result shows that the presence of the particles in high concentrations can
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interfere with the formation of tribofilms. The wear analysis that showed particles

increase wear also supports this idea.
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Figure 58: XPS surface analysis performed on samples tested with (top) control and (b)
the CuO nano-lubricant in the 5W20 oil at normal load of F=150 N.

The next set of experiments were conducted using the diamond nanoparticles suspended
in fully formulated SAE 5W20 engine oil. The first objective of this study was to investigate
the effect of particle concentration on the performance of the nano-lubricant. The
experiments were run on eight samples containing various concentrations of diamond

particles. The concentrations used in the study were 0.0, 0.005, 0.01, 0.015, 0.03, 0.05,
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0.08, 0.12 %wt. The experiments were conducted using a pin on disk setup at a normal
load of 100 N. Each test was run for three hours and repeated three times. The wear
analysis was performed using surface profilometry. Fig. 59 shows the variation of the COF
versus diamond nanoparticle concentration. The results showed that there is a minimum
COF value that corresponds to a concentration of 0.01 %wt of the diamond particles. At
higher concentrations the COF rises again and reaches a plateau at about 0.08%wt. It is

also interesting to note that this optimal concentration occurs over a relatively narrow

range.
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Figure 59: Friction analysis for various concentrations of diamond nanoparticles
suspended in the fully formulated SAE 5W20 engine oil.

The effect of diamond particles on wear is shown on Fig. 60. It is observed that the
particles can reduce the wear marginally at low concentrations (<0.05 %wt). However, at
the higher concentrations diamond particles increase wear in the system. This is similar
to the effect observed with the CuO particles and due to the abrasive effect of particles

on the absorbed films (tribofilms).
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Figure 60: Wear analysis for various concentrations of diamond nanoparticles
suspended in the fully formulated SAE 5W20 engine oil.

As evident from Fig. 60 higher concentration of diamond particles have a minor but
observable abrasive influence on the contact pairs. Some claim that such an abrasive
effect could result in minor but positive change in the surface morphology [137]. For
example, nanoparticles can re-polish the old contact pair surfaces such as old gears and
reduce roughness. This could also help with the break-in period of machinery. Particles
may also abrade away the soot and residue buildups on the surfaces, especially in
automotive engines to enhance the overall performance. Therefore the next set of
analysis was focused on the quantifying the polishing effect of diamond particles on the
surfaces. First it should be noted that the polishing effect, even though has genesis in
abrasive contact, is different than wear. Wear is simply a measure of the amount of
material that is moved or removed during the course of contact. On the contrary,
polishing is the effect of the contact process on the texture of the remaining surface.
Therefore, proper methodology is required to quantify the polishing effect induced by the

particles while avoiding the confusion with wear.

An optical surface profilometer was used to accurately measure the wear groove
geometry. The measurements were performed inside the wear grooves in an area of 450

pm by 450 um. The resolution was set to be 0.1 um in the direction of sliding and 1.0 um
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in the perpendicular direction. Fig. 61 shows one of the profiles obtained using the optical
profilometer. Several calculation methods and parameters were considered to measure
the polishing effect during the contact. The more accurate method was to subtract a
cylindrical fit from the profile to find the overlay roughness inside the wear groove. Fig.
62 shows the cylindrical fit to the profile shown in Fig 61 and the resultant overlay

roughness. Using the overlay roughness the polishing effect was quantified as a root

_L\ 2
mean square roughness, R, {%ZZ(Z(' j)_z)zj ?  The results showed that diamond

nanoparticle have a polishing effect on the contact surfaces and reduce the overlay

roughness inside the wear groove, Fig. 63.

pm
11

10

Figure 61: Three dimensional surface profile of inside a wear track obtained using an
optical profilometer.
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Figure 63: Overlay roughness for the control and the diamond nano-lubricant showing
the effect of polishing of the diamond particles.

The last set of experiments presented in this section is on the effect of Ag nanoparticles
on the fully formulated SAE 5W20 oil. A solution of 0.65 %wt Ag in 5W20 was prepared
for the experiments. The experiments were conducted using a reciprocating pin on disk
test scheme at a normal load of 150N. The wear measurements were also performed
using three dimensional surface profilometry. The results showed a significant decrease
in both friction and wear as shown in Fig. 64. Addition of the Ag particles at a low
concentration of 0.65 %wt yield about a 10% reduction in COF and about a 7% reduction
in wear. This result is similar to our previous experiments on the Ag nano-lubricant in
PEG. Ag particles don’t hinder the formation of tribofilms because of the compatibility of

the metallic Ag particles with the film forming additives.
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Figure 64: Friction and Wear analysis for Ag nanoparticles suspended in the fully
formulated SAE 5W20 engine oil.

7.3. Discussion

The dry friction tests using the CuO particles offered some key observations. The most
important was that there is a critical concentration of nanoparticles below which the
particles can’t sustain a reduced COF. The dry friction test offers a methodology to
measure the critical value and it was found to be 1.6 at% for CuO particles. From a
practical stand point this means that the particle concentration in the nano-lubricant
should be such that this critical amount is fed into the contact zone. Also, the reduced
COF value was observed to not be directly related to the nanoparticle content in contact
as long as the concentration is above the critical value. This observation is in agreement
with the proposed reduction in the real area of contact mechanism. If this mechanism is
responsible for the reduced COF, high concentrations of nanoparticles result in an overlap
between the void areas around the particles. Thus explaining why the reduced COF value
is independent from the nanoparticle content at higher concentrations. While at low

concentrations the average force on the nanoparticles is increased and they can’t sustain
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a gap between the surfaces. This means that they can’t create void areas and thus can’t

decrease the COF by reducing the real area of contact.

The tests on dry CuO and CuO solution in dodecane, PAO and 5W20 showed some
interesting trends. The particles are more effective at reducing friction and wear when
suspended in an inferior lubricant or in a dry form. The particle’s effect on PAO base oil
is dependent on the normal force (contact pressure) and is desired at higher loads. The
particle’s effect on fully formulated SAE 5W20 is also dependent on the normal force
(contact pressure). All things considered it is as if the CuO particles exhibit competing
effects on a contact’s tribology. The effect of CuO particles exists in two forms, (i) abrasive
interaction with the surfaces and (ii) reduction in the area of contact. The schematic of
different effects of particles is shown in Fig. 65. Particles create voids that reduce the real
area of contact. In addition, their interaction with the surface also affect the contact’s
tribology. In case of CuO particles, it is an abrasive interaction with the surface. Both of
these interactions affect the overall friction and wear in the system. The overall friction
in the system has two components, the friction force as the result of surface to surface

interaction and the friction force as the result of particle to surface interaction, Eq. (25).

I:overall = I:sun‘au:e"'I:particle (25)

The Fsurface Can be rewritten as Asxts that is the area of contact between the surfaces times
the average shear stress between the surface. Substituting this into Eq. (25) yields the

overall friction as shown in Eq. (26).
Foveral = As Ts +Fparticle (26)

The CuO particles affect both of the friction components. They directly induce a friction
force by scratching the surface, Fparticle, They also affect the friction force between the
surfaces by reducing the area of contact, As. These two effects are competing and one
can dominate the system depending on the normal force, the lubricant type (7s) and the

particle content. In the case of dry tests or inferior lubricants, zsis so large that the first
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term dominates the equation and the friction induced by the particles is negligible. That
is why the only effect that can be seen is the positive effect of the particles on the area of
contact. Hence, the results are in agreement with the reduction in the area of contact
mechanism. However when a superior lubricant is used, such as the PAO, both of the
terms contribute to the overall friction. Hence, this results in mixed effects based on the

conditions. Similar arguments stand for the effect of nanoparticles on wear.

Expanding this discussion to the other types of nanoparticle additives one can say
nanoparticle additives have a dual effect on the tribology of contact. They have a direct
effect, that is the interaction of particle with the surfaces. This effect could be plowing,
deposition of transfer films or rolling, see Fig 65. This interaction is dependent on the
character of the individual particles. The particles also have an indirect effect, that is
nanoparticles reducing the real area of contact between surfaces. This in turn can tune
the effect of the lubricant on the system. This is more of a general effect induced by
particles on the contact. The overall effect of the nanoparticle additives on friction and
wear is determined by adding the two effects together. This explains some of the
common contradictions in the nanoparticle research such as; why hard particles can
decrease wear. That is because the reduction in wear is the result of the particles indirect
effect on the area of contact. Another contradiction is why some particles can reduce or
increase the COF depending on the base oil. That is because particles when suspended in
an inferior lubricant can better influence the contact tribology through the indirect effect.

Whereas, in case of a superior lubricant the particle’s direct effect may over shadow that.
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Figure 65: Schematic showing various roles of nanoparticles in a contacts’ tribology.

The last discussion in this section is on the effect of the particles on fully formulated oils.
The investigations on CuO particles in fully formulated 5W20 showed that the particles
have a negative effect on the absorbed films (tribofilms) at higher loads. There are three
possible ways to prevent this negative synergic effect of nanoparticles and film forming
additives. (i) Using film forming particles: a solution is to use nanoparticles capable of
forming easy-to-shear films on the surface such as MoS; and WS;. (ii) Low concentrations
of harder particles: harder diamond nanoparticles in low concentrations could improve

lubrication while not affecting the absorbed film formation. (iii) Metallic particles: most
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of the film forming additives are designed to interact with the metallic surface. Therefore,
they can effectively interact with the metallic particles and tune their abrasive effect. The
first option, film forming nanoparticles, has been the topic of repeated studies [11, 39,
110, 138] and therefore the current work investigated and demonstrated the viabality of

the latter two options.
7.4.  Conclusion

In this work strategically designed experiments were used to investigate the role of
nanoparticles in a contact’s tribology and the effect of nanoparticles on fully formulated
oils. The experiments were run using the dry CuO particles powder form and CuO
particles suspended in dodecane and PAO. Experiments were also run on fully formulated

SAE 5W20 oil containing CuO, Ag and diamond nanoparticles.

The dry experiments showed that the nanoparticles even absent of the lubricants can
reduce both friction and wear. The behavior of the dry nanoparticles was in agreement
with the reduction in the contact area mechanism. The dry experiments also presented
a practical way of measuring the critical concentration of particles below which particles
can’t maintain a reduced COF. The studies on the effect of CuO particles in dodecane and
PAO suggested that the particles have a dual effect on the contact’s tribology. CuO
particles can affect the tribology through direct interaction with the surfaces or by
reducing the area of contact. This is why the nanoparticle effectiveness depends on the

type of the lubricant and the normal load.

The effect of nanoparticles on the formation of absorbed films (tribofilms) was
investigated. The results showed that the CuO particles in high concentrations have a
negative effect on formation of the absorbed films. Two solution were suggested to avoid
the negative effect of particles on the absorbed film. One is to use low concentrations
(0.01 %wt) of hard diamond nanoparticles and the other is to use Ag metallic
nanoparticles. The studies on diamond nanoparticles showed that the COF can be

reduced while the wear is unaffected. Surface analysis using an optical surface
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profilometer showed that the diamond particle can have a positive polishing effect on the
surface. This means that these particles can reduce the overlay roughness inside the
contact zones. The investigations on Ag nanoparticle additives showed that this type of
particle is very effective in reducing both friction and wear. A reduction of 10% and 7%

was yielded by addition of 0.65 %wt of the Ag particle to SAE5W20.
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8. Conclusion

This dissertation was dedicated to study the effect of nanoparticle additives for
lubrication purposes. The goal of the research was on the performance of these additives
in different lubrication regimes with a focus on the enhancing mechanisms. The
significant contribution of this dissertation was illuminating the performance enhancing

mechanisms of nanoparticle additives in the lubricants.

The first study was performed on CuO nanoparticle additives in mineral base oils in the
absence of any other additive. The particles consisted of 9 nm CuO particles coated with
sodium oleate. The friction and viscosity experiments were conducted on nano-lubricants
containing 0.0, 0.5, 1.0, 2.0 %wt nanoparticles. Post-test analysis was performed using a
stylus profilometer and SEM/EDX. The three dimensional profile of the wear grooves
were used to calculate the wear induced during the friction tests. Results showed that
the wear in the system has a maximum value at approximately a 1.0 %wt concentration
of particles. SED/EDX analysis was performed to measure the stoichiometry of the
elements on the surface and evaluate the formation of the tribofilms. The surface
analysis suggested that there is no uniform film of nanoparticles on the surface. The
nanoparticles seem to be scattered randomly on the surface. Based on the results, it was
suggested that the particles reduce the real area of contact which in turn decreases the

COF.

The next step was to evaluate the validity of the proposed mechanism, the reduction of
the area of contact, through analytical modeling. A model was developed that breaks the
system into two scales of contact; (i) contact between the surface asperities and (ii)
contact between the surfaces and the nanoparticles. A multiscale sub-contact model was
used to model contact between the surfaces. A sub-contact model was developed to

model nanoparticles in contact between two flat surfaces. An algorithm was develop to
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solve the force balance equation between the sub-contact models. The results of the
model were in agreement with the observations and experiments. The model also

offered a great deal of insight on the contact mechanics of the system.

A major contribution of the current work is development of a contact model for
nanoparticles in contact between the rough surfaces. Therefore, we decided to expand
the model to a general third body contact scenario in which a group of particle (not
necessary nano sized) are in contact between two rough surfaces. An electrical contact
application was chosen to allow for experimental validation of the model. The model was
developed using the statistical approach to contact mechanics. This contact model is
capable of modeling third body systems and reporting the contact parameters such as the
real area of contact, contact force and a contact’s electrical resistance. The results agree

well with the general trends of the available data.

The next set of experiments were on a solution of Ag nanoparticles in PEG. This nano-
lubricant was used to investigate the effect of the nanoparticles on different lubrication
regimes. Studies were performed on the thin film elasto-hydrodynamic lubrication (EHL)
regime, the mixed lubrication regime and the boundary lubrication regime. It was
demonstrated for the first time that the nanoparticles affect the EHL regime and lower
the COF. In search of a mechanism to explain the experiments the tests were repeated
and a thorough surface analysis were performed. The surface analysis did not show any
sign of substantial interaction between the particles and the surface. Therefore, the
investigations were expanded to the mutual effect of nanoparticles and the lubricant film.
Molecular dynamics simulations were also used to model the thin film EHL system. The
investigations pointed towards a mechanistic phenomenon in the thin film. The results
MD results suggested that the nanoparticle induce a plug flow that reduces the COF. This
is done by forcing the median layers in the thin film to move with a uniform speed and

localizing shear to the layers adjacent to the walls.
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Next the performance of the Ag nano-lubricant was evaluated in the mixed and boundary
lubrication regimes. Viscometry measurements showed that the nano-lubricant acts as
Newtonian fluid in the typical operating ranges of lubricated contacts. The friction
experiments were conducted that showed the silver nanoparticles reduce both friction
and wear significantly. A Stribeck curve analysis was also performed that showed that
the nanoparticles are effective throughout the mixed and boundary lubrication regimes.
However, the most reduction in the COF was recorded in the mixed lubrication regime.
The results and surface analysis pointed towards the reduction of the real area of contact

as the dominant mechanism.

The next set of experiment were spear headed towards the role of nanoparticle in fully
formulated oils. However, to paint a complete picture and better understand the system
experiments were started on CuO particles in a dry form. The results showed that the dry
particles in powder form can effectively reduce both the COF and wear. Also, it was
demonstrated that there is a critical concentration of particles in contact below which
particles can’t sustain a reduced COF. Next studies were performed on CuO particles in
dodecane, PAO and fully formulated SAE 5W20 engine oil. The results suggested that the
CuO particles are more effective in reducing the COF and wear when suspended in an
inferior lubricant. Whereas, the performance of CuO particle in PAO and 5W20 depends
on the applied normal load. Surface analysis revealed that the CuO particle can have a
negative effect on the formation of absorbed films in 5W20. Considering all the results,
it was suggested that the nanoparticles have a dual effect on the contact’s tribology. They
have a direct effect when they interact with the surfaces. The particles also have an
indirect effect by reducing the real area of contact between surfaces. The overall effect
of the particles is determined by considering the two effects simultaneously. The last set
of experiments were focused on the performance of diamond and Ag nanoparticles in
5W20. Results showed that the diamond nanoparticles in low concentrations can reduce
the COF while avoiding an increase in wear. It was also demonstrated that the contact

tribology can benefit from the polishing effect of the diamond nanoparticles. The results
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showed that the Ag nanoparticle additives can significantly reduce both friction and wear.
Metallic Ag particle interact positively with the other additives in the fully formulated oils.
In addition they possess the right size and characteristics to take advantage of both the
direct and indirect effects of the nanoparticles on a contact’s tribology. They are a very

effective type of nanoparticle additives for fully formulated oils.
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Appendices
Appendix .

This appendix presents detailed descriptions and pictures of the samples and

experimental apparatuses used in the experiments.

The CuO nanoparticles coated with sodium oleate were used in sections 2 and 7. The CuO
nano-lubricant used in section 2 consisted of the particles in mineral base oil and
dodecane as the dispersant. Fig. Al shows the control sample and the nano-lubricant
used in the experimental studies of section 2. Later the procedure of suspending the CuO
nanoparticle in the base oils was refined. The refined process used the CuO particles in
chloroform solution as described in section 7 to prepare the nano-lubricant. This process
didn’t require dodecane to stabilize the suspension. Therefore the CuO nano-lubricant in

PAO and 5W20 used in section 6 didn’t include any dodacene.

Figure Al: (a) Mineral oil control sample consisting of 10 %wt dodecane in mineral base
oil. (b) 1.0%wt of CuO nanoparticles suspended in Mineral base oil along with dodecane
as the dispersant.
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Fig. A2 shows the control sample and the Ag nano-lubricant in PEG 600. The control
sample was transparent and consisted of 1.5 mM PVP in PEG 600. The nano-lubricant
consisted of 1.5, 3.0 or 4.5 mM of Ag particles in PEG 600 along with 1.5 mM of PVP as

the coating agent.

Figure A2: (a) PEG control sample consisting of 1.5 mM PVP in PEG 600. (b) 30mM of Ag
nanoparticles suspended in PEG 600 along with PVP as the dispersant (coating agent).

Fig. A3 shows the picture of different nano-lubricants prepared with the fully formulated
SAE 5W20 engine oil. The SAE 5W20 is a commercial engine oil and is a common lubricant
for internal combustion engines, see Fig A3 (a). The CuO nano-lubricant in fully
formulated SAW 5W20 was prepared using the CuO particles in chloroform solution.
Hence consisting of 5.0%wt of CuO nanoparticles coated with sodium oleate in 5W20, see
Fig A3 (b). The diamond nano-lubricant consists of 20nm particle suspended in 5W20
along with polyolester (POE) oil as the dispersing agent, see Fig A3 (c). The Ag nano-
lubricant consists of 10 nm particles in 5\W20 along with oleoyl sarcosine as the dispersing

agent, see Fig A3 (d).
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(b) (d)

Figure A3: (a) Fully formulated SAE 5W20 engine oil, (b) 5.0 %wt CuO nanoparticles in
5W?20, (c) 0.01 %wt diamond nanoparticles in 5W20, (d) 0.65 %wt Ag nanoparticles in
5W20.

Figure A4 shows the pin on disk test setup used to run the friction tests. The pin was
mounted using a pin holder and supported by a suspension system. The flexibility of the
suspension was crucial to maintain the contact during the sliding motion. The disk was
mounted inside a reservoir and was submerged under the sample lubricant. The disk and
the reservoir were mounted on a rotating stage that provided the sliding motion. The
force sensor reported the lateral and normal loads used to calculate COF. The system had
a feedback control system to maintain a constant normal load during the sliding. . An
electrical contact resistant sensor (ECR) was used to detect contact between the solid
conductive surfaces. The schematic of the pin on disk test setup is also shown on Fig A4.
The pin is a sphere (10 mm diameter) in contact with a flat surface. The non-conformal
contact geometry allowed for performing experiments in different lubrication regimes.
The disk part was made of AISI 1080 carbon steel and the pin was made of AISI 52100

chromium steel, see Fig A5.
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Figure A4: The pin on disk test setup used in the experiments and the schematic of the
contact pair.

Figure A5: Pin and disk samples used in a pin on disk test.
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Fig. A6 shows the disk on disk test setup used to run the friction tests. This setup was
similar to the pin on disk setup except for a torque sensor that was used to calculate the
COF. The upper disk was smaller than the lower disk and provided a ring shaped contact
region with inner and outer diameter of 25.4 and 50.8 mm. The schematic of the contact
geometries is shown on Fig. A6. This friction setup had conformal contact surfaces and
was used to perform experiments at a lower contact pressure. The upper and lower disk

parts were made of AISI 1080 carbon steel, see Fig A7.

Rotational Speed

____________________________________

Figure A6: The disk on disk test setup used in the experiments and the schematic of the
contact pair.

Figure A8 shows the experimental setup used for the viscometry analysis. It is vital to
understand the rheological behavior of the lubricants. Because it could substantially
influence the lubrication and the mechanical behavior of the system. An example is the
effect of magnetorheological fluids (non-Newtonian fluids) on the performance of the
bearings and rotors [139, 140]. The viscometer used in our experiments had a cylindrical
spindle submerged in a cylindrical reservoir that held the sample. The reservoir was
surrounded by a water jacket which was connected to a water bath to control the
temperature. The spindle was suspended from a torque sensor and a motor. The motor

rotated the spindle inside the fluid sample and the torque sensor was used to measure
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the drag force from the fluid sample. The torque signal is then translated into viscosity
value using the machine’s software. The motor was able to fine control the rotational

velocity of the spindle hence making it possible to run tests in different shear rates.

Figure A 7: The disk samples used in a disk on disk test.
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Figure A8: The viscometer and the water bath setup used to run the rheology and
viscosity measurements. The schematic of the cylindrical spindle and the fluid reservoir
is shown on the right.

Figure A9 (a) shows the stylus profilometer used throughout this dissertation to obtain
two or three dimensional profiles of the surfaces. Figure A9 (b) and (c) show the stylus
profilometer performing analysis on a pin and a disk sample. The stylus had a 2.5 um tip
that drags over the surface and measured the height of the surface profile. The vertical
resolution of the machine is 1 nm. Fig. A9 (d) shows a close up picture of the stylus moving

over a wear groove.
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Figure A9: (a) the stylus profilometer used to run the surface metrology. (b) Performing
surface profilometry on a pin sample. (c) Performing surface profilometry on a disk
sample. (d) A close up picture of the stylus moving over a wear groove.
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Appendix Il.

The model for heavily loaded spheres was developed by Wadwalkar et al [77]. The model
assumes elastic perfectly plastic deformation and accounts for the preservation of
volume. In order to take the scale dependent nanoparticles strength [2, 3, 33, 35] into
consideration the model was fitted to the data so that the ultimate strength reported by
the model matches the failure strength of nanoparticles. Also, the solution was frozen at
the ultimate strength to account for fracture of particles. According to the modified
model the average failure strain of particles was reported to be 42%. This is compared to
the average particle strain reported by Mook et al [3] to be 45% which shows a good
agreement between the models. The final equations used to find the contact radius of a

particle is presented in Eq. (Al).
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[aj a)[ o jB/Z [ Syj

o TAD !l Ton ,B=0.14exp| 23—

R VR|19a, -

Where g, R, », Syand E’ are radius of contact, particles radius, indentation, yield strength

(A1)

and the contact modulus, see Fig.15. The area of contact for a single nano particle is
Anp=7m?, assuming axisymmetric contact. The parameter axis the critical indentation

defined as [141]

2
7CS
w, =[ ZE,VJ R, c=1.295exp(0.736v) (A2)

The equations for the particle force is presented in the Eq. (A3) where P is the average

pressure during fully plastic contact and F.is the critical force as defined in Eqg. (A4).
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Appendix lll.

Numerical parameters and other resources used in the numerical studies are presented
in this appendix. Table Al contains the numerical values of the parameters used in the

studies.

Table Al: Numerical values of the parameters used in the studies

Lubricants density Pub=0.773 g/cc
Nanoparticle density pve=2.329 g/cc
Surface Poisson ratio vs=0.33
nanoparticle Poisson ratio wp=0.22
Surface elastic modulus Es=200 GPa
Nanoparticle elastic modulus Enp=160 GPa
Surface yield strength $,=1.03 GPa

Particles are assumed to have a normal Gaussian size distribution, Fig. 19(b), which is
characterized by particle average size (Davg) and variance (oy). Equation (A5) presents the

formulation used in this work.

2
1 D-D
- _o5 — 2 A5
#(D) o J2r exp 5[ o j (A5)

Value for 7z was measured based on the lubricated disk of disk experiments for typical
group Il base oil according to reference [42] to be %=37 MPa. The shear stress between
the nanoparticle and surface was estimated according to the surface hardness according
to reference[78] to be 7,=1.67 GPa which corresponds to nano-hardness of H=10 GPa.
However, based on the simulation results the particle area of contact to surface area of
contact ratio was found to be on average about A,/As=3e-7. Therefore, based on the Eq.

14, the coefficient of friction is practically independent of 7.

Actual surface profiles and the fast Fourier transform were used to find Bmax and Amax and
model rough surfaces in contact. As an example, the profile and fast Fourier analysis of
one of the surfaces used in this paper (referred to as Rq=0.05 um) is shown on Fig A10.

The maximum value B and the corresponding Amaxis also shown on Fig. A10(b).
149



(a)

x 10

y [m]

05 1 15 2 25 3 35 4 45
x [m] x10*

(b)

10

TTE 3 T T T T T 3 T T T T T

X: 6e-005
Y:0.000215

T
PETRRRRTT:!

10"

T T
.
L]
o1 vasend

I8

10

LIEERIERRRE]

PRI RETT!

10

T T
o1 aeend

10' e r o r rrrrf e P r or rrrcf e R e rror o rrcrr
10° 10° 10" 10°
A [m]

B
o
.

Figure A10: Surface profile (a) and fast Fourier transform analysis (b) of one of the
surfaces used in this paper.
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