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Abstract

The Xerox Research Centre of Canada has noted that elastomeric cleaning blades in laser
printers have a relatively short life expectancy, as they experience high levels of friction and
wear while wiping excess toner from commercial photoconducting drums. As such, there has
been interest in examining the behaviour related to friction, wear and lubrication of components
in laser printers. Molecular dynamics simulations were employed to gain molecular-level insight
into the mechanism of wear of the cleaning blade and the effectiveness of lubricants in reducing
friction forces. The Dreiding force field was chosen to simulate representations of the
photoconducting drum, cleaning blade and the lubricant. They were modeled in bulk and layered
forms, and compressed and sheared to examine slip mechanisms and evaluate shear stresses and
friction coefficients. It was found that the polycarbonate (PC) component was significantly
stronger than either the polyurethane (PU) or octadecane (C18) components, and that the
introduction of an interface and/or C18 lubricating material lowered the measured shear strengths
to various degrees. The simulations indicated three different slip mechanisms depending on the
nature of system. We have observed that shearing may induce structural changes within the PU
component (such as ordering) even without a local slip event, which likely contributes to the
eventual mechanical failure of the PU cleaning blade. From the models used in this study, it
appears that more lubricating material is required than is currently used in practice in order to
prevent wear of the PU cleaning blade. As well, the shear strengths and friction coefficients are
not significantly reduced with the addition of lubricant for models containing PU. This is, of

course, subject to the limitations of the simulations performed.
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Chapter 1: Introduction
1.1 Friction, Wear, and Lubrication of Surfaces

Friction corresponds to a force that must be overcome in order to initiate or maintain
motion of one object relative to another. It is a resistive force, in the sense that it always resists
motion of the system and is only present when another force acts on the system. Friction between
surfaces is a familiar occurrence in our everyday lives, from the smoothness of high thread count
bed sheets, to the treads on the bottom of shoes gripping the ground, to the efficient movement of
small parts in electronic devices.

There are two categories of friction forces. Static friction is associated with initiating
motion between objects, while kinetic friction is associated with keeping one object moving
relative to another at a constant velocity. The static friction force is generally larger than the
kinetic friction force. Consider moving a stationary car in neutral on a level surface. To initiate
the turning of wheels a fair amount of applied force is required, but once the motion has begun,
less force is required to maintain the motion. The presence of friction requires the continual
application of external forces to keep objects in relative motion, which in turn requires the input
of energy. As objects slide, this energy is used to overcome friction and is dissipated into the
material. As such, high friction in devices is associated with higher energy demands. In addition
to the forces and energy demands associated with friction, the relative motion of surfaces can
lead to changes in the structure of the underlying materials. These structural changes can range
from irreversible alterations in the local bonding between atoms to the loss of material from the
surfaces that are in contact. These structural changes all correspond to forms of wear, and are
undesirable from the standpoint of device longevity and functionality. While wear can occur

whenever surfaces move relative to each other, the presence of high friction often leads to higher



degrees of wear because the system must be subjected to higher forces in order for motion to
occeur.

Overall, friction and wear can have significant economic and environmental impacts. The
increased energy requirements associated with high friction place greater demands on energy
resources, with increased costs. Meanwhile, wear can lead to the premature failure of devices,
which increases waste and introduces replacement costs. The US Department of Energy stated
that “in highly industrialized nations, the total annual cost of friction- and wear-related energy
and material losses is estimated to be 5% - 7% of national gross domestic product” [1]. The
Energy Systems Division of the same laboratory also noted that “in passenger cars, one-third of
the fuel energy is used to overcome friction in the engine, transmission, tires, and brakes. The
direct frictional losses, with braking friction excluded, are 28% of the fuel energy” [2]. The
concerns regarding energy costs and material loss apply to countless other devices, including
printer components, which are of interest in this project.

Friction has been studied for millennia, from at least as early as the lubrication of rollers
with animal fat (ancient Egypt and Mesopotamia). Studies by da Vinci (1452-1519) and
Amontons (1699) using systems consisting of metal plates pulled by springs on wooden surfaces
led to the basic law of friction, called Amontons’s law, which is still used today:

F=uL (Eq. 1.1)
where F corresponds to the friction force, i.e. the force that must be applied along the direction
of motion to initiate or maintain motion, L corresponds to a load acting normal to the interface
between the two surfaces that are in motion and x is called the coefficient of friction. It is
important to note that this law indicates that the friction force is independent of the area over

which the load is applied and does not depend on sliding velocity. Deviations to both these



outcomes of Amontons’s law are known, particularly in the presence of adhesive interactions
between the two surfaces in contact, at low length scales, and at high sliding velocity.
Nonetheless, this law does describe friction quite accurately in size and velocity regimes that are
relevant to most practical applications.

Amontons’s law is based on a completely macroscopic view of the surfaces in contact.
However, it is known that surfaces are quite rough at the microscopic scale, will small ‘hills’
called asperities being present at the surface, as shown in Figure 1.1. When two surfaces are
brought into contact, the interface between them corresponds to the points at which their
asperities touch. The surface area associated with these contact points is much lower than the
apparent macroscopic area of the interface. The forces and loads to which the system is subjected
during sliding are supported by the small areas associated with the contact points between
asperities, which can lead to tremendous local stresses on the order of several gigapascals that
reach the shear and compressive strengths of the materials in the contacts. In addition, the
dissipation of the energy used to initiate or maintain sliding at these contact points can lead to
local temperatures on the order of thousands of Kelvin. These extreme conditions can induce a
wide range of chemical reactions, called tribochemical reactions. These reactions can alter

surface structures, leading to behaviours ranging from wear to wear inhibition.

a)

Macroscopic Microscopic
Figure 1.1. Two views of surfaces sliding past each other, on (a) the macroscopic and (b) the
microscopic level.

The microscopic view of the interfaces between surfaces in relative motion indicates that

friction and wear are dictated by the behaviours of these interfaces at the points where asperities
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come into contact with one another. The main strategy used to modulate this behaviour involves
introducing lubricants that inhibit asperities from coming into contact with one another, and,
depending on the specific details of the lubricants, may also alter the mechanical and chemical
properties of the system at the points of asperity contacts. The development of improved
lubricants, and indeed the development of a better understanding of friction and wear, can be
enhanced by gaining a better understanding of the conditions and processes that occur at the
points of asperity contact in sliding interfaces. This has motivated several experimental and
theoretical studies into the details of these processes.

1.2 Experimental Methods and Studies

A number of experimental techniques currently exist with the intention of developing a
better understanding of friction, wear, and the effects of lubrication. Friction on a surface can be
reproduced by sliding a second material (frequently, but not always in the form of a sharp tip)
across the surface. Wear can similarly be reproduced if the second material is able to etch the
surface and create grooves, which can be subsequently measured. To accurately measure friction
and wear of a surface, the devices must have very high resolution and precise movement
capabilities.

Atomic force microscopy (AFM) is one of the most widely used experimental methods
for studying surfaces and friction forces at the micro- and nanoscopic scales. A basic schematic
of an AFM is given in Figure 1.2. As shown in the figure, the AFM corresponds to a
microscopically sharp tip that can be displaced vertically with respect to a surface. A laser beam
is deflected off a cantilever holding the tip to determine the position of the tip relative to the
surface. By moving the tip over the surface, one can construct a height map that provides insight

into details such as surface roughness, asperity size and asperity density. Meanwhile, if the force



constant of the cantilever is known in addition to the deflection, one can measure the forces
associated with the interaction between the tip and the surface. Such information can be used to

obtain friction forces.

Probe Laser

4 Quadrant
Photodetector

Cantilever

Figure 1.2. A schematic of an AFM setup [3]. As the tip runs along the surface, the laser
beam is deflected to the photodetector which monitors its position.

In order to understand the source of friction forces, it is of interest to image the
morphology of the surfaces being subjected to these forces. The accurate control of AFM tips
allows objects as small as atomic surface asperities to be viewed. A common hindrance of high
resolution imaging with AFM is that the tip may disrupt the location of the particles in the
process of measurement. For such sensitive measurements, the AFM may be used in non-contact
mode, in which the tip is functionalized and can detect attraction to or repulsion from the
material. An example of AFM imaging using non-contact mode is shown in Figure 1.3 [4]. The
images of pentacene shown in this figure were obtained by using a functionalized AFM tip held
at a constant height and amplitude of oscillation over the sample, while the measured frequency
of oscillation varied depending on the region over which the tip was being held. This imaging
technique was sufficiently resolved to image the carbon-hydrogen bonds. In another study, the

AFM has been enhanced to operate in a mode gentle enough so as to not damage living cells
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during imaging [5], while in other cases, advancements have been made in three-dimensional

AFM imaging [6].

Figure 1.3. Pentacene imaged with AFM on Cu(111) [4]. a) A single pentacene molecule.
The experienced frequency shift (Af) ranged from about -7 to -2 Hz for the image taken with
a particular tip height and oscillation amplitude of 0.2 A. b) Six pentacene molecules. A Af
range of about -5 to +1 Hz taken at a height 0.1 A higher than that of (a), and an oscillation
amplitude of 0.8 A.

The depth of asperities on a surface is another important detail that can be captured via
AFM imaging. With a sufficiently thin AFM tip, deep grooves in a surface may also be
measured. Figure 1.4 contains an example of groove depth measurement performed by AFM [7].
The surfaces are composed of bare silicon and platinum deposited on silicon, and the grooves are
machined onto the surfaces with a focused ion beam (FIB). These grooves ranged in depth from
about 3 to 49 nm. Surface morphologies have also been studied by AFM to gain insights such as

the effects of chemical changes to the surfaces [8,9], and effectiveness of adsorption [10].



(¢) Groove depth of 3.1 nm

Figure 1.4. AFM image of silicon wafers with machined patterns [7]. The groove depths are
(@) 6.2 nm, (b) 49.2 nm, and (c) 3.1 nm.

Though the structure of a surface can give insight to how a material might interact with it,
a more direct method would be to directly measure the forces between a material and the surface.
AFMs are often equipped to measure surface forces. When used to measure the forces associated
with lateral motion of the tip over a surface, these force measurements are referred to as friction
force microscopy (FFM). To measure surface forces, the cantilever on which the tip is attached is
controlled in an oscillating fashion, while the gap between the tip and the sample is measured
and force-distance relationships are obtained. This approach is able to measure forces as low as
tens of piconewtons. The direct relationship between silicon asperity height and friction forces
was examined with the AFM in the same study used to generate the images in Figure 1.4 [7].
Particularly, the pull-off forces and friction forces with respect to curvature radius of the
asperities was plotted. As the groove depth increased, the pull-off force and friction force

decreased for both the bare silicon and platinum deposited surfaces. Such measurements of pull-
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off forces may be performed in humid conditions or completely submerged in a liquid, and may
be measured while stretching single molecules [11,12,13].

Though AFMs are more common, a surface forces apparatus (SFA) is a more direct
method for studying how two surfaces interact with each other. A schematic of a SFA is
provided in Figure 1.5. Instead of a tip controlled over a surface, an entire other surface is
manoeuvred with piezoelectrics with respect to the first surface, such that friction forces may be
directly measured. The two surfaces are cylindrical and held perpendicular to each other, such
that a relatively small contact area is achieved. The provided image is for a particular application
with a solvent suspended between the surfaces. The resolution is comparable to AFM, and the
measured forces are similarly on the order of tens of piconewtons.
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Figure 1.5. A schematic of a SFA [14]. The two surfaces, functionalized in this example
with  combinations of lipopolysaccharides (LPS), polystyrene (PS), or 3-
aminopropyltriethyloxysilane (APTES), are accurately controlled in all three dimensions,
and the responsive forces are directly measured.

The interaction forces of surfaces change when the compositions and/or morphologies of

surfaces in contact are changed. One study with SFA involved measuring friction between glass



surfaces coated with a monolayer of one of two self-assembling materials, being either
phenyltrichlorosilane or benzyltrichlorosilane [15]. The surfaces were found to exhibit low
adhesion when coated in a monolayer of either material. Though there are large differences in
contact area, load, and pressure, the measured coefficients of friction were found to compare
very well to those measured by FFM. Additionally, no strong velocity-dependence was observed
for the friction forces. These SFA machines have many techniques associated with them,
allowing for electrochemical applications [16,17], and lend themselves very well toward
measurements requiring liquid suspended between the surfaces [18,19].

As mentioned earlier, surfaces frequently experience a form of wear when they encounter
friction forces. Since there is limited standardization, reproducing wear on the macroscopic scale
may be done by any number of case-specific methods, selected to best represent the original
scenario. Whatever material, load, direction and rate of motion are best-suited for the situation
may be customized. On the other hand, when studying wear on the microscopic scale, only a few
methods are available. In a recent review of nano-scale wear [20], the most popular instrument
was AFM or a similar mechanism with an alternate tip material. Many properties related to wear
are available this way, including wear type, wear coefficient, wear volume, hardness, and atom
removal energy barrier.

As alluded to earlier, there are cases where local conditions become so extreme that
reactions are induced between surfaces, and this is called a tribochemical reaction. In one
tribochemical study [21], stearic acid was dip-coated onto a copper surface supported by a
silicon wafer. Both after time and heating, the stearic acid was observed to adsorb to the metal
surface, as confirmed by FTIR. When the surface was nanoplowed (groove depths of 30 to 40

nm) after coating, the FTIR results suggested that similar adsorbed structures were being



produced, and that the concentration of adsorbed substance as compared to unadsorbed substance
increased as the scratch density increased. It was concluded that the act of nanoplowing
encouraged the functionalization of the copper surface. Other studies have even observed the
oxidation of hydrocarbons [22]. These reactions occur when oil-soluble metal particles are worn
off of the surface and can more readily react with the lubricating hydrocarbons.

To lower friction forces and the effects of wear, lubricants are typically added to surfaces
for protection. A standard test for measuring the effectiveness of a lubricant is the four-ball test.
In short, the test involves rotating one steel ball on a triangle of three stationary balls. The ball
may be rotated at a range of loads and speeds for a length of time, while the other three are
submerged in whatever lubricant is being tested. At the end of the test, a “wear scar” is formed
on each of the three stationary balls, and the diameter of the scar may be measured. This test was
used in one study considering zinc borate as an additive in oil as a lubricant [23]. Oil is known
for its lubricating properties, so the oil without additive was tested, as well as with additive for a
lower and higher pair of load and time variables. For both sets of conditions, the oil with the zinc
borate additive created a smaller wear scar with a diameter about 10% smaller than that of the
base oil. Upon analysis of the wear scar, it appeared that the additive may have protected the
surface by depositing a boron compound onto it, since a substantial amount of the element was
found there, though with a distinct absence of zinc. There exist entire reviews on many types of
lubricants and applications, including lubrication of hip joints [24], materials in biodiesel [25],
and green ionic liquids [26].

1.3 Theoretical Methods and Studies
The experimental methods discussed above have proven very useful in the context of

studying surface structure, friction, wear and the effectiveness of lubricants. However, the length

10



and time resolutions of these techniques are not adequate to determine the atomic-level
mechanisms associated with wear occurring in sliding contacts. As such, numerous theoretical
techniques have been developed to examine sliding contacts at small length and time scales.
These techniques fall into four general categories depicted in Figure 1.6, which were largely

determined by the power of computational resources at the time of their development.

a) b)

c) d)

Figure 1.6. Four general categories of theoretical techniques. a) Phenomenological method, in
which the motion of a particle with respect to a periodic potential may be calculated. b) Finite
element model, where energies and stresses are evaluated at the intersecting points to create a
contour plot [27]. ¢) Force field method, in which particle motion is determined via classical
expressions [28]. d) Quantum chemical method, where electron densities dictate the motion of
atoms [29].

1.3.1 Phenomenological Models

The least computationally demanding models, and consequently the oldest, are the
phenomenological models. The development of these models preceded the existence of
computers, and thus significant approximations were made to represent sliding surfaces in a
manner that permitted an analytical study of friction using pencil and paper. The key model that
arose from this era was the Prandtl-Tomlinson model [30,31], which examines the forces
associated with pulling a mass over a sinusoidal potential representing a surface with asperities at

regular intervals. It was developed to model plastic behaviour of sliding materials. The potential

11



energy profile allows for static friction to exist, and the dampened velocity allows for the
inclusion of varying temperature effects and kinetic friction, while maintaining a very simple
trajectory. A less involved model of surface interactions (Eq. 1.2) involves the extension of
Amontons’s law (Eq. 1.1) to include the effects of adhesive interactions between surface via a
second term that is proportional to the contact area (A) [32,33,34]. A more detailed study of this
term was published by the Mosey group [35] and is discussed later in Section 1.3.4.
F=CA+uL (Eq. 1.2)

1.3.2 Finite Element Models

Upon the development of computers, it became possible to examine more sophisticated
models for interacting surfaces. These were typically achieved using finite element simulation
techniques, which treated surfaces as a collection of points connecting via various potentials. The
data entering the potentials corresponded to experimental properties of the surfaces forming the
contact, and thus these methods could be used to gain insight to the interactions between specific
types of materials brought into contact with one another. More recently, finite element model
(FEM) methods for modeling material deformation and fracture have been developed [36]. This
level of modelling is particularly advantageous for engineering applications such as heat transfer,
as well as solid and fluid mechanics [37,38]. There are also extensive applications to the
biological and medical fields for modelling larger systems such as stresses on bones and tissues
[39,40].
1.3.3 Force Fields

Further advances in computers permitted the use of models resolved to the level of
individual atoms (or groups of atoms) to study friction. The interactions between the atoms are

described with force fields (FF) and the motion of the system is usually achieved in the context
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of molecular dynamics (MD), which treats the atoms as classical particles that obey Newton’s
equations of motion. The equations that underlie MD simulations and force fields are described
in Section 2.4.2.

In FF-based MD simulations, the forces acting on the particles are derived from a
potential energy expression that accounts for the interactions between the particles in the system.
The particles in the system may correspond to individual atoms, so-called united atoms (in which
small groups of atoms are lumped together), and bead models (in which larger functional groups
such as amino acids are lumped together). The interactions between the particles are described
using approximate functional forms containing parameters obtained from experiments or
quantum chemical calculations on related systems. These models are useful in permitting studies
of systems containing a large number of atoms (tens of thousands of particles) over relatively
long timescales (nano- to microseconds). They however, cannot generally examine changes in
bonding unless it is specially accommodated for with a reactive force field. FF models have been
used to study a wide range of properties related to friction. In particular, these models have been
used to simulate friction between surfaces and to better understand the atomic scale behaviour
[41,42], as well as load, temperature, and velocity dependences [43]. Large materials, such as
those containing polymers, are frequently studied with FF MD [44,45].

Since AFM is a popular tool for studying behaviour at surfaces, it makes sense to
simulate such a sharp implement of similar composition to reproduce the trends observed. One
simulated AFM study was that of friction on H-terminated diamond surfaces using FF methods
[46]. In those simulations, friction along different surface faces and directions was measured
with two different tip shapes. These details are illustrated in Figure 1.7. Friction trends, after

being normalized, were reproduced for all except for one sliding direction. For the outlying case,
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some suggestions for discrepancy were proposed. In a subsequent publication by the same
research group [47], similar simulations were performed for a range of temperatures. As the
temperature increased, slightly lower shear strengths were observed, as well as pull-off force and

work of adhesion, which is consistent with theory.
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Figure 1.7. Surfaces and tips used. (a) Surfaces tested, including the unique crystallographic
sliding directions. (b) The curved and nanowire diamond tips, viewed from the side [46].

Lubricants are frequently introduced between surfaces being sheared to reduce friction
forces and inhibit wear. A study of large alkane molecules was simulated with FF MD to observe
rheological differences when there are changes in the carbon backbone such as branching [48].
The lubricant was confined between two walls, which moved in opposite directions to simulate
the desired type of flow. Molecules with higher levels of branching were found to have weaker
layering near the walls. Additionally, they were less affected by the liquid flow because they did
not reorient as much as other types of molecules, and were determined to perform better as a
lubricant than smaller molecules. Many other simulated lubrication studies exist, including those

of oils, diesel, and ionic lubricants [49,50,51].
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1.3.4 Quantum Chemistry

In recent years, computers have become sufficiently powerful to permit studies of
chemical systems resolved to the level of the electronic structure. These techniques employ
quantum chemical (QC) methods to determine the energy of the system and forces acting upon
the atoms in the system, by means of a Hamiltonian. QC may be subdivided by a spectrum of
levels of theory based on Hamiltonian parameterization, ranging from essentially no
parameterization in ab initio methods, to semi-empirical and empirical methods, in which
parameters are introduced in attempts to reduce computational effort.

So-called static quantum chemical calculations, in which the energy of the system is
evaluated with the nuclei fixed at specific positions, effectively involve examining the system at
0 K. By evaluating the energy for structures moved in specific ways, e.g. subjected to specific
deformations, quantum chemical methods have permitted the determination of the mechanical
strengths of materials and the changes in energy associated with slip processes. These static
quantum chemical approaches have been used to examine adhesion and shear strengths of
diamond interfaces [52], elastic constants of zinc blende and wurtzite 111 nitrides [53], and the
friction mechanism of fluorographene and graphane [54].

Quantum chemical methods have also been used in conjunction with molecular dynamics
methods to provide insight into slip processes under dynamical conditions using model systems
that are resolved to the level of the electronic structure. Such simulations are able to capture
changes in bonding that can be related to wear, tribochemical reactions and friction forces.
However, such methods are limited to examining small systems (a few hundred atoms at most)
over short time scales (a few hundred picoseconds at most). The Mosey group has a history of

studying tribological and tribochemical processes with QC MD simulations of periodically
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repeated sliding functionalized alumina surfaces [29,35,55]. The images in Figure 1.8 and 1.9 are
examples of some of the research that has been done.

The structures in Figure 1.8 correspond to illustrated models of bulk alumina and
hydroxylated alumina surfaces undergoing slip. QC-based MD simulations of these systems shed
light into the effects of adhesive interactions between sliding surfaces [35]. In the case of bulk
alumina (Figure 1.8a), the slip processes involved brittle fracture of the material as it moved
along the slip direction. The associated static friction force was large, and could be attributed to
the strengths of the bonds across the interface on which slip occurred. The hydroxylated
interfaces (Figures 1.8b and c) exhibited different compositions dependent on the normal load.
At low normal loads (Figure 1.8b), the hydroxyl groups on the two surfaces forming the interface
interacted with each other via hydrogen bonds. Slip involved the dissociation of the weak bonds,
leading to relatively low friction forces. At higher loads (Figure 1.8c), proton transfer occurred
across the interface, transforming the hydroxyl groups into water molecules. During slip, the
oxygen atoms in water molecules bonded to one side of the interface form Al-O bonds with
aluminum ions on the other side of the interface. These bonds had to break for slip to occur,
which led to large friction forces. The ability to model the bond formation and dissociation
processes associated with slip by using QC-based MD led to the development of a physically-
based model of the form given in Eq. 1.2, which describes the effects of adhesive interactions

between surfaces on friction forces.
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Figure 1.8. Bulk and water-functionalized alumina surfaces, before and during slip due to shear
strain [35]. Shown are slip mechanisms for (a) bulk and (b, c) water-functionalized alumina,
with 0, 0 and 8 nN of normal load respectively. The simulation cell is repeated by two in the
direction of shear.

QC-based MD simulations have also been used to examine the reactions that occur
between molecules representing different chemical functional groups under the conditions
experienced within sliding contacts. In one study, acetaldehyde-functionalized alumina surfaces
(Figure 1.9) were sheared at various normal loads to induce reactions between the aldehyde
components and the associated sheared strengths were determined. The results showed that the
aldehydes polymerized under high loads, which led to a range of slip mechanisms. The presence
of the polymers was found to be advantageous with respect to wear for slip mechanisms that did
not involve bond rupture. Meanwhile, in cases that did involve bond rupture, the simulations
suggested that the friction forces required to initiate motion of the surfaces may be reduced as the

polymer length increased. Overall, the results of that study suggested that it may be possible to
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use reactions occurring within sliding contacts to achieve lubrication and indicate that larger

lubricant molecules may be more effective at lowering levels of friction.
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Figure 1.9. Aldehyde-functionalized alumina surfaces under shear strain [55]. Normal
pressures of (a) 0.0 GPa, (b) 7.5 GPa, and (c) 10.0 GPa have been applied to the cells. The
reactive slip events shown are emphasized, with the unreacted groups removed for parts b
and c. The simulation cell is repeated by two in the direction of shear.

Despite the ability to model chemical reactions, the computational demands of QC-based
MD simulations impose limitations that may inhibit a direct comparison of the results of those
simulations with real-world systems. For example, the QC-based MD studies mentioned above

employed models containing between 100 and 200 atoms, were performed over timescales
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corresponding to tens of picoseconds, and employed sliding rates of 100 m/s. Meanwhile, real-
world systems are much larger, and sliding occurs over longer time scales at lower velocities.
1.4 Scope and Goals

The project reported in this thesis was undertaken in collaboration with the Xerox
Research Centre of Canada (XRCC). The research focuses on examining behaviour related to
friction, wear and lubrication of components in laser printers. A schematic of a laser printer is
shown in Figure 1.10. In short, a photoconducting drum (2 in the figure) transfers toner to the
paper to be fused, while any excess toner is removed by a cleaning blade (11 in the figure). This
cleaning blade has a short life expectancy, as it experiences high levels of friction and wear. A
significant number of patents have been published by XRCC with the aim of prolonging the
functional life of the cleaning blade via alterations in the blade shape or means of contact [56] as
well as the addition of lubricant to the surface of the photoconducting drum just ahead of the
cleaning blade [57]. In the close up shown in Figure 1.11, one can see the way that the cleaning
blade is placed in order to remove excess toner from the photoconducting drum. A more in-detail

look at the composition of these components is available in Section 2.1.

Figure 1.10. A schematic of a laser printer [58]. The components of interest are (2) the
photoconducting drum, and (11) the cleaning blade.
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Figure 1.11. An illustration of the cleaning mechanism [59]. The photoreceptor or
photoconducting drum 14 rotates counter clockwise, while the cleaning blade 20 wipes off
the excess toner 24.

The objective of this thesis is to gain a better understanding of the conditions, slip
mechanisms, and lubrication possibilities at the point of contact between the cleaning blade and
the commercial photoconducting drum coated in toner and/or lubricant. As discussed above, MD
simulations are useful for studying friction, wear and lubrication at the atomic level. As such,
FF-based MD simulations were performed on a variety of model systems representing interfaces
containing the materials present at the point of contact between the cleaning blade and the
photoconducting drum. Specifically, interfaces were formed between representative models of
polyurethane (representing the cleaning blade) and polycarbonate (representing a commercial
drum) with and without a simple alkane lubricant. The simulations examined slip along these
interfaces and yielded a range of quantities related to structural details and shear stresses that can
be used to determine the friction forces, coefficients and slip mechanisms. The results
demonstrate that the slip mechanism involves a rapid alignment of the polymers in the region of

the slip interface(s) along the slip direction. The friction forces are found to depend on the
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weaker material in the system, and the ability of the lubricant to lower friction is found to depend
on the amount of lubricant in the system.

The content of the rest of the report is organized as follows. The materials and methods
are outlined in Chapter 2, which includes detailed descriptions of the systems and how the
simulations were performed, as well as how the data was analyzed. The results are presented in
Chapter 3 with summarized plots of the data collected for each different category of model (i.e.
bulk, dry interfacial, singly lubricated interfacial, and doubly lubricated interfacial). Following

the results, Chapters 4 and 5 include the discussion and conclusion of the results, respectively.
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Chapter 2: Materials & Methods

This project aims to use molecular dynamics (MD) simulations to study the friction and
wear properties of materials associated with the contact between laser printer components
corresponding to a commercial photoconducting drum composed of a polycarbonate material and
an elastomeric cleaning blade composed of diphenylmethylene diisocyanate and
polytetramethylene ether glycol. Lubrication of the drum with octadecane is proposed as means
to improve sliding between these two surfaces; a route to improve printer performance. The
materials used to construct the model systems examined in the simulations are discussed in
Section 2.1, and the construction of these models is discussed in Section 2.2. The manner in
which the MD simulations were performed is described in Section 2.3 and the potential energy
functions used in these simulations are outlined in Section 2.4. All calculations reported in this
work were performed with the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) simulation package [60], while the construction of model systems and analysis of
results relied on codes written in-house.
2.1 Materials

The commercial photoconducting drum of interest is composed of a polycarbonate (PC)
material with an arylamine transport hole, though the PC provides the mechanical robustness. In
the absence of specific details regarding the chemical structure and composition of the drum, the
simulations were performed using bisphenol-A polycarbonate (BPA-PC). This material has been
thoroughly studied [61], which makes it an excellent basis for our model systems because data
are available to compare against during parameterization and results analysis. The specific model
of BPA-PC considered in this work consisted of 20 repeated BPA units, and is shown in Figure

2.1a.
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The elastomer used in the cleaning blade is described in a patent by the Xerox
Corporation [62]. This elastomer was modeled using polymers composed of a combination of
diphenylmethylene diisocyanate and polytetramethylene ether glycol. The selected structure of
each polyurethane (PU) molecule is such that there are 5 ether segments interspersed with single
diisocyanates. Each ether segment contains 40 repeated tetramethylene glycol units. The final
molecular structure is shown in Figure 2.1b.

Lubricants are used to inhibit wear of the drum/blade contact [63]. The lubricant was
modeled by a thin layer of representative straight-chained alkane molecules, octadecane (C18).

The structure of the lubricant molecules is shown in Figure 2.1c.
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Figure 2.1. Molecular structures used for the modeling of the three materials. (a) BPA-PC
repeats the denoted section with n = 19 for a total of 20 units, (b) PU repeats the denoted
sections n = 40 and m = 4 times, and (c) the C18 lubricant is as shown.

2.2 Construction of Simulation Cells

In order to model friction and wear, it is necessary to deform the system in a manner
consistent with sliding, shearing and/or compression. To do this, the system is placed in a
simulation cell treated with periodic boundary conditions. The simulation cell can then be
deformed in a controlled manner via strain or external stresses to obtain the desired mechanical

properties. The different models considered in these simulations correspond to bulk
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representations of the polymers, models in which slabs of the materials were placed on top of
each other to model sliding in the presence of an interface, and models in which slabs of the
materials were separated by the lubricant. The construction of the bulk systems is described in
Section 2.2.1, whereas the construction of systems containing dry and lubricated interfaces are
described in Sections 2.2.2 and 2.2.3, respectively. Perl scripts were written and used to automate
all steps involved in the construction of these systems.

2.2.1 Bulk Systems

Systems were constructed to perform simulations on the bulk PC, PU, and C18 materials.
As noted above, the PC system consisted of polymers containing 20 BPA repeat units, whereas
the PU system consisted of five ether segments that were each separated by one diisocyanate
unit. The ether segments consisted of 40 tetramethyl glycol units. The following approach was
taken to construct the polymers. The basic repeat unit was constructed using the Gaussview
software package [64] and the coordinates of that unit were saved. This structure was then
repeated to yield a polymer of the desired length with proper end units. Once a polymer of the
desired material was formed, it was placed in the simulation cell at a randomly selected position
with a randomly selected orientation. This process was repeated until the desired number of
polymers was placed in the simulation cell, being 20 for PC, 5 for PU, and 20 for C18.

The process above yields an amorphous structure, which is expected for the materials
considered in this work, but the randomized construction process does not likely yield a structure
with a low energy. To yield lower energy structures, which are more likely to represent the actual
material, the geometries were first optimized and then equilibrated at a temperature of 300 K
through two sets of MD simulations, which are illustrated qualitatively in Figure 2.2. The first

MD simulation involved linearly compressing the simulation cell dimensions to just beyond the
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point at which the bulk system reached the density of the reference material. Once compression
was complete, an MD simulation was performed in which the dimensions of the orthogonal
simulation cell were allowed to change to maintain an external pressure of 0.0 GPa. The system

was equilibrated in this simulation until the volume of the system stabilized.

a) b) c)

Figure 2.2. A schematic of the equilibration process. Part (a) is the initial optimized
structure. Part (b) is the linear compression of all cell dimensions, at 300 K. Part (c) is an
NPT equilibration with 0.0 GPa of external pressure and at 300 K. Throughout the
equilibration process, the large molecules evolve from their initial set geometries to lower
energy conformations.

2.2.2 Dry Interfacial Systems

Layered models representing PC/PC, PC/PU and PU/PU interfaces were also constructed
in this work. These models allow one to determine the mechanical properties associated with the
motion of one material relative to another when an interface exists between the materials. These
layered models were generated by constructing separate slab models for each material that
extended in the x-y plane. The slabs for each material forming the interface were then brought
together in a single simulation cell to form the layered system.

The specific steps involved in the formation of the slabs and layered structures were as
follows. First, a slab was constructed by taking the bulk amorphous cells that were constructed as
described in Section 2.2.1 with the periodic boundary conditions along the z direction removed.
This yields a material that extends infinitely in the x-y plane via periodic boundary conditions,
but has a finite thickness along the z direction. The interfacial structures were then formed by
layering these systems together, separated by an appropriate amount of vacuum space along the z

direction (~10 A in all cases) to ensure the layers did not overlap, and reintroducing periodic
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boundary conditions along z. In the case of a single material (PC/PC or PU/PU), this process
simply involved reintroducing periodic boundary conditions along the z direction for a cell
formed by a single replication of the initial bulk simulation cell along the z direction. For cases
where two different slabs formed the interface (PC/PU), each slab was incorporated into a single
simulation cell with dimensions in the x-y plane that were adjusted to ensure the lateral
dimensions of both slabs were adequately accommodated. The layered structures were then
equilibrated in a similar fashion to the bulk material. The structures, i.e. the simulation cell and
atomic positions, were initially optimized and equilibrated in MD simulations with a fixed cell.
A subsequent MD simulation was performed in which the x and y dimensions were fixed while
the cell was compressed along the z direction to an external pressure of 100,000 atm (~ 10 GPa).
The system was then allowed to equilibrate with varying amounts of normal pressure to prepare
models for friction force and coefficient measurements.
2.2.3 Lubricated Interfacial Systems

The lubricated systems consisted of models in which C18 molecules were introduced
between slabs of PC and/or PU. These lubricated systems were constructed by separating the
layers in the appropriate dry interfacial system formed as described in Section 2.2.2 and
introducing the C18 molecules into additional space between these layers. The first step in this
process consisted of constructing and equilibrating a C18 slab system of a sufficient size to
ensure there would be roughly two or four molecular layers of the C18 lubricant. An amount of
two molecular layers of lubricant was based on advice of XRCC. This layer of lubricant was
achieved by placing the desired number of C18 molecules, ranging from 50 to 100 for every two
molecular layers, randomly into a simulation cell with lateral dimensions that were the same as

those of the dry interfacial systems into which the lubricant would be incorporated. The
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equilibrated slabs from the appropriate dry interfacial system were then separated by an amount
equalling the thickness of the equilibrated C18 system with ample vacuum space (~10 A) on
each side, and the lubricant was introduced into the resulting space. The entire system was then
equilibrated via the equilibration approach described above in Section 2.2.1.
2.3 Evaluation of mechanical properties

It was of interest in this project to evaluate compressive and shear strengths. This is
achieved by deforming the cell in specific ways. The compressive strengths of the materials were
obtained by subjecting the system to a linearly increasing compressive stress along the z
direction and obtaining the resulting strain-time relationship. It is not feasible to shear the
systems at an experimentally accessible rate. Instead, the stress rate that was selected was chosen
such that the simulations could be completed in a reasonable amount of computational time.

Experiments typically achieve strain rates on the order of 10% s*

, with specially designed
instruments [65] for 10 s™, while the simulations are sheared at strain rates on the order of 10°
s, It is possible that at such extreme rates, the mechanism by which the material yields or fails
may be affected.

The compressive stress rate used in the bulk PC and bulk PU simulations was 1.62
GPa/ns. Generic representations of this process and a sample strain-time plot are shown in Figure
2.3. The compressive strength is taken as the external stress at which the first significant shift in
the strain-time plot occurs. This break in the plot occurs because the system undergoes an

irreversible change in structure due to the applied stress, o, at that point which equals the

compressive strength.
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Figure 2.3. A schematic of the compression process and data obtained from compression. (a)
The compression process involves subjecting the cell to an external load, ., which is
increased at a rate of 1.62 GPa/ns. (b) A plot of cell volume as a function of compression
time. Applying the increasing compressive stress leads to a reduction in cell height, and a
corresponding reduction in cell volume. The circled break in the plot corresponds to the
point at which the system yields to the compressive stress. The applied stress at this yield
point corresponds to the compressive strength of the material.

The systems were sheared by deforming the simulation cell in such a way that either the x
or y components of the c lattice vector were changed by linearly increasing the external stress
applied to the components of the simulation cell and allowing the cell to respond. For all systems
except for bulk PC and bulk PU, the stress was increased at a rate of 1.62 GPa/ns. While shear
was occurring, the z component of the c lattice vector was allowed to vary to maintain a constant
normal load. Generic representations of this procedure and the resulting internal stress-time
relationships are shown in Figure 2.4. The plot shows that during shear, the internal stress acting
along the shear direction increases linearly at a rate matching the rate at which the applied stress
increases along that direction. A peak in the stress-time is reached, followed by a sharp drop in
the internal stress. This is associated with the slip event and the external stress applied to the
system at that point corresponds to shear strength, 1.. Given the fact that the external and internal
stresses are in equilibrium up to the point at which slip occurs, it is also possible to associate the

internal stress at the point of slip with the shear strength of the system. The procedure described
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above allows the shear strengths to be obtained while the system is subject to different normal
loads, 6, acting normal to the slip direction. The slope of a plot of 1. versus o, Yyields the
friction coefficient. Since these amorphous systems have no obviously preferred slip directions,
in some cases separate simulations were performed in which shear was achieved by varying
either the x or y component of c in positive and negative directions. This yields up to four

separate values of the shear strength for each model system at each normal load.
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Figure 2.4. A schematic of the shear procedure and data obtained during shear. (a) The
deformation of the simulation cell along the x direction by applying a shear stress, oy,, that
increases linearly with time. The height of the simulation cell is allowed to vary to maintain
a constant normal load, 6,,, during the simulation. (b) The internal shear stress along x as a
function of shear time. The maximum in the plot is associated with the slip event and
corresponds to the shear strength of the material.

Since there is an apparent limitation in the software used for the number of steps a
simulation can accumulate, it was not reasonable for the shear strengths of the bulk PC and bulk
PU systems to be reached by linearly increasing the external shear stress. The shear strengths of
these bulk materials were instead evaluated by increasing the x component of the ¢ vector at a
constant rate. The tilt factor of the simulation cell is measured as a fraction of the distance the
top of the cell is displaced (the x component of the ¢ vector) over the height of the cell (the z
component of the ¢ vector). It was increased at a constant strain rate of 1.0 ns™, which has a
comparable stress rate to the stress-controlled shearing simulations at the onset of shear, but

reaches greater stress rates as the system continues to shear.
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In all dynamics simulation steps, a temperature of 300 K was imposed on the system.
Since any work done on the system should result in large temperature fluctuations, the
temperature was controlled by a thermostat in order to mimic the effect of the bulk material’s
ability to draw heat from high temperature locations and redistribute it throughout the rest of the
material.
2.4 Molecular Dynamics
2.4.1 General details

As noted above, molecular dynamics (MD) simulations were used in this study. These
simulations aim to model the atomic level behaviour of the system by treating the atoms in a
system as particles that move according to Newton’s equations of motion. On the molecular
scale, MD simulation is used as a tool for examining how a system evolves over time. Various
conditions may be controlled simultaneously to simulate experimental or ideal conditions. An
extensive list of features may be extracted from the simulations, including the data required to
calculate the key material properties and slip mechanisms studied here. The movement of the
particles within the defined environment is governed by particular equations of motion which are
discussed in Section 2.4.2. Much of the validity of properties or events obtained through
simulations is directly dependent on the appropriate selection of parameters and techniques
required, which are discussed in Sections 2.4.3 and 2.4.4. The specific software package that was
used is called “Large-scale Atomic/Molecular Massively Parallel Simulator” (LAMMPS) [60]
2.4.2 Integrating trajectories

The standard velocity-Verlet trajectory integrator in LAMMPS was used for all
simulations. In this method, both the particle positions and velocities are updated for each time

step. Equations for this motion are given below, Egs. 2.1 and 2.2.
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r(t + At) = 7(t) + v()At + > a(t)At? (Eq. 2.1)

v(t +4t) = v(t) +5 (alt) + a(t + 4t))At (Eq. 2.2)
where r, v, and a indicate the positions, velocities and accelerations of the particles at a given
point in time.

The atomic accelerations are obtained by first obtaining the forces acting on the atom by
differentiation of the potential energy, U, of the system with respect to the atomic positions, i.e.
Fi = -V;U. The forces are then converted into accelerations via Newton’s second law of motion,
i.e. a8 = Fi/m;. The potential energy function from which the atomic forces are derived is
described below. Once the accelerations are evaluated, they are used in conjunction with the
current atomic velocities to advance the atomic positions from their current values, r(t), to their
values at a slightly later point in time, r(t+At) according to Eg. 2.1. The velocities are also
updated over time using information regarding the atomic accelerations according to Eq. 2.2. In
this manner, Egs. 2.1 and 2.2 sequentially update the positions and velocities of the particles over
time, thereby generating trajectories corresponding to the atomic-level motions of the systems
under study.

2.4.3 Controlling temperature and pressure

It is necessary to control the temperature and pressure of the system to model its
behaviour under a given set of thermodynamic conditions. In the present study, this was achieved
by using the combined thermostat and barostat developed by Martyna and coworkers [66]. The
thermostat is based on the conventional Nose-Hoover thermostat, which uses an extended
Hamiltonian to mimic a system immersed in a heat bath with which it can exchange energy to

maintain a target temperature. The barostat functions in a similar manner by allowing the cell to
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deform in a manner analogous to performing work against a piston to maintain a desired

pressure. The equations of motion associated with this thermostat/barostat combination are:

Pe

¥, = :T + T (Eq. 2.3)
. 1 € p
po=Fi—(1+3)%p - Zp; (Eq. 2.4)
7 _ 3Vpe
V==t (Eq. 2.5)
. 1 Z p
Pe = 3V(Pint - Pext) + EZ{V=1:1_1 _Egpe (Eq 2-6)
§=" (Eq. 2.7)
. N Pi | Dé
pe = 21’:1% T (BN + kT (Eg. 2.8)
Q = 3NkpT/w? (Eq. 2.9)
W = 3N + 3)kpT/w? (Eq. 2.10)

These equations affect the rates of change in six variables: position, r; (Eg. 2.3), particle
momentum, p;, (Eg. 2.4), volume, V, (Eg. 2.5), barostat momentum, p., (Eg. 2.6), thermostat
position, &, (EqQ. 2.7), and thermostat momentum, p, (Eq. 2.8). The total force acting on each
particle is F;. We have assumed a 3-dimentional system with no constraints, so N represents the
number of particles. Each particle has a mass of m;, while the thermostat and barostat are given
masses of Q and W, respectively. In the case of a constant volume simulation, i.e. (NVT)
conditions, the barostat momentum and rate of volume change are both zero, and therefore so are
Egs. 2.5 and 2.6. This causes a number of terms from the other NPT equations (2.3 through 2.10)
to also equate to zero. The values chosen for ot and wp represent the frequency at which the

respective thermostats fluctuate.
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2.4.4 Simulation parameters

The use of Egs. 2.1 through 2.10 requires the selection of various parameters. In
particular, it is necessary to define a time step for the simulations, At, as well as the masses of the
thermostat and barostat. In LAMMPS, the latter are defined using parameters Tgamp and Pgamp,
which are directly related to o and wp,

The time step is a critical parameter to choose in the simulation. If the time step is chosen
to be too long, the integration of Newton’s equations will be poor and the resulting trajectories
will be meaningless. The choice of a time step that is too long is often evident by a large drift in
the total energy of the system, which should be conserved in Newtonian dynamics. Meanwhile,
the use of a very small time step will require a large number of MD steps, each with their own
force evaluation to be performed, which will slow down the simulation. Thus one aims to choose
the largest value of At that conserves the total energy of the system to an acceptable level.

The value of At used in this work was selected by examining conservation of total energy
under constant (NVE) conditions using a system of polyethylene molecules with At = 0.5, 1.0
and 2.0 fs. The total energies during 1 ns simulations performed with these values of At are
shown in Figure 2.5. A time step of 0.5 fs was ultimately selected, as less than 0.5 kcal/mol was
lost by the end of the 1 ns run. It is noted that this corresponds to a drift in total energy of 0.5
kcal/mol distributed over the thousands of atoms in a typical simulation cell. This amount of
energy is negligible compared to the amount of energy introduced to shear the systems to the
point at which slip occurs. A time step of 0.5 fs conserved the total Hamiltonian used in the
simulations performed under NPT conditions to the same level as that seen for the simulations

performed under NVE conditions.
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Figure 2.5. A test for conservation of energy with different time step sizes, using the NVE

ensemble.

The thermostats and barostats implemented in LAMMPS require that a damping
parameter be provided for each of the controls, labeled Tyamp and Pgamp, respectively. These
values have units of time (fs in this case) which is an approximate determination of how long it
should take for the temperature or pressure to relax. A set of values around the magnitude of
those recommended by the documentation were selected to test for both parameters. The
resulting plots of temperature and pressure as functions of time are presented in Figures 2.6 and
2.7, respectively. It is evident in Figure 2.6 that larger values of Tgamp result in a more delayed
response to changing temperature, which was an immediate jump to 300 K. Similarly in Figure
2.7, larger values of Pgamp result in larger oscillations about the external pressure of 0.0 GPa in

this case. From this data, values of 50.0 fs and 500.0 fs were chosen for Tgamp and Pgamp,

respectively.
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Figure 2.6. A test for relaxation of temperature with different damping parameter values,

using the NVT ensemble. Only a sample from the early portion of the simulation is shown to
see the difference in the plots.
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Figure 2.7. A test for relaxation of pressure with different damping parameter values, using
the NPT ensemble.

2.5 Dreiding FF
2.5.1 Selection

As noted above, the forces acting on the atoms are obtained by differentiating the
potential energy of the system with respect to the nuclear positions. The present work obtained
the potential using the Dreiding force field [67]. This force field provides a set of generic

parameters that can be used to study materials composed of main group elements in a variety of

35



chemical states, e.g. different states of hybridization. The use of such a generic force field
simplifies the study of different types of materials, but the lack of specificity with respect to the
parameters may compromise accuracy. However, the use of a more specific force field would
require us to devote a substantial amount of time to the parameterization. Since the present study
aims to evaluate trends in values (shear strength as a function of load) for a common series of
materials and obtain qualitative interpretations, it was decided to sacrifice the potential
quantitative accuracy that could be obtained by using a more specific force field to permit the
available time to be applied to studying the various systems of interest with the generic Dreiding
force field. Perl scripts were written and used to automate all steps involved in the assignment of
the Dreiding parameters.
2.5.2 Potential Energy Contributions

In the Dreiding force field, each atom is defined by a label which is unique based on the
hybridization of the atom, and which is associated with other equilibrium values, such as bond
radius and bond angle. Any interactions defined by combinations of atoms have the potential to
be unique based on these atomic labels. The total potential energy, U, is the sum of all of the
energy contributions that follow, being bond stretches, angle bends, torsions, and non-bonded

interactions. The total expression is given in Eq. 2.11.

U= Zbonds EI] + Zangles EI]K + Zdihedrals EI]KL
(Eq. 2.11)

+ Zimpropers EI]KL + Zpairs Evdw + Zpairs ECoulomb

All bonding interactions of length R, are described by the harmonic potential in Eq.

2.12a.
K;; = nx 700 kcal/molA? (Eq. 2.12b)
Ry =R} +R) -6 (Eq. 2.12c)
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The force constant, K3, only varies with the bond order n and does not depend on the atom types
(I'and J). Equilibrium bond lengths, Ry, are the sum of individual bond radii, altered by a value of
8 =10.01 A, as shown in Eq. 2.12c.

The potential for angle bending is also chosen to be harmonic, as shown in Eq. 2.13a.
Eyx =3 Ky [0yc — 6F]° (Eq. 2.13a)
Kk = 100 kcal/mol - rad? (Eq. 2.13b)
The angle, 0,5, is defined by three connected atoms of types I, J and K. The force constant, K,
is the same for all types of bonds, and the equilibrium angle, 6°, only depends on the unique bond

angle value for centre atom of type J.

Dihedral angles are defined by four atoms (types I, J, K and L) bonded sequentially in a
row. The dihedral angle these four atoms create is defined to be the angle between the two planes

defined by atoms IJK and JKL. The potential for dihedral angle ¢ is shown in Eq. 2.14.

EjjkL = %V]K{]- - COS[n]K(<P - 90?1{)]} (Eq. 2.14)

All three constants only depend on the centre two atoms J and K. The constant, Vi, only

depends on the hybridization of J and K, and ranges in value from 0.0 to 45 kcal/mol. The

periodicity, ny, is related to the symmetry of the torsion. The equilibrium dihedral angle is ¢°x,
such that the potential is always equal to or greater than zero.

For an atom of type I, bonded to three other atoms of type J, K and L, the improper

torsion angle, ¥, is defined to be the angle between the plane formed by atoms I, J and K, and

the bond between atoms | and L. The inversion potential is shown in Eq. 2.15.

EykL = ~ s (cos ¥ — cos ¥7)? (Eg. 2.15)

2 sin2 g}
The equilibrium improper torsion is related to the hybridization of the centre atom I, such that

planar sites are given a value of ¥° = 0°, and non-planar sites ¥° = 54.74°. The force constant,
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Ky, is almost always 40 kcal/mol-rad?, except when centre atoms are in the nitrogen column, in
which case the force constant is zero.
Non-bonded interactions are also considered in this force field, which include van der

Waals (Eg. 2.16) and Coulomb potentials (Eq. 2.17).

12 6
R R
Eyaw = Do l(R_IO]> - (R_IO]> l; RU <R, (Eq. 2.16)
CQiQ
Ecoutomp = #I}]; RI] <R, (Eq. 2.17)

For both non-bonded equations, R); is the distance separating atoms I and J. The Ry and Do terms
are the van der Waals bond lengths which are unique for each atom type, and are mixed
geometrically based on atomic values. € is the dielectric constant, which is typically set to 1. Q,
and Q; are the atomic partial charges, and the factor of C exists as a conversion to appropriate
units. The respective R. values are radial cutoffs, which exclude interactions beyond the
designated points in an effort to reduce computational cost. Both of these non-bonded
interactions are excluded for pairs of atoms that are connected via one or two bonds.

Atomic charges are required to obtain Coulomb interactions, but are not as generic as the
other required parameters in the Dreiding force field. Not only can charges vary greatly
depending on the bonding environment, they can also fluctuate as the subtle chemical
environment adjusts throughout the simulations. In order to obtain atomic charges, CHELPG
calculations [68] were performed on small model representations of the polymers optimized
using HF/6-31G(d,p). In the case of the C18 material, Mulliken atomic charges [69,70] were
more reasonable to use than CHELPG. Charges of atoms in equivalent bonding environments

were averaged, and as the full polymer was built, any charge accumulation was uniformly
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removed from the molecule. The atomic charges were then scaled, within reason, to best
reproduce experimental densities of reference materials.
2.6 Densities

Final volumes were taken from the equilibrated charge type and scaling tests. The best
charges and types were selected, and the final density comparisons are tabulated in Table 2.1.

Table 2.1. Comparison of Simulated and Experimental Densities

Simulated Material | Density (g/cc) Experimental Material Density (g/cc) [71]
PC 1.15 Bisphenol-a polycarbonate 1.20
PU 0.72 Polytetramethylene ether glycol 0.98
C18 0.58 Octadecane 0.78

The data in Table 2.1 show that the density of PC accurately reproduces that of the
reference system. In this case, the polymers comprising the simulated and reference systems are
of identical composition. This indicates that Dreiding force-field can reproduce the material’s
properties to a reasonable degree of accuracy.

The data for PU indicate a large difference between the densities of the simulated and
reference materials. This difference can be attributed to differences in the structures and
compositions of these systems. The simulated material corresponds to a cell containing the
polymers shown in Figure 2.1b. Meanwhile, the reference material consists of very long
polymers composed of polytetramethylene ether glycol units. In addition, the polymers in the
reference material, as well as the materials used in printer components, are cross-linked, which
leads to an increase in density.

The comparison of the simulated and reference densities for C18 is complicated by the
fact that this system has a melting point near room temperature. As such, the simulations
performed at 300 K may not be sampling the solid system. However, the small nature of the

simulation cell combined with their periodic repetition may affect the ability of the system to
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adopt a configuration consistent with the liquid state. Optimization of the atomic structure and
simulation cell, which yields structures at 0 K, yielded densities of ~1.0 g/cc, indicating that the
density can be sensitive to temperature. This has been observed in experimental studies showing
that the density of C18 can vary substantially with changes in temperature [72].
2.7 Analysis Methods
2.7.1 Movies

A common diagnostic tool in MD simulations is viewing a key event with movie
visualization software. A movie file contains the Cartesian coordinates for each atom, for each
frame separated by a specified time interval. Though these movie files are readily generated and
viewed, they are most effective when there is a limited amount of material, and when the event
of interest happens over a very short timescale (i.e. a few movie frames). For the simulations
performed here, there is a large volume of material throughout which the slip event is distributed,
S0 a precise location cannot be given to the event. Furthermore, the slip event does not occur
rapidly, but rather over a sizeable length of time. Because of these limitations, movie analysis
offers little support in locating key events. These events are quantified by a number of methods
described in the sections to follow, and movie frames are used for confirmation of the location of
the various materials at that point in time.
2.7.2 Shear Strength

As described in Section 2.3 on mechanical properties, the shear strength of a material
may be used as a tool for locating the main slip event. All elements of the internal stress tensor
are generated at requested intervals during the simulation, and the one associated with the
direction of increasing external stress can be plotted to identify the point at which the material

slips. The stress at this point corresponds to the shear strength, t.. These values can be obtained
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with different normal loads, 6, and the slope of a plot of 1. versus o, Yyields the friction
coefficient.
2.7.3 Order Parameter from Bond Vector Components

Order parameters are typically used to quantify how structured a material is, which is of
particular interest in phase transitions of mesomorphic materials [73]. The order of a single
vector is defined in Eqg. 2.18, where S is the order parameter, and 6 is the angle between the
vector and the direction of perfect orientation.

S =~(3cos?6 — 1) (Eq. 2.18)

Since all of the atomic positions are known at requested steps during the simulations, and each
bond pair is defined when the system is initially built, one could imagine being able to project
each of these bonds onto the three Cartesian axes. In the equilibrated material, the bonds should
all have random orientations and show no favour along any axis. As the system is sheared,
however, the molecules reorganize in such a way that they begin to orient along the direction of
shear. This can be seen by plotting the alignment of the bonds with respect to this direction. For
the case of the materials studied here undergoing shear along the x direction, the equation for

order parameter is altered to the form in Eq. 2.19.

s=1(%-1)=3(z25-1) (Eq. 2.19)

x2+y2+z2

The values for x, y, and z are the respective cumulative projections of the bonds (all except for
those with hydrogen atoms) along the three axes. The x in the numerator is substituted for y when
analyzing the simulations that are sheared in y instead of x. An order parameter value of 0
indicates perfectly random alignment and no favour in the direction of shear, whereas a value of
1 indicates perfect directional alignment. Since the projections are calculated on a per-bond basis

(rather than per-molecule etc.) it is impossible for the systems to attain perfect alignment.
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Once the material reaches its shear strength, the plot of the order parameter changes in
behaviour such that it aligns in the direction of shear at an increasing rate. In the cases when
more than one type of material is contributing to the system, an order parameter may be
evaluated for each of the individual components. In this way, the material experiencing greater
amounts of slip can be identified. An example of a PC slab with a C18 lubricant layer is shown
here in Figure 2.8. The simulation cell may also be separated into fractions with an order
parameter evaluated for each, as appears in Chapter 4, in order to locate the region of highest

ordering.
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Figure 2.8. A plot comparing the change in order parameter for the two materials in a

lubricated PC model. The region in the purple box indicates where the maximum internal
stress, or shear strength, is reached.

2.7.4 Slip Distribution

In a perfectly elastic material, we expect deformation to occur uniformly, and with no
slip. Under such circumstances, a plot of the displacement of the material as a function of height
should be a straight line with a slope related to shear strain, and a plot of the relative
displacements of neighbouring fractions of the material would be a vertical line. This behaviour
is illustrated in the plots in Figure 2.9.
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Figure 2.9. The schematic (a) shows how an elastic material might deform under shear

stress. The graphs (b) show the displacement and relative displacement of the fractions.
Because the deformation is evenly distributed along the material, it results in a flat “slip
distribution”, as shown in the second graph.

Were the material very brittle (no deformation except the slip), and the slip confined to a
single plane, plotting the relative deformation in a similar way would present itself as a single

peak along an otherwise flat line of no magnitude. This behaviour is illustrated by the plots in

Figure 2.10.
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Figure 2.10. The schematic on the left shows how a brittle material might deform under
shear stress. Because the deformation is localized, it results in a sharp “slip distribution”,
as shown in the graph on the far right.

Since the material being studied is neither perfectly elastic nor brittle, there will be a
distribution of relative motions, the greatest of which should be located around the region where
the main slip event occurs. The average lateral motion (in x or y, depending on the direction of
shear) of each 10% fraction along the z axis was monitored during the shearing simulations. The
relative motions with respect to neighbouring fractions were plotted near the time of the
determined slip event. Since the active sections of these plots roughly resembled Gaussian

distribution functions, the plots were fit to such an equation and the full width at half maximum
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(FWHM) of the tallest available peak was extracted as a means of quantifying the distribution of
slip (on occasion, slip was not very localized and two peaks were available). The fitting of a
Gaussian curve is not meant to be meaningful itself, but was rather used as a tool to compare the
regions of highest motion among the various simulations quantitatively. An example of the

motion exhibited over a time segment, and the resulting relative motions are shown in Figure

2.11.
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Figure 2.11. Plots of the motion of fractions of a material with an interface. Data was
extended in the z-direction to represent an additional periodic repeat in order to be sure to
capture and effects at the edge of the cell (hence an apparent height of 200%). Graph (a)
shows the way that each fraction (10% of the height of the cell) has moved in one particular
time segment around the time of slip. Graph (b) plots the difference between these average
motions. The most active section of the distribution of motion can easily be approximated by
a Gaussian-type curve, as shown in red. The FWHM of this particular peak is 2.39 fractions,

or 23.9% of the cell height.
2.7.5 Material Distributions

The amounts of each material in the various height fractions of the cell were examined by
evaluating the material distributions described below. Determining the amount of each material
in each fraction helps correlate the locations at which slip and ordering of the material occurs

with the type of material present at that location. In the evaluation of the material distributions,
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weight was only given to non-hydrogen atoms, and since a list of such important bonds was
already being used for the order distribution plots, the material locations were based on the
location of bonds, which is quite similar to the individual atom locations.

The first representation, shown in Figure 2.12, is a component distribution, which
quantifies the fraction of the total amount of a given material within a given fraction of the cell.
This quantity is obtaining by dividing the number of bonds associated with a given material in a
given height fraction of the cell by the total number of bonds associated with the same material
in the entire cell. Integrating one of the curves that is produced along one full cell height yields
100%. There may, however, be a significant difference in the total amount of material available

for each component.
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Figure 2.12. A component distribution of a PC/PU model. The fraction of material of the
whole component is plotted for each fraction of cell height. A second periodic cell is plotted
for clarity.

The second representation, shown in Figure 2.13, is a fraction distribution, which
quantifies the amount of each material in a given height fraction. This quantity is evaluated by
dividing the number of bonds associated with a given material in a height fraction by the total

number of bonds in that height fraction. As such, the total amount of the material adds up to
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100% in each fraction and the point where the curves for two materials cross correspond to
locations where the system has equal amounts of each component. This distribution is useful in
analyzing the composition of the system when there are multiple components that do not have

equal amounts of material.
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Figure 2.13. A fraction distribution of a PC/PU model. The composition of each fraction of cell height is
plotted. A second periodic cell is plotted for clarity.
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Chapter 3: Results

This chapter provides the results obtained in the simulations. The results are organized
first by the type of system, then by the types of analysis done for each system. The chapter
begins with an examination of the results of simulations of the bulk materials in Section 3.1. The
results of simulations on dry interfaces are examined in Section 3.2. The outcomes of the
simulations of systems with different levels of lubrication are then reported in Section 3.3 and
3.4. Each of these sections provides data for shear strengths, friction coefficients, order
parameters, and slip distributions. Selected plots are provided to show any differences in
character that were observed between the different simulations.
3.1 Bulk Material

The bulk models were created using the method described in Section 2.2.1. MD
simulations were performed to obtain compressive and shear strengths of the materials by the
methods in Section 2.3. The shear strengths are later compared to those of the models with
interfaces, to demonstrate their differences.
3.1.1 Compressive Strengths

The determination of friction coefficients requires the evaluation of the shear strengths of
the material at various normal loads. The compressive strength of the materials provides some
insight into the selection of a reasonable set of normal loads to be considered for this purpose. As
such, the compressive strengths of bulk PC and PU were evaluated as described in Section 2.3.
In both cases, these materials were compressed by applying a compressive stress along the z axis
that increased from 0 to 11.3 GPa over a period of 7 ns. The data (see Figure 2.3b) showed that
PC yielded at a normal load of approximately 8 GPa, while PU did not yield within the range of

stresses considered. Since the simulated value of ~8 GPa is based on a single simulation, it was
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decided to round the compressive strength to 10 GPa and use this as an upper bound on the range
of normal loads considered in the simulations.
3.1.2 Shear Strengths

The shear strengths of the bulk PC, PU and C18 models were evaluated according to the
procedures described in Section 2.3. Recall that for bulk PC and PU, the tilt factor of the
simulation cell was increased at a constant strain rate of 1.0 ns™ due to limitations in the ability
of the LAMMPS software to perform a simulation with an increasing external shear stress over a
sufficient number of time steps to observe slip. Meanwhile, for the bulk C18 model, the oy,
external stress component was increased at a rate of 1.62 GPa/ns. Plots of the stress-time
relationships for each of these systems are given for each of these materials in Figure 3.1. In
order to extract each shear strength, 1., a running average curve, with the data averaged over a
range of 50 points, was constructed for each plot. The value of 50 provided sufficient
smoothness of pressure fluctuations at the point of slip to select a clear maximum value, while
retaining the general trend produced by the data. The maximum of this running average at the

point of slip was assigned as the z.
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Figure 3.1. Shear strength plots for the three bulk models. Stress-time relationships are for
(@) PC, (b) PU, and (c) C18. The black curve is obtained from the raw data, and the red curve
is a running average over sets of 50 points.

0.4

The values of t. obtained for each system are given in Table 3.1 along with their
associated cell heights. The data show that PC has the highest shear strength (14.90 GPa), while
PU has a much lower strength of 2.70 GPa. As expected, the C18 lubricant has the lowest shear
strength at 0.10 GPa. The relative order of the shear strengths of PC and PU are consistent with
the relative order of the strengths of these materials measured in experiments, which are also
included in Table 3.1. These reference material shear strengths were taken from two
polycarbonate results, and one polyurethane result which was the densest available PU foam
(0.80 g/cc, which is comparable to the simulated density of 0.72 g/cc) with an available
measured shear strength. However, the results demonstrate that the calculated shear strengths are

several orders of magnitude higher than the corresponding experimental values. This discrepancy
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between calculated and experimental strengths is well-known and originates from the size-
dependence of mechanical strength.
To assess whether the magnitude of this discrepancy is reasonable, the number of times,
N, the simulation cell must be repeated along the z axis to reproduce the experimental strength
was determined by the following expression [74]:
Tcalc 2
N = (_p) (Eq. 3.1)
TC

@l and 7> are the calculated and experimental shear strengths. The resulting values of

where 7.
N were then used to estimate the thickness of the experimental systems required to yield the
experimental strengths. The resulting extrapolated thicknesses are on the order of 100s of pm,
which is consistent with the sizes of materials usually used to perform strength measurements.
Thus, while differences in the reference systems and experimental models complicates a direct
comparison of the calculated shear strengths with those of the reference systems, the use of the
calculated shear strengths to predict the sizes of experimental systems yields reasonable results.

This indicates that the calculated shear strengths are likely reasonable values for these materials.

Table 3.1. Comparison of bulk PC, PU and C18 shear strengths, with comparison to
reference material data. The reference materials were either thermoplastic (TP) or thermoset

(TS).
Simulated Experimental [75]
Material | z. (GPa) | Cell Height (nm) Material 7. (MPa) | Extrapolated
Thickness (um)
PC 14.90 5.37 PC (TP) 63.4 297
PU 2.70 6.48 PU (TS Foam) 16.0 185
C18 0.10 2.59 - - -

3.1.3 Order Parameters
The order parameters described in Section 2.7.3 were also evaluated during the

simulations in which the PC, PU and C18 systems were sheared. The resulting plots are shown in
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Figure 3.2. Recall that the order parameter provides a measure of the alignment of the bonds in
the system with the shear direction. The data thus indicate an increasing alignment of the bonds
along the shear direction over time for the PC and PU systems until the slip occurs at around 3.5
ns and 2.5 ns respectively, when there is some disturbance in the smoothness before continuing
to increase. Meanwhile, the C18 system undergoes a rapid alignment of the bonds along the slip

direction when slip occurs at ~0.05 ns.
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Figure 3.2. Order parameter plots of the three bulk materials, (a) PC, (b) PU, and (c) C18.

3.1.4 Slip Distributions
The slip distributions were quantified according to the approach described in Section

2.7.4. The FWHMs of the Gaussian functions fitted through the slip distributions are reported in
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Table 3.2 for each system as both a distance and as a percentage of the thickness of the
simulation cell. These data indicate the slip process for the bulk PC and PU systems occurs
within a fairly localized portion of the simulation cell, as evidenced by FHWM of 12.1 and 12.9
% of cell height for PC and PU, respectively. Meanwhile, slip occurs throughout a broader range
of the cell for C18, with a FWHM of 38.4%.

Table 3.2. Slip distribution values for each of the bulk models.

Bulk Material | FWHM (%) | FWHM (&)
PC 12.1 6.5
PU 12.9 8.4
C18 38.4 9.9

3.2 Interfacial Systems (PC/PC, PU/PU and PC/PU)

Three different dry interfacial systems were constructed: PC/PC, PU/PU, and PC/PU. The
construction of these models is described in Section 2.2.2. Recall that during the construction an
amount of vacuum space was left before the equilibration process. Though this gap was inserted
initially, by the end of the equilibration process it is not visible with animation software, and is
still not clearly defined when the material above and below the inserted interface are coloured
differently. This level of surface roughness and intermingling hinders the ability to analyze an
animation of the simulation to identify changes in structure. Nonetheless, the results of the
simulations still permit the study of the slip process in terms of shear strengths, ordering of bond
directions and widths of slip distributions.

3.2.1 Rapid Compression

As described in Section 2.2.2, the models with interfaces were compressed as part of their
preparation for shear. The external stress o,, was increased rapidly to ~10 GPa to compress the
cell along the z direction, while the x and y dimensions of the cell were fixed. The resulting cell

volumes are plotted in Figure 3.3 for the four different models of PC/PC and PU/PU. The
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smooth deformation of the PU/PU models is attributed to its natural soft elastic properties, and
the near stepwise deformation of the PC/PC models to its natural brittle properties. These

features are especially apparent in the insets.
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Figure 3.3. Plots of volume with response to increasing external pressure for (a) the four
PC/PC models, and (b) the four PU/PU models. The respective insets better display the
changes at higher normal load.
3.2.2 Shear Strengths

The method used for obtaining shear strengths is explained in Section 2.3, in which an
external stress was applied to the simulation cell to cause it to shear. The data associated with the
three differently composed dry interfaces are presented here. Linear fits are used to obtain
coefficients of friction, which are summarized in Section 3.2.3. The normal pressures used were
selected in units of atm, which are smaller than GPa by a factor of 9869.23. This means, for
instance, that the system was subjected to a normal load of 10.13 GPa when a normal pressure of
100,000 atm was used. For the sake of simplicity, these normal loads will be rounded to the
nearest 0.5 GPa (e.g. 10.13 will be referred to as 10 GPa); however, the actual normal loads used

in the simulations have been used in the plots and analysis of data.
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PC/PC

The shear strengths as a function of normal load are provided in Figure 3.4 for the four
dry PC/PC models. Four distinct simulations were performed for each system at normal loads of
0, 5, and 10 GPa. These simulations differed in the direction in which the system was sheared,
with directions of £x and xy being considered in all cases. The data illustrate the value of z.
obtained for a given system is relatively insensitive to the shear direction. The data exhibit a
linear relationship between z. and the normal load for all systems, which is anticipated because
Amontons’s law indicates there should be a linear relationship between these quantities. To
ensure the linear relationship held, additional simulations were performed in which the PC4
model was sheared along the positive x direction at normal loads of 2.5 and 7.5 GPa. The
resulting shear strengths lie close to the linear fit of the data for this system with normal loads of
0, 5, and 10 GPa, indicating that the linear relationship is valid.

The shear strengths for the PC1, PC2, and PC3 systems increase with normal load from
values between 2 and 3 GPa when the load is zero to between 4 and 5 GPa at a normal load of 10
GPa. The shear strengths of the PC4 system are somewhat lower, increasing from ~0.5 GPa to ~2
GPa over the same range of normal loads. The differences between the strengths of PC4 and the
other systems can likely be attributed to the fact that PC4 had a lower density. Recall that bulk
PC had a shear strength of 14.9 GPa without the application of a normal load. As such, these
results indicate that the introduction of an interface results in a significant reduction in the shear
strength of PC even thought that interface may not be easily identified through visualization of

the system.
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Figure 3.4. Shear strengths of the four dry PC/PC interface models. Lines of best fit are
shown for each. The lower shear strengths of the PC4 model are easily explained by its
noticeably lower density. The lines of best fit were based only on the shear strengths at 0, 5
and 10 GPa. Those at 2.5 and 7.5 GPa are displayed to emphasize the linear trend.

The shear strengths obtained from all simulations with normal loads of 0, 5, and 10 GPa
were averaged and used to construct the relationship between z. and normal load shown in Figure
3.5. The data obtained with normal loads of 2.5 and 7.5 GPa for PC4 were excluded from this
plot to ensure a consistent number of points were averaged at each normal load. The line
provided is a fit of the original shear strengths at those three normal loads, and has a slope the

same as the average of the slopes of the four models. These are provided in Section 3.2.3.
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Figure 3.5. Shear strengths of the dry PC/PC models. Average shear strengths of the PC/PC
interface models with error bars and an average line of best fit.

PU/PU

Simulations analogous to those discussed above for the PC/PC system were performed
with four PU/PU dry interfaces. Once again four values of z. were obtained for each system at
the three primary normal loads. These values were quite similar for all systems and simulations.
The shear strengths were averaged at each normal load, with the resulting relationship between z.
and the normal load summarized in Figure 3.6. These data show that the shear strength of the
PU/PU system increases from ~0 GPa to 1.5 GPa over the range of normal loads considered. By
comparison, the shear strength of bulk PU in the absence of a normal load was 2.7 GPa. Once

again, this illustrates that the introduction of an interface lowers z.
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Figure 3.6. Shear strengths of the dry PU/PU models. Average shear strengths of the PU/PU
interface models with error bars and an average line of best fit. The error bars are too small
to be seen here.

PC/PU

Shear strengths were evaluated for six dry PC/PU models at normal loads of 0, 5, and 10
GPa. The values obtained in all simulations were quite similar at each normal load, and the
averages of these values are reported in Figure 3.7. The data once again exhibit a linear
relationship between z. and the normal load. From a quantitative standpoint, z. increases from ~0

GPa in the absence of a normal load to ~1.7 GPa when the normal load is near 10 GPa.
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Figure 3.7. Shear strengths of the dry PC/PU models. Average shear strengths of the PC/PU
interface models with error bars and an average line of best fit. Some error bars are too small
to be seen here.

3.2.3 Friction Coefficients

The slopes of the fitted lines in the data of Section 3.2.2 correspond to the friction
coefficients associated with these interfaces. The friction coefficients obtained for each of the dry
interface models are tabulated in Table 3.3. The data demonstrate that the PC/PU and PU/PU
system have very similar friction coefficients of 0.158 and 0.139, respectively. Meanwhile, the
PC/PC interface has a higher friction coefficient of 0.249. The similarity between the friction
coefficients of the PC/PU and PU/PU interfaces suggests that friction in the PC/PU system is

determined by the PU component.
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Table 3.3. Coefficient of friction and correlation coefficient for each dry interface model.
Though some intermediate normal loads were simulated, they were not included in the linear

fits.
Material Coeff. of Friction | Linear Fit R®
PC1 0.280 + 0.058 0.910
PC2 0.233 + 0.037 0.911
PC3 0.293 + 0.032 0.960
PC4 0.192 + 0.009 0.960
Average PC/PC 0.249 + 0.054
PU1 0.138 + 0.002 0.998
PU2 0.140 + 0.005 0.997
PU3 0.139 + 0.005 0.995
PU4 0.138 + 0.004 0.996
Average PU/PU 0.139 + 0.004
PC1/PU1 0.193 £ 0.013 0.995
PC1/PU3 0.143 + 0.004 0.995
PC1/PU4 0.154 + 0.004 0.998
PC2/PU1 0.158 + 0.001 0.996
PC3/PU3 0.163 + 0.006 0.999
PC4/PU3 0.140 + 0.004 0.995
Average PC/PU 0.158 + 0.019

3.2.4 Order Parameters

The bond order parameter, S, described in Section 2.7.3 was evaluated during the
simulation of each system. This order parameter will help illustrate structural changes consistent
with an alignment of the system along the shear direction. Representative plots of S obtained
from simulations of each type of interface considered at different loads are examined below. The
plots given below all exhibit the qualitatively common feature of a sudden increase of S at the
point of slip. This suggests that slip occurs along with a rapid change in the structure of the
system.
PC/PC

The order parameters obtained for simulations of the PC4 model sheared along the x
direction at normal loads of 0, 2.5, 5, 7.5, and 10 GPa are shown in Figure 3.8. In all cases, a

drastic increase in S is observed at the same point in the simulation where slip occurred. In all
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cases, the order parameter flattens after undergoing this sudden jump. The value of the S reached
after slip occurred seems to increase with the normal load, though there is not an exact
relationship between this value of S and the normal load. This observation suggests that the
reorganization of the material during slip is greater at higher normal loads, which makes sense in
light of the fact that increased density of the system at higher normal loads will increases
interactions between the molecules contained in the system. It is also worth noting that the time
at which the sudden jump in S, and hence slip, occurs increases steadily with the normal load.
This indicates that it is necessary to shear the system to a greater extent to induce slip at higher

normal loads.
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Figure 3.8. Order parameter samples for a range of normal loads during shear. The particular
system is PC4, sheared in the x direction.

PU/PU

The values of S obtained during simulations of the PU4 interface model sheared along the
x direction at normal loads of 0, 2.5, 5, 7.5, and 10 GPa are shown in Figure 3.9. The data are
analogous to those reported above for the PC/PC interface, with relatively sharp increases in S

occurring with slip. It is worth noting that the increases in S for this system are less steep than
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those for the PC/PC interface indicating that slip in the PU/PU system involves a slower

reorganization of the structure.
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Figure 3.9. Order parameter samples for a range of normal loads during shear. The particular
system is PU4, sheared in the x direction.

PC/PU

The values of S for the PC1/PU4 interface model sheared along the x direction at five
different normal loads are summarized in Figure 3.10. Since there are two different materials
present in this model, the order parameter analysis was performed separately for each. The data
for the PU portion of the interface exhibit the sharp increases noted above for the systems
containing interfaces between the same materials. Meanwhile, such sharp increases are not
nearly as evident for the PC portion of the interface. In addition, the values of S reached for the
PU portion are an order of magnitude greater than those reached for the PC component. Overall,
this suggests that the slip process in the PC/PU interfaces is dominated by the reorganization of
PU, with little effect on the structure of the PC component. This is consistent with the shear

strengths and friction coefficients of the PU/PC interface described above.
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Figure 3.10. Order parameter samples for a range of normal loads during shear. The
particular system is PC1/PU4, sheared in the x direction, with separate graphs for (a) the PC
portion, and (b) the PU portion.

3.2.5 Slip Distributions

The slip distributions were evaluated with the method described in Section 2.7.4. Data for
the three different types of dry interfaces are presented in Figures 3.11 and 3.12. It is important
to note that the simulated systems may have significantly different cell heights. Data collected
for normal loads of 2.5 and 7.5 GPa were omitted, since they were single measurements, and

every other normal load had 16 or 24 measurements.
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Figure 3.11. The FWHM of slip distribution as a height percent of the models with dry
interfaces. Error bars are available from the 16, 16 and 24 measurements at each normal load
for the PC/PC, PU/PU and PC/PU models, respectively.
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Figure 3.12. The FWHM of slip distribution as a height of the models with dry interfaces.
Error bars are available from the 16, 16 and 24 measurements at each normal load for the
PC/PC, PU/PU and PC/PU models, respectively.

The large FWHM percentage of height that slips for the PU/PU models suggests that a
large portion of the cell is involved in the slip process and that it is widely distributed. Though
there is a noticeably lower percentage of height involved in slip for the PC/PU models, it is
attributed to the difference in cell heights (approximately twice as high as those of PC/PC and
PU/PU). The absolute FWHM heights of the slip distribution suggests that the volume of
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material involved in the slip process is more comparable between the PU/PU and PC/PU models,
meanwhile the absolute FWHM heights for the PC/PC models are smaller, and therefore the slip
process is more localized. As the normal load increases, the cells become more compressed,
resulting in higher material densities. Overall, there is a very slight increase in percentage of cell
height involved in the slip process as the normal load increases, suggesting that an increase in
material involved in the slip process increases. Meanwhile, there is a very slight decrease in
measured height, suggesting that the volume of material involved in the slip process decreases.
The source of trends between the different models will become more evident when they are
thoroughly analyzed in the discussion in Chapter 4.
3.3 Lubricated Systems (2 Molecular Layers)

Octadecane was added as a lubricant in the interfaces of the dry models described above.
The construction of these lubricated models is described in Section 2.2.3, in which a slab of
lubricating C18 was added to the interface of the previously defined dry interfacial models.
Throughout this section, this amount of lubricant will be considered the “singly lubricated
model” to keep it distinct for the later section which will be considered the “doubly lubricated
model”.
3.3.1 Shear Strengths

The method used for obtaining shear strengths is explained in Section 2.3, in which an
external stress was applied to the simulation cell to cause it to shear. The data associated with the
three differently composed lubricated interfaces are presented here. Linear fits are used to obtain

coefficients of friction, which are summarized in Section 3.2.3.

64



PC/C18/PC

The shear strengths for the four singly lubricated PC/C18/PC models are provided in
Figure 3.13, and range between O and 3 GPa under normal loads up to near 10 GPa. The
significantly lower shear strengths upon the addition of C18 lubricant suggests that it plays a role
in reducing the friction force. Similar to the difference with PC4 that was seen in the dry
interfacial data in Figure 3.4, the lower shear strengths of the lubricated PC4 model are easily
explained by its noticeably lower density. The values at normal loads of 2.5 and 7.5 GPa were
included to emphasize the linear trend, but were excluded from the linear fit as well as the
summary graph in Figure 3.14. The points for the summary graphs are an average of the
individual shear strengths at each normal load, and the error bars are a standard deviation. The
line shown was fit through the original data for those normal loads, and the slope is the same as
the average of the four models with the same points. Recall that the shear strengths of bulk PC

and bulk C18 with zero normal load were 14.9 and 0.1 GPa, respectively.
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Figure 3.13. Shear strengths of the four singly lubricated PC/C18/PC interface models.
Lines of best fit are shown for each. The lower shear strengths of the PC4 model are easily
explained by its noticeably lower density. The lines of best fit were based only on the shear
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Figure 3.14. Shear strengths of the singly lubricated PC/C18/PC models. Average shear
strengths of the singly lubricated PC/C18/PC interface models with error bars and an average
line of best fit.
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PU/C18/PU

The shear strengths for singly lubricated PU/C18/PU range between 0 and 1.5 GPa under
normal loads up to 10 GPa. These are noticeably smaller than the shear strengths of the singly
lubricated PC/C18/PC, which suggests that the friction forces here are not yet independent of
surface composition. They are also slightly lower than those of dry interfacial PU/PU, which
suggests that the C18 lubricant plays some role in lowering the shear strength. The plot provided
in Figure 3.15 only contains the average values, since there was such good agreement between
the different PU/C18/PU models, as is made evident by the small error bars. Recall that the shear

strengths of bulk PU and bulk C18 with zero normal load were 2.7 and 0.1 GPa, respectively.
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Figure 3.15. Shear strengths of the singly lubricated PU/C18/PU models. Average shear
strengths of the singly lubricated PU/C18/PU interface models with error bars and an
average line of best fit.

PC/C18/PU
The shear strengths for singly lubricated PC/C18/PU range between 0 and 1.75 GPa
under normal loads up to 10 GPa. This lies somewhere between those of the lubricated

PC/C18/PC and the lubricated PU/C18/PU models, reinforcing the idea that the surfaces still
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play a role in the friction forces. The plot provided in Figure 3.16 only contains the average
values, since there was such good agreement between the different PC/C18/PU models. The line
provided was fit in the same way as described for each of the previous similar plots. Recall that
the shear strengths of bulk PC, bulk PU and bulk C18 with zero normal load were 14.9, 2.7 and

0.1 GPa, respectively.
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Figure 3.16. Shear strengths of the singly lubricated PC/C18/PU models. Average shear
strengths of the singly lubricated PC/C18/PU interface models with error bars and an average
line of best fit.

3.3.2 Friction Coefficients

The slopes of the fitted lines in the data of Section 3.3.1 are the friction coefficients
associated with the material. Values of the individual slopes are tabulated in Table 3.4. It is
worthwhile to point out that the coefficients of friction for the PC/C18/PU models (0.154) are
roughly between those of the PC/C18/PC (0.205) and PU/C18/PU (0.133) models, though closer
to the latter in a similar fashion to the comparison of the dry interfacial friction coefficients.

Further comparisons between friction coefficients are made later on in the following chapter.
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Table 3.4. Coefficient of friction and correlation coefficient for each singly lubricated
interface model.

Lubricated Material | Coeff. of Friction | Linear Fit R
PC1 0.234 0.992
PC2 0.217 0.952
PC3 0.214 0.996
PC4 0.157 0.962
Average PC/C18/PC 0.205 £ 0.034
PU1 0.137 0.999
PU2 0.130 0.995
PU3 0.130 0.997
PU4 0.134 0.999
Average PU/C18/PU 0.133 £ 0.003
PC1/PU1 0.158 0.997
PC1/PU3 0.139 0.994
PC1/PU4 0.147 0.990
PC2/PU1 0.165 0.999
PC3/PU3 0.164 0.999
PC4/PU3 0.151 0.998
Average PC/C18/PU 0.154 + 0.010

3.3.3 Order Parameters

In a similar comparison as in the dry interfacial models, the order parameter plots are
decomposed into separate plots for each material in the system. The mobility of the lubricant
component perhaps makes the associated plots less comprehensive than the more rigid polymeric
components, but still exhibit noticeable trends. These plots give a sense of the level of
orientation exhibited in each of the components in the direction of shear.
PC/C18/PC

The order parameters for the components of singly lubricated PC4 sheared in the x
direction for which five normal loads were tested, are shown in Figure 3.17. It is obvious that the
PC material exhibits much less change in order than the C18 material does at the point of slip,

though not an order of magnitude less as observed for the dry PC/PU model. It is clear that the
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C18 lubricant does not prevent the PC component from being affected by sliding at non-zero

normal loads.
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Figure 3.17. Order parameter samples for a range of normal loads during shear. The
particular system is singly lubricated PC4, sheared in the x direction, with separate graphs
for (a) the PC portion, and (b) the C18 portion.

PU/C18/PU

The order parameters for the components of singly lubricated PU4 sheared in the x
direction for which five normal loads were tested, are shown in Figure 3.18. Note how the PU
material deforms significantly, even while singly lubricated, though not as much as while it was
dry. The lubricant appears to not even take on as much orientation as the PU does at higher
normal loads, as they have comparable S values at 2.5 GPa of normal load. The rates at which

the two components alter are also comparable to each other.

70



a) 0.4 T T T T b) 04 T T T T T
: — 0.0GPa
— 0GP i L — 253GPa
253 GPa 5.07 GP:
5.07 GPa — 760 GPa
n — 7.60GPa _ 10.13GPa) |
0.3 10.13 GPa / 03 —

Vo2t v j/ - W2

| A
W
L N /\/J\/ i |
P
01— / = 0.1

/ o N
e e s s e W AR LY P
0 L | ‘ | ‘ | . o . I . I . | .
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
Time (ns) Time (ns)

Figure 3.18. Order parameter samples for a range of normal loads during shear. The
particular system is singly lubricated PU4, sheared in the x direction, with separate graphs
for (a) the PU portion, and (b) the C18 portion.

PC/C18/PU

The order parameters for the components of singly lubricated PC1/C18/PU4 sheared in
the x direction for which five normal loads were tested, are shown in Figure 3.19. For
comparison sake, the PC component shows effectively no response in order, especially when
compared to the other two components. The C18 lubricant is just as responsive as in the previous
two models; however, the PU component responds as drastically as it did in the dry model with
no lubrication at all. It is not even able to maintain its structure in the absence of normal load.
The response time of the lubricant is however, faster than that of the PU. Further investigation of

this is later on in the following chapter, which should provide a source for this behaviour.
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3.3.4 Slip Distributions

The slip distributions were evaluated with the method described in Section 2.7.4. Data for
the three differently comprised dry interfaces are presented here in Figures 3.20 and 3.21. It is
important to remember that the simulations may have significantly different cell heights. Data

collected for 2.5 and 7.5 GPa were omitted, since they were single measurements, and every

other normal load had 4 or 6 measurements.
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Figure 3.20. The FWHM of slip distribution as a height percent of the models with singly
lubricated interfaces. Error bars are available from the 4, 4 and 6 measurements at each
normal load for the PC/C18/PC, PU/C18/PU and PC/C18/PU models, respectively, except
2.5 and 7.5, for which there was only one measurement of each.
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Figure 3.21. The FWHM of slip distribution as a height of the models with singly lubricated
interfaces. Error bars are available from the 4, 4 and 6 measurements at each normal load for
the PC/C18/PC, PU/C18/PU and PC/C18/PU models, respectively, except 2.5 and 7.5, for
which there was only one measurement of each.

More distinctly than in the dry interfacial models, the FWHM percentage height seems to
increase as the normal load increases. In cases where the absolute FWHM height is relatively

smaller compared to the dry interfacial models, this suggests that slip is more localized with the
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addition of lubricant. Here, they also suggest that the volume of material involved in the slip
process is noticeably greater for the lubricated PC/C18/PU models than the lubricated
PC/C18/PC and PU/C18/PU models, which is not anticipated, as the PC components do not
contribute significantly to the deformation and increase in order parameter (refer to Section
3.3.3). Additionally, the amount of material contributing to the slip is sometimes surprisingly
increased from the values for the dry interfacial material. Later, the original slip distribution plots
(which the FWHM values were extracted from) will be compared to material distribution plots to
get a sense of where in the model the slip is occurring, and how this plays a role in the values of
slip distribution that are observed here.

3.4 Lubricated Systems (4 Molecular Layers)

Since the results of the singly lubricated models did not seem to provide sufficient
lubrication of the surfaces, an additional slab of lubricant was inserted to examine the effects
thereof. The construction of these models is described in Section 2.2.3, in which a double slab of
lubricating C18 (2C18) was added to the interface of the previously defined dry interfacial
models. Throughout this section, this amount of lubricant will be considered the “doubly
lubricated model”, to keep it distinct from the earlier section, which was considered the “singly
lubricated model”.

3.4.1 Shear Strengths

The method used for obtaining shear strengths is explained in Section 2.3, in which an
external stress was applied to the simulation cell to cause it to shear. The data associated with the
three differently composed lubricated interfaces are presented here. Linear fits are used to obtain

coefficients of friction, which are summarized in Section 3.2.3.
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PC/2C18/PC

The shear strengths for the four doubly lubricated PC/2C18/PC models are provided in
Figure 3.22, and range between 0 and 2 GPa under normal loads up to near 10 GPa. Significantly
lower shear strengths including adhesion forces are observed upon the addition of a second slab
of C18 lubricant. The values for normal loads of 2.5 and 7.5 GPa were excluded from the linear
fit as well as the graph. The points provided are an average of the individual shear strengths at
each normal load, and the error bars are a standard deviation. It is interesting to note that the
error in measurement has also decreased for interfacial PC as lubrication has increased. The line
shown was fit through the original data for those normal loads, and the slope is the same as the
average of the four models with the same points. Recall that the shear strengths of bulk PC and

bulk C18 with zero normal load were 14.9 and 0.1 GPa, respectively.

2.0

-
o1
1

!A
o
1

Shear Strength (GPa)

o
ol
1

0.0 ? T T T T T 1
0 2 4 6 8 10 12

Normal Load (GPa)
Figure 3.22. Shear strengths of the doubly lubricated PC models. Average shear strengths of

the doubly lubricated PC/2C18/PC interface models with error bars and an average line of
best fit.
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PU/2C18/PU

The shear strengths for doubly lubricated PU/C18/PU range between 0 and 1.4 GPa under
normal loads up to near 10 GPa. These are somewhat smaller than the shear strengths of the
singly lubricated PU, and still lower than the doubly lubricated PC. The C18 lubricant is clearly
playing some role in lowering the shear strengths, though there is still some effect that the
surfaces contribute. The plot provided in Figure 3.23 only contains the average values, since
there was such good agreement between the different PU/C18/PU models, as is made evident by
the small error bars. Recall that the shear strengths of bulk PU and bulk C18 with zero normal

load were 2.7 and 0.1 GPa, respectively.
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Figure 3.23. Shear strengths of the doubly lubricated PC/2C18/PC models. Average shear

strengths of the doubly lubricated PC/2C18/PC interface models with error bars and an
average line of best fit.

PC/2C18/PU
The shear strengths for doubly lubricated PC/2C18/PU range between 0 and 1.5 GPa
under normal loads up to 10 GPa, which is a slight decrease from the values obtained with single

lubrication. These values lie somewhere between those of the two other doubly lubricated
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models, again reinforcing the idea that the surfaces still play a role in the friction forces. The plot
provided in Figure 3.24 only contains the average values, since there was such good agreement
between the different PC/2C18/PU models. The line provided was fit in the same way as
described for each of the previous similar plots. Recall that the shear strengths of bulk PC, bulk

PU and bulk C18 with zero normal load were 14.9, 2.7 and 0.1 GPa, respectively.
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Figure 3.24. Shear strengths of the doubly lubricated PC/2C18/PU models. Average shear
strengths of the doubly lubricated PC/2C18/PU interface models with error bars and an
average line of best fit.

3.4.2 Friction Coefficients

The slopes of the fitted lines in the data of Section 3.4.1 are the friction coefficients
associated with the material. Values of the individual slopes are tabulated in Table 3.4. It is
worthwhile to point out that the coefficients of friction for the PC/2C18/PU models (0.139) are
roughly between those of the PC/2C18/PC (0.163) and PU/2C18/PU (0.130) models, though
closer to the latter in a similar fashion to the comparison of the dry and singly lubricated

interfacial friction coefficients. Further comparisons are made later on in the following chapter.
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Table 3.5. Coefficient of friction and correlation coefficient for each singly lubricated
interface model.

Lubricated Material | Coeff. of Friction | Linear Fit R

PC1 0.171 0.993

PC2 0.155 0.946

PC3 0.176 0.995

PC4 0.151 0.995
Average PC/2C18/PC 0.163 + 0.012

PU1 0.125 0.998

pPuU2 0.133 0.999

PU3 0.125 0.998

PU4 0.137 0.999
Average PU/2C18/PU 0.130 £+ 0.006

PC1/PU1 0.144 0.993

PC1/PU3 0.141 0.996

PC1/PU4 0.135 0.996

PC2/PU1 0.138 0.993

PC3/PU3 0.142 0.998

PC4/PU3 0.137 0.999
Average PC/2C18/PU 0.139 + 0.003

3.4.3 Order Parameters

In a similar comparison as in the other interfacial models, the order parameter plots are
decomposed into separate plots for each material in the system. The mobility of the lubricant
component is somewhat more defined here with the increase in volume, and exhibits more
noticeable trends. These plots give a sense of the level of orientation exhibited in each of the
components in the direction of shear.
PC/2C18/PC

The order parameters for the components of doubly lubricated PC4 sheared in the x
direction for which five normal loads were tested, are shown in Figure 3.25. It is obvious that the
PC material exhibits much less change in order than the C18 material does at the point of slip;
slightly less change than the singly lubricated analog showed, though not an order of magnitude
less as observed for the dry PC/PU model. It is clear that the C18 lubricant does not prevent the
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PC component from being affected by sliding at higher normal loads, but is effective at

protecting the PC material from deforming to a certain degree.
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Figure 3.25. Order parameter samples for a range of normal loads during shear. The
particular system is doubly lubricated PC4, sheared in the x direction, with separate graphs
for (a) the PC portion, and (b) the C18 portion.

PU/2C18/PU

The order parameters for the components of doubly lubricated PU4 sheared in the x
direction for which five normal loads were tested, are shown in Figure 3.26. The ordering
exhibited is almost identical to that of the singly lubricated analog. This suggests that the
addition of more lubricant does very little in the way of keeping the PU material from deforming

during shear, though it does have a lower rate of ordering once slip has occurred.
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Figure 3.26. Order parameter samples for a range of normal loads during shear. The
particular system is doubly lubricated PU4, sheared in the x direction, with separate graphs
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for (a) the PU portion, and (b) the C18 portion.

PC/2C18/PU

The order parameters for the components of doubly lubricated PC1/2C18/PU4 sheared in
the x direction for which five normal loads were tested, are shown in Figure 3.27. The PC
component shows effectively no response in order, especially when compared to the other two
components. The C18 lubricant is just as responsive as in all of the previous plots, however the
PU component responds somewhat less drastically than the singly lubricated analog, and
responds almost exactly the same as the doubly lubricated PU model. The lubricant responds

quite suddenly at the point of slip, while the PU component has a gradual increase of ordering.
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Further investigation of this is presented later on in the following chapter.
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Figure 3.27. Order parameter samples for a range of normal loads during shear. The
particular system is doubly lubricated PC1/2C18/PU4, sheared in the x direction, with
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3.4.4 Slip Distributions

The slip distributions were evaluated with the method described in Section 2.7.4. Data for
the three differently comprised doubly lubricated interfaces are presented here in Figures 3.28
and 3.29. It is important to remember that the simulations may have significantly different cell
heights. Data collected for 2.5 and 7.5 GPa were omitted, since they were single measurements,

and every other normal load had 4 or 6 measurements.
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Figure 3.28. The FWHM of slip distribution as a height percent of the models with doubly
lubricated interfaces. Error bars are available from the 4, 4 and 6 measurements at each
normal load for the PC/2C18/PC, PU/2C18/PU and PC/2C18/PU models, respectively,
except 2.5 and 7.5, for which there was only one measurement of each.
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Figure 3.29. The FWHM of slip distribution as a height of the models with doubly
lubricated interfaces. Error bars are available from the 4, 4 and 6 measurements at each
normal load for the PC/2C18/PC, PU/2C18/PU and PC/2C18/PU models, respectively,
except 2.5 and 7.5, for which there was only one measurement of each.

The absolute FWHM heights of the slip distribution suggests that the volume of material
involved in the slip process is noticeably greater for the doubly lubricated PC/2C18/PU models

than the doubly lubricated PC/2C18/PC and PU/2C18/PU models, which is not anticipated, as
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the PC components do not contribute significantly to the deformation and increase in order
parameter (refer to Section 3.4.3). Both of the slip distribution plots for the doubly lubricated
models are similar to those of the singly lubricated models. Despite this, it will be seen in the
next section that there is a shift in wear mechanism between the two levels of lubrication, when
the original slip distribution plots (from which the FWHM values were extracted) will be
compared to material distribution plots to get a sense of where in the models the slip is occurring,

and how this plays a role in the values of slip distribution that are observed here.
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Chapter 4: Discussion

The results presented in Chapter 3 shed light on quantitative details regarding the
strengths and structures of the various models considered in the simulations. In this chapter,
these results are examined and compared to develop slip mechanisms for these systems, to gain
insight into the role of the lubricant, and to shed light on how the mechanical properties of the
materials in contact affect the slip mechanism. The shear strengths of each interface at all levels
of lubrication are compared in Section 4.1. An analogous comparison of the friction coefficients
is provided in Section 4.2. Section 4.3 provides a detailed analysis of the position within the cell
at which slip occurs, the alignment of the material in the cell with the slip direction and the
composition of the cell. This analysis will provide the basis for determining the slip mechanisms
for these interfaces. These slip mechanisms are then described in detail in Section 4.4.
4.1 Comparison of Shear Strengths

The average shear strengths obtained at different normal loads for each level of
lubrication (dry, singly lubricated, and doubly lubricated) are given in Figure 4.1 for the PC/PC,
PU/PU and PC/PU interfaces. In all plots, the symbols designate values of the shear strength
obtained by averaging over the results of all simulations performed with that interface, level of
lubrication, and normal load. The errors indicated in the plot represent one standard deviation.
Comparing the shear strengths of the same type of interface with different levels of lubrication

facilitates an examination of the effects of the lubricant on the strength of the interface.
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Figure 4.1. a) PC/PC models with a dry, singly lubricated, or doubly lubricated interface.
Standard deviation error bars are included for the 16, 4 and 4 simulations, respectively. b)
PU/PU models with a dry, singly lubricated, or doubly lubricated interface. Standard
deviation error bars are included for the 16, 4 and 4 simulations, respectively. c) PC/PU

85



models with a dry, singly lubricated, or doubly lubricated interface. Error bars represent
one standard deviation of the shear strengths obtained in the 24, 6, and 6 simulations,
respectively.

The data in Figure 4.1a show that lubrication dramatically reduces the shear strength of
the PC/PC interface. Specifically, moving from the dry interface to the singly lubricated model
reduces the shear strengths by 1.4 to 1.9 GPa for the normal loads considered. The introduction
of additional lubricant molecules leads to a further reduction in shear strengths at all loads.
Meanwhile, the data in Figures 4.1b and 4.1c indicate that adding lubricant to the PU/PU and
PC/PU interfaces has little effect on the shear strength. This is true in the absence of a normal
load because the strengths of the dry PU/PU and PC/PU interfaces were already low. Meanwhile,
the minimal effect of the lubricant at higher loads indicates that C18 is not particularly effective
at reducing the friction forces associated with interfaces containing a PU component. The origin
of this behaviour is examined in later sections of this chapter.

4.2 Comparison of Friction Coefficients

The friction coefficients for each interface with different levels of lubrication are
provided in Table 4.1. The data illustrate that the friction coefficients for systems containing PU
are consistently lower than those of systems containing only PC at the same level of lubrication.
The data also show that the friction coefficient decreases as the amount of lubricant is increased.
This effect is most pronounced for the PC/PC model, with the friction coefficient decreasing
from 0.249 to 0.163 upon moving from the dry to doubly lubricated interface. The reduction in
the friction coefficients with lubrication is less evident for the PU/PU and PC/PU interfaces, with
the changes in the friction coefficients being in the second or third decimal place. The reduced
effect of lubrication on the friction coefficients of interfaces containing PU is consistent with the

minimal effect of the lubricant on the shear strengths of these interfaces.
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Table 4.1. Coefficients of friction for the PC/PC, PU/PU. and PC/PU interfacial models with
different levels of lubrication. The errors represent one standard deviation of the average
friction coefficients for the 4, 4, and 6 models of the PC/PC, PU/PU and PC/PU systems,

respectively.

Dry Singly Lubricated | Doubly Lubricated
PC/PC 0.249 + 0.054 0.205 + 0.034 0.163 +£0.012
PU/PU 0.139 + 0.004 0.133 £ 0.003 0.130 + 0.006
PC/PU 0.158 + 0.019 0.154 +£0.010 0.139 + 0.003

4.3 Comparison of Distribution Plots

The data in Chapter 3 provide insights into the structural changes associated with the slip
process. In this section, these data are analyzed in detail for each interface to arrive at a
description of the slip mechanism for the different systems considered in this study. This analysis
was performed in the following manner. The structure of the system used to evaluate the FWHM
reported in Chapter 3 was obtained. This corresponds to a structure slightly after slip occurred in
all cases. The cell was divided into 10 equal fractions along the z direction, and the order
parameter distribution (OPD), slip distribution (SD) and component distribution (CD) were
calculated within each of these height fractions as described in Sections 2.7.3 through 2.7.5,
respectively. A fraction distribution (FD) corresponding to the amount of a given component in a
height fraction relative to the total amount of material in the same height fraction was also
evaluated for systems containing more than one component.

In the context of elucidating slip mechanisms, it is important to recall the following
features of the SD, OPD, CD and FD plots. The SD provides insight into how far the system has
moved in a given fraction along z relative to neighbouring fractions over a particular time step.
This quantity is useful in determining the position(s) along z at which slipped occurred. The OPD
provides insight into the extent the material has aligned with the slip direction. The CD plot
indicates the percentage of the total amount of a given component that is present in each fraction.

Integrating one CD curve over one full cell height yields 100%. The FD plot indicates how much
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each component in the system contributes to the total amount of material in a given fraction. It is
effectively a normalization of the CD plot, such that the combined amount of material in each
height fraction adds up to 100%. This is especially useful when there are multiple components
that do not have equal amounts of material. This graph is not provided in models containing only
one component, since the value would be 1 for all height fractions.

To help identify any correlations between the location of slip, alignment of the system
and composition, the SD, OPD, and CD plots were stacked for each interface. The FD plot was
also included in the stacked graphs when more than one component was present in the system. In
all cases, the SD plot is at the top, the OPD plot is second from the top, the CD plot is at the
bottom when only one component is present, or second from the bottom when two components
are present with the FD plot on the bottom. These stacked graphs are included in Figures 4.2
through 4.13.

In all cases, the stacked plots have identical x axes corresponding to the fraction along the
z axis. Since key characteristics are sometimes at the top or bottom of the cell, the plots are
duplicated to show two repeated cells, such that the x axis reaches 200% or 20 fractions. Note
that the scales along the y axes are not the same in plots for different systems. Within the CD and
FD plots, colours for PC, PU and C18 will consistently be light blue, red, and green,
respectively.

Plots are shown from simulations in which the PC4, PU4, and PC1/PU4 models were
sheared along the x direction in the absence of a normal load. In most cases, analogous results
were obtained for other models and at other normal loads. Cases where differences in the plotted
properties, or correlations between them, were observed are noted as appropriate. These

differences were most commonly observed for the mixed PC/PU models.
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4.3.1 Bulk Materials

As described in Chapter 3, simulations were performed in which models of bulk PC, PU
and C18 were sheared. The SD, OPD, and CD plots corresponding to these systems are
examined in this section. The plots for the bulk PC, PU and C18 systems are contained in
Figures 4.2 through 4.4.
PC

The distribution plots for the bulk PC model are shown in Figure 4.2. The CD plot
indicates that each height fraction contains between 9 and 11 % of the total material, which is
consistent with an even distribution of material throughout the system. The OPD suggests that
the entire system reorganizes when slip occurs, with this parameter exhibiting a relatively narrow
range of values (between 0.26 and 0.40) for all height fractions. The SD plot exhibits a distinct
peak in the 8" height fraction with a relatively narrow width, which corresponds to the position
at which slip occurred. This peak is aligned with a local minimum in the CD plot, which suggests
that slip occurs at a point where the density of the system is low. However, one should keep in
mind the variations in the density across different height fractions are relatively small.
PU

The distribution plots for the bulk PU model are shown in Figure 4.3. The CD ranges
again from 9 to 11% for each of the 10 height fractions. The OPD values range from 0.3 to 0.5,
indicating that the entire material undergoes a large degree of alignment toward the slip
direction. There is a distinct peak in the SD, which aligns closely with the maximum in the CD
plot. In contrast to bulk PC, this indicates that bulk PU undergoes slip at a point where the

density is highest. Once again, it is important to keep in mind the fact that the density is similar
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across all fractions before drawing any inferences regarding the relationship between slip
location and local density.
Ci8

The distribution plots for the bulk C18 model are shown in Figure 4.4. The CD varies
between approximately 8 and 12%, which corresponds to a greater variation in the local material
density than was observed for the bulk PC and PU systems. The OPD plot includes negative
values, which corresponds to some of the bonds in the material aligning more closely to the y or
z directions than along the slip direction. The CD plot resembles a layered structure, which was
developed in the course of shearing. The SD shows two peaks, one taller and broader than the
other, which both correlate to minima in the CD. Neither of these slip regions correspond to the
peak in the OPD, which suggests that ordering does not occur in the slip mechanism of the bulk

C18 model.
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Figure 4.2. Distribution plots for the bulk PC model. The model was sheared in the x
direction with zero normal load. The plots have been repeated twice along the x axis,
representing a duplication of the simulation cell, to better illustrate features that occur near
the top and/or bottom of the cell.
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Figure 4.3. Distribution plots for the bulk PU model. The model was sheared in the x
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4.3.2 Dry Interfacial Systems

The SDs, OPDs, and CDs were calculated for the various interfaces considered in this
work. The FD was also calculated for the PC/PU interface to better illustrate the distribution of
the individual components in the system. These plots are shown and discussed in what follows.
The plots for the PC/PC, PU/PU, and PC/PU interfaces are provided in Figures 4.5 through 4.7.
PC/PC

The distribution plots for the dry interfacial PC/PC model are shown in Figure 4.5. The
CD ranges from 8 to 12%, and the minimum in height fraction 12 in this plot likely corresponds
to the position of the interface that was initially placed between the two PC slabs. Note that due
to entanglement between the polymers on the surfaces of these slabs, the interface is not clearly
defined, yet is rather associated with a region of lower density. There is a sharp peak in the SD
plot that corresponds to the position at which slip occurred and correlates well with the position
of the minimum in the CD plot. Meanwhile, very little alignment of the material with the slip
direction is evident in any of the height fractions in the OPD plot. Overall, this indicates that slip
in the PC/PC interface involves the two PC slabs moving past each other at the interface with
very little change in the structure of either slab.
PU/PU

The distribution plots for the dry interfacial PU/PU model are shown in Figure 4.6. The
CD is approximately 0.1 for all 10 height fractions, suggesting a relatively even density
distribution. As a result, it is difficult to identify the interface that had been introduced during the
construction of this model. Rather, the polymers on either side of the interface have mixed with
each other. A clear maximum in the SD plot is evident, with a small shoulder in the peak. The

OPD nplot exhibits clear peaks indicating that a significant alignment of the bonds in the
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polymers with the slip direction occurs in localized regions of the material. The positions of the
peaks in the SD and OPD plots correlate well with each other. Overall, this indicates that
localized alignment of the polymers is associated with slip in the dry PU/PU interface.

PC/PU

The distribution plots for the dry interfacial PC/PU model are shown in Figure 4.7. There
is more than one component in the models, and as such the FD is provided in addition to the SD,
OPD and CD plots. The points at which the curves for the compositions of the PU and PC
components cross in the CD and FD plots indicate the locations of the interfaces between these
materials. These interfaces are located around the 4™ and 10™-11™ height fractions. Two
interfaces are present because one interface was purposely introduced into the middle of the cell,
whereas a second interface between these materials was introduced as a result of applying
periodic boundary conditions along the z axis. It is noted that this additional interface would not
be present in the real system. In addition, regions that are entirely PC or entirely PU can be
identified.

Well defined maxima are present in the SD and OPD plots. The bands associated with
these peaks are contained primarily in the PU portion of the system and do not extend across the
interface. This indicates that slip occurs within the PU component as opposed to taking place at
the interface between these components. A few of the dry PC/PU models exhibited slip motion in
the interface region, but rarely without a second slip region either at the second unique interface
or within the PU component. This may be due to the significant differences in the strengths of
the PU and PC components, with PU being much weaker, as evidenced by the shear strengths of
the bulk materials. Specifically, slip is unlikely to occur within the PC component because that

material has a high shear strength. The entanglement of PC polymers with PU polymers across
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the interface may strengthen the interface compared to the shear strength of the pure PU

component, causing slip to occur in the PU component.
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Figure 4.5. Distribution plots for the dry PC/PC interface model. This is PC4, sheared in
the x direction with zero normal load. The plots have been repeated twice along the x axis,
representing a duplication of the simulation cell, to better illustrate features that occur near
the top and/or bottom of the cell.
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Figure 4.6. Distribution plots for the dry PU/PU interface model. This is PU4, sheared in the
x direction with zero normal load. The plots have been repeated twice along the x axis,
representing a duplication of the simulation cell, to better illustrate features that occur near
the top and/or bottom of the cell.
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Figure 4.7. Distribution plots for the dry PC/PU interface model. This is PC1/PU4, sheared
in the x direction with zero normal load. The plots have been repeated twice along the x axis,
representing a duplication of the simulation cell, to better illustrate features that occur near
the top and/or bottom of the cell.
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4.3.3 Lubricated Systems (2 Molecular Layers)

The SDs, OPDs, CDs, and FDs were calculated for the various interfaces lubricated with
two molecular layers of C18. These plots are shown and discussed in what follows. The plots for
the PC/C18/PC, PU/C18/PU, and PC/C18/PU interfaces are provided in Figures 4.8 through
4.10.

PC/C18/PC

The distribution plots for the singly lubricated interfacial PC/C18/PC model are shown in
Figure 4.8. The CD and FD plots show the locations of the PC and C18 components. The data
demonstrate that a well-defined interface does not exist, with the PC fraction in the FD plots
being greater than 0.5 for height fractions. The data also illustrate that the C18 lubricant occupies
a relatively localized region in the system. As a whole, this suggests the C18 lubricant has mixed
with the PC components in the area of the interface that was introduced when constructing the
model.

There is a well-defined peak in the SD plot. This peak is aligned closely with the peak
associated with C18 in the CD and FD plots, which indicates that slip occurs at the region with
the highest amount of the lubricant. The OPD plot indicates very little of the bonds aligning with
the slip direction, with all values in this plot residing between approximately -0.03 and 0.06.
Overall, this suggests that slip in the PC/C18/PC models occurs in a localized region around the
point at which the lubricant was introduced with very little change in the structure of the system.
PU/C18/PU

The distribution plots for the singly lubricated interfacial PU/C18/PU model are shown in
Figure 4.9. The CD and FD plots indicate that the C18 lubricant resides in a relatively localized

region of the model, whereas significant amounts of PU are present throughout the cell. There
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are clear regions composed entirely of PU, which correspond to the PU slabs. Meanwhile, PU
maintains values of at least 0.4 in the FD plot in the region where the C18 lubricant exists. This
region corresponds to the point where the interface was introduced when constructing this model,
yet these results indicate that a well-defined interface is no longer present in the system.

There is a well-defined peak in the SD plot that is aligned with the position that contains
most of the C18 lubricant. Several peaks are present in the OPD plot. These peaks reach values
greater than those observed in the PC/C18/PC system, yet are lower than those reached during
slip in the dry PU/PU interface. This suggests that an intermediate amount of alignment between
the bonds in the system and the slip direction occurs for this interface. One of the peaks in the
OPD plot is aligned with the position at which slip occurs and at which the presence of C18 is a
maximum, indicating that slip involves the alignment of the lubricant with the slip direction. The
presence of a second peak in the OPD plot within a region composed entirely of PU suggests that
the structure of this material is also affected by slip. This suggests that the bulk of the PU slab is
not protected from the effects of shear, even with two molecular layers of lubricant.

PC/C18/PU

The distribution plots for the singly lubricated interfacial PC/C18/PU model are shown in
Figure 4.10. The CD and FD plots indicate the presence of one slab composed of PC and another
composed of PU that are separated by two types of interfaces. One interface contains the C18
lubricant and was introduced during the construction of the model. The second interface does not
contain the lubricant and arises from the application of periodic boundary conditions along the z
direction. Mixing of the materials is evident across both interfaces.

The SD plots exhibit two distinct peaks. A large peak is present within the PU slab at a

position near where the PC component begins to contribute to the FD at the interface that does
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not contain lubricant. This indicates that the majority of slip occurs near this interface, which is
only present due to the application of periodic boundary conditions and would not be found in
the real system. A smaller peak in the SD plot is aligned with the height fraction containing the
lubricant, indicating that some slip occurs at this point. Large peaks in the OPD plot exist in the
height fractions associated with the interface introduced via periodic boundary conditions.
Overall, these results indicate that slip involves the reorganization of the PU material and occurs
within the PU slab. The minimal amount of slip occurring at exactly either interface may be due
to the mixing of PU and PC components across these interfaces, which may increase the
strengths of the material at these locations, which led to slip within the weaker PU component.
Though these plots show slip at the lubricated interface as well as within the PU component, half
of the singly lubricated PC/C18/PU models still only exhibit slip within the PU component
during slip in the absence of a normal load. This behaviour is analogous to that observed for the

dry PC/PU example examined above.
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Figure 4.8. Distribution plots for the singly lubricated PC/C18/PC interface model. This is
PC4, sheared in the x direction with zero normal load. The plots have been repeated twice
along the x axis, representing a duplication of the simulation cell, to better illustrate features
that occur near the top and/or bottom of the cell.
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Figure 4.10. Distribution plots for the singly lubricated PC/C18/PU interface model. This is

PC1/C18/PU4, sheared in the x direction with zero normal load. The plots have been

repeated twice along the x axis, representing a duplication of the simulation cell, to better

illustrate features that occur near the top and/or bottom of the cell.
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4.3.4 Lubricated Systems (4 Molecular Layers)
The SDs, OPDs, CDs, and FDs were calculated for the various interfaces lubricated with

four molecular layers of C18. These plots are shown and discussed in what follows. The plots for
the PC/2C18/PC, PU/2C18/PU, and PC/2C18/PU interfaces are provided in Figures 4.11 through
4.13.
PC/2C18/PC

The distribution plots for the doubly lubricated interfacial PC/2C18/PC model are shown
in Figure 4.11. The CD and FD show the distribution of the PC and C18 components. The C18
maximum lies at the PC minimum, and is able to reach an FD value of about 90%, suggesting the
presence of relatively well-defined interface, with minimal interaction between the two PC slabs.
There is a single well-defined peak in the SD plot that is aligned with one side of the PC/C18
interface. There is also a clear peak in the OPD plot that aligns with the C18 component. This
suggests that slip occurs via an alignment of the C18 molecules along the slip direction, which
allows the PC slab on one side of the interface to move relative to the remainder of the system.
PU/2C18/PU

The distribution plots for the doubly lubricated interfacial PU/2C18/PU model are shown
in Figure 4.12. The CD and FD plots show the distribution of the PU and C18 components. The
C18 maximum lies at the PU minimum, and reaches an FD value of about 90%, suggesting that
the two PU surfaces now have minimal interaction with each other. A single well-defined peak
exists in the SD plot and is aligned with the C18 lubricant. The OPD exhibits two peaks. One is
aligned with that in the SD plot, whereas the second, smaller peak corresponds with a region just
inside the PU slab. Overall, these results suggest that slip occurs through a process in which the

C18 molecules align with the slip direction and move past each other. However, despite slip
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occurring within the lubricant portion of the system, structural changes do still occur within the
PU slab.
PC/2C18/PU

The distribution plots for the doubly lubricated interfacial PC/2C18/PU model are shown
in Figure 4.13. The CD and FD plots show the distribution of all three components in this model.
These plots indicate the presence of distinct PU and PC slabs that are separated by two
interfaces. The first interface contains the C18 lubricant, which is apparently mixed significantly
with both the PU and PC components except in the 9™ height fraction, where C18 adopts a value
of approximately 0.9 in the FD plot. The second interface involves direct interactions between
the PU and PC slabs, and is a result of the periodic boundary conditions used in the calculations.
A clear peak is present in the SD plot and is aligned with the interface between the C18 and PU
components. Two peaks exist in the OPD plot. The first is aligned with the C18 component,
whereas the second lies within the PU component near the PU/PC interface. Overall, these data
indicate that slip involves the alignment of the C18 molecules, but involves the movement of the
PU slab past the C18 lubricant. Meanwhile, the peak in the OPD plot within the PU slab
indicates that the structure of PU is affected by the slip process. At zero normal load, only two of
the six models exhibited localized slip as shown in this example. Two others exhibited slip
within the PU component (albeit to a lesser extent) as shown in the singly lubricated PC/C18/PU
example, while the final two only slipped within the PU component, as shown in the dry PC/PU
example. Complementing this trend, the C18 FD became less localized as the slip region moved

to the PU component.
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Figure 4.11. Distribution plots for the doubly lubricated PC/2C18/PC interface model. This
is PC4, sheared in the x direction with zero normal load. The plots have been repeated twice
along the x axis, representing a duplication of the simulation cell, to better illustrate features
that occur near the top and/or bottom of the cell.
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Figure 4.12. Distribution plots for the doubly lubricated PU/2C18/PU interface model. This
is PC4, sheared in the x direction with zero normal load. The plots have been repeated twice
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Figure 4.13. Distribution plots for the doubly lubricated PC/2C18/PU interface model. This

is PC1/2C18/PU4, sheared in the x direction with zero normal load. The plots have been

repeated twice along the x axis, representing a duplication of the simulation cell, to better

illustrate features that occur near the top and/or bottom of the cell.
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4.3.5 Slip Mechanisms, Friction and Wear

The analysis presented above sheds light on the correlations between locations, changes
in structure and material composition associated with the slip processes for the models
considered in this work. An examination of these details highlights three different slip
mechanisms that are related to the composition of the interface. Qualitative illustrations of these
mechanisms are given in Figure 4.14. These mechanisms and their relationships to lubrication

and wear of the interfaces are discussed in what follows.

a)

Figure 4.14. Schematics of the three general slip mechanisms, before and after slip. The
dotted line is where an interface was intended. a) Bulk PC or bulk PU exhibit ordering and
localized slip. b) Dry or lubricated interfacial PC exhibits no ordering in the PC component,
as well as localized slip. The lubricant is not shown here. c) Any interfacial model containing
PU. No orientation is shown in the lower PC component, though if no PC is present, the
lower component should exhibit ordering as well. The red and green portions represent either
PU and C18 respectively, or pure PU. They both exhibit ordering, and slip occurs within
them. Slip is typically not localized.
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The first slip mechanism (see Figure 4.14a) applies to the bulk PU and PC systems. In
both of these systems, slip occurred at a localized position in the system yet alignment of the
bonds with the slip direction was prevalent throughout the entire system. This behaviour is
consistent with a slip process in which the material initially undergoes uniform shear, which
leads to changes in structure throughout the entire material. These changes in structure are
associated with alignment of the bonds along the shear direction. At some point, the shear stress
exceeds the strength of the material and slip occurs. Slip occurs in a localized region within the
material. The region in which slip occurs is not correlated with any fixed feature of the system,
but is rather a dynamic feature that is dependent upon the weakest point the system at the time in
the simulation when the shear stress reached the shear strength.

The second apparent slip mechanism (see Figure 4.14b) occurs for the dry and lubricated
PC/PC interfaces. In this case, slip occurs in a localized region near the interface between the
two PC slabs. The OPD plots indicate minimal orientation of the bonds along the slip direction.
This suggests that the PC slabs move as rigid units during the shear and slip processes. The
introduction of an interface between the slabs leads to this behaviour by introducing a weak point
in the system, and the incorporation of lubricant weakens the interface further. As such,
lubrication is found to have a significant effect on reducing the shear strengths of PC/PC
interfaces.

The final slip mechanism (see Figure 4.14c) occurs for interfaces containing a PU
component. The calculations show the dry interfaces containing PU and the bulk C18 system
have similar, low shear strengths. As such, the introduction of the lubricant does not necessarily
cause the lubricated interfaces to be weaker than the dry interfaces in systems containing PU.

The results of simulations on the various models containing a PU component indicate the slip
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event can occur at the lubricated interface, within the PU slab or a combination of both. The
flexibility in the position at which slip occurs is due to the similarities in the strengths of the PU
interface and C18, and the slip position observed in any given simulation is likely related to
which part of the system was weakest when the shear stress reached the shear strength in those
specific cases. Despite the variability in the positions at which slip occurs when PU is present,
the slip process itself always involves the alignment of portions of the PU component with the
shear direction. Thus, the general slip mechanism for systems containing a PU component likely
involves uniform shear of the PU component, as well as the C18 lubricant when present,
followed by slip at a position that is weakest when the shear strength is reached in the
simulations. The similarity in the strengths of the C18 component and PU-containing interfaces
is most likely responsible for the small reduction in shear strengths of interfaces containing PU
when the lubricant is introduced.

The different slip mechanisms provided insight into the effects of lubrication on the shear
strengths (or alternatively friction forces) associated with slip in this system. The PC/PC
interfaces exhibit the slip mechanisms shown in Figure 4.14b, which involves the two PC slabs
moving past one another as rigid units. In this case, the shear strength of the system will be
dictated by the mechanical properties of the interface between the slabs. In the absence of the
lubricant, the PC slabs interact directly, with some entanglement of PC polymers across the
interface. Under such circumstances, the strength of the interface will be related to that of the PC
component. The addition of the C18 lubricant to the interface reduces the interactions between
the PC slabs, causing the mechanical properties of the interface to become increasingly dictated
by those of the lubricant as the amount of lubricant present increases. This leads to the

significant reduction of the shear strengths of the PC/PC interface with the addition of lubricant.
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The strengths of interfaces containing a PU component are not affected significantly by
the addition of the lubricant. This is due to the fact that slip occurs via the mechanisms in Figure
4.14c for these interfaces. In this mechanism, the PU component is always directly involved in
the slip process. As such, the shear strengths of such systems are determined to a large degree by
the strength of PU. In addition, the C18 lubricant and dry PU interfaces have similar shear
strengths, and thus the addition of C18 cannot lead to a significant reduction in the strength of
the interface.

The identified slip mechanisms also provide some insight into the wear that can occur in
these systems. In this context, wear is associated with irreversible changes in the structure of the
system. With the exception of bulk PC, all slip mechanisms for systems containing a PC
component involving the PC slab(s) moving as solid units with little change in their structure due
to shear and/or slip. This indicates that the PC component is resistant to wear, which makes sense
in light of the high strength of that material. Meanwhile, all slip mechanisms involving PU
involve considerable changes in the structure of the PU component via alignment of the bonds in
this component along the slip direction. These structural changes occur at locations throughout
the PU component and are not necessarily localized to the regions at which slip occurs. Overall,
this indicates that the PU component is sensitive to wear even in the presence of a lubricant. This

behaviour likely arises from the low shear strength of the PU component considered in this work.
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Chapter 5: Conclusions

Great interest exists in the field of tribology, with the intent of gaining understanding and
insight into the mechanisms of friction, lubrication, and wear. These three phenomena affect all
devices involving surfaces that move relative to one another, and thus tribology is related to
numerous industrial applications. The Xerox Research Centre of Canada (XRCC) has a
particular interest in the tribological properties of printer components, with the aim of developing
longer-lasting printers. XRCC has particular interest in the slip and wear mechanisms associated
with the contact between the commercial photoconducting drum in laser printers and the blade
used to clean excess toner off the drum because wear of the cleaning blade generally limits the
usable lifetime of the printer. The goal of this thesis was to use chemical simulations to gain
insights into the processes that occur during slip at the drum/blade interface and the role of a
simple model lubricant at this interface.

The study employed force field (FF) based molecular dynamics (MD) simulations, which
have a long history of use in the context of studying tribological phenomena. The simulations
employed the Dreiding FF, which is a very generic potential that can only be expected to
accurately capture qualitative features of chemical systems. The calculations were performed
using model systems representing the commercial photoconducting drum (polycarbonate,
referred to as PC throughout), the cleaning blade (polyurethane, referred to as PU throughout)
and a simple lubricant (octadecane, referred to as C18 throughout). Bulk and layered models
composed of these materials were compressed and sheared to examine how they responded to
applied stresses and strains. These simulations provided quantitative data regarding the shear
strengths and friction coefficients of these model systems, as well as details regarding the

atomic-level changes in structure that occur during slip, which were examined through the use of
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order parameters that quantified how the bonds in the system aligned with the slip direction.
These details were used to identify slip and wear mechanisms, and to assess the effectiveness of
the lubricant.

The calculated shear strengths indicated that PC is significantly more resistant to shear
than either of the PU or C18 models. The PC/PC interface was found to have a higher friction
coefficient than the other two interfaces examined, which both contained PU. In addition, the
introduction of the C18 lubricant significantly reduced the friction coefficient and shear strengths
for the PC/PC interface, yet had little effect on these properties for interfaces containing a PU
component. In the context of structure, the order parameter indicated that PC was resistant to
structural changes when an interface was present, i.e. in all simulations of the PC/PC and PC/PU
systems with or without lubricant. Meanwhile, the order parameter suggested that PU was
susceptible to structural change in all cases. These details can be understood in terms of the
relative strengths of these materials. Essentially, PC possesses a much higher strength than either
PU or C18, and thus structural changes occur in the PU or C18 components in interfaces
containing PC in contact with these components. Meanwhile, PU and C18 exhibit relatively low
shear strengths, and thus systems containing PU and C18 do not exhibit a distinct weak point
without substantial levels of lubrication. Instead, the structural changes that accommodate shear
occur at locations throughout the PU and/or C18 components in contacts containing these
materials. For our models, these results suggest that the PU component is not protected from
wear, even when there is no slip motion within the slab. When the C18 component was thicker
and more localized, it partially or wholly relocated the slip region from the PU component to the

lubricated interface.
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The observed behaviour was condensed into three main slip mechanisms. The first
mechanism describes slip in the bulk PC or PU systems in which the entire material experiences
ordering while undergoing a localized slip event. The second slip mechanism describes slip in
the dry and lubricated PC/PC models. Here the PC components experience limited ordering,
while the main slip and ordering regions are restricted to the interface and lubricant. The final
slip mechanism is more general, and encompasses any layered model containing a PU
component. The PU may order and/or slip at any given region from the top to bottom of the slab,
and is not necessarily localized. When a C18 component is also present, it does not necessarily
exhibit more ordering or slip than the PU component until it is thick and well defined enough to
be the weakest part of the model. Any present PC component does not contribute to ordering or
slip motion.

Overall, these results indicate that the relative strengths of the materials and lubricants in
the contact can play a critical role in achieving effective lubrication to reduce friction and wear.
Specifically, the materials forming the contact must both be significantly stronger than the
lubricant to ensure that the lubricant corresponds to the weak location in the system. If this is
achieved, slip and structural changes will occur preferentially within the lubricant component. Of
course, such considerations regarding the mechanical properties of the materials forming the
contact must be balanced against other requirements related to the purposes of these materials in
the printer itself.

When drawing such conclusions regarding the modifications needed to alter the friction
and wear properties of the interface, it is important to keep in mind the limitations of such MD
simulations. The following limitations may affect the qualitative outcome of the simulations.

One particular obstacle that was encountered was obtaining highly smooth surfaces. The rough
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surfaces within the interfaces considered in this study may have increased the shear strengths and
may also have required the use of a larger amount of lubricant to form an easily shearable layer
between the surfaces. In addition, approximations regarding structure were made when
constructing the model systems to conform to computing limitations of the MD simulations,
which permit simulations on systems containing a few thousand atoms, and to permit the
construction of the amorphous models. These limitations restricted the numbers, sizes and
compositions of the polymers used in this study. In particular, the PU component did not have
any cross-linking between the polymers, whereas such cross-links are likely present in the
elastomer used in printers. The addition of cross-links would likely increase the strength of the
PU component, which may render that component less susceptible to ordering and slip. This
would be particularly true in the presence of the lubricant. An additional limitation stems from
the use of periodic boundary conditions along the z direction, which introduced two distinct
interfaces. This limitation could be overcome by including lubricant molecules in the center of
the cell, as was done here, as well as at the interface between periodically repeated cells. Of
course, this approach would require the inclusion of more atoms in the simulation cell.

The following limitations may affect the quantitative results. A very general FF model
was used in this work. To achieve results that are meaningful in a quantitative sense, it would
likely be necessary to employ a model that had been parameterized specifically for the systems
considered here. The systems examined in this study were sheared at strain rates on the order of
10° s, which are several orders of magnitude greater than strain rates used in experiments, and
hence velocity effects may play a role. The simulations employed nanoscopic model systems,
whereas shear strength is size dependent. As such, the calculated shear strengths are likely

several orders of magnitude higher than the corresponding values one would obtain in
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experiments. Scaling laws can be used bridge the gap between the theoretical and experimental
values, however. The simulations were performed with the temperature maintained at 300 K,
whereas the temperature of printer components may be higher while the printer is running. The
C18 lubricant used does not exactly reflect that used in printers, and thus it would be useful to
consider a wider range of lubricants in the simulations to better match experimental results.

Overcoming these limitations could be the focus of future studies.
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