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ABSTRACT OF THESIS

NANOINDENTATION OF A ZINC METAL SOAP
MIXTURE FOR USE IN A LASER PRINTER

At the start of this project, the possible choices of metal soaps had already been
narrowed to include some of the zinc soaps used in this project. These zinc soaps are
mixtures of zinc stearate and zinc palmitate of varying ratios purchased from a supplier.
Zinc soap was chosen as result of its common use in various industries as a lubricant and
mold release, which implied potential benefits in an electrophotographic printing system.
These potential benefits include, but are not limited to, a more efficient transfer from a
photoconductive drum and protection of the drum from mechanical and chemical
degradation. Nanoindentation of these soaps was implemented in an effort to characterize
each soap mixture and compare how the soap types differed from one another. Each
sample was indented under a variety of different maximum loads and at different holding
times to observe effects on the modulus, hardness, and, creep. The mechanical properties
measured were then used to help distinguish differences between each type and provide
an insight as to how or why one mixture may be preferable over another. The data could
be utilized in conjunction with further testing to be used in a simulation of an interface of
interest.

KEYWORDS: Zinc Stearate, Zinc Palmitate, nanohardness, zinc octadecanoate, zinc
hexadecanoate
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Chapter 1: Introduction and Overview

1.1 Introduction

Throughout the life of an electrophotographic imaging apparatus, several factors
contribute to the degradation in imaging quality that include both mechanical and
chemical deterioration. A common method for producing images in a laser printer is
through the use of an electrically conductive cylinder with a photosensitive coating,
commonly known as a photoconductor drum, in combination with a laser and toner.
Component durability is often a challenge and one approach to reduce the wear of the
photoconductor (PC) drum is to apply particulate masses of metal soap across its surface.
These masses are deformed to produce a protective thin film on the PC drum surface in
order to maintain the production of high quality images [1, 2]. Several critical interfaces
exist that influence the formation of the thin film in this particular system. These include

the applicator of the metal soap to the PC drum and the cleaning blade.

The primary objective of this work is to characterize some of the necessary material
properties of metal soap mixtures for use in modeling one or more of these interfaces to
simulate the interaction of the components in the formation and the maintenance of the
protective thin film. The nip of the cleaner blade is considered to be the location of one of
the greatest sources of mechanical wear in this particular system [2]. The nip of the
cleaner blade is the interface between the active cleaner blade edge and the tangential
surface of the PC drum and would be a strong candidate for an interface in which to

model some of the interactions that occur.



For an electrophotographic system, the creation of ions is necessary to form a charged
layer on the surface of the PC drum, which is critical to the image generation process. In
a system where an alternating current (AC) voltage is superimposed on a direct current
(DC) voltage and applied in the presence of a PC drum, a large concentration of ions are
generated. Although this is necessary, the ions produced are corrosive to the
polycarbonate surface of the PC drum and leads to its chemical degradation. According to
Ricoh patent US 7383013B2, the chemical deterioration of the surface occurs even
without the presence of any mechanical wear. The resulting degradation of the
polycarbonate surface occurs as a result of ozone, active oxygen and the bombardment of
ions on the surface. This leaves the surface displaying evidence of molecular chain
cleavage, which also results in a lesser degree of chain entanglement. The applied thin
film reduces the chemical deterioration of the polycarbonate by acting as a barrier against

the factors that affect its chemical degradation [2].

Additionally, the PC drum endures a large amount of mechanical wear at the cleaner
blade nip. This is not solely a result of the contact of the cleaner blade itself with the PC
drum, but in conjunction with the particles that are present at the nip that act abrasively
[3]. Several types of particles are present at the nip; the most predominant being toner
and its “extra particulate additives” (EPAs). The EPAs typically consist of silica particles
ranging in size with the largest typically being approximately 0.1 microns. However,
even if 100% of the toner was transferred off of the PC drum surface, the additives would
still remain in conjunction with other particles, such as paper dust and carrier particles,
and would need to be removed as well [4]. Thus, a mechanical removal system, such as

the cleaning blade, is necessary.



In addition to removing particles, the blade is typically used to also “refresh” the surface
of the photoconductor drum by continually removing small amounts of the surface as it
also becomes chemically degraded [3]. However, with the application of a thin film, the
need to abrade the polycarbonate surface of the drum diminishes. Both the PC drum and
the cleaner blade are abraded throughout their lifespan. As the cleaner blade is abraded, it
cleans less and less effectively, which results in the degradation of the image quality [3].
The application of a thin film of metal soap assists the cleaning mechanism by lubricating
the surface of the drum to permit more efficient transfer and to provide a physical barrier
between the PC drum and the afore mentioned factors to reduce the amount of wear at the
interface. The chemical degradation that typically occurs on the drum surface will then

occur on this sacrificial film, which can be sheared and actively replenished [2].

The application of the metal soap is expected to reduce the friction between the PC drum
surface and the blade and extend both of their lifespans without impeding the designed
print quality. A metal soap was chosen for the application because it fits the criteria as a
remedial solution since, according to literature, they are widely known as lubricants and
can be solidified to any form or shape to meet space and life requirements among many
other properties [5-7]. The objective is therefore, to analyze some of material properties
of a specific type of metal soap that consists of zinc stearate and zinc palmitate and
analyze the potential differences caused by using different ratios of zinc stearate to zinc
palmitate and discuss in a bit more depth its role and importance in the system by way of

focusing on specific influential aspects of the system.



1.2 Overview of the Thesis

The following chapters provide background regarding the experimental techniques used,
the experimental approach taken and the results that were encountered. Chapter 2
provides a literature review of metal soaps, solid lubricants in general, and highlights of
tribology. Additionally, the nanoindentation technique will be described in regards to an
overview of the contact mechanics and the extraction of some of the material properties.
Chapter 4 subsequently contains the results from nanoindentations performed on various
zinc soap mixtures, of which the experimental techniques are discussed in Chapter 3.
Finally, in Chapter 5, recommendations for future work are made and how they would be

useful in this endeavor.



Chapter 2: Review of Literature

2.1 Introduction

This chapter provides a general overview regarding the topics of metal soaps, solid
lubricants, tribology and nanoindentation to provide background and insight to their
relevance and importance to the experiments performed by the author that are herein

discussed.

2.2 Metal Soaps and Zinc Stearate

Metal soaps are used and found in a variety of conditions. The necessary components are
found naturally and can react together to spontaneously form or can be synthesized.

Metal soaps are salts that are formed from non-alkali metals of differing valences and a
carboxylic acid with an aliphatic tail, or fatty acid [8, 9]. “Traditional” soaps that are used
for cleansing are water-soluble surfactants contain a metal cation from the alkali metals
group, typically potassium or sodium. These differ in behavior from what is typically
classified as a metal soap in that metal soaps are not water-soluble and have popular uses
in many applications, most of which are industrial [8]. Since metal soaps are insoluble in
water, they have been used as a waterproofing agent by many industries, such as in the
construction industry for roads, buildings and the manufacturing of construction

materials, as well as by paint, pharmaceutical and textile industries to prevent the



absorption of humidity or moisture in general [8]. However, due to the properties of
metal soaps, they have been used for a wide variety of applications beyond their
hydrophobic nature. They have been found to be exceptional mold release agents,
especially for plastics and rubbers, as well as good lubricants in general. Not only are
they used as lubricants in their solitary state, but can be combined with oils to form
greases as a result of their ability to thicken certain substances. This property has been
used to thicken certain paints and cosmetics, and to form ointments, plasters, and gels.
They have also been used as a siccative for paints and inks to promote drying, curing
and/or hardening. Small amounts have also been combined with “traditional” soaps to
enhance their germicidal and antiseptic nature. This is not to be considered an exhaustive

list, as many other uses have been found [8-16].

Fats and oils that are derived from plants and animals are common sources from which
the necessary fatty acids are obtained. These fatty acids include, but are not limited to,
stearic, palmitic, oleic, linoelic, and ricinoleic acids. As a result, this has been known to
cause the formation of soaps naturally or unintentionally. For instance, in artwork that
contains non-precious metal “leafs,” or paint films contain metal and oil, ionic metal
compounds and fatty acid compounds react to form a metal soap spontaneously through
an ion exchange, or saponification[8, 10]. Common metals soaps include those containing
calcium, zinc, magnesium, copper, and aluminum. Of greatest interest in this paper are
the metal soaps of zinc stearate and zinc palmitate. Stearic and palmitic acids are most
commonly retrieved from the natural sources of tallow, lard and palm oil [8, 14]. As
Gonen et al described in their paper, there are three primary methods in which metal

soaps such as these are formed. These include 1) a precipitation process through double



decomposition, 2) a fusion process that involves the direct reaction of carboxylic acid
with metal oxides, hydroxides, and carbonates or 3) a direct reaction of metals with
molten fatty acids. An example of each reaction is found below. In an industrial setting,
the first two methods are typically preferred since, in general, pure metals are not

naturally found [9, 15].

2C17H35€00Na(aq) + ZTlSO4 ) 7H20(aq) ( 1 )
- (C17H35C00)2Zn(5) + Na2504(aq) + 7H20(l)

Zn + 2C1,HysCOO0H gy — (C17HasC00),2n 0 + Hy0.) (2)

Zngsy + 2C1,H3sCO0Hgy — (C17H3sC00),Zngy + Hayg (3)

Zinc stearate and zinc palmitate are similar in some regards, in that their aliphatic chains
only differ by two methylene groups, with zinc stearate being the larger of the two. Thus,
their chemical formulas are Zn(C,3H;50,), and Zn(C,4H5,0,), for zinc stearate and
zinc palmitate respectively. This can also be generalized for all of the zinc soaps as
Zn(C,H,,,+,C00), where n=11, 13, 15, 17, etc. Studies of zinc stearate and zinc
palmitate have demonstrated that zinc stearate and zinc palmitate have a natural tendency
to crystallize independently and when mixed with each other [17]. This has been visually
observed by Sawada and Konaka upon their use of a jet mixing variant of the fusion
process to precipitate particles of the soaps. The soaps were observed to be flake-like
shaped with relatively high circularity that was maintained as the particles grew in size
[17]. Their crystallinity was confirmed through X-ray diffraction by Sawada and Konaka

[17]. Barman et al, used the Fourier transform of infrared spectroscopy (FTIR) to obtain



information regarding the conformations and subcell packing of the chains at various
temperatures [12]. Other authors have also performed these tests and obtained similar
results on these soaps and others that were formed in synthesis processes. These studies
have also agreed that the zinc stearate and zinc palmitate form a tetrahedral crystal

structure in reference to the location of the zinc atoms [16].

Stearic and palmitic acids are naturally saturated and linear acids. However, as shown by
Ishioka, the configuration of the carboxylic group in its bonding to zinc governs the
shape of the zinc soap molecule. Zinc stearate and palmitate are typically in an all-trans
configuration, which eases the crystallization process, however, it can also be found in
one of the forms below which consist of a combination of a trans, gauche and cis
configuration, where C=cis, G=gauche and T=trans and the TTT configuration is the all-

trans case [18].

o AAAARALAR

Figure 1: TTT, CTT, TGT, and CGT molecular models where open circles are ascribed carbon or oxygen, and filled
circles are hydrogen atoms. They have conformational disorder at the COO end [18].

Furthermore, it has been claimed by Sawada based on gas sorption and XRD data that

when zinc stearate and zinc palmitate are combined, their crystal structure remains the



same and only the long spacing changes as a result of the differing chain lengths. As a
result, the zinc atoms maintain their general lattice positions and variably-sized voids are
created between the chain pairs that are shorter than the longest, most predominant chain

pair, depending on the mix ratio of stearate and palmitate soaps [17].

100:0 70:30 50:50 30:70 0:100

Only C18FA <@————— C18FA:C16FA ———P> Only C16FA

Figure 2: Crystal Structure Models of C16/C18FA-Zn. Weight ratios of Stearic acid in these models are 0%, 30%,
50%, 70%, and 100%. Dot-line circles mean void areas in these models [17].

The combination of zinc stearate and zinc palmitate are of interest in this paper because
they have been chosen to be incorporated a laser imaging apparatus as a lubricant and
barrier. The zinc soap mixture is widely known as a lamellar solid as can be noted by its
frequent use as a lubricant and its many claims in various solid lubricant books and
literature. This is likely a result of its crystallographic nature and the type of crystal
structure that it forms. The crystallographic nature lends itself to be anisotropic in that it
shears easily along the plane between fatty acid chains and does not easily shear
perpendicular to the plane of zinc atoms. Thus, this paper seeks to identify possible
differences in the mechanical properties between mixtures of various ratios of stearate

and palmitate.



2.3 Tribology

The word tribology is derived from the Greek “tribos,” which is translated as sliding or

rubbing. Thus, tribology is the study of friction, wear and lubrication [19].

2.3.1 Lubrication

Lubricants are available in a plethora of forms and material properties and, depending on
the application, it can be quite a challenge to find or develop a lubricant that satisfies all
of one’s needs. Their fundamental purpose is to control friction and wear in a system and
as a result their quality is critical as it can determine their performance through life; from
the moment of initial application to its desired end. Lubricants are commonly recognized
as oils and greases, but can also be in solid form. The choice of lubricant is often guided
by the constraints of the application, which is why the material properties of both solid

bodies in contact, as well as the lubricant, are crucial in controlling wear [19].

Since the primary type of lubricant had already been chosen for the system at the time
that this project had begun, the focus of this paper will not be to validate the choice of
lubricant, but to highlight some aspects that typically govern the choice of a lubricant and
how they pertain to the lubricant chosen. This includes highlighting and examining the

ratios of the two-part metal soap composition.

The lubricant that was selected for this system is a solid lubricant rather than a fluid

lubricant. Solid lubricants can be advantageous to certain systems, such as this one,
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because of their “cleanliness” and their robustness in comparison to non-solid lubricants,
such as oils and greases. Liquid lubricants are often messy in the sense that they can drip
or be slung off of the area of interest fairly readily. Additionally, the coefficients of
friction that result with the use of a solid lubricant are more stable across a wider range of
temperatures and environments when compared with these other lubricant types.
However, issues with solid lubricants can involve their limited lifespan, replenishment
issues and degradation due to oxidation or aging. Additionally, they are generally poor

thermal conductors and do not easily dissipate heat from the interface [6, 19].

Although the use of solid lubricants is primarily a result of their durability and their
performance capabilities in cases where traditional lubricants cannot perform, the modern
trend has increased their use to minimize the amount of liquid lubricants used, primarily
because of environmental concerns. However, currently, there is not a single lubricant
that can minimize friction and wear over a range of uses, temperatures or conditions. [6,

7].

Solid lubricants can be classified in numerous ways depending upon what is desired from
a lubricant and by the limitations of the system. Most generally, they are classified by
whether their structure is lamellar or non-lamellar, but they can also be categorized based
on their composition and structures. Examples would be lamellar, soft metals, oxides

(mixed or single), carbon-based, organic/polymers, and mixtures [19].

Two key considerations when choosing any type of lubricant is the relative speed of the
contact surfaces and the temperature at which the lubricant is expected to operate at. For
a liquid lubricant, these have a significant effect on its viscosity. Lubricants with a high

viscosity often create thicker films, which results in greater separation between the
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contacting surfaces. However, the greater the viscosity, the greater the resulting power
losses are. This is a result of the increased amount of energy required to shear it, which
also signifies that more heat is generated and subsequently resulting in an increase in the
temperature of the contacting bodies. The temperature change can also influence the
lubricant’s viscosity by reducing the viscosity and thus its ability to properly lubricate.
This is more problematic with the use of oils since their viscosity can reduce by
approximately 80% with a temperature change of only 25°C. A solid lubricant is
typically more stable than an oil under a wide range of conditions, which is why solid
lubricants are chosen over fluids for certain applications, including the application at

hand [19].

The dynamic or shear viscosity of a lubricant is essentially its resistance to shear flow
and is represented as n. The dynamic viscosity can be found by separating two, flat
parallel surfaces with a film of thickness h and applying a force, F, to the upper surface.
The amount of force required is impacted by the amount of surface area, 4, in contact
with the film and the velocity gradient through the film. The value of n is in essence the

proportionality constant relating the shear stress to the shear rate and can be expressed as

shown below:
F=na2t 4
Rearranging:
B F ou _ Jdu c
"=%%n =Y %n (5)
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where 7 is the shear stress acting on the lubricant and z—z is the shear rate, or velocity

gradient. The kinematic viscosity, v, is a ratio of the dynamic viscosity and the lubricant

density, p [20].
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Figure 3: Schematic representation of the fluid separating two surfaces [19].

The mechanism of adhesive wear is fairly common in contacting bodies and is reliant
mostly on the adhesion between the bodies and the shear strength parallel to the contact
surface. This mechanism is actually exploited in some solid lubricants. Some solids,
namely lamellar solids, exhibit anisotropy of their mechanical properties and have a low
shear stress along a particular direction or crystallographic plane. The atoms or molecules
that lie in the same plane, or lamella, are packed closely together and strongly bonded.
The spacing between planes, or lamellae, however, is relatively far apart and the
interaction between the paired chains is also relatively weak. Therefore, a lower shear
force is required for forces parallel to these planes rather than perpendicular cleavage of

layers. Although the continuous shearing of layers of a lubricant is readily visualized by
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the concept of the laminar flow of a fluid, this is also somewhat representative of the
nature of a lamellar solid in that there is assumed to be a no-slip boundary condition at
the interface with the contact surfaces and a shear rate gradient through the lubricant’s
thickness. Metal soaps, such as the zinc soap mixture of interest, are lamellar solids that

behave in this manner [5, 19].

Additionally, strong adhesion between the lubricant and the contact surfaces is greatly
desired, as well as a strong tolerance against chemical decomposition or degradation
under the desired operating conditions.. Metal soaps, however, do not readily oxidize due
to their chemical structure and are primarily dependent on the nature of the shear planes

to lubricate effectively.

Through electron diffraction, studies have demonstrated that lamellar solids tend to form
preferentially oriented layers such that the lamellae lie parallel to the direction of motion
causing low friction [5, 12]. Each lamella can be composed of a single plane one atom
thick or several atoms thick, but metal soaps have an aliphatic tail and therfore each
lamella consists of several atoms. The strong inter-atomic bonding and packing of a layer
is essential for minimizing wear as it provides the large in-plane strength, which is

characteristic of the plane of zinc atoms [5, 7, 19].
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Figure 4: Mechanism of lubrication by lamellar solids [19].
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Solid lubricants, and lubricants in general, fill the troughs separating asperities on the
same surface and between the contacting surfaces to create a boundary layer or film that
separates the two bodies that would otherwise be in contact. Additionally, the “run-in”
practice, (discussed in the wear section), facilitates the lubrication of the film by reducing
the height of the asperities that the film has to overcome. The strong adhesion to the
contact surface and the compliance of the film to the surface contours helps to prevent it

from getting pushed out of the interface during extreme pressures.

The deposition or formation of the films can also be critical for a lubricant to be effective.
This primarily pertains to the necessary means to ensure proper adhesion of the lubricant
to the contact surface. Assuming that the proper adhesion of the lubricant to the surface is
not a concern, the studies performed by Deacon and Goodman demonstrated that the
application method was not critical when comparing prior lamellae orientation through
rubbing or brushing. Eventually, both cases will quickly result in preferential orientation
of the lamellae and similar frictions. Solid lubricants can be applied in a variety of
methods, including but not exclusively, through sprinkling, brushing, rubbing,
burnishing, impregnating, vapor deposition, or through a carrier such as aerosol. The
system of interest uses a brush applicator to apply the zinc soap to the PC drum [5, 7, 19,

21].

Plastic deformation of the contact surfaces is still possible even with little to no contact
between surfaces. Deacon and Goodman observed instances that indicated that the
lubricant successfully distanced the contact surfaces, but transmitted enough pressure to

deform the substrate’s prior abrasion lines. This was observed mostly with relatively thin
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lubrication films with large applied loads, while the thicker films were thought to be able

to disperse the pressure over a larger area resulting in only elastic deformation [5].

Some advantages of solid lubricants are that they are well suited for high load
applications. Solid lubricants do not have the tendency to be forced out of the contact
interface like fluid lubricants. Additionally, since solid lubricants function by the
shearing of the solid, the contact load can facilitate the shearing of the lubricant if the
shear strength is not adversely impacted by the normal load. Solid lubricants are also well
suited for low speed applications where contact surfaces often penetrate fluid films. As
mentioned previously, temperature has a much smaller effect on solids lubricants than
non-solid lubricants in that the non-solid ones tend to change viscosity and film thickness
very quickly with changes in temperature. In dirty or abrasive environments fluids or
greases have a higher propensity of picking up and retaining particles than solid
lubricants, which results in abrasive wear. Since solid lubricants do not flow like fluid
ones, they are more suitable for intermittent use or with periods of extended storage.
Solid lubricants are often lighter weight in comparison to a fluid sump, though
replenishment with a solid lubricant can be more of a concern. The zinc soaps being
utilized are electrically insulating, which helps specifically in maintaining the ability to

retain charge on the surface for printing purposes.
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2.3.2 Friction

The phenomenon of friction is generally defined as being the resistance of motion
between two objects in contact with one another or the increase in force that assists in
inducing and/or maintaining their motion [22, 23]. The topic of friction has been a topic
of interest for over hundreds of years, both in the effort to exploit is as well as reduce it

[24, 25].

Friction is generally independent of the speed of the motion between objects, as a first
order approximation when examining a system at the macroscopic level. It can also be
noted that neither the apparent contact area nor velocity appears as a variable in the
Amontons’ Law relationship, Fr = uL . This simplified relationship is reasonable

provided that there is a moderate load and moderate speed. [19].

Every surface has some degree of roughness and, as a result, the apparent contact area is

orders of magnitude larger than the actual contact between the two or more objects. [25]

Today, friction is still an area of interest in the development of emerging products and
technologies, especially as it pertains to the extreme ends of the size scales [24]. Friction
is utilized frequently every day; most obviously in the brakes of automobiles, in the
ability to walk and grasp objects, and in the playing of string musical instruments.
Friction can also have undesirable effects in some applications because of the wear that is
induced and the energy that is consumed. In this particular instance, the detrimental
effects of friction are the ones of interest as they have negative impacts on the

components and the quality of the end product.
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Friction is typically categorized into static and kinetic friction. As the names imply, static
friction is the related to both the resistance and initiation of relative motion between two
bodies in contact, whereas kinetic friction pertains to the resistance that occurs between
two bodies in continued relative motion or the maintenance of that motion [26]. Static
friction is generally greater than kinetic friction and can be thought of as the part of the
“activation energy” to permit relative motion between two objects in contact. To some
degree the resistive nature of friction is a matter of perspective or application. In regards
to sliding, friction would appear to be resistive in nature. However, in regards to a roller

imparting rotational motion on another roller, it is through friction that this is possible.

Depending upon the focal point of interest, friction and its effects can be observed on the
macroscopic scale or the microscopic scale. For many applications, friction is examined
at the macroscopic scale and, therefore, it is typically assumed that the resulting friction
processes in the contact area are isotropic and homogeneous in the contact region. These
assumptions are generally acceptable since the details of the microscopic interactions do
not greatly affect the behavior of the bulk material, depending upon the scale of the

objects [23].

When examining a system macroscopically, the energy "losses" that are experienced due
to friction are considered to be a conversion from bulk translational energy into thermal
energy, with the assumption that there is no wear. The heat is then conducted into the
bulk material and can result in an increase in temperature of the surfaces. It is critical to
be mindful of this because it can result in phase changes or chemical changes of the

surfaces or lubricant film, which can significantly change their behaviors [19]. The
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frictional work performed is given by the following relationship, which is essentially

Amontons' Law multiplied by the velocity [23].

Examining the contact on a more microscopic level, it can be seen that the actual contact
area, is much smaller than what appears to be the contact area macroscopically. Rather
than the normal and frictional forces being evenly distributed across the apparent area,
they are concentrated at the points that are in contact with one another. This, of course, is
due to the inherent roughness of all surfaces and the material properties of the surfaces.
Since frictional energy is concentrated at these asperities, this implies the frictional
energy is dissipated at these points and, therefore, these asperities experience much
higher temperatures than predicted with the simplified contact theory. This is important

because of the surface changes that can be induced in the material [19, 23].

Not only is the geometric ‘fitting” and contact of the asperities important, when
examining objects in contact at the microscopic level. The attractive force can also be
quantified and become critical when considering adhesive contacts. This is especially the
case as it pertains to extremely smooth surfaces, soft contact bodies, and/or microscopic
systems, such as between a smooth and flexible cleaning blade against a polycarbonate

surface in the system at hand [25].
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In many cases, the adhesive forces are negligible as a result of the inherent roughness of
most surfaces and since there generally is not full contact between the two bodies, the
force of adhesion is less than those governing the motion between the bodies. However,
in some cases, such as when a smooth body comes into contact with a rough and rigid
body, the adhesive force becomes appreciable. Considering such a case, the body will

elastically deform to fill in the troughs of the surface roughness.

This is an event that has been macroscopically observed with the cleaner blade and the
PC drum surface. Without the presence of a substance or medium between the two
working surfaces the edge of the cleaning blade will typically adhere to the surface of the
PC drum as the drum rotates. However, if a lubricating medium such as a metal soap is
placed in the contact interface, this creates a separation of the two surfaces and allows for

relative motion due to the low shear planes.
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2.3.3 Wear

Wear and friction are very interrelated and their desired effect on the system can either be
proportional or inversely proportional, depending upon the application. For instance, in a
polishing or grinding application, both friction and wear are desired. However, in the case
of pencil lead, wear is desired, but with minimal friction. For a braking application, the
reverse is true; wear is ideally minimized, but not friction [19]. In many cases, including
the present one of interest, wear and friction are undesirable and are considered to be one
of the major causes of waste and performance loss for this and many other systems [19,

27].

Energy dissipated as friction due to viscous Energy dissipated as friction and wear during
shearing in lubricated contact between bodies contact between bodies

Shearing of film material Adbhesive bonding

Asperities or high spots

on surface
b1 g g Oil film
Body 1
or U
Strain hardened asperity Groove formed in worn surface  Trapped wear particle
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Figure 5: Schematic illustration of mechanisms of frictional energy dissipation [19]

Several mechanisms of wear exist and can be generally categorized into four primary

mechanisms of wear that include adhesion, abrasion, fatigue, and chemical. These are all
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forms of wear that can occur in this subsystem of the printer and minimized through the

use of a metal soap thin film.

Wear due to adhesion usually involves the contact of a few asperities and then an
increase in the amount of true contact area as relative motion continues between the two
surfaces. Of course, fundamentally, this is a result of the forces of attraction between the
atoms in contact, but is also largely influenced by the material selection. A soft material
is more likely to comply about the surface features of the interfacing surface due to the
nature of its low elastic modulus. As a result, the total adhesion between the two contact
surfaces is greater because the attractive forces act on a larger area. This can also occur
for stiff materials if the applied load is great enough. The surface asperities for stiff
materials are likely to deform under high loads, which enables more contact between the
two materials increasing the adhesion. Adhesion can also result in plastic deformation of
components while the surfaces are in relative motion with each other. The use of a
lubricant, such as a metal soap, at the contact interface is often employed in creating a

boundary and to minimize adhesion between the contact surfaces. [19, 28].

‘Fatigue wear’ generally occurs in an event when the lubricant supplied is only partially
effective (i.e. the lubricating film it too thin), and the wear that occurs is generally mild
as a result of only partial contact between asperities. As these asperities are exposed to
repetitive stresses, such as through impact, bending, or rolling, they experience fatigue
and result in creep, surface cracking, or even cracking of the subsurface. For such cases,

materials with an adequate fatigue strength and toughness should be utilized [19, 28].

In some instances, particles become trapped in the troughs between asperities, either in

the presence or absence of a lubricating film, and can rapidly result in ‘abrasive wear’ of
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one or both interfaces resulting from the grinding or pitting from the abrasive material.
Furthermore, the material removed from the contacting surfaces by the abrasive particles
can accumulate and become abrasive debris themselves. It is desirable that the contact
surface(s) be at least as hard as the abrasive material(s). In general, it is advisable to
choose materials with a high yield strength and high fracture toughness to prevent cracks
due to fracture or fatigue, but usually a compromise is necessary. Erosion from particles
impact is also prominent. For low angle particle impacts, hard and brittle materials are
typically suitable, but with impact from high angle particles, great fracture toughness and

ductility are more desirable [19, 28].

Surfaces can also be influenced by chemical attack either due to the nature of the bodies
in contact or the environment in which the system operates, as in the environment that the
PC drum experiences. This is known as ‘corrosive wear’ or ‘oxidative wear’ depending
on the chemical nature of the attack on the surface and usually is strongly dependent of
the chemical potential of the surface or portions of the surface. Surface defects or
impurities, especially in metals, can exacerbate this issue. There are many other types of
wear that are not discussed here since the presence of wear will occur with nearly all
types of contact between solid bodies. These are some select mechanisms of wear which

are desired to be controlled in this system through the use of a zinc metal soap [19].

Certain measures can be taken to prepare contact surfaces for longer lifespans.
Sometimes surfaces are “run-in” or “broken-in” by sliding contacting surfaces past each
other at light loads to remove the peaks of the asperities or flattening them to smooth the

surface. This reduces the coefficient of friction between the surfaces to one that would be
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seen in a long-term steady state condition. This can then be combined with a lubricant to

further reduce the friction [19].

Material selection or design is critical to the minimization of wear and the general
function of parts. It is best to identify the type of potential wear that surfaces of interest
would experience so that materials can be chosen accordingly. Of course, it is always best
to create a design that minimizes factors that affect wear, but wear some degree of wear

is often unavoidable. In industrial situations material selection can often be a difficult
task because of the complexity of the system(s) and of all factors that need to be
accounted for, including ancillary factors, which can limit the selection. Although
material selection is often done empirically, a more systematic approach can reduce time
and cost by narrowing the possibilities and reducing the chance of overlooking any

obvious factors.

In relatively simple cases, wear resistance can be achieved through the choice of a bulk
material. However, surface treatments are often chosen due to their versatility and due to
the complexity of systems. A surface treatment can be applied to nearly any material, but
the material selection of the coating and its deposition are critical. Surface treatments can
be in the form of a coating or an actual “treatment.” In both cases of surface materials and
bulk materials, material structure, performance, processing and properties all play a
crucial role in the characteristics of the material selected. Of course, ancillary factors,
such as availability, chemical compatibility, ability to surface finish if required and

operating environments also need to be taken into account when choosing a material [28].
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A large result of friction is the heat generated which can have a great effect on the
friction and wear of the surface. Since the majority of the heat generated from dry contact
is conducted through the asperities of the contacting surfaces and since the true contact
area is orders of magnitude smaller than the apparent contact area, the heat becomes
concentrated at these points. This is also exacerbated if the contact surfaces are poor
thermal conductors. Despite extreme conditions, the temperatures generated typically
cannot exceed the melting temperature of the bodies. The thermal mounds that result,
however, can have significant increases in temperature that can modify the material
properties of the surface by modifying the surface microstructuremodification of films,
“frictional welding,” volatilization, decomposition, or initiation of chemical reactions.
Even if melting does not occur, the heat generated can supply enough energy for surface
recrystallization to take place by supplying enough energy to promote atomic or
molecular mobility so that the atoms or molecules can arrange themselves into larger

crystals [19, 21, 23].
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2.4 Contact Mechanics

With advancements of industry and manufacturing capabilities, namely the railroad at the
time, interest grew regarding the calculation of exact stress values due to the extreme
contact stresses that rail wheels and axles often experience and the proximity of these
stress values to the yield stress of the steel used. As a result, several contact theories arose
and have continued to be developed. In 1882, Heinrich Hertz pioneered the analysis of
the contact between two solids. In an effort to derive some relationships, he examined the
normal contact between curved bodies each with a different radius of curvature. Several
theories were made subsequent to Hertz’s theory to improve it and to be more applicable
to practical scenarios. Greenwood and Williamson, in 1966, developed a contact theory
that described rough surfaces using spherical bumps with equal radii of curvature with
asperities that varied according to a Gaussian distribution. It can be noted that that this
parallels Hertz’s theory when examining the contact between asperities, but expands the
nature of the analysis to a greater level in trying to more accurately predict the
relationship between the true area of contact and load on a large scale through a more
detailed analysis using the inclusion of small scale features. Bridging to the above
sections, it was mentioned that every surface has some degree of surface
texture/roughness. This perspective is critical because of the importance of being able to
accurately and quickly determine the real contact area for a given situation, which is
useful for properties such as electrical resistivity at an interface, heat transfer, friction,

seals, etc. This is especially important in regards to the work performed as it pertains to
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the nanoindentations as well as aspects of the system interfaces that are of interest [25,

29, 30].

Using Hertz’s contact theory, the contact area is predicted to vary non-linearly as a
function of compressive force where the area could be approximated with the following

relationship:[31]

A~F (7)

=R

This, however, disagreed with experimental results for randomly rough surfaces where
the true contact area is much smaller than the apparent contact area. The experimental
results indicated that the relationship between the true contact area and the compressive
load is linear. This also supports the basis for Hooke’s Law, which will be discussed
later. This relationship was also confirmed by Bush, Gibson and Thomas, as well as
Persson who utilized Hertz’s contact theory, but used different methods for
approximating the surface asperities and height distributions to more accurately calculate

the real contact area [29, 31].

Although, the above theories demonstrate improvements and adjustments to the Hertzian
contact theory, only the fundamentals of his theory will be discussed, since many of the

other theories utilize his as a basis [29].

Prior to discussing Hertz’s contact theory, a slightly more in-depth view of normal
contact will be discussed involving elastic and inelastic deformations at the atomic level.
In connection with the previous section on friction and wear in regards to contact at the
atomic level, it reasonable to assume that the modulus and strength of a body or material

would be dependent upon the nature and strength of the chemical bonds that make it up.
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Atoms in a solid experience both attractive and repulsive forces with respect to each

other.

Figure 6: Long-range attractive forces and short-range repulsive forces acting on an atom or molecules within a liquid
or solid. Atom "B" on the surface must move closer to atoms just beneath the surface so that the resulting short-range
repulsive force balances the long-range attractions from atoms just beneath and further beneath the surface [32].

The repulsive forces are a result of short-range Coulombic forces whereas the long-rang
forces are a result of chemical bonds due to the filling or sharing of electron shells and
the tendency to be in a lower energy state. A curve of this attraction/repulsion
relationship with respect to distance can be seen in a generic curve in Figure 7; of course
the actual shape of the curve is dependent upon the actual bond type. However, as can be
seen from the curve, there is a near linear relationship between the distance between
atoms and the force required to separate or compress atoms together for small
displacements. This force-displacement curve, specifically the segment from equilibrium
to the maximum force, can be approximated with a portion of a sine function in which the

following relationship can be established: [32]

F = E,qx sin (%) (8)
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where L is the distance from the equilibrium position at the maximum force, or cohesive
strength when one single atom is pulled away from another. Using the small angle
approximation and considering the maximum force to be constant for a particular

material, this can be simplified to

_ X\ [Fnax®]
F—Fmax(i)—[ oL ]x—kx (9)

which takes the form of Hooke’s Law. This then can be rearranged into the form of stress
and strain and modulus. However, as a result of crystallographic defects that commonly
appear, materials do not exhibit these theoretical values in their bulk form and actual
values are experimentally obtained. With these values, quantities such as strain potential

energy can be calculated [32].
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Figure 7: Schematic of the forces between atoms in a solid as a function of distance away from the center of the atom.
Repulsive force acts over a very short distance. Attractive forces between atoms act over a very long distance. An atom
at infinity has a higher potential energy than one at the equilibrium position. [32]
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Scaling this concept back to a more macroscopic perspective, there will be a resultant
displacement as a result of an applied load on a body or, in this case, a contact between
two bodies. This displacement can be elastic or inelastic depending on the applied load
and the strength of the material. Thus, there are two primary relationships of interest that
are desired to be satisfied by contact theories which are the force-displacement
relationships and the force-contact stress relationship. Continuing with Hertz’s contact

theory, the assumptions he made upon founding his theory are summarized as follows:

— The surfaces of the contacting bodies are continuous and smooth.

— The bodies are in frictionless and non-adhesive contact and, therefore, only
normal pressures are transmitted between the bodies in contact.

— The resulting contact area is small in comparison to the radii of the contacting
bodies and, therefore, the strains are small and the surfaces are considered non-
conforming. This allows for each surface to be treated as an elastic half-space

— The governing differential equations for the bodies in static equilibrium should
agree with the stresses and strains in the bodies. The stresses should approach
zero at a large distance from the contact area.

— Integrating the pressure distribution in the contact area is equal to the magnitude

of the load acting on the two bodies.

Additionally, it assumed in classical contact mechanics that the materials are isotropic
and homogeneous. Using these assumptions, Hertz studied the contact between elastic
solids and approximated their surface profiles in the vicinity of contact with quadratic
functions. This was an approximation for surfaces with continuous curvature and can,

therefore, be changed to something more suitable of the actual contact profile. For a
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spherical body indenting a flat surface, he found a relationship between the elastic
properties of the contacting bodies, the radius of the contacting body, R, and the applied

load, P, to be:

_3PR
T4 E (10)

3

a

where a is the radius of contact and E* is the combined modulus of the contacting

materials, or the reduced modulus.

When calculating the stresses that result from contact, Hertz estimated the stresses
through a body by calculating the stresses along the surface and axis of symmetry and
then interpolating between them. Boussinesq then followed this analysis characterizing
the stress fields for point contacts. The analysis of stress fields in elastic-plastic contacts
becomes even more complicated as a result of the plastic deformation of both the yielding

and the cracking effect [32].

Although friction is neglected for many cases and may be an acceptable assumption, it is
still important to understand the role of friction in a contact problem, apart from what has
been noted in the section above. In a frictionless case, portions of both contacting bodies
are compressed into their respective bodies and points on the surface and within the
bodies are permitted to move with respect to each other resulting in internal
forces/stresses. However, with the inclusion of a friction condition, incidents of no slip
and partial slip occur that influence the behavior of contact. One case is the complete
opposite of the frictionless condition in which there is a complete adhesion contact, or no

slip. In this case, the points in contact are prevented from moving with respect to each
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other as a result of the frictional forces. The alternative cases would then be cases of a
partial slip condition that occurs in the loading or unloading case. In these cases, the
applied load will cause some points in contact to overcome the frictional force and slip
past each other while other points remain adhered to one another. Similarly, this also
occurs during unloading. As the applied load is reduced, forces are balanced by internal
forces, the applied load and friction. As the applied load is further reduced, a point is
reached where the internal stresses overcome the friction at some contact points and

allows for slip to occur at these points.
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Figure 8: Points on the indenter and specimen surfaces that have come into contact during loading. (a) full slip, (b) no
slip, (c) partial slip (loading), (d) partial slip (unloading). In (d), reverse slip may occur, leading to residual stresses.
[32]

The contact mechanics described are applicable in both cases of interest as it pertains to
the application of a zinc mixture soap and the characterization of its mechanical
properties. The application of the metal soap involves the creation of stress fields in itself
if we examine the deformation of a particle by the force of an elastomeric blade. If the

adhesive force of the particle is greater than that imparted on it by the blade, the particle
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will remain on the surface of the PCD and undergo shearing and compression. A large
portion of the particle will be sheared off since it cannot fit beneath the blade and the
remainder that was adhered to the drum will be compressed as a result of the blade force

in the contact area of the blade nip.
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2.5 Nanoindentation

As alluded to above, Hertzian contact mechanics is pertinent to finding mechanical
properties of materials such as modulus and hardness of a material and is often employed
through the use of an indentation test on a material as a result of its speed and simplicity.
In the early 1900’s, Brinell performed some of the first indentation tests in an attempt to
characterize the plastic properties of materials. Soon after, this was adopted by many
industries and a variety of different indentation techniques emerged. Indentation tests can
now be in a macro-, micro-, and nanoindentation form. Initially, hardness measurements
utilized optical imaging to determine the hardness of a material by examining the plastic
deformation and the size and shape of the imprint caused by the indenter. However, in the
1970’s, it was recognized that the elastic modulus of a material could be acquired from
the load displacement curve, which encouraged the development of equipment that can

continuously measure the load and displacement of the indenter [32, 33].

The development of the nanoindenter came from the desire to measure the mechanical
properties of thin films and surface treatments which microhardness instruments were not
capable of. The microindenters are not capable of applying a low enough force that could
indent the material without having a measurement that was influenced by the substrate
beneath the sample surface. The nanoindentation technique is a very useful one in this
regard and a useful technique for measuring mechanical properties in general. It is able to
measure loads on the order of nanonewtons and displacements of approximately 0.1nm.

This allows for the measurements of very thin films and layers of films, which cannot be
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performed by other indentation methods. The nanoindentation instruments are also fairly

simple to use and are not costly to run, unlike some characterization equipment.

As mentioned in part above, the primary purpose for using a nanoindenter is to quantify
some of the mechanical properties of a material, a small volume of a material or
superficial layer of a material. The most common properties that are measured in this
fashion are modulus and hardness, though these can only be measured if some

information is known about the material and the indenter [32].

2.5.1 Nanohardness

Measurements that are of critical importance in regards to finding these material
properties, as well as others, are the displacement of the indenter tip with respect to the
sample and the contact area. Using these measurements, Hertzian contact theory can be
used to find the properties of interest, most directly in the case of a spherical indenter. As
seen in the contact mechanics section, Equation ( 10 ) demonstrates the relationship that
Hertz encountered between the contact radius, the indenter load and the elasticity of the

contact. This is useful in conjunction with the mean contact pressure which is defined as

Pm =42 (11)

where P is the normal load and a is the radius of the contact circle. When combined with

Equation ( 10 ), the mean contact pressure can be re-expressed as follows:

35



P <4E*> a
Pm =702 = (37 )R (12)
where E™ is a combination of the modulus of the indenter and the sample. As might be

suspected, the mean contact pressure if commonly called the ‘indentation stress’ and the

term, %, is the ‘indentation strain’. This alludes to the Hooke’s Law stress-strain

relationship that is commonly acquired from typical uniaxial compression and tension
tests. As a result of how the stress fields in an indentation are confined, the mean contact
pressure that is exerted is greater than what is necessary to initiate yielding in a
traditional uniaxial test and more readily produces plastic flow as a result of shear stress

and the large hydrostatic component.

The mean contact pressure is utilized to find the hardness, H, of a material at the point
where its mean contact pressure is constant and the applied load, P, is at a maximum.
Thus, this is expressed as:

_P
H=7 (13)

where A is the projected area of contact. This measurement of hardness is performed
these conditions in an effort to perform a measurement where there is a fully developed
plastic zone. The standard definition of hardness for nanoindentation is the Meyer
hardness. The Brinell hardness number (BHN) gives a value of hardness based upon the
actual area of contact rather than the projected area. This allows for a measurement that is

independent of the load and only influenced by the material response.
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The hardness of a material also relates to the yield strength of a material through the

following approximation

H=CY (14)

where Y is the yield stress of the material and C is the constraint factor that is dependent

upon experimental parameters, such as the indenter and specimen types. Relationships

have then been seen between the ratio of the material’s elastic modulus and yield stress,
> in relation to the constraint factor. For instance, materials with a large ratio, such as

metals, tend to have a constraint factor of about 3, whereas materials with a low ratio,

such as glasses, tend to have a C value of about 1.5 [32].

The condition of full plasticity in the area of consideration is critical in the hardness
measurement of a material. Erroneous values of hardness are commonly reported from
cases in which full plasticity has not yet developed, which essentially signifies that only
the mean contact pressure was measured, since the value was not independent of the
applied load. This is best exemplified by the indentation of a very elastic material, such
as a rubber specimen. Most of the resulting deformation during an indentation would be
elastic and very little plastic deformation, if any would occur. As a result, the mean
contact pressure, or the apparent hardness, would be low and representative of the
material’s resistance to elastic and plastic deformations. However, as a result of the
material’s high resistance to plastic deformation, the true hardness is actually very high.
The true hardness of a material is its resistance to plastic deformation with little to no
elastic deformation or, in other words, the energy, U, required to plastically deform the

indentation volume of material, V.
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Up

= (15)

This can be derived by using the power law form of the load-displacement curve with the
assumptions that the displacement of the residual impression is equal to the maximum
displacement of the indenter and that the reduced modulus is infinite. This can then be
integrated to find the work done on the system. Without showing the derivation, a general

representation of the energy required to indent a material for an elastic-plastic case is:

U. = l ; ip3/2
P \3|mtan?a |VH (16)

where a is the effective cone semi-angle [32].

2.5.2 Contact Area and Indentation Tips

In order to accurately determine the true hardness value of a material, the area of contact
must be known or able to be determined. Rather than using optical techniques to measure
the residual impression created by the indenter, the nanoindenter, records the penetration
depth and determines the projected the area of the indentation based on the geometry of
the indenter and a calibration that is performed. The projected contact area is a direct

result of the geometry of the indentation tip that is chosen.

Various indentation tips exist that are utilized for various purposes and vary from sharp to

blunt. The most common types of tips used are spherical and pyramidal indenters. In
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regards to the pyramidal indenters, the Vickers and the Berkovich tips are the most

widely used [34].

Figure 9: Indentation parameters for a) spherical, b) conical, ¢) Vickers, and d) Berkovich indenters (not to scale) [34]

Due to their geometry, spherical indenters are directly applicable to the equations
presented in the Hertzian contact theory and smoothly transition from elastic to elastic-
plastic deformation during the indentation. This geometry is best for soft specimens. One
thing to note is that the radius of contact increases more quickly than the indentation
depth as the load of the indenter is increased. It is important to recall that when
measuring hardness, a fully developed plastic region is required for an accurate
measurement, which should be kept in mind when using this tip since it is more likely to

remain in the elastic regime [34].

The Berkovich indenter is the most commonly used pyramidal indenter and was the one
used in this investigation. It is a three-sided pyramidal indenter tip which has the inherent
advantage of being able easily get the three sides to meet at a point. The Vickers indenter
is also a pyramidal indenter, but instead has four sides, which is more likely to have a line
at the tip rather than a point. The geometry of the original Berkovich tip was such that it

had the same actual contact area as the Vickers indenter, but it was changed so that the
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face angle is 65.27° giving it the same projected area as the Vickers indenter since the
mean contact pressure is used to find hardness, which is a function of the projected

contact area [34].

For simplicity, pyramidal indenters are often treated as conical indenters in regards to the
calculations performed as a result of the axis-symmetry of conical indenters and more
simple nature of their representative equations. Equivalent cone angles are found for
conical representation of a pyramidal indenter to exhibit the same projected area as a

function of depth.
The projected contact area of the Berkovich indenter is given by:

where h. is the contact depth and 6 is the face angle of the indenter. Since the face angle

IS 65.27°, as previously mentioned, the projected contact area is
— 2 o 2
A = 24.494h? ~ 24.5h? (18)
Equating this to the projected contact area of a conical indenter,
A = mh?tan? a

(19)

the effective cone semi-angle, a, can therefore be found to be 70.3° [34].

2.5.3 Load-Displacement Curves and Contact Stiffness
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The sequence of a nanoindentation typically involves the approach of an indenter tip to
the sample surface, a ramp to a specified load or displacement, a holding period, and an
unloading ramp back to zero, all while recording the force and penetration of the
indenter. Especially with the use of a sharp pyramidal tip, such as the Berkovich tip, the
loading portion of the load-displacement curve takes shape as the specimen undergoes
elastic-plastic deformation. What occurs in the holding time that follows is partially
influenced by the operator who specifies the duration of the holding time and whether the
load or displacement is held at a constant value. During this period creep or relaxation in
a material can be observed by recording the changes that occur during this segment.
Following the holding period, unloading of the specimen occurs. It was observed by
Doerner and Nix that the initial portion of the unloading curve was linear for a wide
range of different materials. This is a result of the sample and indenter maintaining
contact as the indenter slowly retracts, but maintaining the same contact area. As the
contact area decreases, the unloading curve deviates from its linearity and becomes

curved [34].

The slope of the linear portion of this segment therefore represents the linear elastic

portion of the contact and is, therefore, representative of the contact stiffness, Z—Z.

dpP 24.5
R * ’_ 20

where E™ is combined elastic modulus of the indenter and specimen and h,. is the contact
depth that represents the distance from the contact circle to the point of maximum
penetration. The latter value can be found by indentifying the point at which the linear

portion of the unloading curve would intercept the displacement axis [34].
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The importance of the contact stiffness is that a close approximation of the elastic
modulus of the material can be extracted. The contact stiffness provides a value of the
reduced, or combined, modulus through the rearrangement of Equation ( 20 ). If the
poission ratio of the specimen is known, then the elastic modulus of the specimen can

then be computed through the following relationship.

1 (1-v®) 1-v"

E* FE T § (21)

The prime terms indicate the poisson ratio, v', and elastic modulus, E', of the sample and

the un-primed terms are those of the indenter [34].

The general method used to find the contact stiffness is the multiple-point unload method.
The multiple-point unload method uses the slope tangent to the initial portion of the
unloading curve to calculate the contact stiffness by fitting a tangent line to several of the
initial unload points. This implies that this slope will not only be influenced by the
reduced modulus, but also by the creep and hardness of the material, to some degree. This

method is commonly used, especially when Berkovich indenter tips are used [34].

2.5.4 Influencing Factors and Other Considerations

As a result of the inherent scale of nanoindentation, the measurements that are taken
through nanoindentation are only surface measurements and need to be treated
accordingly before generalizing the results for the entire material or assuming that the
behavior of the bulk material behaves in the same manner. Bulk materials often contain
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defects that affect its strength and, additionally, depending upon the processing of the
material, there could exist a large difference in properties between the outer layer and
inner layers(s) in the material. The results from a test can also be influenced by factors,

such as dislocations, grain sizes, voids and other near surface defects [34].

2.5.4.1 Area Correction Due to Indenter Geometry

Other factors can also influence the accuracy of the measurements taken such as the
indenter geometry. The indenter geometry is assumed to be ideal, but is rarely ever so. As
a result, a correction factor is applied which is determined by either a direct method or
indirect method of measuring the geometry of the actual indenter. The indenter can either
be measured directly via methods, such as atomic force microscopy (AFM) or with
scanning electron microscopy (SEM), however it is more common and practical to
measure the indenter geometry indirectly by indenting a reference specimen whose
elastic modulus and poisson ratio are known. The reference indentations then provide a

reduced modulus which can then be used to find the actual projected area from

dpP 1 ]2 (22)

A=\ h2pE
where £ is the geometry correction factor, which is 1.034 for the Berkovich tip. This
would then be applied as a ratio with respect to the ideal projected contact area, 4;, to the

equation for hardness and reduced modulus to find their respective corrected values [34].

=2
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dh2BA\ A

An indenter with a tip radius that is larger than the ideal tip radius would have ratio of %

greater than one and a smaller tip radius would have a ratio less than one. Although the
area correction can be expressed in many forms, it is often represented as a series in the

following form

A= Cyh?% + Cyhy + C3hY? + C,hY* + - (25)

The first term of the expression presents the ideal area function followed by the
correction terms. The deviation of the indenter geometry is more critical for shallow

indentation depths and lessens as the penetration depth increases [34].

2.5.4.2 Thermal Drift

Thermal drift is also an influencing factor to the measurements taken. Thermal changes
of both the sample and the indenter can cause expansion or contraction in the materials
which skews the measurement of the penetration depth of the indenter in the sample.
According to a study by Feng and Ngan, the effects of thermal drift on the calculation of

the modulus is negligible if

=1he (26)
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where t;, is the cumulative time from the beginning of the test to the start of unloading, S
is the contact stiffness, and P, is the unloading rate. To correct for this, a low load indent
is performed on the sample and maintained at that load to determine the thermal drift. A
low load is chosen to minimize the influence of creep in the sample with the thermal

drift. A drift rate is then determined and applied to indentation measurement [34, 35].

2.5.4.3 Other Influencing Factors

There are several factors that can affect the data recorded by a nanoindentation
instrument, which include the occurrence of material pile-up or sink-in, surface
roughness, and rounding of the indenter tip. Other forms of error exist, but these are the
most prominent. Depending upon the behavior of the material during indentation sink-in
or pile-up of the material can occur. The behavior depends upon the ratio of the elastic
modulus and the yield strength, E /Y. If the ratio is high, pile up is likely to occur for a
strain hardening material, and if the ratio is low for either a strain-hardening or non-
strain-hardening material, sinking-in is more likely. Surface roughness and tip rounding
logically play an important role in the measurement of the mechanical properties of the
material as both influence the actual contact areas. The surface roughness of a material
can effectively increase the contact area between the indenter and the sample, which
effectively decreases the measured values, i.e. reduced modulus, etc. The rounding of the
indenter tip can influence the indentation results, specifically hardness, of shallow

measurements that are on the order of 50nm by reducing its ability to create a fully
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developed plastic zone. This will therefore include elastic contact making the

measurement more indicative of the mean contact pressure [34].

2.5.4.4 Other Considerations

Nanoindentation can also be used to examine other properties of samples and materials. It
can facilitate the estimation of the fracture toughness of materials at a small scale,
including on thin films, through the utilization of tips that create high stress
concentrations in the contact area. The cube corner indenter, which is three-sided
pyramidal indenter, is recommended for estimating the fracture toughness of a material
because it is capable of displacing three times as much material as a Berkovich indenter
while using the same applied force, due to its geometry. The holding period of a sample
can be used to measure the creep or relaxation of a material by maintaining a constant
load or strain for a specified holding time. Additionally, if a nanoindenter is equipped
with a tangential force sensor, nanoscratch, topography, wear, and friction measurements

can be acquired [33, 34].

2.6 Surface Measurements

As alluded to in the tribology and nanoindentation sections, the characteristics of a
surface are of great importance in many applications, especially in much of today’s

technology. One surface characteristic that has been of interest for quite some time for
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various reasons is that of surface metrology. Relating to the topics discussed thus far,
surface roughness is an important parameter as it pertains to friction and contact
mechanics, in that it can give an indication of the true contact area with respect to the
apparent contact area and the amount of interlocking between two surfaces. In regards to
wear, if the surface topography is measured prior to use and after use, the measurements
can be compared to examine the level of wear that occurred and any subsequent patterns

that may be apparent.

Surface topography can be measured on a variety of scales and subsequently at different
speeds. Prior to the development of modern equipment, the examination of surface
finishes was done by “eye” and “thumbnail”” and compared against reference surface
finishes. This was useful to some degree, but, of course, qualitative. In an effort to gather
quantitative measurements that were less subjective, devices were created that measured
surfaces through two primary means that mimicked those previously mentioned; either
optically or via a stylus. These emerged to keep up with the demands of industry

especially in the mass production of optical and machined components [36].

The stylus method was developed soonest and essentially involved the tracing of a stylus
across a surface while recording the stylus” movement. In the early twentieth century,
two individuals created profilometers that were designed very similarly. The designs
included a pivoting arm to which a stylus was attached. On the top of the cantilever,
opposite the stylus, was a small mirror. As the stage that carried the sample moved,
cantilever with the stylus would, as well, based on the surface features of the sample.
This, in effect, caused the mirror to translate. An optical system focused a beam of light

on the mirror which would then reflect the light onto photographic paper so that the
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movement of the stylus could be recorded. This was the basic design of Gustav Schmalz
and was the first commercial profilometer. Dr. P. Tomlinson’s was similar, but varied in
that it was purely mechanical and it recorded the translated motion of the tip onto smoked
glass. There were several issues that arose from this method, as could be expected with
the first iteration of any development. Improvements to this technique were developed
through the years by various people. These modifications included the oscillation of the

tip in order to prevent its bending due to collisions with large surface features [36-39].

Other stylus profilometers are caliper-like in that there are two arms. One arm touches a
reference surface and the other touches the sample surface. For some of these
instruments, the reference surface is the same as the sample surface with one arm that has
a blunt stylus that acts as a mechanical filter and the other arm a sharp stylus that
measures the surface features. The stylus for these instruments is generally a sharp,
diamond-tipped stylus such that the tip is unlikely to get damaged or deformed.
Unfortunately, one disadvantage to these profilometers is that because of the sharp stylus,
it is prone to leaving tracks in the surface of the sample, especially those of soft materials.
Another disadvantage is that the speed of measurement is limited by the speed of the
stylus across the surface of the sample, which is restrictive so that the stylus does not skip

over any surface features [37, 40].

Figure 10: Various stylus types [38]
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To overcome some of the issues with contact based profilometry, some non-contact
instruments were developed. One such instrument was based off of the scanning probe
microscope, which functions based on the field emission current generated between the
sharp tip of an electrically conductive probe and an electrically conductive surface based
upon their relative separation. This was in conjunction with a control and feedback loop
to control the position of the probe. Following advancements with the scanning tunneling
microscope (STM) emerged another system for profilometry called the atomic force
microscope (AFM). This technique can measure the surface properties of both conductive
and non-conductive with extremely high resolution by scanning an “ultra-small probe

tip” across the surface and measuring the forces exerted on the tip [38].

The modern AFM is capable of three primary mode variants: contact mode, non-contact
mode and tapping mode. Put simplistically, the AFM operates somewhat similarly to
Schamlz’s profiler using a cantilever, a sharp tip and a relative motion between the
sample and tip. The AFM uses a laser beam and diodes to detect the motion of the
cantilever/tip. The attractive and repulsive forces are used to govern the motion of the tip.
In contact mode, this is the primary signal of measurement, but for the tapping and non-
contact modes, the forces are used in the feedback loop to control the tip’s proximity to
the surface of the sample. AFM’s are generally small and can easily be placed on a
desktop, but they can also range in sizes large enough to measure large silcon wafers.
Most AFM’s can only measure an area of about 100 square micrometers. Variants of the
AFM allow for other properties to be measured, such as capillary effects, surface

chemistry, surface charge, magnetic forces and more [39].

49



Optical profilometers also measure a sample’s surface without contact and can do so
rapidly. For this project, a confocal laser scanning microscope (CLSM) was also used to
capture images of the indents on the surfaces and to measure the topography of the
surfaces in regards to surface roughness. The CLSM focuses a laser beam onto an area of
interest on a specimen. A spatial filter, typically consisting of a set of variably-sized
pinholes oriented spirographically about an axis on a plate, filters any scattered light from
above and below the focal plane of interest. The specimen is scanned vertically in a
controlled manner and the maximum intensities for each height are compiled
‘tomographic-like’ to construct a three-dimensional representation of the specimen
surface. Depending upon the capabilities of the microscope, the sample could also be
scanned in the x and y directions and stitched together. The information collected about
the topography can then be used to calculate surface roughness parameters that
characterize the size of the samples that was imaged. Various improvements and
configurations exist depending upon the commercial unit. These typically involve ways
to reduce noise in the measurement such as by optimizing mirror reflectivity and placing
the laser more distant from sources of vibration and transmitting the laser beam by fiber
optic. This method is fairly advantageous due to the speed in which surface
measurements can be acquired in comparison to other profilometry methods and due to

the fact that it is non-destructive [41-43].

2.6.1 Roughness Measurements

Particular aspects of a surface’s topography are important depending upon the

application. Therefore, a series of standard roughness values were devised to summarize
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and standardize the topographical information of a sample’s surface. The arithmetic
roughness value, or R, is by far the most commonly used and is an arithmetic average of
the deviations in height about a center line within a certain evaluation length, see
Equation ( 27 ). One issue is that surfaces can have considerably different topography, yet
have the same R, value. Despite this, it can be useful to obtain a rough order of

magnitude of the roughness and can be combined with other roughness parameters [44].

1 r
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Figure 11: Ra - arthimetical mean roughness according to 1ISO 4287

The R, value examines the deviations in the roughness over a the evaluation length, or in

essence an indication of the variation in R,,.

1 Ir
R, = E-fo |Z2(x)| dx (28)

Another common parameter is the R, parameter that averages the height difference
between the lowest and highest points within an evaluation length. Two variants currently

exist: R,p;y and R ;5. The R,p;y parameter takes an average of the highest and lowest
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points for each sampling length. This is a Deutsches Instiut fiir Normung (DIN) and an
American Society of Mechanical Engineers (ASME) standard. The R,;;s value is a
Japanese Industrial Standard (JIN) and uses the 5 highest and lowest over the evaluation
length. Many other parameters exist to characterize the other aspects of the roughness,
such as peak counts, profile depths, etc., but these are the most frequently used. Often
times these will be combined with an R, parameter to compare the likelihood of wear

over its expected life based on roughness.

%]

2

R, ==Y, (29)

i=1
Where s is the number of sampling lengths and Y; represents the difference in height

between the maximum and minimum points each sampling length [45].
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Figure 12: Representation of averaged depth of roughness parameter (Rz) definition according to DIN 4768 [45]
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Chapter 3: Experimental Techniques

Samples were created from a selection of metal soap bars that were purchased from a
proprietary vendor. Initially, the composition ratio of stearate to palmitate was unknown
for each bar purchased. They were claimed to have differing ratios of palmitate and
stearate as suggested by the usage rate curves demonstrating distinct rate differences
under the same conditions. Additionally, a powder of nearly pure zinc stearate was
purchased from a separate vendor to create a reference sample for use as a comparison.
The samples were created from the purchased soaps in order to perform several tests
including, liquid chromatography (LC), surface roughness, x-ray diffraction (XRD), and

nanoindentation.

One of the primary objectives of this investigation is to examine the effect of the stearate
to palmitate ratios on the mechanical properties of the selected zinc soaps through
nanoindentation. In order to do so, each sample needed to be a solid of a reasonable size,
each prepared in a similar fashion, have a top and bottom surface that are nominally
parallel to one another, and have a surface roughness that would minimally influence the
results. The first set of samples met the first three requirements in that they were of a
reasonable size, both for handling with respect to the indentation depths and quantities,
and in that they had fairly parallel surfaces from being injection molded in an
approximately cuboid mold with low dimensional variation and controlled cooling times.
However, the surface roughness was on the same order of magnitude as the indentation
depths that were used, the exact process being unknown, and there was a significant

amount of variation between indents of the same condition.
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As a result, various samples were created in an attempt to meet these conditions, e.g. by
melting the materials to form a puck and use surface tension for a level surface and by
placing a clean glass side above the liquid (or soon to be liquid surface). These attempts
were observed to have failed, likely as result of the samples’ crystallization and due to the

contraction of the samples as they cooled.

The samples that were utilized were formed by melting the material in a segment of a
tube placed on a small tray. An aluminum tube was cut to an arbitrary length of
approximately 30mm, which was chosen based on the fitment in the Hysitron
Tribolndenter and for its ability to hold enough metal soap that would subsequently be
able to melt and form adequately sized “pucks.” The tube had an inner diameter of 21mm
and an outer diameter of 23.4mm. After being cut to size, each tube was sanded on
opposing sides and deburred in an effort to make the ends reasonably smooth and parallel
to one another. The tubes were subsequently cleaned and wiped with isopropyl alcohol
(IPA) along with a segment of a glass slide and a small aluminum tray measuring

44.3mm in diameter and with a height of 13mm.

The glass slide was placed on the base of the aluminum container and the tube was then
placed atop the slide. In a few instances, the edges of the tray were folded inward to
prevent the tube from sliding around and off of the glass slide; this had been seen to
happen as the zinc soap permeated between the tube and slide. The tubes were filled to
the greatest extent possible with fragments of one mixture of zinc soap. The amount of
mass added to the tubes was somewhat arbitrary. As previously mentioned, the quantity
was primarily chosen so that the resulting pucks were of a size that could be easily

handled and would be less likely to fracture. Due to the brittle nature of the soap, thin
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samples were very prone to cracking during the cooling process and from handling. The
thicker samples cracked as well but remained somewhat intact, which allowed them to be
handled better and provide a large enough surface area on which the indentation could be
performed. Additionally, during the melting process, the metal soap had a tendency to
permeate between the glass slide and tube causing a loss of mass from inside the tube.
Thus, a sufficient amount of material was needed such that the resulting mass within the

tube was “adequate.”

To perform the melt, the samples were placed on the metallic base of a conventional
oven. The oven’s temperature was adjusted to 128 °C by ramping to the temperature in
the course of about an hour. The temperature was not observed to have exceeded 131 °C
and pressure was recorded to be between 28.8 and 29 inHg. The temperature was
maintained for an hour after it was observed that the samples had melted. The samples
were then carefully cooled and allowed to partially solidify on a metal shelf prior to being
moved to a lab countertop, likely made of epoxy resin, where it completed equilibrating

to ambient temperature.

One sample was made from a purchased pulverized metal soap and required more time to
melt, likely due to its powder form and the reduced heat transfer. This sample also did not
have an ideal surface texture upon solidification and was, therefore, re-melted. This
method of melting and cooling was successful in creating a smooth and reflective surface
on the side of each sample that melted onto the glass slide, to which will be referred to as
the “top” of the tube and sample. The opposite side of these samples was then adhered to
the tube using either a two-part epoxy resin or cyanoacrylate so that the metal soap

remained in position. Shortly after applying the adhesive, the sample was flipped over so
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that the adhesive did not leach down and coat the sample surface. The samples were then
prepared for the nanoindentation by adhering three steel discs to the “base” of the tube
with epoxy-resin, so that the sample would better remain in position on the magnetic

stage as the stage traversed.

A test matrix of nanoindentations was performed on each sample that incorporated a
prescribed loading time, holding time, maximum force and unloading rate. The maximum
forces ranged from 1000uN to 5500uN and the holding time was varied between 20
seconds and 400 seconds. The remaining parameters were held constant. Each test
condition was repeated 12 times on the same sample for a total of 240 quasi-static

nanoindentations per sample. This test matrix can be seen in Table 1 below.

The nanoindentation was performed using the Berkovich indenter tip, (Hysitron TI-
0039), which has a tip radius of ~100nm when new. A calibration was performed by
indenting a polycarbonate reference sample to establish an area function for the tip’s

projected area.

From these samples, the actual stearate to palmitate ratio for each was determined
through a liquid chromatography (LC) test to verify that the compositions of each sample
were indeed different. The surface roughness of each sample was determined using
CLSM to examine several spot sizes in the vicinity of the nanoindentations and to

confirm approximate contact depth.

The samples that were created for the nanoindentations were slightly recessed below the
edge of the aluminum tube. A separate set of samples were similarly created by preparing

the samples in an aluminum tray, excluding the glass slide and aluminum tube. An XRD
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test was performed on this second set of samples in an effort to avoid any difficulties
capturing low angle X-rays that might have been impeded from the lip of the aluminum
tube. The XRD data was collected to compare the crystallinity of the samples with

respect to each other, the original bars and with data from literature.

Table 1: Test matrix for the nanoindentation of each zinc soap

Cell Loading Time Max Load Holding Time Unloading Rate
Number (s) (UN) (s) (LN/s)
1 5 1000 20 200
2 5 1000 60 200
3 5 1000 100 200
4 5 1000 200 200
5 5 1000 400 200
6 5 2500 20 200
7 5 2500 60 200
8 5 2500 100 200
9 5 2500 200 200
10 5 2500 400 200
11 5 4000 20 200
12 5 4000 60 200
13 5 4000 100 200
14 5 4000 200 200
15 5 4000 400 200
16 5 5500 20 200
17 5 5500 60 200
18 5 5500 100 200
19 5 5500 200 200
20 5 5500 400 200
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Chapter 4: Results and Conclusions

4.1 Results and Discussion

4.1.1 Liquid Chromatography Results

The ratio of zinc stearate to zinc palmitate in each sample was determined by a liquid
chromatography (LC) test, which confirmed that the samples each, indeed, did have a
distinct zinc stearate to zinc palmitate ratio, as suggested by the vendor. Table 2 below
shows the resulting ratios that were found from the re-melted samples created for the

tests.

Table 2: Zinc Stearate to Zinc Palmitate Ratios for Re-melted Samples

Stearate to Palmitate

53 : 47
56 : 44
76 : 27
95 : 5

The sample in the last row with 95% zinc stearate was purchased from a different vendor
than the rest and is the sample that was purchased as a powder and the closest to being

nearly 100% of either type of zinc soap.
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4.1.2 Nanoindentation Impressions

The residual impressions of the nanoindenter shown in Figure 13 and Figure 14 were
imaged using an optical confocal microscope using differential interference contrast with
circularly polarized light. The appearance of the surfaces differed from sample to sample
in regards to the grain boundary definition and some of the surface defects present.
However, in regards to the indentations, their features were similar between samples in
that the low force indentations created a well defined plastic region and that the high
force indentations did not seem to have a large amount of pile-up nor visible cracking at

the corners. The two images below are of indentations on the 56% stearate sample.

Figure 13: C-Laser DIC image of low force indents on the 56% stearate sample.
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Figure 14: C-Laser DIC image of high force indents on the 56% stearate sample.

4.1.3 Force-Displacement Curves
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Figure 15: Force-displacement curves for the 95% zinc stearate sample at various holding times: (a) 20s, (b) 40s, (c)
100s, (d) 200s, (e) 400s
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The resulting loading-unloading curves from the nanoindentation of the 95% zinc stearate
(and 5% zinc palmitate) sample are shown in Figure 15 (a)-(e). It can be seen that the
loading curves for a given holding time overlap one another. Since this portion of the
curve represents the elasto-plastic deformation that occurs within the sample, the
consistency that is indicated by the overlap of this portion of the curve suggests that the
energy required to deform the sample was fairly constant between indents of the same
holding time, but different maximum force. Additionally, the loading and unloading
curves are smooth and continuous and do not appear to have any discontinuities. The
force-displacement curves of the other samples appear very similar to Figure 15 in this
regard and, although not shown here, the majority of the force-displacement curves of a
single condition on a single sample overlapped each other also suggesting that the
material surface and subsurface for each sample was homogeneous for the indentations

under consideration.

4.1.4 Hardness and Combined Modulus

The values of the reduced modulus and the hardness for each indentation were calculated
using the TriboScan software program by Hysitron in conjunction with the area function

of the tip. The area function of the Berkovich tip was found to be

A = 42.488h2 + 13552h, + 0.1172hY% + 0.049187hY* + 0.049187h2/®
(30)

+0.45051h%/"° + 2.2261hn/%
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after calibrating it against a reference sample of polycarbonate. Ideally, the value of the
first coefficient should be near that of an ideal indenter, which for a Berkovich tip is 24.5.
As mentioned, no indenter is perfect and therefore it is recommended that this constant be
within £ 5 with as few subsequent terms as possible. Comparatively, the area function
presented in Equation ( 30 ) deviates from this significantly in that the coefficient exceeds
the recommended bounds and the polynomial exhibits a high degree of freedom.
Considering that a Berkovich tip is a common indenter tip and that this particular one has
been utilized for a while, it is logical this large coefficient would be reflective of this. As
long as the area function accurately represents the actual projected area of the tip, the
results should not be impacted greatly. Additionally, indentations that are more shallow,
on the order of 50-100nm, are more susceptible to being influenced by an irregular tip
[34]. Since the indentations performed were in the range of 600-1700nm, a fully
developed plastic region was able to be developed, leaving the potential blunting of the

tip of minimal concern.

If the tip was damaged, this would likely result in the area function poorly representing
the actual area of the indenter tip, though the deeper indentations from the test may be
less affected. An investigation of the tip condition will be pursued to see in what way it
deviates from an ideal tip. If the tip is chipped or damaged in some sort of manner, the
damage likely occurred prior to the testing because a calibration was performed prior to
the testing of each sample and the coefficients marginally varied. Thus, even if the

magnitudes are skewed as a result of tip damage, since the tip condition remained
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constant for all the samples, the trends that were observed should be representative of the

actual trends that exist inter-sample and intra-sample.

Beginning with the 95% zinc stearate sample, the mechanical property data was
subsequently compiled and a statistical analysis was performed to determine whether
there was a statistically significant influence of the holding time and maximum applied
load on the modulus. Using a 95% confidence interval, it appears that both the holding
time and the maximum load have a statistically significant impact on the modulus. The
R? value for the initial model, however, was fairly low, approximately 64%. A Box-Cox
plot was then created in an attempt to find a better model to fit the data. Despite a
transformation of the data, the residual remained low. Looking at the residual plot, one
point distinctly had a larger residual, which was the average modulus at 2000uN and
100s holding time. Upon the exclusion of this point, the R? value increased to about 88%
indicating a better fit of the data. Additionally, the maximum load seemed to have the
greater impact than that of the holding time. An example of this relationship can be seen
in Figure 16 which shows the trend of the modulus with respect to the maximum load at
each holding time. Although the trend regarding the increase in the reduced modulus with
respect to holding time is a bit more difficult to discern than that of maximum load, it can

be seen that, in general, the modulus does increase with an increase in holding time.
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Figure 16: Variation of the reduced moduli with respect to maximum load and different holding times for indentations
on a 95% zinc stearate sample. The error bars in the plot signify one standard deviation in either direction.

Using a statistical contour plot, such as the one shown in Figure 17, the influence of the
maximum load and holding time on the reduced modulus can be seen more clearly. The
contour plot demonstrates that the greatest reduced modulus is achieved when both the

applied maximum load and holding time are maximized for the tested range.
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Figure 17: Statistical contour plot showing the relationship between the maximum applied load and the holding time
on the reduced modulus for the 95% zinc stearate sample.

A similar trend is seen in regards to the hardness of the 95% zinc stearate sample. A
statistical analysis shows that both the maximum applied load and holding time of the
indentations have a noteworthy effect on the hardness of the sample with an R? value of
approximately 89%. In this case, an increase in the maximum applied load also results in
a higher hardness. However, the inverse relationship exists between the hardness and the
holding time in that as the holding time increases, the hardness decreases. These

relationships can be seen in the plot in Figure 18.
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Figure 18: Variation of the hardness with respect to maximum load and different holding times for indentations on the
95% zinc stearate sample. The error bars in the plot signify one standard deviation in either direction.
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Figure 19: Statistical contour plot showing the relationship between the maximum applied load and the holding time
on the hardness for the 95% zinc stearate sample.
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Additionally, the contact depth is also strongly connected to the applied maximum force
and the holding time. As can be seen in Figure 20 and Figure 21, as the maximum applied
force and the duration of the holding time increase, the contact depth also increases. As

the contour plot demonstrates, the influence from the maximum force is the greatest

factor.
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Figure 20: Variation of the contact depth with respect to maximum load and different holding times for indentations on
the 95% zinc stearate sample. The error bars in the plot signify one standard deviation in either direction.
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Figure 21: Statistical contour plot showing the relationship between the maximum applied load and the holding time
on the contact depth for the 95% zinc stearate sample.

During the holding period of the indentations on this sample, the contact depth was
plotted with respect to the time with both axes zeroed to the beginning of the holding
time. It was seen that the contact depth increased as a function of the holding time during
this period, which indicates that creep occurred. Unfortunately, due to time constraints,
the time constants for the creep were not calculated making it difficult to discern whether
or not a trend exists between magnitudes of the maximum load and holding time on creep
in the sample. There does not seem to be any clear visual cues that either the change in
holding time or maximum load result in higher or lower creep rate. The supporting

figures can be seen in the appendix.
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In regards to the other three samples, they also behaved similarly to the 95% zinc stearate

sample. In regards to contact depth, all of the samples had the greatest contact depth at

the greatest maximum load and at the largest holding time. The maximum applied force

was also the largest influence, which can be seen from the contour plots in that the bands

of contact depth seem to stretch out with a minimal slope for each maximum load.
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Figure 22: Statistical contour plot showing the
relationship between the maximum applied load and the
holding time on the contact depth for the 95% zinc
stearate sample.
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Figure 24: Statistical contour plot showing the
relationship between the maximum applied load and the
holding time on the contact depth for the 56% zinc
stearate sample.
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Figure 23: Statistical contour plot showing the
relationship between the maximum applied load and the
holding time on the contact depth for the 73% zinc
stearate sample.
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Figure 25: Statistical contour plot showing the
relationship between the maximum applied load and the
holding time on the contact depth for the 53% zinc
stearate sample.
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Likewise, the reduced modulus for all of the samples shows a general trend in which the
greatest modulus is observed at the maximum applied load and holding time and the
minimum is found at the other extremum. The two middle compositions, the 73% and
56% zinc stearate samples, behaved slightly differently from the other two. These two
samples exhibited less of a change in modulus as the two parameters were varied and had
more of a “flat modulus” range. This was especially the case for the 56% zinc stearate

sample, which had the least modulus change of them all.
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Figure 26: Statistical contour plot showing the Figure 27: Statistical contour plot showing the
relationship between the maximum applied load and the relationship between the maximum applied load and the
holding time on the reduced modulus for the 95% zinc holding time on the reduced modulus for the 73% zinc
stearate sample. stearate sample.
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Figure 28: Statistical contour plot showing the

relationship between the maximum applied load and the

holding time on the reduced modulus for the 56% zinc
stearate sample.

Modulus
(GPa)

] <12

W2 - 13

W 13- 14

14 - 15

4000 15- 16

16 - 17

17 - 18

18- 19

W19 - 20

3000 ] > 20

5000

Max Force (uN)

2000

A
1000‘

50 100 150 200 250 300 350 400
Holding Time (s)

Figure 29: Statistical contour plot showing the
relationship between the maximum applied load and the
holding time on the reduced modulus for the 53% zinc
stearate sample.

The trend observed regarding the influence of the parameters on hardness was also

observed for the remaining samples. As before, the hardness consistently increased with

the maximum applied and decreased as the holding period increased, leaving the

maximum hardness values at the highest maximum applied force and the lowest holding

time. Additionally, the range of hardness values under these conditions was fairly

consistent across samples.
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Figure 30: Statistical contour plot showing the
relationship between the maximum applied load and the
holding time on the hardness for the 95% zinc stearate
sample.
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Figure 32: Statistical contour plot showing the
relationship between the maximum applied load and the
holding time on the hardness for the 56% zinc stearate
sample.
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Figure 31: Statistical contour plot showing the
relationship between the maximum applied load and the
holding time on the hardness for the 73% zinc stearate
sample.
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Figure 33: Statistical contour plot showing the
relationship between the maximum applied load and the
holding time on the hardness for the 53% zinc stearate
sample.

In regards to the relationship between samples, it does appear that the composition has a

statistically significant influence on the modulus and hardness as can be seen from the

following plots. In all of the charts below, there appears to be a quadratic relationship

between the composition and dependent variables of interest.
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The creep plots displaying the change in contact depth with respect to time for the
remaining samples are not shown here, but the same observation made for the 95% zinc
stearate sample applies to the rest. In summary, a distinct trend was not readily
discernible from the contact depth versus time plots, however, the data could be used to
determine the time constant for each creep plot so that the time constants could be

compared and trends could be more easily observed.
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4.1.5 X-Ray Diffraction
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Figure 40: Normalized XRD of all prepared samples

As shown in Figure 40, the XRD of the samples showed that each exhibited peaks that
were comparable to one another as discussed by Robinet et al, especially in the indicated
ranges of 3 to 10° and 20 to 30° 20. No clear distinctions were seen in the 20 to 30° 26
range and the peaks were of low intensity and the peak width of that region was fairly
broadened. Slight shifts were seen between most of the curves in the first cluster of
peaks, namely between the compositions that varied the most. If we examine a closer
view of the region, as shown in Figure 41, it becomes visible that the peaks of the 53%

and 56% zinc stearate samples have peaks that align most closely. Conversely, the other
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two compositions of zinc soap have peaks that are shifted slightly to the right with

respect to this pair.
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Figure 41: Zoomed in area of Figure 40

A comparison of the XRD of a couple of samples was made with respect to results from
the same material in bar form. The figures showing the comparison of the 56% zinc
stearate sample and the 73% zinc stearate sample are shown below. As can be seen in
both plots, the peaks for the same material align well despite their processing difference.
The peaks for the bar also are more well-defined and have a greater intensity and more

peaks are seen for the XRD of the bar than are seen in the XRD of the sample.
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Figure 42: Comparison of the XRD of the as-received bar and the melted samples of 95% zinc stearate
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Figure 43: Comparison of the XRD of the as-received bar and the melted samples of 73% zinc stearate
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4.2 Conclusions

The uniformity of the loading and unloading curves, as exemplified by Figure 15, for
each sample indicates that the surface and sub-surface structure are fairly homogeneous
in the region tested. The elasto-plastic, or loading, region of each curve aligned very well
with indents in other locations and under different loading conditions indicating that the
elastic and plastic behavior of the material was very consistent along with the energy
required to deform it. The smoothness and lack of discontinuities in these curves allude
that defects, fracturing, and pressure-induced phase changes were not present in the depth
range tested, which would otherwise be present in the curve as “pop-ins,” “pop-outs,”

“shoulders,” or sudden horizontal lines in the loading or unloading regions [46, 47].

The general trend of an increasing modulus with increasing holding time for all of the
samples suggests that the strain is an influencing factor. As can be seen in Figure 26
through Figure 29, the contact depth increases as a result of both maximum force and
holding time. The application of a load on the material, especially in a very localized
region, imparts a localized stress which induces plastic strain of the material. This
effectively also densifies the material, which is reasonably susceptible to densification as
a result of the formation process and nature of the crystal structure. Upon examining
microscope images of the nanoindentations, it appears that the majority of the
indentations fell within a single grain and that the grains were generally large enough to
accommodate them. Densification is therefore thought to occur within the crystal
structure itself. As a result of this densification, the stiffness of the region also increases,

which increases the reduced modulus. However, as mentioned before, the there was no
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indication of a pressure-induced phase change as a result of the indentations since there
were not any discontinuities visible on the force-displacement curves. This, to some
degree supports the claim that the surface tested was not amorphous, since it is plausible
that the pressure induced could change a region from amorphous to crystalline. This
evidence is not sufficient in itself, since if it is amorphous this would only signify that a
pressure induced phase change did not occur. More evidence leading to this claim is

presented throughout this section.

This densification hypothesis supports the trend of increasing hardness as a result of
increasing maximum load in that the densification also likely results in strain hardening
of the material. Since the true hardness is a measure of the resistance to plastic
deformation and strain hardening creates resistance to further plastic deformation, it is
logical that this would increase the hardness as the maximum load is increased. The
decrease in the measured value of hardness, however, as a function of holding time is
likely to be a result of creep. As could be seen from the contact depth versus time plots,
the contact depth increased as the holding time increased, signifying the occurrence of
creep. Since the measure of hardness is calculated using the projected contact area at the
maximum load, the value is affected since creep increases the contact area at this load.
Assuming that strain hardening is the driving mechanism, this would not occur if the
samples were amorphous, which, again, indirectly supports the claim of poly-

crystallinity.

As mentioned before, there appears to be a nonlinear relationship of the zinc stearate to
zinc palmitate ratio in relation to the measured values. Although based on the collected

data, this trend appears to be statistically significant, it is important to keep in mind that
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only four compositions are reported here. Although a conclusion cannot be confidently
drawn here, it is interesting to note that the sample nearest to 50% zinc stearate and the
samples nearest to pure zinc stearate behaved differently than that other two
compositions. This behavior might be in accordance with the crystal structure as
discussed by Sawada and Konaka, but a deep investigation would be necessary to
confirm this hypothesis. The paper from Sawada and Konaka claims that the
compositions that are nearer to 50% zinc stearate and 100% zinc stearate have a tendency
to lack voids in their crystal structure whereas the compositions in between 50% and
100% are more likely to inherently contain voids within the crystal structure due to the
uneven balance between the two different metal salts as can be seen in Figure 2 [17]. This
leaves the potential for voids to be created by the aligning of the shorter chains, or the
palmitate chains, and stearate to palmitate chains since the long spacing is likely driven
by the longest coupling of the stearate to stearate chain since it has the greater
composition compared to the palmitate. It is possible that the increased probability of
voids in the “intermediate” compositions, those between purity and 50%, lower the

overall modulus of the soap, which would be consistent with the results.

As could be observed from Figure 34 through Figure 39, the quadratic relationship is
seen for nearly every parameter. If indeed it is possible to observe the more “nano”
effects of the crystal structure over the microstructure of the material, it could also be
thought that the voids decrease the crystals resistance to plastic deformation and,
therefore, would have a lower hardness than the structures with fewer or no voids. This
relationship might be able to be seen in the plots of the creep behavior, but again it is

difficult to confidently justify this statement without finding the creep time constants.
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However, this relationship could be inferred from Figure 39 of the contact depth versus
holding time and composition plot since the largest contact depth would be achieved at

the end of the holding period.

Upon examining the XRD patterns, the first thing to note is that there are seven well
defined peaks below the 20° 26 range, which is in accordance with the study by Robinet
and Corbeil [9, 10]. In the 20° to 30° 20 range, the peak definition is greatly lacking for

the samples, but is more distinguished for the bars.

The XRD patterns of the original bars were than compared those to the melted samples,
which showed that the peaks of the melted samples aligned very well with those of the
manufactured bar of the same composition despite the processing difference. This
indicates that the degree of internal stress was the same in both cases despite one being
created under the pressure of injection molding and the under in ambient pressure.
Additionally, as can be seen in Figure 42 and Figure 43, the width of each comparable
peak for both the prepared sample and the bar spanned the same 26 range, but the
intensity and definition of their peaks differed. The samples had shorter and less defined
peaks than the bars did, and using Scherrer’s equation it can be found that the bars have a
smaller full width at half maximum than the bars, indicating a smaller crystal size. This
was expected as a result of the way the melted samples were cooled. Since the edges of
the melted samples cooled fairly rapidly, the surface likely consists of several smaller
crystals. The surface of each samples also has a distinct difference in appearance when
compared to its center and is clearly seen through the cross-section near the surface. The
surface appears somewhat translucent on the surface and, when looking at the cross-

section, it gradually transitions to a much more opaque appearance in the center. The fact
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that there are peaks that align with the bars and XRD patterns from literature, affirms that
there is some degree of crystallinity indicating that the samples could not be completely
amorphous, if amorphous at all. The other noticeable distinction between the
manufactured bars and the melted samples was the appearance of additional peaks and
sharper peaks from manufactured bar in comparison to the melted samples in the 20° to
30° 20 range. Additionally, as mentioned before, there does appear to be observable grain

boundaries evident on the surface, again supporting its crystalline nature.

When comparing the prepared samples against each other, it can be seen that the peaks
shift slightly with respect to each composition. This is also in accordance with literature
which indicates that the group of peaks below 20° 20 range are representative of the long
spacing of the of the crystal [9, 10, 12, 13, 16, 17]. The long spacing of the crystal
corresponds to the separation of the planes of zincs, which is directly related to the length
of the fatty acid chains. As indicated by the paper by Sawada and Konaka, the long
spacing also changes with the varied ratio of stearate and palmitate, as described before
and shown in Figure 2 [17]. The shifts in the peaks agree with these claims with the near
purity sample having peaks with the lowest 20 value and the 53% zinc stearate sample
with the largest 26 value, though the 53% and 56% stearate peaks overlap fairly closely.
This implies that the 95% zinc stearate sample should have the largest long-spacing and
the 53% zinc stearate sample should have the shortest. The d-spacings are listed in Table
3 and shows that the they decrease with decreasing percent zinc stearate, in accordance to
the claim by Sawada and Konaka [17]. This is fairly remarkable considering that the

stearate and palmitate only differ by two methylene groups.
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Table 3: Long spacing of samples using the peak near 6° 26 as suggested by literature

Percent ZnSt  d-spacing (Ang)

95 43.9
73 42.9
56 41.9
53 41.5
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Chapter 5: Future Work

As demonstrated by the x-ray diffraction results and other corroborating evidence, the
bars and the samples that were created are both likely crystalline which supports that
metal soap is likely lamellar, since a lamellar solid would have a crystalline structure.
Although more evidence would need to be gathered to ultimately prove this, the evidence
that has been gathered thus far aligns with the claims made by literature [9, 10, 12, 13,
16, 17]. To further demonstrate its lamellar nature, it is recommended that future work be
done to acquire data corresponding to its behavior under shear. As mentioned in the
lubricant section, the particles that would be deposited on the PC drum would be need to
self-align in a preferred orientation allowing for shear to occur on the least resistive
planes, and would likely do so. Observing the behavior of these samples and/or those of
the manufactured bars would hopefully display that relatively low values of shear stresses
are required to shear the materials against themselves indicating their benefit as a solid-
lubricant. It would also be of interest to measure the shear stress as a function of load to

see if there is any variation.

Additionally, the seemingly high reduced modulus that these samples exhibit is likely
beneficial to the ultimate goal of using this as a protective medium to the PC drum. As
mentioned before, lamellar solids tend to require more force to cleave the soap
perpendicular to their lamellae. With the fracture toughness related to the ratio of the
elastic modulus and the hardness, it is possible that these soaps have a high fracture

toughness and are able to protect the drum surface by preventing penetration of the film
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layer. The use of the nanoindenter to determine the fracture toughness of these metal

soaps would help in corroborating this claim.

A greater examination of the creep and compliance information would likely be
beneficial as often the printers exhibit stagnation periods. Performing the creep tests in a
variety of different temperatures and humidities would also contribute to this. These
would all tie back to being able to utilize this information in a representative model of an
interface of this system, namely the applicator or cleaning blade interfaces. Furthermore,
these tests could also be performed on samples or films that have been placed in an
alternating current electric field to observe the effects this would have on the mechanical

properties of the film.

A compression test of the bar or representative sample would also assist in correlating
between the behavior of the bulk material and the results from the nanoindentation.
Although, since the particles deposited are on the order of the indentation, the
nanoindentation results are likely to be more closely representative of what occurs at the

interfaces of interest.

Although this has not been thoroughly investigated, the bars have been seen to exhibit
some notable internal porosity. This has been casually observed by the collection of toner
particles in what appears to be micro-voids in the bar and on the surface microtome
samples of the bars. This is speculated to be a result of the injection molding process,
although this could be a result of “loose” fragments falling out of place to create cavities
during use or handling. This could be investigated through the comparison of the density
of re-solidified samples and the bars. This would also likely cause a distinct difference in

the compression test of the bulk material with respect to the nanoindentation of the soap.
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It would also be of great benefit to the creation of a model if the poisson ratio of the
material were found. This would allow for values, such as the elastic modulus to be

calculated from the data collected through nanoindentation.
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Appendix Il: Statistical Data
Response Surface Regression: Contact Depth versus Holding Time, Max Force for 95% Stearate
Model Summary

S R-sq R-sq(adj)  R-sqg(pred)
27.564 99.55% 99.39% 99.27%

Coded Coefficients

Term Effect Coef SE Coef T-Value P-Value
Constant 1295.4 14.1 91.83 0
Holding Time 120.27 60.14 8.67 6.93 0
Max Force 904.28 452.14 8.9 50.81 0
Holding Time*Holding Time -47.6 -23.8 16 -1.48 0.16
Max Force*Max Force -273.9 -137 13.9 -9.88 0
Holding Time*Max Force 5 2.5 11.6 0.22 0.831
Regression Equation in Uncoded Units
Contact Depth = 265.0 + 0.574 Holding Time + 0.3756 Max Force
- 0.000660 Holding Time*Holding Time - 0.000027 Max Force*Max Force
+ 0.000006 Holding Time*Max Force
Fits and Diagnostics for Unusual Observations
Contact

Obs Depth Fit Resid Std Resid
3 614.5 665 -50.4 -2.09 R
Response Surface Regression: Modulus versus Holding Time, Max Force for 95% Stearate
Model Summary
S R-sq R-sq(adj) R-sg(pred)
0.182924 64.43% 51.72% 31.73%
Coded Coefficients
Term Effect Coef SE Coef T-Value P-Value
Constant 1.6889 0.0936 18.04 0
Holding Time 0.2572 0.1286 0.0576 2.23 0.042
Max Force 0.4732 0.2366 0.0591 4.01 0.001
Holding Time*Holding Time -0.148 -0.074 0.106 -0.69 0.499
Max Force*Max Force 0.2767 0.1384 0.092 1.5 0.155
Holding Time*Max Force 0.0332 0.0166 0.0767 0.22 0.832
Regression Equation in Uncoded Units
Modulus = 1.430 + 0.00141 Holding Time - 0.000081 Max Force

- 0.000002 Holding Time*Holding Time + 0.000000 Max Force*Max Force

+0.000000 Holding Time*Max Force
Fits and Diagnostics for Unusual Observations

Std

Obs Modulus Fit Resid Resid
3 2 1.501 0.499 3.11 R

95

VIF

1.01
1.16
1.01

1.16

VIF

1.01
1.16
1.01

1.16



Response Surface Regression: Hardness versus Holding Time, Max Force for 95% Stearate
Model Summary

S R-sq R-sq(adj) R-sq(pred)

1.5889 89.32% 85.51% 81.08%

Coded Coefficients

Term Effect Coef SE Coef T-Value P-Value VIF
Constant 36.441 0.813 44.81 0

Holding Time -7.312 -3.656 0.5 -7.31 0 1.01
Max Force 7.837 3.919 0.513 7.64 0 1.16
Holding Time*Holding Time 3.095 1.547 0.925 1.67 0.117 1.01
Max Force®*Max Force 2.228 1.114 0.799 1.39 0.185 1
Holding Time*Max Force 1.757 0.878 0.667 1.32 0.209 1.16

Regression Equation in Uncoded Units
Hardness = 40.44 - 0.0439 Holding Time - 0.00012 Max Force

+ 0.000043 Holding Time*Holding Time + 0.000000 Max Force*Max Force
+0.000002 Holding Time*Max Force

Fits and Diagnostics for Unusual Observations

Std
Obs Hardness Fit Resid Resid
3 41 36.78 4.22 3.03
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Response Surface Regression: Modulus versus Holding Time, Max Force for 95% Stearate Excluding Outlier
Model Summary

S R-sq R-sq(adj) R-sq(pred)

0.105189 88.14% 83.58% 74.23%

Coded Coefficients

Term Effect Coef SE Coef T-Value P-Value VIF
Constant 1.6702 0.0539 30.96 0

Holding Time 0.2883 0.1442 0.0332 4.34 0.001 1.01
Max Force 0.5712 0.2856 0.0351 8.13 0 1.12
Holding

Time*Holding

Time -0.0423 -0.0211 0.062 -0.34 0.739 1.01
Max Force*Max

Force 0.1304 0.0652 0.0546 1.19 0.254 1.01
Holding

Time*Max Force -0.0343 -0.0172 0.0446 -0.39 0.706 1.12

Regression Equation in Uncoded Units

Modulus =1.181 + 0.001135 Holding Time + 0.000052 Max Force

- 0.000001 Holding Time*Holding Time + 0.000000 Max Force*Max Force
- 0.000000 Holding Time*Max Force

Response Surface Regression: Contact Depth (nm) versus Holding Time (s), Max Force (uN) for 73% Stearate
Model Summary

S R-sq R-sq(adj) R-sq(pred)

21.622 99.70% 99.59% 99.42%

Coded Coefficients

Term Effect Coef SE Coef T-Value P-Value VIF
Constant 1325.9 11.1 119.82 0

Holding Time

(s) 122.57 61.29 6.8 9.01 0 1.01
Max Force

(LN) 865.9 432.95 6.98 62.03 0 1.16
Holding Time

(s)*Holding

Time (s) -100.6 -50.3 12.6 -4 0.001 1.01
Max Force

(UN)*Max

Force (uN) -278.1 -139.1 10.9 -12.78 0 1
Holding Time

(s)*Max

Force (UN)  30.38 15.19 9.07 1.67 0.116 1.16

Regression Equation in Uncoded Units
Contact Depth (nm) = 305.4 + 0.793 Holding Time (s) + 0.3635 Max Force (uN)

- 0.001394 Holding Time (s)*Holding Time (s) - 0.000027 Max Force (uN)
*Max Force (UN) + 0.000036 Holding Time (s)*Max Force (iN)
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Response Surface Regression: Modulus (GPa) versus Holding Time (s), Max Force (uN) for 73% Stearate
Model Summary

S R-sq R-sqg(adj) R-sq(pred)

0.040465 87.64% 83.22% 76.61%

Coded Coefficients

Term Effect Coef SE Coef T-Value P-Value
Constant 1.4224 0.0207 68.68 0
Holding Time (s) 0.1323 0.0662 0.0127 5.2 0
Max Force (UN)  0.1939 0.0969 0.0131 7.42 0
Holding Time

{s)*Holding Time

(s) -0.0321 -0.0161 0.0236 -0.68 0.506
Max Force

(UN)*Max Force

(uN) -0.0023 -0.0011 0.0204 -0.06 0.957
Holding Time

{s)*Max Force

(L) -0.0378 -0.0189 0.017 -1.11 0.285

Regression Equation in Uncoded Units

Modulus (GPa) = 1.1572 + 0.000679 Holding Time (s) + 0.000054 Max Force (UN)

- 0.000000 Holding Time (s)*Holding Time (s) - 0.000000 Max Force (LLN)
*Max Force (UN) - 0.000000 Holding Time (s)*Max Force (LLN)

Fits and Diagnostics for Unusual Observations

Modulus
Ohs (GPa) Fit Resid Std Resid
6 1.23 1.3015 -0.0715 -2.03
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VIF
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Response Surface Regression: Hardness (MPa) versus Holding Time (s), Max Force (uN) for 73% Stearate
Maodel Summary

S R-sq R-sq(adj) R-sq(pred)

0.70043 98.58% 98.08% 97.21%

Coded Coefficients

Term Effect Coef SE Coef T-Value P-Value VIF
Constant 34.824 0.358 97.14 0

Holding Time (s) -6.963 -3.481 0.22 -15.8 0 1.01
Max Force (uN) 10.852 5.426 0.226 24 0 1.16
Holding Time

(s)*Holding Time

(s) 6.308 3.154 0.408 7.74 0 1.01
Max Force

(uN)*Max Force

(1N) 1.057 0.529 0.352 1.5 0.156 1
Holding Time

(s)*Max Force

(1N) -0.554 -0.277 0.294 -0.94 0.361 1.16

Regression Equation in Uncoded Units

Hardness (MPa) = 35.348 - 0.05291 Holding Time (s) + 0.001869 Max Force (1N)

+0.000087 Holding Time (s)*Holding Time (s) + 0.000000 Max Force (lN)
*Max Force (N) - 0.000001 Holding Time (s)*Max Force (uN)

Response Surface Regression: Contact Depth (nm) versus Holding Time (s), Max Force (uN) for 56% Stearate
Model Summary

S R-sq R-sqg(adj) R-sq(pred)

14.6207 99.88% 99.84% 99.77%

Coded Coefficients

Term Effect Coef SE Coef T-Value P-Value
Constant 132351 7.48 176.87 0
Holding Time (s) 127.6 63.8 4.6 13.87 0
Max Force (UN) 948 474 4.72 100.43 0
Holding Time

(s)*Holding  Time (s) -67.34 -33.67 8.51 -3.96 0.001
Max Force

{UN)*Max

Force (1N) -303.25 -151.62 7.36 -20.61 0
Holding Time

{s)*Max For ce{pn N) 60.76 30.38 6.13 4.95 0

Regression Equation in Uncoded Units

Contact Depth (nm) = 259.4 + 0.497 Holding Time (s} + 0.39042 Max Force (uN)
- 0.000933 Holding Time (s)*Holding Time (s) - 0.000030 Max Force (uN)
*Max Force (LN} + 0.000071 Holding Time {s)*Max Force (uN)

Fits and Diagnostics for Unusual Observations

Contact Std
QOhs Depth {nm}  Fit Resid Resid
17 1580.77 1550.55 30.22 2.4 R
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VIF
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1.16
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Response Surface Regression: Modulus (GPa) versus Holding Time (s), Max Force (uN) for 56% Stearate
Model Summary

S R-sq R-sg(adj) R-sq(pred)
0.033925 84.21% 78.57% 66.31%

Coded Coefficients

Term Effect Coef SE Coef T-Value P-Value VIF
Constant 1.2505 0.0174 72.02 0

Holding Time (s} 0.0915 0.0458 0.0107 4.29 0.001 1.01
Max Force (UN)  0.0893 0.0446 0.011 4.08 0.001 1.16
Holding Time

(s)*Holding Time

(s) -0.0307 -0.0154 0.0198 -0.78 0.45 1.01
Max Force

(UN)*Max Force

(LUN) 0.1553 0.0776 0.0171 4.55 0 1
Holding Time

(s)*Max Force

(LUN) -0.0722 -0.0361 0.0142 -2.54 0.024 1.16

Regression Equation in Uncoded Units
Modulus (GPa) =1.2210 + 0.000694 Holding Time (s) - 0.000062 Max Force (UN)

- 0.000000 Holding Time (s)*Holding Time (s) + 0.000000 Max Force (1UN)
*Max Force (UN) - 0.000000 Holding Time (s)*Max Force (uN)

Fits and Diagnostics for Unusual Observations

Modulus Std
Obs (GPa) Fit Resid Resid
13 1.32 1.2493 0.0707 2.25 R

100



Response Surface Regression: Hardness (MPa) versus Holding Time (s), Max Force (uN) for 56% Stearate
Model Summary

S R-sq R-sg(adj) R-sq(pred)

0.718137 97.22% 96.22% 54.82%

Coded Coefficients

Term Effect Coef SE Coef T-Value P-Value VIF
Constant 35.029 0.368 §5.31 0

Holding Time (s} -6.932 -3.466 0.226 -15.34 0 1.01
Max Force (uN)  5.641 2.82 0.232 12.17 0 1.16
Holding Time

(s)*Holding Time

(s) 4.643 2.322 0.418 5.55 0 1.01
Max Force

(UN)*Max Force

(LUN) 3.623 1.811 0.361 5.01 0 1
Holding Time

(s)*Max Force

(LUN) -1.834 -0.917 0.301 -3.04 0.009 1.16

Regression Equation in Uncoded Units

Hardness (MPa) = 39.937 - 0.03828 Holding Time (s) - 0.000622 Max Force (uN)

+ 0.000064 Holding Time (s)*Holding Time (s) + 0.000000 Max Force (uN)
*Max Force (UN) - 0.000002 Holding Time (s)*Max Force (UN)

Fits and Diagnostics for Unusual Observations

Obs (MPa) Fit Resid Std Resid
6 41.2 39.772 1.428 2.28 R
17 431 44.568 -1.468 -2.38 R
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Response Surface Regression: Contact Depth (nm) versus Holding Time (s), Max Force (uN) for 53% Stearate
Model Summary

S R-sq R-sq(adj) R-sq(pred)

30.559 99.37% 99.14% 98.01%

Coded Coefficients

Term Effect Coef SE Coef T-Value P-Value VIF
Constant 1217.8 15.6 77.86 0

Holding Time

(s) 125.74 62.87 9.62 6.54 0 1.01
Max Force (UN) 863.67 431.83 9.87 43.77 0 1.16
Holding Time

(s)*Holding

Time (s) -35.4 -17.7 17.8 -1 0.337 1.01
Max Force

(UN)*Max Force

(LUN) -181.8 -90.9 15.4 -5.91 0 1
Holding Time

(s)*Max Force

(LUN) 78.8 39.4 12.8 3.07 0.008 1.16

Regression Equation in Uncoded Units

Contact Depth (nm) = 376.1 + 0.237 Holding Time (s) + 0.2893 Max Force (uN)
- 0.000490 Holding Time (s)*Holding Time (s) - 0.000018 Max Force {uN)
*Max Force (LN} + 0.000092 Holding Time (s)*Max Force (UN

Fits and Diagnostics for Unusual Observations

Contact
Obs Depth (nm) Fit Resid Std Resid
15 1358.7 1409.9 -51.3 -2.06 R
20 1688.1 1643.3 44.9 2.59 R

102



Response Surface Regression: Modulus (GPa) versus Holding Time (s), Max Force (uN) for 53% Stearate

Model Summary
S R-sq R-sq(adj) R-sq(pred)
0.05449 82.67% 76.49% 58.41%

Coded Coefficients

Term Effect Coef SE Coef T-Value P-Value
Constant 1.649 0.0279 59.13 0
Holding Time (s) 0.1388 0.0694 0.0171 4.05 0.001
Max Force (UN) 0.21 0.105 0.0176 5.97 0
Holding Time

(s)*Holding Time

(s) -0.1215 -0.0607 0.0317 -1.91 0.076
Max Force

(LN)*Max Force

(1N) -0.0765 -0.0382 0.0274 -1.4 0.185
Holding Time

(s)*Max Force

(LN) -0.0381 -0.019 0.0229 -0.83 0.419

Regression Equation in Uncoded Units
Modulus (GPa) = 1.2362 + 0.001217 Holding Time (s) + 0.000105 Max Force (uN)

- 0.000002 Holding Time (s)*Holding Time (s) - 0.000000 Max Force (N)
*Max Force (uN) - 0.000000 Holding Time (s)*Max Force (JuN)

Fits and Diagnostics for Unusual Observations

Modulus
Obs (GPa) Fit Resid Std Resid
12 1.49 1.592 -0.102 -2.02
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1.01

1.16

1.01

1.16



Response Surface Regression: Hardness (MPa) versus Holding Time (s), Max Force (uN) for 53% Stearate

Model Summary
S R-sq R-sq(adj) R-sq(pred)
1.67591 92.99% 90.49% 80.77%

Coded Coefficients

Term Effect Coef SE Coef T-Value P-Value
Constant 40.831 0.858 47.6 0
Holding Time (s) -7.838 -3.919 0.527 -7.43 0
Max Force (uN) 10.166 5.083 0.541 9.39 0
Holding Time

(s)*Holding

Time (s) 3.344 1.672 0.976 1.71 0.109
Max Force

(LN)*Max Force

(LN) -3.87 -1.935 0.843 -2.29 0.038
Holding Time

(s)*Max Force

(LN) -2.992 -1.496 0.703 -2.13 0.052

Regression Equation in Uncoded Units
Hardness (MPa) = 33.44 - 0.0287 Holding Time (s} + 0.00548 Max Force (uN)

+0.000046 Holding Time (s)*Holding Time (s) - 0.000000 Max Force (1N)
*Max Force (uN) - 0.000003 Holding Time (s)*Max Force (uN

Fits and Diagnostics for Unusual Observation

Hardness
Obs (MPa) Fit Resid Std Resid
20 38.2 40.24 -2.04 -2.14
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1.01

1.16

1.01

1.16



Response Surface Regression: Contact Depth versus Percent ZnSt, Holding Time, Max Force (uN)

Model Summary
S R-sq
35.6946 99.03%

Coded Coefficients

Term

Constant

Percent ZnSt

Holding Time (s)

Max Force (uN)

Percent ZnSt*Percent ZnSt
Holding Time

(s)*Holding Time (s)

Max Force (UN)*Max Force (UN)

Percent ZnSt*Holding Time (s)
Percent ZnSt*Max Force (LN)

Holding Time
(s)*Max Force (1L N)

R-sg(adj)
98.91%

Effect

24.14
123.26
897.42
-71.35

-62.8
-259.28
-3.49
8.65

43.74

Regression Equation in Uncoded Units
Contact Depth (nm) =-143 + 12.34 Percent ZnSt + 0.556 Holding Time (s)
+ 0.3484 Max Force ((N) - 0.0809 Percent ZnSt*Percent ZnSt

- 0.000869 Holding Time (s)*Holding Time {s) - 0.000026 Max Force (uN)
*Max Force (UN) - 0.00044 Percent ZnSt*Holding Time (s)
+ 0.000092 Percent ZnSt*Max Force (UN) + 0.000051 Holding Time (s)

*Max Force (LN)

Fits and Diagnostics for Unusual Observations

Contact
Obs Depth (nm)
34 1306.8
35 1358.7
57 1580.8

Fit
1400
1443.1
1509.9

R-sq(pred)

98.74%

Coef
1317.8
12.07
61.63
448,71
-35.67

-31.4
-129.64

-1.74
4.33

21.87

Resid
-93.2
-84.4
70.8
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SE Coef
11.4
5.4
5.84
5.96
9.77

10.4
8.98

7.01
6.73

7.49

Std

T-Value
115.79
2.24
10.56
75.3
-3.65

-3.02
-14.44

-0.25
0.64

Resid
-2.73
-2.56
2.08

P-Value
0

0.029

0

0

0.001

0.004

0.804
0.522

0.005

VIF
1.16

1.09
1.24

1.01

1.24
1.08



Response Surface Regression: Modulus (GPa versus Percent ZnSt, Holding Time, Max Force (uN)

Model Summary
S R-5q
0.124978 70.10%

Coded Coefficients
Term

Constant

Percent ZnSt
Holding Time (s)
Max Force (uN)

Percent ZnSt*Percent ZnSt

Holding Time
(s)*Halding Time (s)

Max Force (UN)*Max Force (UN)

Percent ZnSt*Holding Time (s)
Percent ZnSt*Max Force (UN)

Holding Time
(s)*Max Force (1 N)

R-sqfad])
66.20%

Effect

0.2299
0.1815
0.31

0.4007

-0.0577
0.0532
0.0843
0.1987

-0.0449

Regression Equation in Uncoded Units
Modulus (GPa) = 3.800 - 0.0708 Percent ZnSt+ 0.000202 Holding Time (s)
- 0.000110 Max Force (UN) + 0.000454 Percent ZnSt*Percent ZnSt

- 0.000001 Holding Time (s)*Holding Time (s) + 0.000000 Max Force (UN)
*Max Force (UN) + 0.000011 Percent ZnSt*Holding Time (s)
+0.000002 Percent ZnSt*Max Force (UN) - 0.000000 Holding Time (s)

*Max Force (UN)

Fitsand Diagnostics for Unusual Observations

Modulus
Obs (GPa)
35 1.74

Fit
1.5063

R-sq(pred)

62.38%

Coef
1.3871
0.1149
0.0908
0.155

0.2004

-0.0288
0.0266
0.0422
0.0993

-0.0225

Resid
0.2337
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SE Coef
0.0399
0.0191
0.0205
0.0212

0.0344
0.0365
0.0317
0.0246

0.0243

0.0263

Std
Resid
2.02

T-Value
34.81
6.02
4.43
7.3

5.83

-0.79
0.84
1.71
4.09

-0.85

P-Value

o O o o

0.432
0.404

0.091

0.396

VIF
1.15

1.1
1.25

1.01

1.23
1.11



Response Surface Regression: Hardness (MP versus Percent ZnSt, Holding Time, Max Force (uN)
Model Summary

S R-sq R-sq(adj) R-sq(pred)

1.97699 84.98% 83.04% 80.32%

Coded Coefficients

Term Effect Coef SE Coef T-Value
Constant 34.999 0.63 55.53
Percent ZnSt -1.535 -0.767 0.299 -2.57
Holding Time (s) -7.244 -3.622 0.323 -11.21
Max Force (UN) 8.495 4.247 0.33 12.87
Percent ZnSt*Percent ZnSt 4.701 2.351 0.541 4.34
Holding Time

(s)*Holding Time (s) 4.348 2.174 0.575 3.78
Max Force (UN)*Max Force (uUN)  0.759 0.38 0.497 0.76
Percent ZnSt*Holding Time (s) 0.076 0.038 0.388 0.1
Percent ZnSt*Max Force (UN) -0.572 -0.286 0.373 -0.77
Holding Time

(s)*Max Force (i1 N) -0.906 -0.453 0.415 -1.09

Regression Equation in Uncoded Units

Hardness (MPa) = 66.18 - 0.808 Percent ZnSt - 0.0416 Holding Time (s)
+0.002071 Max Force (uN) + 0.00533 Percent ZnSt*Percent ZnSt
+0.000060 Holding Time (s)*Holding Time (s) + 0.000000 Max Force (UN)
*Max Force (UN) + 0.000010 Percent ZnSt*Holding Time (s)
- 0.000006 Percent ZnSt*Max Force (UN) - 0.000001 Holding Time (s)
*Max Force (UN)

Fitsand Diagnostics for Unusual Observations

Hardness Std

Obs (MPa) Fit Resid Resid
3 41 35.542 5.458 3
34 44.4 39.877 4.523 2.39
36 53 49,317 3.683 2.02
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P-Value

0.012

0.448

0.922
0.445

0.278

VIF
1.16

1.09
1.24

1.01

1.24
1.08
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