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Abstract

This dissertation presents an investigation into the effect of nanoparticle fillers and a
polydopamine adhesive primer on the tribological performance of thin PTFE films. The
principal objective of this investigation was to reduce wear in PTFE films, an issue which
precludes the use of PTFE films in tribological applications requiring high durability. The
friction and wear of the composite films were evaluated using a ball-on-flat configuration in
linear reciprocating motion. It was found that the use of a polydopamine adhesive primer
reduces the wear of PTFE films more than 600 times. X-ray photoelectron spectroscopy (XPS)
results show that a tenacious layer of PTFE remains adhered to the polydopamine primer, which
enables the durability of the polydopamine/PTFE film. Furthermore, the combination of a
polydopamine primer, Cu nanoparticle fillers in the PTFE film, and optimal fabrication processes
provided a collective effect that increased the wear life of PTFE films by more than 940 times.
Because of the relatively low thickness of the film, it shows great potential for use in

applications where durable, thin films are desirable.
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Chapter 1
Introduction

It is estimated that at least one third of all energy produced is lost to friction and wear
annually [1]. These losses include energy required to overcome friction during machine
operation, as well as energy spent in the maintenance of part failure resulting from wear [2].
Traditionally, petroleum based oils and greases have played a dominant role in applications
requiring lubrication. However, with new technology needing lubrication in extreme conditions
such as high temperature, high pressure, maintenance free systems, low emission systems, and
use in high vacuum [3], much emphasis has been placed on the development of effective solid
lubricants. Using recent advances in coating technology, it is now possible to apply these solid
lubricants as thin film coatings possessing low friction and wear resistant properties. These films
have the potential of being used for applications in MEMS devices, biomedical devices, and
machine components in general to reduce energy losses due to friction and wear.

Polytetrafluoroethylene (PTFE), which is used as a non-stick coating in cookware and
commonly known by its brand name Teflon, has particularly drawn much attention. PTFE is
attractive as a lubricant thin film because of its exceptionally low coefficient of friction (COF).
However, PTFE is highly susceptible to wear, and as such, PTFE alone cannot be used in most
applications. Because of this, many investigations have focused on creating PTFE composites
that possess a greater wear resistance.

Table 1.1 presents a list of five PTFE composite coatings that have been studied in the past
[4-8]. Some of these show significant wear reduction; however, there is still much room for
improvement. Of these films, the most common coating seen in industry today is electroless Ni-

P-PTFE [7]. It is mainly used in the prevention of galling in screws, splines and clutches.



However, its uses as a lubricant are limited because of its relatively high COF. PTFE alone
typically exhibits a COF that ranges between 0.03 and 0.15 and a wear rate between 10~ and 10
mm?*/(N-m) [9], depending on the testing conditions. In Table 1.1, it can be seen see that the
COFs of the majority of the composite films are outside the typical range for pure PTFE. The

coatings listed in Table 1.1 will be discussed in detail in Chapter 2.

Table 1.1: State-of-the-Art PTFE and PTFE composites coatings [4-8].

Film composition Counterface Sliding Load Film COeffi.c ient of Fri.ction " Wear "
speed thickness| w/o filler | w/filler w/o filler w/ filler % change
PTFE + nanodiamond| Si;N,ball (5.6mmg) | 1cm/s | 0.8N [ 30um 0.21 0.16 0.85 mm wear width | 0.44 mm wear width -48.2
Al,05-TiO,/PTFE 100C6 steel (6mm @) |50cm/s| 5N - - 0.40
RF sputtered PTFE l1cm/s| 5N 1um 0.15 0.30 |[3.1x10° mm?*/traverse | 2.0x107 mm?/traverse -90
Electroless Ni-PTFE | ALO;pin (9mmg) |20cm/s| 10N | 15pm . 0.48 5 0.36x10° mm*/Nm
PTFE-Epoxy carbon steel (4.8 mm ¢) [100cm/s| 2N | 200um | 0.224 0.133 988x10°° mm*/Nm 4.55x10°° mm>/Nm -99.5
Emralon 333 chrome steel (7mmg) |2.5cm/s| 0.5N | 25pum 0.08 22.9x10° mm®/Nm

Comercially available

This investigation presents a facile process to improve the wear resistance of PTFE without
sacrificing its low COF. This is achieved by using a biomimetic adhesive, polydopamine (PDA),
to adhere the PTFE film to the substrate as well as ceramic and metallic nanoparticle fillers of
various sizes to improve the wear resistance of the PTFE film. The results show that using a
combination of a PDA primer and Cu nanoparticle fillers in the PTFE film can provide a
collective effect that increases the durability or wear life of PTFE films by more than 940 times.

Although the focus of this investigation is on the development of a lubricating thin film, the
knowledge gained about the interaction of PTFE and PDA can be used to improve the adhesion
of PTFE to various substrates/films, for a wide range of applications. For example, PTFE is
currently being investigated as a material for use in integrated circuits due its low dielectric

constant. The adhesion of metallic coatings to PTFE in this application has been an issue of



great concern [10]. PTFE is also used as a coating to produce self-cleaning surfaces [11]; wear
of such coatings is also a problematic issue. The results from this investigation may help to

reduce wear issues in such films.

1.1. Background and Motivation

In mechanical systems, the components that make up mechanical assemblies are typically
fabricated from metallic materials [12]. As the surfaces of these metallic components come into
contact with each other, the issues of friction and wear come into play. Tabor [13] studied the
interaction between metals and found that at relatively large distances between two metallic
surfaces there are weak Van der Waals forces at play, but as the distance between these surfaces
is reduced to the interatomic level, metallic bonds are formed. These strong bonds allow for
material to be transferred from one surface to the other as they slide against each other,
producing a very high wear rate. One solution to this problem is to avoid metal to metal contact
by incorporating non-metallic components into these mechanical systems [12, 13].

Many materials have been investigated as potential materials to be used in combination with
metallic components in mechanical systems to reduce friction and wear. These non-metallic,
low friction materials are called tribological materials and exhibit weak adhesion to metallic
surfaces and low COF. In order to use mechanical components made from tribological materials,
they must meet certain design criteria for physical and mechanical properties such as: strength,
stiffness, fatigue life, thermal expansion, and damping [12]. Finding materials with these
physical and mechanical properties in addition to excellent tribological properties can be very
difficult. As a result, it is more common for engineers and tribologists to use a thin lubricating

layer composed of a tribological material.



Traditionally, grease, mineral oils, and synthetic fluid lubricants have been used in the
lubrication of mechanical assemblies. However, as new technology emerges which requires
lubrication in extreme conditions, much focus has shifted to solid lubricants. At high
temperatures most traditional lubricants will become less effective due to oxidation, thermal
degradation, or decrease in viscosity. These lubricants are only effective at temperatures below
170 °C [14]. Solid lubricants, on the other hand, can perform at much higher temperatures.
Hexagonal boron nitride films, for example, can be used in temperatures up to 1500 °C and
exhibit a COF as low as 0.14 [15]. PTFE can be used at temperatures up to 260 °C without
significant changes to its lubrication properties [16]. Solid lubricants with low vapor pressure,
such as PTFE, are also appealing for space application where lubricants are expected to perform
in high vacuum. In these conditions, traditional lubricants would evaporate and outgas, posing a

risk to equipment.

1.1.1. Solid Lubricants as Thin Film Coatings

Using recent advances in coating technology such as physical vapor, chemical vapor, and
plasma-enhanced chemical vapor depositions, it is now possible to apply solid lubricants as thin
film coatings possessing low friction and wear resistant properties. In addition, the development
of materials characterization tools such as scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), scanning Auger microscopy, time-of-flight secondary mass
spectroscopy, and focused ion beam (FIB) microscopy has allowed scientists to develop a better
understanding of the atomic interaction of these materials and their influence on tribological
performance. Solid lubricants can be ferrous metals, ferrous alloys, non-ferrous metals, non-

ferrous alloys, ceramics, cermets, inorganic soft metals and polymers [17].



These solid lubricant films are typically very thin, under approximately 25 um, and have a
finite wear life. Because of the difficulty in disassembling mechanical components to reapply
lubricating films [18], the material for the films must be carefully selected to last for the life of
the system they are a part of. Because of this, much focus has been placed in extending the wear
life of various solid lubricant film materials.

The study of the friction and wear of thin films shows that they can behave quite differently
to bulk materials. In bulk materials, friction and wear is mainly determined by the properties of
both opposing bodies. In thin film coatings on the other hand, friction and wear depend on an
adequate combination of the hardness, modulus of elasticity, shear strength, fracture toughness,
and thermal expansion of both the substrate and the coated film [19]. Furthermore, the most
common causes of failure in thin films are not the conventional wear mechanisms in bulk
material. Instead, failure is usually a result of the detachment of the film from the substrate
caused by adhesive failure, fracture of the film caused by cohesive failure, or subsurface fracture
[19].

Thin films are divided into two categories: soft and hard films. Soft films are defined as
those having hardness below 10 GPa and hard films are those with hardness values above 10
GPa [20]. Either type must be selected based on the application conditions. The use of soft
films on hard substrates, for example, not only reduces friction but also reduces contact stresses
that can potentially produce subsurface cracking. However, soft films are highly susceptible to
wear. Hard, brittle films on the other hand, are very resistant to abrasive wear, yet are
susceptible to subsurface cracking at high contact pressures [19]. For this reason, it is important

to select the type of film needed based on clearly established application conditions.



1.1.2. Hard Coatings

Hard coatings are used in applications where high loads and high temperatures (1000 °C or
higher) are seen. Thin hard coatings on softer, tough substrates can provide protection against
scratching from a hard counterface or debris [21]. This is especially beneficial for cutting tools.
Aluminum oxide, titanium nitride, and titanium carbide are often used as protective coatings to
reduce wear at high temperatures. These coatings significantly increase the life of cutting tools
(up to ten times) but do not exhibit lower friction, which makes them unsuitable for use in low-
friction applications [21]. Recently, coatings have been developed such as diamond like carbon
(DLC), which offers a hard scratch resistant surface as well as low friction. These coatings form
a low shear strength layer at the surface and form transfer layers on the opposing surface as a
result of high pressure rubbing [21]. This produces what is called self-lubrication and provides
the surface with an exceptionally low COF. These coatings are used in applications such as
magnetic disks in computers and machine components. The thicknesses of these coatings are
limited due to high internal stresses which cause spalling, cracking and delamination [22]. Some
other causes of failure are: localized overload causing delamination when the substrate/coating
bond strength is exceeded [22], third body wear resulting from debris, and high spot temperature
which produces thermal degradation of the coating [22]. Hard ceramic coatings such as oxides,
carbides, nitrides, borides and silicides are also studied for use as solid lubricants. However,
intrinsic residual stresses are a problem for these films, causing coating rupture, loss of adhesion,

and substrate cracking [21].

1.1.3. Soft Coatings

As mentioned above, soft coatings are typically used in combination with hard substrates to

reduce sliding friction as well as to reduce contact stresses. Soft coatings typically suffer from



high wear rates; therefore, careful consideration must be made to the following parameters: film
thickness, surface roughness, sliding speed, load, environment, counterface material, and
deposition method. These coatings are divided into three categories: soft metals, lamellar solids,
and polymers [21].

Soft metals can make excellent solid lubricant films because of their low shear strength
which gives them good frictional properties. Lead, silver, gold and copper are examples of soft
metals which are typically used as solid lubricants. The tribological performance of these films
depends on the adhesion of the film to the substrate, film thickness, surface roughness, load, and
sliding speed. The surface roughness of the counterface and substrate especially, plays a crucial
role in the durability of soft metal films. If the film is very thin in comparison to the magnitude
of the surface roughness of the substrate and counterface, the asperities on these surfaces will
interact, resulting in high wear. On the other hand, if the film is thick, and the surface roughness
of the counterface is very large, the film will experience microcutting. These films will perform
better when rubbed against smoother surfaces [21].

Lamellar solids can be either hard or soft materials. The layered structure of lamellar solids
gives these materials low shear strength as a result of weak interactive forces between plate-like
crystallites. These plates can easily slide over each other giving lamellar solids excellent
frictional properties. The plate-like crystallites are composed of faces with low surface energy
which contributes to the weak adhesion between the plates [21, 23]. Some lamellar solids which
are often used for tribological applications are graphite, graphite fluoride, MoS,, HBN, H3BOs3,
WS, GaSe, GaS, SnSe, and NbSe; [21].

Polymer coatings are attractive because of their low friction, moderate wear resistance, good

corrosion resistance, self-lubricating properties, low noise emission, and low production cost



[21]. Soft polymer coatings such as PTFE are applied to surfaces by spraying, dipping, spin
coating, vacuum deposition, electrochemical methods, and pressure casting [21, 24, 25]. Typical
thicknesses of these films range from a few micrometers to several millimeters [21].

The typical COF exhibited by polymers ranges from 0.15 to 0.6 [17, 21]. The wear rate of
polymers is relatively low for moderate loading conditions; however, most polymers are not
suitable for high contact pressures, where they exhibit high wear rates. The wear mechanisms
typically observed in polymers are classified as cohesive or deformation and interfacial wear [21,
26-28].

For cohesive or deformation wear, polymers dissipate frictional energy through both
adhesion between contacting asperities and through subsurface material deformation.
Elastomers, ductile polymers, and brittle polymers will suffer different types of deformation,
such as elastic or viscoelastic deformation that results in the tearing of material, plastic or
viscous flow which results in ductile failure or displacement of material, and finally brittle
failure which is characterized by fracture, respectively. Cohesive wear is associated with
ploughing and fatigue [21].

In interfacial wear, polymers will dissipate frictional energy through adhesion between
asperities, resulting in the formation of a transfer film, as well as through chemical changes such
as scission and cross linking of polymer chains. The ultimate strength and modulus of elasticity
of polymers are up to ten times lower than that of metals, making most polymers unsuitable as
the constituent material of many mechanical components. In addition, the thermal expansion
coefficients of polymers are high and their thermal conductivity is low making the dissipation of

heat resulting from friction very difficult [21].



In this investigation, PTFE was selected as a solid lubricant coating to take advantage of its
low COF, high temperature resistance, and chemical resistance [29, 30]. The application in mind
is the coating of metallic surfaces of components that make up mechanical assemblies. The
typical failure modes of these metallic components are corrosion, abrasive wear, adhesive wear,
fracture and fatigue. Because PTFE is a soft polymer, it has the potential of reducing contact
stresses between mating parts, and decreasing the possibility of fracture and fatigue failure in
these components. The chemical resistance of PTFE makes it an ideal choice to also reduce
corrosion in metallic parts. The issue of using PTFE is the limited wear life of the coating.
Wearing away of the PTFE coating leaves the mechanical component vulnerable to abrasive and
adhesive wear. This investigation solves the issue of wear in PTFE by increasing the wear

resistance through the use of an adhesive primer and wear reducing nanoparticles.

1.1.4. PTFE as a solid lubricant

PTFE is commonly used as a solid lubricant in many mechanical applications due to its self-
lubricating properties, low COF, high temperature resistance, and chemical resistance [29, 30].
PTFE is composed of repeating tetrafluoroethylene (TFE), CoF4 monomer units. The low COF
observed in PTFE is a result of this un-branched, chain-like molecular structure. Aligned PTFE
molecules are joined by weak Van der Waals forces [31] which allow the chains to easily slide

past each other.

1.1.5. PTFE Svnthesis

PTFE can be synthesized by two methods. The first method is through pyrolysis of
difluorochloromethane, CHCIF>. This method yields TFE as well as hydrogen chloride, HCl, as
a byproduct. PTFE is then formed through free radical initiated addition polymerization of TFE

gas. Depending on whether or not dispersing units are used in the aqueous medium in which the
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polymerization process is carried out, three different PTFE forms can be produced. If no
dispersing agents are used, the PTFE will partially coagulate, forming a precipitated resin. This
resin is then dried and ground to form a fine PTFE powder. If a dispersing agent is used, the
PTFE will not coagulate, allowing small colloidal particles suspended in aqueous medium to be
formed. These colloidal particles are typically around 2 pm in diameter. Finally, a fine PTFE
powder may also be produced using an initiator and emulsifying agent in the aqueous medium in
which the polymerization process occurs [32].

The level of achieved polymerization of TFE can be very high, producing PTFE of very high
molecular weight. The molecular weight of PTFE is typically in the order of 10° to 107 g/mol
and can even exceed 10® g/mol [32]. The high molecular weight of PTFE gives it a very high
melt viscosity, greater than 10!! Pa-s, which prevents this polymer from being processed in its
molten form. As a result, PTFE must be processed or shaped into mechanical components

through powder compaction, sintering and machining [33].

1.1.6. PTFE Structure

The PTFE molecule possesses a helical structure formed of a carbon backbone surrounded by
Fluorine atoms, as shown in Figure 1.1. This conformation gives PTFE a cylindrical, rod like
structure with a smooth surface. The helical structure undergoes structural transformations at 19,
30, and 150 °C. Below 19 °C, PTFE has a 13¢ helical conformation. This means that it takes 13
-CF2- units to make up 6 turns of the helix. This phase of PTFE is considered the most stable.

At temperatures above 19 °C, the PTFE structure changes to a 157 helix and the material
becomes less densely packed. Above 30 °C, PTFE will maintain its 157 helical structure;
however, the longitudinal displacements become more disordered than those observed at lower

temperatures. Above 150 °C the PTFE molecule undergoes yet another transition where the

10



level of disorder in the longitudinal displacement increases even further. These structural

changes to the PTFE structure may influence the tribological behavior of PTFE [34].

Figure 1.1: PTFE Molecular Structure.

In addition, PTFE is classified as a semicrystalline polymer formed of stacked crystalline and
amorphous regions [34]. The size of the crystallites observed in PTFE is another factor that
plays a significant role in the friction and wear observed in PTFE. As shown in Figure 1.2 (a),
PTFE is essentially formed of a lamellar structure composed of parallel slices called striae
(crystallites). These parallel slices form bands which are approximately 100 pm in length and
between 0.2 to 1 um in width. As shown in Figure 1.2 (b), each striae within these bands has a
thickness ranging between 20 and 100 nm depending on the conditions used during quenching,
and a separation of approximately 30 nm between striations [34]. The slices are highly
crystalline regions which will easily slide past each other as an object moves tangential to the
surface. Olabisi describes this mechanism as a deck of cards, in which the top card is removed
as an object slides against it [32, 35]. This process causes the material to easily shear off so that
a transfer film can be formed on the counterface. The formation of a transfer film on the

counterface results in PTFE essentially rubbing against itself, enabling the self-lubrication
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property of PTFE regardless of counterface material type. This in turn further reduces the

friction of the system.

Crystalline
‘slice’

Disordered
region

ial (b} (¢}

Figure 1.2: Structure of PTFE: (a) semi-crystalline block or “band”; (b) crystalline slices of
“striae” after sliding; (c¢) hexagonal array of chains within slices. The structural arrangement
shown in (a) and the sliding of crystalline slices is based on published work. However, the
arrangement of chains within individual slices as shown in (b) and (c) is deduced from the
friction-film structure. There is yet no direct evidence that the chains are in fact so oriented
within the slices [34]. Reprinted from Wear, 158, S.K. Biswas and Kalyani Vijayan, Friction
and Wear of PTFE — a Review, 193-211, 1992, with permission from Elsevier, and permission
from Macmillan Publishers Ltd: Nature, K. Rachel Makinson, D. Tabor, Friction and Transfer of
Polytetrafluoroethylene, 201, copyright 1964.

Unfortunately, the repetitive development and removal of the transfer film causes unfilled
PTFE to also have a very high wear rate, close to 10> mm?/(N-m) [36, 37], making pure PTFE
less desirable as a lubricant. As a result of PTFE’s susceptibility to wear, many attempts have
been made to combine PTFE with micro and nanoparticle fillers to improve its wear
performance. Various micro and nanoparticle fillers have been used, such as glass fiber [38],

alumina [39], and graphite [40]. Nanoparticle fillers have shown to affect PTFE in the following

ways: increasing the crystallinity, improving the ultimate strength, increasing elongation to
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failure, and improving toughness. However, an increase in these properties does not always
result in a reduced wear rate [9].

Bahadur concluded that it is the decomposition of the filler, generating reaction products
between PTFE and the filler, which can improve the bonding of a transfer film to the
counterface, and thus, enhances the wear resistance of PTFE [41]. Furthermore, some studies
have shown that although PTFE is chemically inert, metal fluoride compounds have been found
at the interface between the transfer film and the metal counterface rubbing against filler
reinforced PTFE [31]. This indicates that part of the transfer film may chemically bond to the
counterface. The problem with many fillers used in PTFE composites is that they produce an
increase in the COF, especially with higher filler concentrations. In the case of alumina
reinforced bulk PTFE, for example, the wear rate under a 6.4 MPa contact pressure against a 347
stainless steel counterface was reduced from 7.15 x 10* mm*/N-m to 1.2 x 10 mm?*/N-m with
20 wt.% alumina filler concentration in PTFE. However, the COF increased from approximately
0.15 for unfilled PTFE to 0.2 for the composite [42]. Therefore, a great obstacle in the use of
micro and nanoparticle PTFE composites has been to provide both wear resistance as well as a

low COF.

1.1.7. PTFE Nanoparticle Composites

The incorporation of fillers in polymers can produce a change in the polymer’s mechanical
properties. Many studies have found that by using various fillers, the elastic modulus of
polymers can be increased, thus allowing polymers to support higher loads while undergoing less
deformation [43, 44]. In addition to increasing the elastic modulus, studies have shown that as a
result of using certain fillers, the tensile strength of the polymer may also be reduced [43, 45].

Lower tensile strengths allow small asperities to shear off more easily, reducing the friction and
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preventing large scale removal of material. Chen et al. found that adding SiO> micro-particles
reduced the tensile strength of PTFE. They attributed the tensile strength reduction to the low
adhesion between the filler and PTFE matrix [43], decreasing cohesion within the film.

It has also been determined that certain fillers in polymers will preferentially support applied
loads, consequently reducing stress and strain in the polymer. Lancaster et al. studied the
influence of carbon fiber reinforcement on the friction and wear of polymers. They found that
reduced wear in reinforced polymers was caused by fibers exposed during sliding that
preferentially supported part of the applied load [46]. Because the fibers support the majority of
the load, the friction and wear of the composite polymer are less affected by changes in speed

and temperature which typically have a drastic effect on polymers.

1.2. Proposed Solution

The goal of this study is to develop a low friction, low wear PTFE composite coating. To
resolve the issue of PTFE’s low wear resistance, SiO2, Au, and Cu nanoparticles will be used as
fillers to reinforce the PTFE film. In addition, to resolve PTFE’s delamination issue resulting
from poor adhesion of the film to the substrate, PDA will be used as an adhesive primer prior to
a PTFE top coat. To be commercially feasible, the fabrication process must be low cost and
scalable for mass production. For this reason, a simple dip coating of substrates into aqueous

colloidal dispersions was selected as the deposition method for the coating.

1.3. Lavout of Dissertation

This dissertation is organized in the following manner. Chapter 2 presents a literature review
of PTFE composite films that have been studied for use in tribological applications. This chapter
also introduces PDA as a solution to PTFE adhesion and gives a background of the development

and uses of PDA. The different materials studied as nanoparticle fillers in this investigation are
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also introduced. Chapter 3 discusses the theory involved in the analysis of contact mechanics,
friction and wear. This chapter also presents the characterization tools utilized in this
investigation and gives a brief summary of the functionality of these tools. Chapter 4 describes
the design of experiments, and outlines each study within this investigation. Chapter 5
introduces a study on the effect of dip-coating withdrawal speeds on the coating thickness of
colloidal PTFE films. Chapters 6 and 7 present studies on the influence of SiO; and Au
nanoparticles on the tribological performance of PTFE films. Chapter 8§ presents a study on the
use of a PDA adhesive layer to improve the tribological performance of PTFE films. Chapter 9
describes the examination of the combined effects of PDA and Cu nanoparticle fillers on the
tribological properties of PTFE. Finally, Chapter 10 presents the conclusions drawn from this
investigation and discusses potential future directions for the further development of the low

friction, wear resistant PTFE composite film.
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Chapter 2
Literature Review

PTFE composites with various micro and nanoparticle fillers such as glass fiber [38],
alumina [39], and graphite [40] have been studied. These investigations have been carried out on
bulk PTFE. Although there has been much progress made in the tribological study of bulk PTFE,

there has been very little focus placed on the tribological performance of PTFE thin films [21].

2.1. Investigations on the tribological performance of PTFE composite films

PTFE/nanodiamond [47] , ALOs-Ti/PTFE [5], RF sputtered PTFE [6], Electroless Ni-PTFE
[7], PTFE/Epoxy [8], PTFE/carbon nano-particles [48], and PTFE/Al,O3 micro-assembling film
[49] are a few examples of investigations performed on PTFE nanocomposite films. Each of

these films has shown different levels of wear resistance and frictional behavior.

2.1.1. Tribological properties of PTFE and nanodiamond films

One of the few studies carried out on PTFE composite films is that of Lee et al. [47]. Lee
studied the use of nanodiamond particles (5-10 nm) as a filler in PTFE films. The nanodiamond
particles used in his study were fabricated through the detonation method and were added to the
PTFE matrix up to a concentration of 4 wt.%. The PTFE/nanodiamond composite was sprayed
onto an aluminum substrate. After spraying, the films were dried at 100 °C for 15 min and then
heated at 400 °C for 15 min which resulted in a final film thickness of 30 um [47].

A ball-on-plate testing method was used for the tribological analysis. The counterface
selected for the friction tests of the samples was a silicon nitride ball of 5.6 mm diameter. The
results showed that the filler concentration that exhibited an optimal friction and wear
performance was 2 wt.% of nanodiamond. At 2 wt.%, the nanodiamond filler reduced the COF

of the PTFE film from 0.21 to 0.16 and the wear track width from approximately 0.85 to 0.44
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mm at room temperature. The improved performance of this coating was attributed to the
lubricating properties of the nanodiamond particles at the surface, the hardening effect these
particles had on the PTFE matrix, and the transfer film formed by the PTFE which produced a
self-lubricating effect. The tribological properties of the film were observed to deteriorate at
nanodiamond concentration above 2 wt.%. This deterioration in performance was attributed to

agglomeration of nanodiamond particles [47].

2.1.2. Ceramic/fluoropolymer composite coating by thermal spraying

A study, carried out by Mateus et al. [5], looked at the effect of hydrogen percentage and
spraying distance in the tribological properties of plasma sprayed Al.O3-Ti/PTFE composites.
The method of deposition used, produced relatively thick films of over 50 um thick. Four
different plasma sprayed Al>Os-Ti composites were evaluated:

1. A commercially available Al,03—TiO2/PTFE composite powder (70 wt.% Al,Os-
TiO2 and 30% Al>O3 and TiO: coated PTFE particles)
2. ALOs;—-TiO2 + 8 vol.% PTFE
3. ADLO;-TiO2 + 8 vol.% PFA
4. Co-injected Al,03-TiO2 + 8 vol.% PFA
After the coating was deposited, the samples were heated to a temperature of 350 °C for 15 min
and cooled at room temperature.

The tribological tests were carried out using a ball-on-disk configuration. The
ceramic/polymer composites were spray coated onto aluminum disks. The disks were then slid
against a 6 mm-diameter 100C6 steel ball counterface using a CSEM tribometer. The

tribological tests were carried out under a normal load of 5 N and a sliding speed of 50 cm/s.

17



The results showed that all but one of the composite films had a COF ranging between 0.40
and 0.44 after a sliding distance of 500 m. The co-injected Al2O3—TiO2 + 8 vol.% PFA exhibited
a COF that steadily increased from approximately 0.15 to 0.30 after a sliding distance of 500 m.
In all four samples types, the counterface experienced wear during the sliding process. Steel from
the counterface was transferred to the coated surface. Of the four samples, co-injected Al,O3—
TiO2 + 8 vol.% PFA also showed the least amount of wear in the counterface. The better
performance of the co-injected sample was attributed to a larger amount of polymer present at

the interface between the coating surface and the steel counterface [5].

2.1.3. Friction and wear of sputtered PTFE films

Nishimura et al. [6] are some of the few investigators who have studied the tribological
properties of PTFE films produced by radio frequency (RF) sputtering [6, 50]. The objective of
their investigation was to study the lubricating effect of sputtered PTFE films at elevated
temperatures in air and in vacuum. Nishimura’s investigation used a diode type sputtering
apparatus with a maximum RF power supply of 1kW. The PTFE films were sputtered onto both
SUJ 2 and SUS 440C disks. The resulting coating thickness of the films were approximately 1
pm.

A pin on disk configuration was used for the friction tests, utilizing an ASEM built-in friction
tester which allowed in-situ observation of the worn surface. The tests were carried out in a
linear reciprocating manner and performed in oxygen, air, nitrogen, and vacuum using a normal
load of 5 N and a sliding speed of 10 mm/s.

They found that the COF of sputtered PTFE films is higher than what is typically seen for
bulk PTFE. The COF of the sputtered films was observed to range between 0.30 and 0.35 for

the first 20 to 50 sliding cycles. The COF was then seen to rise to and exceed a value of 0.40
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before dropping down again and finally increasing past a value of 0.50. They determined that
the initial rise to 0.40 was a result of metal to metal contact between the samples substrate and
the counterface. They determined this by measuring the electric contact resistance which drops
at this point of high friction. The investigators concluded that the friction performance of the
sputtered PTFE films can be divided into two stages. During the first stage, there is sufficient
film thickness to separate the substrate and counterface. During the second stage, there is
metallic contact between the opposing surfaces. The first stage is relatively short and the second
is much longer. This speaks to the replenishing ability of the sputtered PTFE films. When these
films were compared to the performance of a PTFE plate tested using the same condition, it was
observed that on average the COF value of the sputtered films was twice that of the PTFE plate.
Using SEM the investigators observed that the PTFE plate wore in soft, long films. The
sputtered films, on the other hand, produced small brittle particles as a result of the wear process.
It was concluded that sputtered PTFE films are harder than bulk PTFE. It was also determined
that sputtered PTFE films have wear rates up to 10 times lower than those seen for bulk PTFE [6,

21].

2.1.4. Development of electroless NiP-PTFE-SiC composite coatings

The goal of this study was to produce high hardness, low friction, and low surface energy
films by electroless plating of Ni-PTFE-SiC. Four different coatings were evaluated: electroless
Ni, electroless Ni-PTFE, electroless Ni-SiC, and electroless Ni-PTFE-SiC coated mild steel. The
electroless Ni composition and plating conditions were maintained constant for each of the four
coatings. The coatings were finally annealed at a temperature of 400 °C producing a resulting

film thickness for each of the coatings of approximately 15 pm [7].
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The hardness of the films was measured using micro hardness indentation. The tribological
properties were determined using a pin-on-disk tribometer with a 9 mm diameter alumina pin as
the counterface. The friction tests were carried out at a sliding speed of 20 cm/s and under a
normal load of 10 N. The tests were run for a distance of 4000 m. A Talysurf profilometer was
then used to determine the cross-sectional profile of the wear track which enabled the cross-
sectional area to be used to calculate the wear loss and normalized wear rate [7].

The results show that the electroless Ni-PTFE had the lowest COF with a value of
approximately 0.48 but lowest hardness with a value of 421HV50 after annealing. It also had
one of the lowest wear rates at 0.36x10° mm?/Nm. It was determined that the formation of a
PTFE transfer film on the alumina pin counterface allowed for PTFE against PTFE sliding which
resulted in a lower COF and wear rate. The electroless Ni-SiC coating showed better load
bearing ability because of its higher hardness (1365HV50); however, this did not translate into a

lower wear rate. Electroless Ni-SiC had a wear rate of 0.45x10% mm?/Nm [7].

2.1.5. Wear resistant solid lubricant made from PTFE and epoxy

McCook et al. [8] studied the tribological performance of composite coatings consisting of
PTFE and epoxy. The investigation claims to use expanded PTFE as a scaffolding and epoxy as
reinforcement. Four different films were evaluated in this investigation: skived PTFE, low
density PTFE, high density PTFE, and epoxy. In contrast to the expanded PTFE, the skived
PTFE consists of full density PTFE. Expanded PTFE on the other hand, is porous and consists
of discrete nodes of dense PTFE which are interconnected by PTFE fibrils. In this study, the low
density PTFE sample was composed of PTFE (50 wt.%) and epoxy. The high density samples
were composed of PTFE (70 wt.%) and epoxy. These films, with thicknesses of approximately

200 pm, were then cured onto carbon steel circular disks. The resulting thickness for the high
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density PTFE composite film was 150 um, and the resulting thickness for the low density PTFE
composite film was 100 pm.

Tribological tests were carried out on an open rotating pin-on-disk tribometer. Tests were
carried out at speeds ranging from 0.25 to 2.5 m/s and normal loads between 1 and 3 N. The
centerpoint of 1 m/s and 2 N was repeated 5 times to give a statistically significant representation
of the friction and wear performance under those testing conditions. A 4.8 mm diameter low
carbon steel sphere was used as the counterface.

The results show that the lowest wear rate and COF for the centerpoint testing condition
corresponds to the low density PTFE composite. For this coating, the average COF was 0.133
and the average wear rate was 4.55x10° mm?/Nm. Skived PTFE, on the other hand, exhibited a
COF of 0.224 and wear rate of 988x10° mm3/Nm. From these results, the authors determined
that the composite coating of expanded PTFE and epoxy has a wear rate that is 100x lower than
that of pure PTFE in addition to a significantly lower COF. The results also show that the
addition of epoxy increases the elastic modulus and hardness of the film within these areas which
may reduce the contact area between opposing surfaces. The authors determined that the
improved tribological performance of the composite film is a result of PTFE being drawn out
from the nodes and creating a film over the epoxy regions, essentially producing a surface layer

composed entirely of PTFE [8].

2.1.6. Tribological behavior of PTFE nanocomposite films reinforced with carbon

nanoparticles

Lee et al. [48] studied carbon-based nanoparticles/PTFE composites. The carbon
nanoparticles were synthesized by heat treating nanodiamond between 1000 and 1900 °C. The

carbon particles were then milled using micron sized beads in chemically treated water which
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yielded the nanometer sized carbon particles. These particles were subsequently mixed with
PTFE and finally coated on an aluminum substrate, producing 10 um thick films.

The tribological properties of the film were tested using a ball-on-plate configuration. The
counterface used was a steel ball with 12.7 mm diameter. The sliding speed and normal load
used in this study were 4 cm/s and 33.3 N respectively. All the tests performed were carried out
at room temperature and under dry conditions.

The optimal concentration of carbon nanoparticles in PTFE was shown to be 2 wt.%. The
results for the friction test showed that the COF remained at 0.1, similar to that of the pure PTFE
coating. The wear rate, on the other hand, was reduced from 16.2x 10 to 3.5 x 10 mm*/N-m
compared to pure PTFE. The improved performance was attributed to the low COF of the
carbon nanoparticles. It was also observed that carbon nanoparticles heat treated at 1000 °C
provided the best tribological results. Higher heat treating conditions of the carbon nanoparticles
caused a higher extent of aggregation and, as a result, larger particle sizes which increased the

wear rate of the film [48].

2.1.7. Structure & micro-tribological properties of PTFE/Al2O3 micro-assembling film

Tang et al. [49] studied RF mangnetron sputtered micro-assembling PTFE and Al>O3
multilayer films. The objective of their investigation was to reduce the wear in elastic metallic-
plastic thrust bearing pads by incorporating this film as a coating. PTFE and Al,O3; were
alternatively sputtered on an elastic metallic-plastic pad with N+ implantation used in between
layers to improve adhesion between them.

The tribological tests were performed using an atomic force and friction force microscope.

The results showed that the COF of PTFE/Al,O3; multilayer was 0.108, which was greater than
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the COF of 0.057 observed for pure PTFE, whereas the worn depth was 1/10 that of pure PTFE

[49].

2.1.8. Summary of PTFE composite films

Each of the investigations discussed above show much insight into the tribological properties
of PTFE films and the effect of incorporating other materials to produce more wear resistant
PTFE composites. Of the seven films, there are three that stand out.

First, PTFE and nanodiamond exhibits a significant reduction in both the COF and wear rate
compared to pure PTFE. The incorporation of nanodiamonds at a concentration of 2 wt.%
reduced the COF of PTFE by 24% and the wear track width by 48%. This coating shows much
promise; however, there are a few key areas that may need further evaluation. First, the friction
tests were performed for a very short time (6 min). Although the initial wear rate may be much
lower for the composite film, this does not automatically translate to a longer wear life. The
initial wear at the surface is dominated by adhesive and abrasive wear between asperities of
opposing surfaces; however, after prolonged repetitive sliding it is possible that the film can
suffer from drastic wear as a result of delamination or flaking resulting from crack formation.
Second, the wear of the film is only determined in terms of wear track width. To accurately
measure the wear of the film, it would be necessary to determine the cross-sectional area of the
wear track.

The second film that stands out is electroless Ni-PTFE. This type of coating is currently used
commercially because of its low wear rate. However, the applications of this film are limited
because the film exhibits a significantly higher COF than pure PTFE. Electroless Ni-PTFE is

commonly used in the prevention of galling in screws, splines and clutches.
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Finally, PTFE and epoxy is likely the most promising film of the seven mentioned above.
This film had a COF that was 40% lower than that of pure PTFE and a wear rate that was over
100 times lower than pure PTFE. An interesting observation is that the tribological tests were
carried out at very high sliding speeds at which PTFE typically shows significantly higher COF
and wear rates. One drawback of this film is that the fabrication process seems to limit the
thickness of the films to much higher thicknesses than are typically used in these types of low
friction coatings.

There is still much room for improvement and more research needed to produce low friction
PTFE composites with high wear resistance. The wear of PTFE films is not only due to the
localized wear of PTFE at the film surface, but also due to the delamination of the film resulting
from weak adhesion of the film to the substrate. To increase the adhesion, investigators have
typically used surface roughening techniques as well as primer coats to allow PTFE to physically
lock and chemically bind to the surface. Primers such as polyamide acid [51] and fluorinated
ethylene propylene/PTFE blends [52] have commonly been used for this purpose. To ensure
durability, these films typically have thicknesses above 20 pm [51, 52]. The large thickness of
these films, as well as the need for large peak-to-valley roughness on the substrate surface, limits
their use in many applications where thin films are required. The investigation presented in this
dissertation studies the effect of using PDA as an adhesive to improve the wear resistance of

PTFE thin films.

2.2. Polydopamine as a Solution to PTFE Film Adhesion

Adhesive failure is a particular issue for PTFE thin films which have very low surface energy
and have a hard time adhering to any substrate. However, there is one organism that is able to

attach itself to PTFE. Mussels found in marine environments secrete proteins which allow them
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to attach to both organic and inorganic surfaces under water and in tidal conditions [53-55].

Figure 2.1 shows a mussel attached to a glass surface [56].

Mefp-3,5
/\ substrate

T —— Mefp-2,4

Mefp-1 thread

Figure 2.1: Biodistribution and amino acid composition of mussel adhesive proteins of M. edulis.
(A) Photograph of a mussel attached to a glass surface, showing the byssal threads and adhesive
pads. (B) The biodistribution of Mefps. Mefp-3 and Mefp-5 are found at the pad—substrate
interface [56]. Reprinted from PNAS, 103/35, Haeshin Lee, Norbert F. Scherer and Phillip B.
Messersmith, Single-molecule Mechanics of Mussel Adhesion, 12999-13003, 2006 with
permission from Proceedings of the National Academy of Science of the United States,
Copyright (2006) National Academy of Sciences, U.S.A.

Lee et al. [56] determined that out of the 5 Mytilus edulis foot proteins (Mefp) found in the
byssal threads secreted by mussels, it is Mefp-3 and Mefp-5 that are found at the interface
between the threads and the surface they attach to. Mefp-3 and Mefp-5 contain 3,4-dihydroxy-L-
phenylalanine (DOPA) and lysine peptides, which are believed to play an important role in the
adhesion process [53, 57-61]. Although the exact mechanism behind the adhesive property of
these proteins is not known, it is believed that the catechol functional groups in DOPA and

amine in Lysine play a significant role. Lee et al. [53] found that by polymerizing dopamine, the

25



commonly known neurotransmitter containing the same functional groups as DOPA and Lysine,
the adhesive properties of mussels can be replicated. PDA is synthesized through pH induced
oxidation of dopamine hydrochloride in a basic solution. It has shown to adhere to many
materials, including PTFE. However, the adhesive strength or type of bond formed on PTFE is
unknown [53].

The formation of PDA is similar to the biosynthesis of melanin in that it undergoes an
oxidative reaction to form dopamine into 5,6-dihydroxyindole (DHI), which covalently bonds to
produce the polymer chains [62]. However, some authors suggest that a significant amount of
dopamine remains unpolymerized and instead physically self assembles with DHI forming

trimers as seen in Figure 2.2 [63].
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Figure 2.2: Polydopamine synthesis occurs via two pathways: A) a pathway of covalent bond-
forming oxidative polymerization and B) a newly proposed pathway of physical self-assembly of
dopamine and DHI [63]. Reprinted with permission from John Wiley and Sons, copyright 2012
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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2.2.1. Polvdopamine/Steel and Polvdopamine/PTFE interaction

In this investigation PDA is used as a binder to adhere a PTFE top coat to a stainless steel
substrate. At the PDA/steel interface, it is expected that PDA will undergo two electron
oxidations to produce its quinone form, binding to the stainless steel substrate through its oxygen
groups [64]. The interaction between PDA and PTFE, on the other hand, is not well understood.
A similar process, however, is that of bio-adhesion on PTFE dental implants. Muller et al. [65]
showed that bovine serum albumin (BSA) formed a very strong bond on dental implants made of
PTFE. He concluded that the hydrophobic surface of PTFE had a preferential adsorption of
hydroxide ions when submerged in water and that the BSA protein formed hydrogen bonds with
the adsorbed hydroxide ions [65]. Because BSA has similar functional groups to PDA, it is
believed that he same binding process may be occurring here. Figure 2.3 shows the interaction
between stainless steel, PDA and PTFE. To prove the strength of the PTFE — PDA bond, a thin
sheet of PTFE was immersed into a PDA solution for 24 hours. After this sheet was removed
from the PDA solution, it was sonicated in DI water for 20 minutes. The purpose of this
experiment was to observe if the film would remain on the PTFE sheet or be removed as a result
of the sonication process. The dark PDA film on the surface of the sheet was not removed and
the color of the water did not change. This indicates that the PDA film forms a relatively strong

bond with PTFE.

2.3 Nanoparticle fillers used to improve the wear resistance of the PTFE top coat.

Many nanoparticle fillers that have been used in bulk PTFE as a wear reducing agent may
also provide the same benefits in PTFE films. The following nanoparticles were used in this

investigation to improve the wear resistance of PTFE films.
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Figure 2.3: Stainless Steel — polydopamine — PTFE interaction.

2.3.1. SiO2 nanoparticle filler

bodies which plough through the polymer).
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The benefit of SiO2 nanoparticles can be attributed to their hardness. As such, SiO2
nanoparticles have been used as a filler to improve the wear resistance of polymers such as
polyetherketone [66]. These nanoparticles have proven to have the ability to increase the
development of a transfer film on the counterface [66] and to increase the tensile strength, tensile
modulus, and impact strength of polymer resins [67], consequently increasing the wear resistance
of the films. However, it was also determined that for SiO2 concentrations above 7.5 wt.% the
wear rate of the polymer increased. It is believed that, at higher concentration, the SiO2

nanoparticles agglomerate [67] and may cause third body wear (nanoparticles acting as abrasive




2.3.2. Au nanoparticle filler

Au is an attractive tribological material because of its low shear strength. Although most
metal on metal contact is problematic due to cold welding, this issue is not as challenging for low
shear strength metals such as Au. The low shear strength allows Au to act as a solid phase
lubricant. The use of Au is also advantageous because it is highly inert, which allows it to be
stored in atmospheric conditions for a long period of time before it is used [68]. Many studies
have been performed on the tribological properties of Au.

For example, Olea-Mejia et al. studied the tribological properties of polymer nanohybrids
containing Au nanoparticles obtained by laser ablation. In their investigation, polystyrene and
Au were combined to produce compression molded specimens. They found that by
incorporating a 0.3 wt.% concentration of Au, the COF and wear of polystyrene decreased. The
decrease in friction was attributed to Au nanoparticle being trapped between the two opposing
surfaces and creating a lubricious layer at the interface [69].

Amorphous hydrogenated carbon films containing Au nanoparticles were studied by Yan et
al. They found that Au concentrations of 2 wt.% and 4 wt.% significantly reduced the friction
and wear of the film. The optimal concentration of Au proved to be 2 wt.%, which showed a
COF of approximately 0.14 and lasted for 10,000 sliding cycles. The improved tribological
performance is a result of gold particles shearing off from the film and depositing on the
counterface producing a tribofilm [70].

Puniredd et al. studied the use of Au nanoparticles within immobilized fluorinated
dendrimers. They found that, by adding the Au particles after the fluorination step, they were
able to reduce the particle sizes and further reduce the COF of the film. This processing

sequence resulted in films with a COF of 0.24 [71].
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2.3.3. Cu nanoparticle filler

Copper is a material with high ductility, high thermal conductivity and low hardness, which
allows it to be used in high temperature tribological applications. Copper has also been known
to produce copper oxide at the friction interface, enabling it to maintain a stable coefficient of
friction at a wide range of temperatures [72]. The addition of copper nanoparticles in lubricating
oils has shown to decrease friction, reduce wear, and provide self-repairing properties to sliding
surfaces [73, 74].

The use of Cu nanoparticles in bulk PTFE has also been well investigated. Jia et al. added
Cu nanoparticles to PTFE/serpentine composites and found that the Cu nanoparticles
significantly reduced the friction and wear of the composite [75]. Yan et al. added Cu
nanoparticle to PTFE/nano-expanded-graphite and found that Cu increased the hardness,
modulus of elasticity, yield strength, and tensile strength of the composite [76]. An increase in

these mechanical properties has shown to improve the tribological properties of PTFE.
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Chapter 3
Theoretical Background

Tribology is the field of science and engineering that studies the interaction between
contacting surfaces in relative motion. This field studies the influence of contact conditions,
material chemistry, surface micro- and nano-scale topography, environmental conditions,
material mechanical properties, and energy inputs like, speed and load, on the friction and wear

of contacting surfaces in relative motion.

3.1. Contact between solid surfaces

When two surfaces come into contact, the real contact area is defined by discrete contact
points between asperities on the surfaces. This real contact area is typically only a small fraction
of the apparent contact area. As the normal load forcing the surfaces into contact is increased,
these asperities will deform allowing lower asperities to also come into contact and increasing
the contact area. Depending on the material, the deformation can be elastic, plastic, viscoelastic
or viscoplastic [77].

Although a large number of asperities come into contact when two surfaces come into
proximity with each other, analysis is typically simplified by observing the contact between
single asperities. This reduces the analysis to that of two curved bodies undergoing deformation.
These bodies will undergo either elastic deformation or plastic deformation, or a combination of

the two [77].

3.1.1 Elastic Contact

The first analysis method is concerned with elastic deformation and was developed by
Heinrich Hertz in 1882 [77, 78]. Hertz’s description of elastic contact between bodies is known

as Hertzian contact. This contact model holds the following assumptions: the surfaces are
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continuous, smooth and non-conforming, the strains are small, each solid can be considered as an
elastic half-space in the proximity of the contact region, and the surfaces are frictionless [77].
Figure 3.1 shows the contact between two opposing bodies. The point of contact between the
bodies is located at the x-y plane. The direction of the loading between the two surfaces is
oriented along the z axis. As the bodies are compressed under a normal load they undergo elastic
deformation causing points T1 and T2 to move towards point O in the z direction. The amount of
deformation is characterized by 01 and J2 for each respective body. The extent of this
deformation occurs in the z direction. The dashed lines in the figure represent the location of the
surface of the bodies if they did not undergo deformation but rather overlapped each other. This
serves to show the extent of the deformation. The diameter of the contact area, 2a, increases as a
function of 41 and J.

If the two opposing bodies are spheres of radius R1 and Ry, the contact area is circular with a

diameter of 2a. The value for a is given by the equation:

_ mpoR (3WR)1/3 3.1
=% T \ap

where E” is the effective modulus, po is the maximum contact pressure, I is the effective
curvature and W is the applied normal load. The total deformation ¢ = d1+02 can be represented

by the following equation:

5 a? (ﬂpo)zR ow?z \"? (3.2)
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The pressure distribution resulting from contact between two spheres is given by the

following equation:

p = poll — (r/a)?]*/? (3.3)

Where the maximum contact pressure, Po is 3/2 the mean contact pressure pm and can

be expressed by the following equation:

Po =§pm = T3R2

3 3w (ewE2\"’ (3.4)
2maZ < )

The effective modulus can be calculated using Young’s modulus E and Poisson’s ratio

v for each of the materials composing each of the spheres:

1 1-v?2 1-v,? 3.5
_ 1 2 3.5)

The effective curvature is calculated based on the radius of each sphere [77, 78]:

(3.6)

1_1.1
R R, 'R,

Because of the low thickness of the films studied in this investigation, steel on steel

contact was assumed and the Hertzian model was used to determine the contact
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pressure between opposing bodies.

T

)

w

Figure 3.1: Schematic of Elastic contact - Hertzian model [77, 78]. Reprinted with permission
from John Wiley and Sons, copyright 2002 by John Wiley and Sons, New York. All rights
reserved.

3.1.2 Elastic-Plastic Contact

At small loads between two opposing bodies, the surfaces are deformed elastically, with the
maximum shear stress, Tmax, occurring below the surface. As the load is increased and Tmax

exceeds a critical shear stress for the material, the body will experience plastic flow. As the load
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is increased, the area that has experienced plastic flow expands until it reaches the surface. Once

the plastic zone reaches the surface, the deformation becomes fully plastic [77].

3.2. Surface topography

Finished products have surface properties that are different from the bulk material. The
machining process which produces the desired surface finish results in deformation, strain
hardening, recrystallization, and texturing. These surfaces can be divided into six layers: the
deformed layer, Beilby layer, chemically reacted layer, chemisorbed layer, and physisorbed layer
[21]. The deformed layer resulting from the applied stresses during surface finishing is typically
10-100 um. In metal and alloy surfaces, this layer is followed by the Beilby layer, which is the
result of melting and surface flow produced during machining. This layer is typically 1 - 100 nm
thick and has an amorphous or microcrystalline structure. On top of the Beilby layer, is the
chemically reacted layer. Metals and alloys, for example, will form an oxide layer, such as
Fe203, Fe30a, or FeO in iron. Polymers, on the other hand, do not typically form an oxide layer,
but the polymer chains may break and cross link as a result of the machining process producing a
different chemical composition at this layer. This layer is followed by a chemisorbed and
physisorbed layer which is usually less than 1 nm thick and is composed of adsorbed molecules
of water vapor, oxygen or hydrocarbons [21].

The machining process will also produce a topography of peaks and valleys on the surface
which can be characterized by surface roughness. The surface roughness parameter that is most
commonly used is the average surface roughness Ra, which measures the arithmetic average
deviation of the surface profile from the mean [21]. The root mean squared or RMS roughness
Rq, is also commonly used to characterize the surface topography. The surface roughness plays

a very important role in the friction and wear of surfaces [21].
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3.3. Friction

Friction can be defined as “the resistance to motion during sliding or rolling that is
experienced when one body moves tangentially over another with which it is in contact” [77].
The tangential force required to initiate movement of one body over the other is called the static
friction, and the force required to maintain this motion is called the dynamic friction [77].
Bowden and Tabor proposed that sliding friction is dominated by both adhesion and deformation
mechanisms acting between the contacting asperities of two mating surfaces.

The adhesion of asperities is caused by physical or chemical interactions at the interface
between two surfaces. Physical interactions include hydrogen and van der Waals bonds, while
the chemical interactions are covalent, ionic or electrostatic, and metallic bonds [77, 79].
Needless to say, chemical bonds produce a much higher adhesive force and, therefore, a higher
frictional force than physical bonds. For this reason, lubricants with low surface energies are
sought out.

The deformation mechanism, on the other hand, occurs as the opposing asperities of each
surface mechanically interlock and act as a barrier to the moving body, and also vertically as the
two surfaces are pressed together. The frictional force resulting from this mechanism is
determined by the energy required for micro-scale deformation of the asperities. As the
opposing surfaces slide over each other, the asperities experience both elastic and plastic
deformation. If one surface is much harder than the other, the system will experience macro
scale deformation where the harder surface ploughs/cuts through the softer surface producing
grooves orders of magnitude larger than that of the asperities [77].

Friction produced during sliding contact is not constant, but experiences changes as the

sliding process progresses. Frictional development can be classified into three stages, the
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running-in period, steady-state, and finally the breakdown or destruction period. During the
running-in period, the friction is a result of ploughing of the surface by the asperities on the
counter face. As the surface is polished and contaminants are removed from the surface, the
frictional force will settle to a more constant value which characterizes the steady-state period.
As aresult of the surface polishing and removal of asperities, the adhesion component of the
friction typically increases for the steady-state period. Depending on the combination of hard
and soft surfaces, the wear debris formed during sliding can either become trapped between the
two surfaces and cause more ploughing, or fill in the valleys of the counterfaces producing a
smoother contact between both surfaces [77]. Finally, as the lubrication film or coating is
removed, and the substrate of the specimen is exposed to the counterface materials, the friction

will increase drastically as the two unlubricated surfaces plough into each other.

3.4. Wear

Wear is a process that occurs during sliding, rolling, or impact motion of two opposing
surfaces. Although many define wear as the removal of material from a surface, wear constitutes
any damage to the surface, whether material is removed or not. There are six main wear
mechanisms: (1) adhesive, (2) abrasive, (3) fatigue, (4) impact by erosion and percussion, (5)
chemical (or corrosive), and (6) electrical-arc induced wear. However, the wear mechanism of a
system is not limited to only one of these but can include any combination of the six [77]. To
reduce wear, the materials of opposing bodies in a mechanical system must be carefully selected
based on their mechanical properties such as hardness, fracture toughness, modulus of elasticity
and shear strength.

Adhesive wear is a result of asperities of opposing surfaces coming into contact with each

other and forming physical and/or chemical bonds. The relative motion between these surfaces
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then causes the asperities of the softer material to deform and fracture, producing debris and
transferring material to the counterface [21]. The influence of this adhesive force on friction was
first described by Bowden and Tabor [80] and is now recognized as critical factor in friction and
wear of surfaces [21].

Abrasive wear and asperity deformation are usually classified together. Abrasive wear
occurs when a harder surface is rubbed against a softer surface and the asperities of the harder
surface plough into the softer material. Abrasive wear can also occur as a result of a hard
particle being introduced between the two sliding surfaces; this is called third body wear. These
particles can be debris resulting from the sliding process or external contaminants that are
trapped between both surfaces [21].

Fatigue and delamination wear are also classified together. Fatigue wear is a result of the
formation of cracks resulting from loading and unloading of a surface. At a certain stress level,
this repetitive loading and unloading will cause the formation and growth of cracks within the
material which produce large scale removal of material. This wear mode is typical of rolling
contact. The stress field produced by this contact shows a maximum stress point below the
surface of the specimen. The maximum stress is typically located approximately one third of the
contact length below the surface. This repetitive stress will form cracks which form at material
voids or dislocation pile-ups. These cracks will then propagate and join with other cracks to
release material. Delamination wear is a type of fatigue wear that occurs in sliding contacts. In
this case, the cracks will form below the surface and propagate parallel to the surface producing
delamination of long sheets of material [21, 81].

Finally, chemical wear is a wear process that is characterized by chemical changes to the

material resulting from the relative motion between surfaces. As one surface rubs against the
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other, the pressure, heat and frictional force involved in the process will result in chemical
changes to the material, such as the breaking of bonds and formation of new bonds amongst
molecules as well as bonds with other molecules present in the environment such as oxygen,
water vapor, and hydrocarbon contaminants. These chemical changes will result in changes to
the mechanical properties of the material which will influence wear [21].

In order to understand the triblogy of a contact between two surfaces in relative motion, it is
necessary to determine the input and output parameters in the system. The input parameters
include data such as the macro- and micro-scale geometry of the surfaces, the chemical
composition of the materials, topography, environmental conditions (temperature, humidity),
shear strength, elasticity, and viscosity. The energy input to the system must also be considered,
such as the applied load and velocity. Once the tribological process is initiated, there are many
output factors that will produce secondary effects in the system, such as chemical reactions,
debris formation and material deformation. In addition, as the process unfolds, there will be
changes to the initial geometry and chemical composition that will affect the friction and wear

output of the process [77] .

3.5. Dip Coating

The Landau-Levich model is commonly used to determine film thickness of dip-coated films.
This model specifically describes the behavior of Newtonian and non-evaporating fluids. The
model balances two opposite forces, the adhesion of the fluid to the dip-coated surface and
gravity induced viscous drag. The coating thickness, h, is thus determined by the solution

density p, surface tension y, viscosity #, gravity g, and dip-coating withdrawal speed u [82].
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However, most dip-coating applications use non-Newtonian fluids. Sol-gels and colloidal
dispersion are typically used to deposit films on substrates. The resulting film thickness of these
dispersions is affected by constant evaporation of the solvent which causes the viscosity, density
and surface tension to be always changing. Thus, the thickness can be manipulated by varying

the solids concentration as well as the withdrawal speed. A study by Faustini et al. [82]
determined that the deposition of these films is governed by two regimes. They found that the
first regime occurs at withdrawal speed above 60 mm/min. This regime is dominated by gravity
induced viscous drag and is defined by the Landau-Levich model; in this regime the film
thickness increases proportionally to the withdrawal speed. The second regime in this model
occurs at withdrawal speeds below 12 mm/min. At these low speeds, the progression of the
drying line of the coating is so slow that the solvent evaporation rate becomes a dominant factor
in the film thickness. The meniscus is continuously fed by a capillary rise and the solvent
evaporates before the gravity induced viscous drag pulls down the solids. In this regime the film
thickness is inversely proportional to the withdrawal speed. Between 12 and 60 mm/min, the

two regimes offset each other producing a film of minimum thickness [82].

41



Chapter 4
Experimental Design and Characterization Tools

The goal of this investigation was to develop a low friction, low wear PTFE composite
coating. In order to meet this goal, experiments were designed that incorporated
fabrication/processing parameter and testing conditions as variables, and friction, wear, surface
chemistry and surface topography as quantifiable outcomes. This chapter presents the design of
experiments (DOE) and also describes the science behind the equipment and measurement

techniques used in each experiment.

4.1. Experimental Design

The investigation was divided into five sections: (1) influence of dip coating withdrawal
speed on film thickness of colloidal PTFE; (2) wear resistant PTFE/Si0, nanoparticle composite
film; (3) use of Au Nanoparticle filled PTFE films to produce low friction and low wear surface
coatings; (4) wear resistant PTFE thin film enabled by a PDA adhesive layer; and, (5) combined
effect of incorporating PDA as an adhesive layer and copper nanoparticle fillers in PTFE. The
investigation was divided as such to evaluate the effect of hard nanoparticle fillers, soft
nanoparticle fillers, priming with an adhesive layer, and finally combining the adhesive layer
with nanoparticle fillers. Each of the five sections of this investigation had its individual
objectives:

1. Influence of dip coating withdrawal speed on film thickness of colloidal PTFE
Objectives:
a) Determine whether the film thickness of dip coated colloidal PTFE fits the Landau-

Levich model or the two regime model presented by Faustini.
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b) Optimize the dip coating withdrawal speed and insertion orientation of the substrate to

reduce variation in film quality.

2. Wear resistant PTFE/Si0; nanoparticle composite film
a) Objectives: Determine the effect of SiO2 nanoparticle concentration on the friction and

wear of PTFE films.

3. Use of Au Nanoparticle filled PTFE films to produce low friction and low wear surface
coatings
Objectives:

a) Determine the effect of Au nanoparticle fillers on the friction and wear of PTFE films

b) Examine the dominant wear mechanism in PTFE thin films and PTFE + Au nanoparticle

composite thin films.

4. Wear resistant PTFE thin film enabled by a PDA adhesive layer
Objectives:
a) Determine the effect of a PDA adhesive layer on the tribological performance of a PTFE
film.
b) Examine the chemical changes in PTFE and PDA/PTFE as a result of sliding friction

tests.

5. Combined effect of incorporating PDA as an adhesive layer and Cu nanoparticle fillers in
PTFE
Objective:

a) To evaluate and understand the combined tribological effect of using a PDA adhesive

primer and Cu nanoparticles as fillers in a PTFE top coat.
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b) Evaluate the relationship between normal load and friction and wear of PDA/PTFE

composite films.

4.1.1. Determine the effect of dip coating withdrawal speed on the film thickness

Faustini et al. describe the limitations of using the Landau-Levich model to determine the
film thickness of dip coated colloidal and sol-gel solutions. They propose a two regime model in
which the film thickness is inversely proportional to the dip coating withdrawal speed at speeds
below 12 mm/min and proportional to the dip coating withdrawal speed at speeds above 60
mm/min [82]. This study evaluated whether a colloidal PTFE nanoparticle dispersion would
follow Faustini’s model or the traditional Landau-Levich model introduced in section 3.5. In
order to do this, stainless steel samples were dip coated using withdrawal speeds within each
regime as shown in Table 4.1. These results helped determine what dip coating conditions
would provide the most predictable and repeatable coating thicknesses. In addition, the surface

roughness of the samples prepared using each of the withdrawal speeds was also measured.

Table 4.1: DOE for study of the effect of dip coating withdrawal speed on the film thickness and
roughness of colloidal PTFE nanoparticle dispersions.

Sample Withdrawal Substrate dipping orientation Experiment
1,11, 1 mm/min perpendicular to polishing lines | Film thickness, roughness
2,12, 5 mm/min perpendicular to polishing lines | Film thickness, roughness
3, 13, 10 mm/min perpendicular to polishing lines | Film thickness, roughness
4,14, 60 mm/min perpendicular to polishing lines | Film thickness, roughness
5, 15, 100 mm/min perpendicular to polishing lines | Film thickness, roughness
6, 16, 1 mm/min parallel to polishing lines Film thickness, roughness
7,17, 5 mm/min parallel to polishing lines Film thickness, roughness
8, 18, 10 mm/min parallel to polishing lines Film thickness, roughness
9,19, 60 mm/min parallel to polishing lines Film thickness, roughness
10, 20, 100 mm/min parallel to polishing lines Film thickness, roughness
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To determine the variation in film thickness at different locations within each sample, the
experiments listed in Table 4.2 were carried out. This study helped determine what dipping
withdrawal speed would be better suited to produce samples with even films that would allow for
repeatable friction tests. The values for withdrawal speed in Table 4.2 are listed in mm/min to

reflect the actual parameters that were input into the dip coater software.

Table 4.2: DOE for study of the effect of dip coating withdrawal speed on the film thickness
variation within each sample.

Sample Withdrawal speed Experiment
31 10 mm/min Analysis of film thickness variation
32 40 mm/min Analysis of film thickness variation
33 70 mm/min Analysis of film thickness variation
34 100 mm/min Analysis of film thickness variation

4.1.2. Determine the effect of SiO2 nanoparticle concentration on the friction and wear of

PTFE films.

Many investigations have found that the optimal concentration of nanoparticle fillers in
polymers can vary with the type of material used. Zheng et al. [67] found that for SiO:
nanoparticles of 15 nm diameter in an epoxy resin matrix, the wear resistance decreases at
concentrations above 7.5 wt.%. Hence, this experiment was designed to evaluate the tribological
performance of PTFE films filled with 0-10 SiO2 wt.%. As shown in Table 4.3, the study was
carried out for SiO> dip coating dispersion concentrations of 0, 1, 5 and 10 wt.%. The
experiment was repeated for three different samples at each concentration to obtain the effect of
filler concentration on the tribological performance of the films. The friction tests were carried
out for 1000 cycles using an applied normal load of 20 g, and then repeated using a normal load
of 50 g. To observe the tribological behavior under lower loads and longer testing durations, the

top performing sample with the highest concentration of SiO2 and the top performing sample
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with pure PTFE were also tested under an applied load of 10 g for a total of 6000 cycles.

Finally, wear and chemical analyses were also performed on pure PTFE, PTFE + 5 wt.% SiOa,

and PTFE + 10 wt.% SiO» samples which showed the best performance in the 50 g friction tests.

Table 4.3: Study on the effect of SiO2 concentration on the tribological performance of PTFE.

Sample | SiO2 (Wt.%) Experiments

35 0 (control) 10 g, 20 g and 50 g friction test, wear analysis, chemical
36 1 20 g and 50 g friction test

37 5 20 g and 50 g friction test

38 10 20 g and 50 g friction test

39 0 (control) 20 g and 50 g friction test

40 1 20 g and 50 g friction test

41 5 20 g and 50 g friction test, wear analysis, chemical analysis
42 10 20 g and 50 g friction test

43 0 (control) 20 g and 50 g friction test

44 1 20 g and 50 g friction test

45 5 20 g and 50 g friction test

46 10 10 g, 20 g and 50 g friction test, wear analysis, chemical

4.1.3. Determine the effect of Au nanoparticle fillers on the friction and wear of PTFE

films

Au nanoparticles are used as fillers in solid lubricants because of their low shear strength.

Investigators have found that at a concentrations as low as 0.15 wt.%, Au can be effective in

reducing the wear rate of certain polymers such as polystyrene [69]. Because of processing

limitations and the cost of Au, the use of Au nanoparticles was limited to a concentration of 0.07
wt.%. This was the highest concentration available to the investigator. To study the effect of a

0.07 wt.% Au nanoparticle filler on the tribological performance of PTFE films, the experiments

listed in Table 4.4 were carried out. A 20 g friction test was performed on three samples of

PTFE and three samples of PTFE + Au. This experiment was repeated for a 50 g normal load.

In addition, to examine the dominant wear mechanism in PTFE and PTFE + Au, and to study the
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wear progression at various stages of the friction test, friction tests of 30 and 60 cycle duration

were performed to allow the characterization of the wear tracks at these stages.

Table 4.4: Study on the effect of Au nanoparticles fillers on the tribological performance of
PTFE films.

Sample Au nanoparticle filler Experiments
47 No 20 g and 50 g friction test, wear analysis
48 Yes 20 g and 50 g friction test, wear analysis
49 No 20 g and 50 g friction test, wear analysis
50 Yes 20 g and 50 g friction test, wear analysis
51 No 20 g and 50 g friction test, wear analysis
52 Yes 20 g and 50 g friction test, wear analysis
53 No 30 and 60 cycle 50 g friction test
54 Yes 30 and 60 cycle 50 g friction test

4.1.4. Determine the effect of using a PDA adhesive layer on the tribological performance

of a PTFE film.

The study shown in Table 4.5 was designed to determine the effect of a PDA adhesive layer
on the friction and wear of PTFE. The experiments carried out elucidated the dominant wear
mechanism in each sample and provided insight into the role of the PDA adhesive layer. The
experiments were repeated on three samples of PTFE and three samples of PDA/PTFE to obtain

the effect of the PDA adhesive layer on the friction and wear of the film.

Table 4.5: Study on the effect of using a PDA adhesive layer on the tribological performance of
PTFE films.

Sample PDA adhesive layer Experiments
55 No 50 g friction test, wear analysis
56 Yes 50 g friction test, wear analysis
57 No 50 g friction test, wear analysis
58 Yes 50 g friction test, wear analysis
59 No 50 g friction test, wear analysis
60 Yes 50 g friction test, wear analysis
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To study the wear progression at various stages of the friction test, a study was designed to
characterize the wear track after 1, 10, 60, and 1000 friction test cycles. The study was

performed on one sample of PTFE and one sample of PDA/PTFE as shown in Table 4.6.

Table 4.6: Study on the effect of using a PDA adhesive layer on the tribological performance of
PTFE films.

Sample PDA adhesive layer Experiments
61 No 1, 10, 60, and 1000 cycle 50 g friction test, wear
62 Yes 1, 10, 60, and 1000 cycle 50 g friction test, wear

To determine the effect of heat treatment on the surface chemical composition of PDA, the
surface chemistry of two stainless steel substrates coated with PDA (one with no heat treatment
and one heat treated to 250 °C) were analyzed. This study was also used to evaluate the change
in surface chemistry in PTFE and PDA/PTFE after a 50 g friction test. Sample 55 and 58, the
two samples which showed the best tribological performance in the 50 g friction test, were
selected for this study. The surface chemical composition was analyzed on the intact coating and

also inside the wear track produced during the friction test.

Table 4.7: Study on the effect heat treatment on PDA adhesive layer and effect of friction tests
on the chemistry of the film.

Sample Film Heat treatment Experiments
55 PTFE 250 °C Surface chemistry analysis
58 PDA/PTFE 250 °C Surface chemistry analysis
63 PDA 0°C Surface chemistry analysis
64 PDA 250 °C Surface chemistry analysis
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4.1.5. Evaluate and understand the combined tribological effect of using a polydopamine

adhesive primer and Cu nanoparticles as fillers in a PTFE top coat.

This study had the purpose of optimizing the heat treatment process and evaluating the
combined effect of using a PDA adhesive layer and a Cu nanoparticle filler in PTFE films. The
heat treatment optimization experiment consisted of heat treating the samples using an
established sequence of 120 °C, 300 °C, and 372 °C. The durations for the last two heating steps
of the sequence were optimized to prevent degradation while also effectively fusing the film to
the substrate. During the study of PTFE + SiO», it was observed that the best tribological
performances occurred for samples heated long enough to produce a nearly transparent coating.
As aresult of this observation, the experiment shown in Table 4.8 was designed to determine the
shortest possible durations for heat treatment that could be used to produce a transparent film. A

minimal duration was desirable to prevent degradation of the film.

Table 4.8: Optimization of heat treatment PDA/PTFE nanoparticle composite films.

Sample Film Heat 1 300 °C | Heat 2 372 °C Experiments
65 PDA/PTFE 1 min 1 min Optical observation
66 PDA/PTFE 3 min 3 min Optical observation
67 PDA/PTFE 4 min 4 min Optical observation
68 PDA/PTFE 5 min 10 min Optical observation

The next experiment, shown in Table 4.9, was designed to study the influence of Cu
nanoparticles on the friction and durability of PDA/PTFE films.

Table 4.9: DOE of combined effect of PDA and Cu nanoparticle filler in PTFE.

Sample | PDA PTFE Cu Experiments
69 Yes Yes No 50 g friction test, wear analysis
70 Yes Yes Yes 50 g friction test, wear analysis
71 Yes Yes No 50 g friction test, wear analysis
72 Yes Yes Yes 50 g friction test, wear analysis
73 Yes Yes No 50 g friction test, wear analysis
74 Yes Yes Yes 50 g friction test, wear analysis
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A wear progression experiment, as shown in Table 4.10, was designed to observe the wear at

various stages during the friction tests of PDA/PTFE and PDA/PTFE + Cu nanoparticle films.

Table 4.10: DOE of wear progression study on PDA/PTFE and PDA/PTFE + Cu.

Sample | PDA | PTFE Cu Experiments
75 Yes Yes No 1, 10, 60, and 1000 cycle 50 g friction test, wear
76 Yes Yes Yes 1, 10, 60, and 1000 cycle 50 g friction test, wear

Finally, a linearly increasing load scratch test experiment was designed to determine the load
at which failure occurs in PDA/PTFE and PDA/PTFE + Cu nanoparticle films. The experiment

design is shown in Table 4.11.

Table 4.11: DOE of linearly increasing load scratch test on PDA/PTFE and PDA/PTFE + Cu.

Sample | PDA | PTFE Cu Experiments
79 Yes Yes No linearly increasing load scratch test
80 Yes Yes Yes linearly increasing load scratch test
81 Yes Yes No linearly increasing load scratch test
82 Yes Yes Yes linearly increasing load scratch test
83 Yes Yes No linearly increasing load scratch test
84 Yes Yes Yes linearly increasing load scratch test

4.2. Characterization Tools

4.2.1. Tribometry

In order to measure the frictional force on samples and produce wear tracks which could later
be analyzed to reveal wear progression, two types of tribometers were used. The first tribometer
used is an automatic friction abrasion analyzer (TS501, Kyowa Interface Science Co., Ltd.). The
TS501 tribometer functions in a linear reciprocating manner. An image of the equipment and a

diagram of the experiment setup are shown in Figure 4.1. As the stage is moved under an
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applied normal load, a frictional force is generated which is measured by a load cell. The type of

counterface used in the friction tests was a chrome steel counterface of 7 mm diameter.

Counterface
holder

Weight

Stage

FNormaI

Chrome steel ball counterface

FFriction

Figure 4.1: Tribological testing setup — Kyowa TS501.

The load cell only measures the frictional force as the stage slides to the right and not as it
returns to the start position. The TS501 has a sampling rate of 200 Hz or one data point every 5
ms. This data is then used to determine the static COF (ps), dynamic COF (pk), maximum
dynamic COF (pkmax), minimum dynamic COF (pkmin), and the difference between the max and

min dynamic COF (kw = Hkmax - Mkmin). Point A in Figure 4.2 represents the point at which the

51



COF rises above 0.02. Point B represents 0.5 seconds of elapsed time after Point A. Point C is
the point where 95% of the total cycle duration has elapsed. Point D represents the point at
which there is 0.6 seconds left before point E, where the COF drops below 0.02 again as the
stage comes to a stop. The static COF ps for each cycle is obtained from the maximum value

between A and B. The dynamic COF is determined by taking the average value between B and

C [83].
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Figure 4.2: Kyowa tribometer area of analysis.

A Nano + Micro Tribometer (UMT-2, Bruker, Santa Barbara, CA) was used to perform
linear reciprocating and load dependent scratch tests. The UMT-2 is a fully computerized
tribometer that allows high resolution friction measurements [84]. The system is shown in
Figure 4.3. The load sensor used for the experiments in this investigation is the FL. model, which
can measure Fx and Fz loads up to 500 mN with a resolution of 50 uN. The software for the

UMT-2 system does not automatically calculate the static and dynamic portions of the COF, so
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these values were calculated by exporting the data captured to excel and using a similar method

as the TS501 to calculate these values.

Counterface holder

Figure 4.3: UMT tribometer.

To ensure accurate friction measurements, both tribometers were carefully calibrated prior to
the beginning of the tests. In addition, all counterfaces used were cleaned using a strict cleaning
process identical to the sample cleaning process used in each study. The cleaning procedure is

described in detail in section 5.2.1.

4.2.2. Surface Topography Characterization

An atomic force microscope (AFM; Dimension Icon, Bruker, Santa Barbara, CA) was used
to characterize the surface topography. Two imaging techniques were utilized in this

investigation. The first is Bruker’s ScanAsyst mode which uses algorithms to continuously
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monitor and change imaging parameters such as setpoints, feedback gains, and scan rates to
produce high quality images. This technique was used to characterize micro and nanoscale
features on the sample surface. The second technique used was that of Peak force QNM
(Quantitative Nanomechanical Property Mapping). This technique was used to map the adhesion
force on the sample surface. Finally, single ramp force curves were also captured on the sample
surface using the Contact Mode technique. This final technique was used to quantify the
adhesion force between a C4Fs coated AFM probe and the sample surface.

Figure 4.4 shows a typical AFM cantilever. The distance G is the tip-sample gap. This
distance is the difference between the initial tip-sample spacing Z and the cantilever deflection
caused by tip-sample interactions D. The distance G is directly proportional to the force applied
on the cantilever. The deflection of the tip is measured through a laser which is reflected from
the cantilever top surface onto a split photodetector. Thus, the lever deflection is proportional to

the position of the reflected laser beam on the photodetector [85].

Figure 4.4: Schematic of AFM tip

Figure 4.5 shows the loading curve and cantilever position associated with typical AFM
operation. The cantilever approaches the sample surface within the piezo Z range until the tip

contacts the sample surface. Subsequent movement of the piezo results in deflection of the
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cantilever. Section 1-2 of the curve shows the approach of the tip. As the tip gets closer to the
sample surface, tip-sample interaction causes the cantilever to deflect downward and contact the
sample surface. This deflection can be seen in section 2-3 of the curve. As the piezo continues
to move toward the sample surface, the cantilever is deflected in an upward direction as shown in
section 3-4 of the loading curve. Point 4 is the maximum deflection point. At this point, the
piezo begins to retract until it reaches point 5 where the retracting force is higher than the tip-
sample interactive forces. At point 5, the tip detaches from the sample surface and returns to
zero deflection shown as point 6. In contact mode, the cantilever is maintained at point 4 by
specifying a deflection setpoint. The tip is then raster scanned along the sample surface and the
piezo Z position continuously changes to maintain the specified deflection setpoint. The piezo Z
position is then plotted as a function of the x and y position to reveal the surface topography [85,

86].

c
o
)
§ setpoint
uq—) 1 2
[a) 6 §
5
Z-position

Figure 4.5: Schematic of AFM loading curve and tip position.

Conventional tapping mode is typically used to avoid lateral forces and drag across the

surface while maintaining high lateral resolution. In tapping mode, the cantilever is oscillated
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near or at its resonant frequency in a direction normal to the sample surface. The cantilever is
oscillated by applying an AC signal to the probe holder piezoelectric stack. The drive frequency
is maintained constant and the tip-sample spacing is changed to maintain a constant cantilever
amplitude without changing the drive frequency. Like in contact mode, the piezo Z position is
plotted as a function of the x and y position to reveal the surface topography [85, 86].

The resonance curve of a cantilever in tapping mode is shown in Figure 4.6 (a). The curve,
shown in red, represents a cantilever oscillating at or near its resonant frequency. Once the tip
comes close to the sample surface, the resonant frequency of the cantilever will shift to a higher
value, as shown in the green line in Figure 4.6 (b). The change in resonant frequency is a result
of tip-sample interactions which initially repel the tip as it approaches the surface, essentially
increasing the spring constant of the cantilever and thus increasing the resonant frequency.
Because the cantilever is still driven at the initial frequency fo, shown in green, the amplitude of

the oscillating cantilever drops to a lower value [85-87].

(a) (b)

fo fo

Figure 4.6: Resonance curve of an AFM cantilever in tapping mode (a) away from sample
surface (b) close to sample surface.
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Bruker’s ScanAsyst mode uses Peak Force Tapping as its underlying operation mode. Peak
Force Tapping is similar to conventional tapping mode with the difference that the tip
oscillations are maintained well below the resonant frequency of the tip cantilever. By
oscillating below the resonant frequency, filtering effects and dynamics of resonating systems
are avoided. This allows force curves to be continuously captured at frequencies between 1 and
10 kHz. The peak force in each of these curves is then used as trigger values to control the piezo
Z position. A feedback algorithm can recognize the individual peak force even though it may be
below the setpoint. This allows the user to image a sample surface at much lower forces which
is helpful when imaging soft surfaces. Peak force tapping decouples cantilever response from
resonance dynamics. This allows ScanAsyst to use the cantilever response values to
automatically adjust important imaging parameters such as the setpoints, feedback gains, and
scan rates to produce high resolution images without the need for user adjustment [85-87].

A Stylus Surface Profiler (Dektak 150, Veeco Instruments, Inc., Plainview, NY) was used to
determine the coating thickness and wear track cross-sectional profile on each sample. This
device uses a stylus to physically contact and scan over a surface, revealing a profile of the
surface topography. The low inertia sensor which measures the position of the stylus allows the
measurement of step heights down to 10 angstroms. The Dektak 150 is equipped with an X-Y
automated stage which allows the user to program measurements over 200 different locations as
well as producing surface maps from multiple scans. The coating thickness and cross-sectional
profiles were measured using a 12.5 um radius stylus, 3 mg contact force, and scanning speeds
no greater than 40 pm/sec to maintain an adequate level of stylus sensitivity. The wear track
profile was established by running the stylus along the width of each wear track. The samples

were only partially coated with the film, leaving a small area of uncoated stainless steel on each
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sample. The coating thickness was determined by running the stylus across the coating edge,
measuring the height difference between the uncoated stainless steel and coated film. The
average coating thickness for each sample was determined by taking an average of 3

measurements taken at different locations along the coating edge.

4.2.3. Surface Chemistry Characterization

X-ray Photoelectron Spectroscopy (XPS) and Energy-dispersive X-ray spectroscopy (EDS)
were used to respectively characterize the surface chemistry and surface elemental composition
of all samples, including substrate, coatings, and wear tracks. This characterization was carried
out to reveal the chemical composition of the various coatings as well as to observe the chemical
changes that resulted from the tribological testing.

The majority of chemical characterization was carried out using X-ray photoelectron
spectroscopy (XPS; PHI 5000 VersaProbe, ULVAC-PHI, Kanagawa, Japan). The XPS spectra
were obtained using a monochromatic Al K, (1486.6 eV) source with a 100 um spot size. Both
XPS survey spectrum and high-energy resolution (Hi-Res) scans were acquired. Because PTFE
is an insulator, dual-beam neutralization was used to avoid charge build up on the samples.
Additionally, all spectra were shifted based on adventitious carbon at a binding energy of 284.8
eV to allow for comparison between spectra.

XPS is a technique that is commonly used for surface chemical characterization. The system
functions in ultrahigh vacuum (<1077 Pa) and the sample surface is irradiated with mono-
energetic x-rays which causes photoelectrons to be emitted from the sample surface. The kinetic
energy of the emitted photoelectrons is then measured by an electron energy analyzer. Using the

known energy of the X-ray photons of specific wave length that are irradiating the surface, and
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the kinetic energy measured by the electron energy analyzer, the binding energy of the

photoelectron can be calculated using Einstein’s equation:

EBzh'U_EK_¢ 41

where Eg is the binding energy of the emitted electrons, h-v is the energy of the irradiating
photons, Ex is the kinetic energy of the emitted electrons, and ¢ is the work function of the
spectrometer. The work function of the spectrometer can be calculated based on the Fermi level
Er and the vacuum level Ev [88, 89].

Figure 4.7 depicts the process of irradiating a sample to emit photoelectrons from the surface.
X-rays are emitted from an aluminum anode producing Al-K, photons which have a line energy
of 1486.6 eV and a line width of 0.85 eV. The line width is reduced to 0.4 eV through the use of
a monochromator. The benefit of using a monochromator is the elimination of effects caused by
weaker Al-K, satellite lines as well as the reduction of the effect of the Bremsstrahlung
continuum from the X-ray spectrum of the anode. Figure 4.7 shows an Al-K, photon being
absorbed by a core level electron. Photoemission will only occur from levels where Eg + ¢ is
less than the X-ray energy h-v [88, 89].

In addition to photoemission resulting from emitted core level electrons, Auger electrons are
also ejected. This process results when an ionized atom returns to its ground state, and as a
result, emits an Auger electron. Both core level peaks and Auger peaks contribute to the final

XPS spectrum [89].
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Figure 4.7: XPS surface irradiation and photoelectron emission process.

Energy-dispersive X-ray spectroscopy (EDS) was carried out using a scanning electron
microscope (SEM, Phillips/FEI Model XL-30). In contrast to XPS, EDS uses a focused beam of
electrons to bombard the sample surface, emitting an X-ray spectrum (lower sensitivity than
XPS). The beam is raster scanned over the surface allowing elemental analysis of a relatively
large area. The EDS method typically has an overall accuracy of approximately 2% and a
sensitivity of 1000 ppm when using routine procedures. The spatial resolution depends on the
vertical penetration and horizontal spread of the electron beam; these are a function of density

and differ for the type of material being analyzed [90].

4.2.4. Surface Imaging

An optical microscope (model XJP-H100, American Scope, Irvine, CA) was used to
characterize each sample and counterface. The optical images were captured to qualitatively

compare the wear tracks and to identify film transferred to the counterface after the friction tests.
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Additionally, Scanning electron microscopy (SEM, Phillips/FEI Model XL-30) was used to
produce SEM micrographs of different magnifications. These micrographs were captured to
examine the micro/nano-scale topography of each sample. To better show the surface
topography, 45 degree oblique angle views were used for all measurements.

The Phillips/FEI XL30 is an environmental scanning electron microscope that employs a
field-emission electron source and has a resolution between 1 and 10 nm. The field emission
electron source functions by subjecting a tungsten cathode tip to a strong electric field, allowing
electrons to escape by quantum-mechanical tunneling. Because the work function for tungsten is
very high (¢=4.5 eV), the electric field needed to allow electrons at the Fermi level to escape is
also very high, of the order of 10'° V/m. The emitted electrons have a wave length of 0.5 nm

and an energy distribution of AE=0.3 eV, which allows for high spatial resolution [91].
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Chapter 5
Influence of dip coating withdrawal speed on film thickness of colloidal PTFE

5.1. Overview

Section 3.5 presented two models that describe the relationship between dip coating
parameters and the resulting coating thickness of a film. The first is the Landau-Levich model
and the second is a two regime model presented by Faustini et al. [82]. To see how closely the
PTFE aqueous dispersion in this investigation follows these models and to optimize the dip
coating parameters to enhance tribological performance, stainless steel samples were dip coated
in a PTFE colloidal dispersion at five different withdrawal speeds belonging to each regime
described by the models as shown in Table 4.1. The final coating thickness of the film was

measured after sintering the film at 337 °C.

5.2. Experimental Methods

5.2.1. Sample Preparation

Pre-cleaned 0.76 mm-thick stainless steel type 316 (McMaster-CARR/9759k31) were first
cut into 2.5 cm by 2.5 cm square samples and ultrasonicated in acetone for 20 minutes to
removes oils and organic contaminants. They were then immersed in isopropyl alcohol (IPA)
and ultrasonicated for 5 minutes. Next the samples were submerged in deionized water to rinse
of residues. To conclude the cleaning process, the samples were blown dry using nitrogen gas.

PTFE aqueous dispersion (TE-3859 from DuPont) of 60 wt.% concentration was used as the
dipping solution. A dip coater (KSV DC from KSV Instruments Ltd.) was used to deposit the
PTFE thin films on the sample surfaces. A total of 30 samples were dip coated at 1, 5, 10, 60,

and 100 mm/min (Table 4.1). Six samples were coated at each withdrawal speed. Of these,
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three were coated by immersing in a direction parallel to the polishing lines and three were
coated perpendicular to the polishing lines.

After dip coating, the samples were dried at 120 °C (as suggested in DuPont’s product
information) [16] for 2 minutes using a hot plate in order to remove water. Next, the samples
were baked in a furnace at 300 °C for 5 min, and finally, samples were annealed at 337 °C for 10

min.

5.2.2. Sample Characterization

A stylus surface profiler (Dektak 150, Veeco Instruments, Inc.) was used to measure the
coating thickness and surface roughness of the samples. The measurements were taken using a
12.5 pm radius stylus, 9.8 uN contact forces, and 100 um/s scan speed for a scan length of 4
mm. The coating thickness was determined using two different methods. First, the thickness
was determined by running the stylus across the coating edge, measuring the height difference
between the uncoated stainless steel and coated film. Second, the thickness was determined by
scratching the surface of the film in five different locations and running the stylus over each
scratch to produce a cross-sectional profile. The measurements were taken at different locations

on each sample to produce results representative of the overall coating surface.

5.3. Results

Figure 5.1 shows the results for the samples coated perpendicular to the polishing lines. The
thickness of the film increased with increasing withdrawal speed and did not follow the 2 regime
model described by Faustini et al. [82]. Below the critical withdrawal speed of 12 mm/min the
coating thickness increased almost linearly and leveled off at a maximum of approximately 2700
nm between 10 mm/min and 60 mm/min. A decrease in coating thickness between withdrawal
speed of 1 and 10 mm/min, as would be expected from the two regime model, was not observed.
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Rather, the coating thickness closely followed the Landau-Levich model for Newtonian fluids up
to a dipping speed of 10 mm/min, after which the coating thickness saturated at approximately

2700 nm.

14000.0
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10000.0

8000.0 Landau-Levich (using an estimated surface

tension of 72 mN/m, density of 1500kg/m?,

6000.0 and viscosity of 0.2 Pa-s)

Coating Thickness (nm)
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-
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Figure 5.1: Coating thickness vs. withdrawal speed for samples dip coated in a direction
perpendicular to the polishing lines of the stainless steel substrate.

Figure 5.2 shows the coating thickness for samples coated in a direction parallel to the
substrate polishing lines. Again, the same linearly increasing trend was observed between
withdrawal speed of 1 and 10 mm/min as was observed in Figure 5.1, and the coating thickness
saturated at approximately 3000 nm. At a speed of 100 mm/min the coating thickness appeared
to slightly decrease. However, because of the large error present in thickness measurements for
withdrawal speed at or above 60 mm/min, it is not definitive that there is in fact a drop in coating

thickness. One observation that can be made is that faster withdrawal speeds have a wider
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variation in film thickness. It can be concluded that slower speeds are better if a precise coating

thickness is desired.
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Figure 5.2: Coating thickness vs. withdrawal speed for samples dip coated in a direction parallel
to the polishing lines of the stainless steel substrate.

The average roughness was also measured for each sample in order to determine whether the
dip coating speed has a significant effect on the morphology of the film. Figure 5.3 shows the
results for the average roughness of the samples coated in a direction perpendicular and parallel
to the polishing lines. The roughness results show a slight decreasing trend in roughness with
increasing withdrawal speed between withdrawal speeds of 1 and 10 mm/min. At higher speeds,
the roughness increased slightly and fluctuated between 15 nm and 16 nm. Another important
observation is that the roughness values of the samples dip coated in a direction parallel to the

polishing lines were consistently higher than that of the samples dip coated perpendicular to the
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polishing lines for withdrawal speeds between 1 and 10 mm/min. However, at speeds above 60

mm/min the roughness values for both dip coating directions have very similar roughness.
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Figure 5.3: Surface roughness vs. withdrawal speed for sample dip coated in a direction
perpendicular and parallel to the substrate polishing lines.

Cross-sectional profiles of the step at the leading edge of the film showed a clear peak at the
edge for dip coating withdrawal speeds below 60 mm/min. Figure 5.4 (a) shows a sketch of this
phenomenon. The large peak at the edge is representative of the capillary feeding effect, where
the solid particles are fed to the leading edge of the film through capillary rise. These samples
also showed a very even thickness in the coating after this initial peak. At higher speeds, as
shown in Figure 5.4 (b), a constantly increasing thickness is observed further away from the
leading edge of the film. These results showed that measuring the coating thickness at the

leading edge may not be the most effective method for samples coated using faster withdrawals
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speeds, even when using 4 mm long Dektak profiles. Furthermore, the changing thickness in
samples coated using faster withdrawal speeds poses a risk to the accuracy of any subsequent
friction tests. If three friction tests are carried out on a sample, each at a different distance from

the leading edge, the friction results and also durability would be quite different for each test.

(@) (b)

Figure 5.4: Coating morphology at speeds (a) below 60 mm/min and (b) at or above 60 mm/min.

To further study the variation in coating thickness at different locations within each sample
surface, an experiment was carried out to measure the thickness of the film at predefined
locations. In this experiment all samples were dip coated in a direction perpendicular to the
polishing lines. However, to produce thinner films without further reducing the withdrawal
speeds, the dipping solution was diluted to a 40 wt.% concentration. To measure the coating
thickness, two different methods were used. First, the step height of the coating edge was

measured. These measurements were taken close to the left edge, middle and right edge of the
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samples, and the locations are respectively labeled 1, 2 and 3 in Figure 5.5. Second, five
scratches were created by lightly running a diamond scribe over the sample surface (care was
taken not to scratch the substrate surface). These scratches are labeled 4-8 in Figure 5.5. The

results for the two methods were compared for each sample.

Coating edge

4 7 Scratch

Figure 5.5: Sample coating thickness measurement location.

Table 5.1 shows the results for the individual measurements that were taken at each location.
The results show that there was a trend of increasing thickness closer to the bottom of the
sample. This is specially the case for samples dip coated at faster withdrawal speeds.

The graph in Figure 5.6 shows the average thickness for the measurements taken at the
coating edge, and also the average thickness for the measurements taken on the 5 scratches.
There is a significant difference between the results of the two methods. The thickness values
for the scratches were typically higher than those for the coating edge, except at very low
withdrawal speeds. This confirms the conclusions derived from Figure 5.4. The error in the
scratch method is a result of the increasing thickness towards the bottom of the sample. This
experiment also confirms that dipping speeds below 60 mm/min show less variation in the film

thickness at different location on the same sample, as is evident from the error bars in Figure 5.6.
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Table 5.1: Coating thickness measurements.
Withdraw Thickness measurement [nm]

speed 1 2 3 4 5 6 7 8
10 mm/min | 713 745 639 507 614 664 520 573
40 mm/min | 975 788 855 1097 1089 1029 1087 1159

70 mm/min | 976 996 914 1060 1240 1314 1009 1286

100 mm/min | 1010 1451 1002 1186 1501 1471 1248 1450
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Figure 5.6: Graph of the average thickness for each measurement type.

5.4. Summary

To produce samples with even films of predictable thicknesses, dipping speeds below a
withdrawal speed of 60 mm/min were selected for later studies in this investigation. This
allowed the preparation of samples with less variation in coating thickness amongst each other as
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well as less variation within the surface of each sample itself. In addition, it was determined that
dip coating in a direction perpendicular to the polishing lines produced less variation in the film
thickness between the samples. Therefore, all samples prepared in later studies were fabricated

in such a manner.
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Chapter 6
Wear resistant PTFE/silica nanoparticle composite film

6.1. Overview

In this study PTFE/SiOz nanocomposite films were fabricated on a stainless steel substrate
utilizing different concentrations of colloidal SiO2. SiO was used because of its proven ability
to increase the development of a transfer film on the counterface [42] as well as increasing the
tensile strength, tensile modulus, and impact strength of polymer resins [67], and as a result also
increasing the wear resistance of the film. Dip coating was chosen as the method of film
deposition due to its low cost and simplicity. The composite films were subsequently subjected

to friction tests in order to measure the COF and wear resistance of the film.

6.2. Experimental Methods

6.2.1. Sample Preparation

Pre-cleaned 0.76 mm-thick type 316 stainless steel was first cut into 2.5 cm by 2.5 cm square
samples and then cleaned as described in section 5.2.1. PTFE aqueous dispersion of 60 wt.%
concentration, as well as SiO; colloidal dispersion (Snowtex-PS-M from Nissan Chemicals) of
20 wt.% concentration, were used to produce various dip coating mixtures. The TE-3859
dispersion contains PTFE particles ranging from 0.05 to 0.5 um suspended in water [16].
Colloidal silica is made by growing mono-dispersed, negatively charged amorphous silica
particles, ranging from 18-25 nm, in water [92]. In addition to the as received pure PTFE
solution, a total of three different dipping solutions were created by mixing PTFE (60 wt.%) with
Si02 (1 wt.%, 5 wt.%, and 10 wt.%) dispersions at a 2:1 weight ratio. The resulting solutions are
referred to as 0.3% SiO2/PTFE composite, 1.7% SiO2/PTFE composite, and 3.3% SiO2/PTFE

composite.
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A dip coater was used to deposit the nanoparticle composite dispersions on the sample
surfaces. Three cleaned stainless steel samples were dip-coated in each type of solution at an
insertion and withdrawal speed of 10 mm/min and an immersion time of 20 sec. All samples had
an insertion direction perpendicular to the polishing lines. After dip coating, the samples were
dried at 120 °C (as suggested in DuPont’s product information) [16] for 2 minutes using a hot
plate in order to remove water. Next, the samples were baked in a furnace at 300 °C for 5 min,

and finally, samples were sintered at 337 °C for 10 min.

6.2.2. Characterization of Surface Topography

A stylus surface profiler was used to measure surface roughness of the samples. The
measurement was taken using a 12.5 um radius stylus with 9.8 uN contact forces at 100 um/s
scan speed for a scan length of 1 mm. Three measurements were taken at different locations on
each sample. The average roughness and root mean-square (RMS) roughness were recorded for
each sample.

Scanning electron microscopy (SEM, Phillips/FEI Model XL-30) was used to characterize
the surface topographies of all samples. SEM micrographs at different magnifications over
several locations across each sample were taken to examine the micro-scale topography of the
rubbing area as well as the uniformity of the coating in non-rubbed areas. To better show the
surface topography, 45 degree oblique angle views were used for all measurements.

A non-contact 3D profiler (Talysurf CCI - lite, Taylor Hobson Precision) was used to
measure the cross-sectional profiles of the wear tracks on each sample. The wear track width
and the average depth of the wear track relative to the sample surface were determined from the
surface profile. These measurements were performed in order to compare the amount of material

removed from the wear track in each sample.
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6.2.3. Friction and Wear Analysis

An automatic friction abrasion analyzer (Triboster, Kyowa Interface Science Co., Ltd.) was
used to perform the friction test, measuring both the static and dynamic COFs. This apparatus
provides a linear reciprocating motion and measures the friction force, which is then converted to
COF by dividing by the applied normal load. The average static COF for each cycle is
determined by the highest COF registered within the first 0.5 seconds of the test. The average
dynamic COF for each cycle is determined by taking the average of the COF registered between
10 and 90 percent of the total stroke length.

The friction tests were performed by repetitively rubbing the test sample against a chrome
steel ball (SUJ-2, Kyowa Interface Science Co., Ltd., Niiza-City, Japan) of 7 mm diameter. The
test sample was mounted on the tribometer stage with a removable double-stick tape so that the
chrome steel ball rested above the desired testing region of the sample. For consistency, all
samples were rubbed parallel to the substrate polishing lines. Each sample was rubbed at three
different locations under an applied load of 20 g, a stroke length of 15 mm, and a speed of 2.5
mm/s for 1000 cycles. It is important to emphasize that the Hertzian contact pressure resulting
from a 20 g normal load is 0.335 GPa. The Hertzian contact pressure was calculated assuming
contact between the ball and the substrate due to the low thickness (<2 um) of the coated film.
The value for the Hertzian contact pressure is much higher than what is typically experienced in
dry lubricated mechanical systems. This is because a ball-on-flat sliding contact is not common
in mechanical systems. The high contact pressure was used to accelerate the wear process and
allow comparisons to be made between samples at reasonable testing durations. To test the
influence of contact pressure on the tribological performance of the samples and to further

accelerate the film wear in order to compare time to failure, the friction test was repeated for an
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applied load of 50 g (0.454 GPa Hertzian contact pressure). Finally, friction tests at a lower
normal load of 10 g (0.266 GPa Hertzian contact pressure) were also performed on unfilled
PTFE and 0.3 wt.% SiO2/PTFE samples for a total of 6000 cycles to test the durability of the

films at lower contact pressures.

6.2.4. Surface Chemical Analysis

After the friction tests, the wear tracks on each sample were analyzed using X-ray
photoelectron spectroscopy (XPS, ULVAC-PHI/PHI 5000 VersaProbe). The XPS analyses were
performed with a monochromatic Al K, (1486.6 eV) source. Both XPS survey spectrum and
high-energy resolution (Hi-Res) scans of the F 1s regions were acquired. The test was run at
23.5 eV pass energy, 100 um spot size, 54.7° take off angle, 100 ms time/step, and 0.025 eV
energy step for 10 repeats. In addition, the energy-dispersive X-ray spectroscopy (EDS) analysis
function of the SEM was used to identify film transfer to the counterface balls during the friction

tests.

6.3. Results

6.3.1. Surface Topography

Dektak measurements showed that the average roughness for the polished 316 stainless steel
was 88 nm. The roughness for the chrome steel counterface was slightly smaller at 34 nm. The
Dektak profiler was also used to determine the film thickness. The pure PTFE films had an
average thickness of 1.8 um and 0.3% SiO2/PTFE composite films had an average thickness of
1.4 um. The 1.7% and 3.3% SiO2/PTFE composite films had the lowest average thicknesses at
0.8 um and 1.0 pm, respectively. Because SiO> particles adsorb much water, it is likely that the
incorporation of SiO; prevented higher accumulation of solid particles on the substrate surface,

thus reducing the film thickness after the water was evaporated during heat treatment.
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Figure 6.1 shows representative SEM micrographs (45 degree oblique angle views) of (a)
bare stainless steel, (b) stainless steel coated with pure PTFE, (c) stainless steel coated with 1.7%
Si02/PTFE composite, and (d) stainless steel coated with 3.3% SiO»/PTFE composite. The
unidirectional polishing lines characteristic of the stainless steel substrate are clearly visible from
Figure 6.1 (a), while the coated samples in Figure 6.1 (b) and (c) show the presence of
nanoparticles on the surfaces. There is no significant topographical difference between the pure
PTFE coated samples and the samples coated with SiO>/PTFE composite solutions. This similar
topography indicates that there is a uniform dispersion of the SiO; particles amongst the PTFE

particles in the solutions created.

2um : ' - 2um

Figure 6.1: SEM micrographs (45 degree oblique angle views) of stainless steel substrate (a)
uncoated, (b) coated with PTFE film, (c) coated with 1.7% SiO2/PTFE composite film, and (d)
coated with 3.3% SiO2/PTFE composite film.
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6.3.2. Coefficient of Friction

The plot in Figure 6.2 shows the static and dynamic COF vs. rubbing cycles of representative
samples for pure PTFE, 0.3% SiO2/PTFE, 1.7% SiO2/PTFE, and 3.3% SiO2/PTFE. These
friction tests were performed using a 20 g applied normal load. It can be seen from both Figure
6.2 (a) and (b) that the incorporation of SiO> nanoparticles in PTFE films did not significantly
change the steady-state COF of the films. However, the lowest concentration of SiO2, 0.3 wt.%,
did show a negative effect. This film was not able to withstand the entire 1000 cycle test, as is
evident from the rise in the COF that was observed at approximately 560 cycles for the static
COF and at approximately 349 cycles for the dynamic COF. This failure was characterized by a
sharp increase in the COF and a high degree of fluctuation in the COF between rubbing cycles,
which is a result of exposure and abrasion of the stainless steel substrate. Once the substrate was
exposed, the COF rose much closer to the 1.0 and 0.8, static and dynamic COF values observed
for the bare stainless steel sample. The static and dynamic COFs for pure PTFE, 1.7%
Si02/PTFE, and 3.3% SiO»/PTFE, on the other hand, remained constant at approximately 0.3 and
0.1, respectively.

The values for each individual friction test, performed using a 20 g normal load, are shown in
Table 6.1. The average static and dynamic COF did not differ significantly between each sample
type, precluding any inferences of a negative or positive correlation between the SiO>

concentration and the COF.
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Figure 6.2: Friction test results for 20 g applied load. (a) static COF and (b) dynamic COF.

Table 6.1: Static COF, dynamic COF, and durability results for bare stainless steel, 0.3%
Si0,/PTFE, 1.7% SiO»/PTFE, and 3.3% SiO2/PTFE in 20g normal load friction test.

sample Static COF Dynamic COF Wear Life (No. of rubbing cycles)
Test 1| Test 2| Test 3| Avg. [STDEV. [Test 1| Test 2| Test 3| Avg. |STDEV. |Test 1|Test 2| Test 3| Avg. | STDEV.
Bare Stainless Steel 1.09 | 1.02 | 1.00 [1.04| 0.050 | 0.79 | 0.84 | 0.88 |0.84| 0.046 - - - - -
Pure PTFE 0.33 ] 0.31 | 0.27 |0.30{ 0.034 | 0.11 | 0.12 | 0.10 (0.11| 0.007 | 1000 | 1000 | 1000 |1000[ O
0.3% SiO,/PTFE 0.32| 0.29 | 0.28 [0.30| 0.021 | 0.09 | 0.10 | 0.08 |0.09| 0.007 | 349 | 266 | 121 |245| 115
1.7% SiO,/PTFE 0.25| 0.30 | 0.28 [0.28]| 0.022 | 0.08 | 0.09 | 0.09 |0.09| 0.005 | 1000 | 1000 | 1000 {1000, O
3.3% SiO,/PTFE 0.33 0.29 | 0.31 |{0.31| 0.019 | 0.09 | 0.09 | 0.11 |0.10| 0.013 | 1000 | 1000 | 1000 {1000, O
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The results for the friction test carried out using a 50 g normal load can be seen in Figure 6.3.
Figure 6.3 (a) shows plots for static COF vs. rubbing cycles. For the bare stainless steel sample,
the static COF started around 0.5 and slowly increased toward 1.0; this value was reached after
approximately 30 cycles. For the pure PTFE coated sample, the static COF started at around
0.18 and remained at this value for the first 25 cycles. After this point the COF sharply increased
and reached 0.9 within the first 40 cycles. The COF then fluctuated between 0.8 and 1.0,
steadily increasing toward a steady-state value of 1.0 which was reached after approximately 550
cycles. The 0.3% SiO2/PTFE coated sample started with a COF value of approximately 0.21.
Between 200 and 300 cycles, and between 480 and 750 cycles the static COF showed a large
amount of fluctuation, however, beyond this point the static COF settled back at approximately
0.2. The 1.7% SiO2/PTFE composite sample exhibited a static COF that remained steady at
approximately 0.17 for the first 115 cycles and then sharply increased, fluctuating between 0.3
and 0.7. The static COF then progressively increased to about 0.8 where it remained for the
majority of the test. The 3.3% SiO2/PTFE composite sample showed the best performance. The
COF remained almost flat at 0.17 for the first 330 cycles and then slowly increased to 0.9 by 600
cycles. The COF then remains at 0.9 for the remainder of the test.

Figure 6.3 (b) shows a plot of the dynamic COF vs rubbing cycles for the 50 g normal load
friction test. The dynamic COF for bare stainless steel started around 0.5, experienced a sharp
rise and drop, and then slowly increased to 0.9, which was reached at about 300 cycles. The
dynamic COF for the PTFE coated sample started at 0.09 and after only 24 cycles increased
sharply toward 0.5 which was reached after the first 60 cycles. The COF then fluctuated as it
slowly climbed to reach 0.87 after 660 cycles. The dynamic COF of the 1.7% SiO»/PTFE

composite sample started at 0.09, and increased until it reached 0.15 after 126 cycles. The COF
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then decreased to 0.09 and again began to climb until it reached 0.15 at 188 cycles. After this
point the COF fluctuated between 0.15 and 0.3 for the remainder of the test. The dynamic COF
for the 3.3% SiO»/PTFE composite sample started flat at 0.09 for the first 523 cycles and then
slowly increased in value, fluctuating between 0.3 and 0.5 for the remainder of the test. Because
the dynamic COF for pure PTFE reached a value close to that of bare stainless steel after 660
cycles, it was evident that the film had been completely removed at this point. The dynamic
COF for the composite films, on the other hand, never reached the value of bare stainless steel,
indicating that the film is most likely not completely removed even after 1000 cycles.
Furthermore, the fact that the COF for the 3.3% SiO2/PTFE coated sample remained at the initial
value of 0.09 for 523 cycles indicates that higher concentrations of SiO> are more conducive to
higher wear resistance. An analysis of the wear track chemical composition in section 6.3.3
clarifies if in fact the film remains present at the end of the friction test.

The reported COF for PTFE varies with contact pressure and sliding velocity, but is typically
between 0.03 and 0.15 for the dynamic COF [9], which is in agreement with the test results in
Figures 6.2 and 6.3. The friction force for PTFE and for the SiO2/PTFE composite films, during
the friction test, showed the presence of fluctuations of high amplitude within the first 0.5
seconds of the friction test cycle. The difference between the value of these peaks present in the
first 0.5 seconds and the value of the friction force throughout the remainder of the cycle varied
between 0.1 and 0.6. Therefore, the static friction was significantly higher than the dynamic
friction. The values for each individual friction test performed using a 50 g normal load are
shown in Table 6.2. The average static and dynamic COF between pure PTFE, 1.7% SiO»/PTFE,
and 3.3% SiO2/PTFE did not differ significantly enough to infer that there is a negative or

positive correlation between the SiO> concentration and the COF. However, at 0.3 wt.%
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concentration of SiO: the average static COF had a value of 0.21 which is significantly higher
than the values observed for the other samples. On the other hand, a positive correlation between
Si0; concentration and durability/wear life of the film was very evident. The samples coated

with 3.3% SiO2/PTFE had an average wear life that was 23x that of pure PTFE and 4x that of 0.3%

SiO2/PTFE and 1.7% SiO2/PTFE.
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Figure 6.3: Friction test results for 50 g applied load. (a) static COF and (b) dynamic COF.
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Table 6.2: Static COF, dynamic COF, and durability results for bare stainless steel, 0.3%
Si0,/PTFE, 1.7% Si0,/PTFE, and 3.3% SiO>/PTFE in 50g normal load friction test.

TDIE Static COF Dynamic COF Wear Life (No. of rubbing cycles)
Test 1| Test 2| Test 3| Avg. [STDEV.|Test 1| Test 2| Test 3| Avg.|STDEV. | Test 1| Test 2| Test 3| Avg. [STDEV.
Bare Stainless Steel 0.99 | 0.99 [ 0.92 [0.96]| 0.040 | 0.87 | 0.87 | 0.78 |0.84| 0.054 - - - - -
Pure PTFE 0.17 | 0.17 | 0.21 [0.18| 0.020 | 0.09 [ 0.09 | 0.10 |0.09| 0.008 | 36 24 4 21 16
0.3% SiO,/PTFE 0.17 | 0.18 | 0.28 {0.21| 0.064 | 0.09 [ 0.09 | 0.09 |0.09( 0.004 | 119 | 168 | 72 |120| 48
1.7% SiO,/PTFE 0.16 | 0.16 | 0.18 {0.17| 0.011 | 0.09 | 0.08 | 0.08 |0.09( 0.006 | 115 | 119 | 82 |105| 20
3.3% SiO,/PTFE 0.18 | 0.18 | 0.16 {0.17| 0.010 | 0.09 [ 0.09 | 0.09 |0.09( 0.003 | 320 | 523 | 604 |482| 146

6.3.3. Surface Chemical Composition

To confirm whether the coated film is still present after the 1000 cycle rubbing test, the
samples which underwent the most severe rubbing test, 50 g load, were chosen for XPS analysis.
The presence of fluorine is a clear indicator of the presence of PTFE on the wear track surface.
In order to show this, a high resolution elemental scan was performed on the samples. Figure 6.4
(a) shows the XPS F1s spectrum of unscratched PTFE, 1.7% SiO2/PTFE composite, and 3.3%
Si02/PTFE composite. Figure 6.4 (b) shows the XPS F1s spectrum of the wear track for the
same samples after the 1000-cycle rubbing tests. By comparing Figure 6.4 (a) and (b), one can
see that the fluorine content significantly diminished for all three samples after the friction test.
In both Figure 6.4 (a) and (b) one can observe the typical Fls peak for PTFE at a binding energy
of about 689 eV. After the friction test, the 3.3% SiO2/PTFE sample had the highest content of
PTFE as shown in Figure 6.4 (b), despite the significantly lower fluorine content before wear
testing, which is evident from Figure 6.4 (a). In Figure 6.4 (b) another peak at a binding energy
of approximately 685 eV is observed. This peak is representative of a fluorine ion, likely from
the resulting formation of FeF» or FeF3 compounds [93, 94]. These compounds are formed
through scission of PTFE molecules which allows the broken chains to bond with iron. The
presence of this compound in the three coated samples indicates that the film has been worn

down to the PTFE/substrate interface. The fact that the sample coated with pure PTFE shows the
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largest peak at 685 eV inside the wear track, suggests that the PTFE molecules for this sample
have suffered a higher degree of scission. This is due to the early failure of the film and high
stresses resulting from contact between the counterface and the substrate. It is important to note

that the spot size of 100 um used in the XPS analysis is sufficiently small to capture only the

surface within each wear track.
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Figure 6.4: XPS F1s spectra of (a) unscratched surfaces and (b) the wear track of PTFE, 1.7%
Si02/PTFE composite film, and 3.3% SiO2/PTFE composite film coated stainless steel after
1000-cycle rubbing tests.
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Figure 6.5 shows the EDS analysis performed on the chrome balls used as the counterface for
the 50 g load tests. In figure 6.5 (a), the composition of chrome steel is readily visible.
However, in Figure 6.5 (b), (¢), and (d), the Fe is not detected; instead, O, C and F were detected.
The presence of these elements indicated that a transfer film had formed on the counterface for
the PTFE, 1.7% SiO2/PTFE composite, and 3.3% SiO2/PTFE composite samples. In Figure 6.5
(c) and (d), it can also be seen that Si was detected due to the presence of the SiO; filler in the

sample film.
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Figure 6.5: EDS spectra of (a) untested chrome balls, (b) chrome ball tested on PTFE, (¢) chrome
ball tested on 1.7% SiO2/PTFE composite film, and (d) chrome ball tested on 3.3% SiO2/PTFE
composite film.
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6.3.4. Wear

Figure 6.6 shows 100x and 1,000x magnification SEM micrographs (45 degree oblique angle
views) of the wear tracks on all samples rubbed under a 50 g normal load. Micrographs of 100x
magnification were used to determine the width of the wear track while 1,000x was used to
identify nano- and micro-scale debris and wear grooves. From Figure 6.6 (al) and (b1), it can be
seen that bare stainless steel had a wear track width of about 500 pm and pure PTFE coated
stainless steel also had a wear track approximately 500 um wide. From Figure 6.6 (cl), it can be
seen that the 1.7% SiO2/PTFE composite had a wear track width of about 300 um, and from
Figure 6.6 (d1) that the 3.3% SiO2/PTFE composite had a wear track width of about 200 um. It
is evident that the wear track was the widest for bare stainless steel and pure PTFE coated
stainless steel, followed by 1.7% SiO2/PTFE composite and finally 3.3% SiO»/PTFE coated
stainless steel. The broader wear track is indicative of greater wear. This result supports the
hypothesis that by mixing PTFE with SiO; dispersions, it is possible to increase the wear
resistance of the film. This result was supported by the wear on the counterface as well. The
chrome ball rubbed against the 3.3% SiO2/PTFE composite film had a wear scar of about 200 um
diameter, whereas the chrome ball on pure PTFE had a wear scar diameter of 420 um and bare
stainless steel had a wear scar diameter of 620 um. From Figure 6.6 (b2), one can observe that
after 1000 rubbing cycles, the PTFE coated surface had a large amount of small debris and that
material from the counterface seemed to have transferred to the surface, as is evident by the
smooth laminated material on top of the grooves, similar to that seen on bare stainless steel in
Figure 6.6 (a2). This indicated that the coated film was almost entirely destroyed and that there
may be material transferred from the chrome steel counterface to the substrate. On the

composite film samples in Figure 6.6 (c) and (d), however, the surface topography showed
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grooves with larger debris, typical of debris formed when film is transferred on and off the

counterface, indicating the film is still present.

Transferred
material

Transferred
material

uncoated, (b) coated with PTFE film, (¢) coated with 1.7% SiO2/PTFE composite film, and (d)
coated with 3.3% SiO2/PTFE composite film. (1: 100x and 2: 1,000x).
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Figure 6.7 shows the representative cross-sectional profiles for each of the samples tested
using a 50 g load, and again clearly show that the PTFE/Si0, composite had a much narrower
wear track resulting from the friction test. In Figure 6.7 (a), for bare stainless steel, a wear track
approximately 400 um wide was observed with grooves and peaks evenly distributed about the
sample surface level, the grooves reaching about 20 um in width, consistent with the SEM
observations in Figure 6.5 (a). In Figure 6.7 (b), for the PTFE film, an 830 um wide wear track
was observed with few peaks and the presence of a smooth protruding surface within the wear
track, accompanied by very narrow grooves. The smooth protruding surface was most likely
material delaminated from the counterface and adhered to the stainless steel surface as seen in
the SEM micrograph shown in Figure 6.5 (b2). The 1.7% SiO2/PTFE composite film, shown in
Figure 6.7 (¢), had a 460 um wide wear track with evenly distributed peaks and grooves, much
lower in height and depth than those seen in the two previous samples. The grooves were likely
generated by the trapped nanoparticles during sliding, whereas the peaks are part of the film that
had piled up on the two sides during sliding. Finally, Figure 6.7 (d) shows the cross-sectional
profile for the 3.3% SiO2/PTFE coated sample; it shows a wear track of about 330 um wide with
higher peaks and deeper grooves than the 1.7% SiO2/PTFE coated sample. However, the
grooves were much narrower and it is clear that much less material was removed from the
surface. Once more, as was seen in Figure 6.5 (d1), the cross-sectional profile confirms that the

3.3% Si02/PTFE coated sample had the narrowest wear track.
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Figure 6.7: Optical profiler measurements of wear track for (a) uncoated, (b) PTFE film, (c)
1.7% S102/PTFE composite film, and (d) 3.3% SiO2/PTFE composite film.
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Figure 6.8 shows the results of the durability test performed using a 10 g normal load for
6000 cycles. In this test, a pure PTFE coated sample was compared to a sample coated with
3.3% Si02/PTFE composite film. The objective of this experiment was to determine the
tribological performance at lower loads for the top performing composite sample and compare it
to the control. From the graph, it is clear that the COF of the pure PTFE film began to show
indication of failure at approximately 4700 cycles, while the COF of the 3.3% SiO2/PTFE
composite film remained low for 6000 cycles. Again, it is evident that the incorporation of SiO2
nanoparticle filler increased the wear resistance of the PTFE film. It should be noted that the
COFs measured in the 10 g normal load friction test are higher than those observed for 20 g and
50 g friction tests. This phenomenon is typically observed in viscoelastic polymers like PTFE
and is due to the time dependent relaxation of polymer chains which is affected by temperature
and the speed of load application [34, 95]. At higher loads, the temperature at the contact point

increases significantly, decreasing the rigidity of the film.
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Figure 6.8: Static and dynamic COF for friction test using a 10 g applied normal load for 6000
rubbing cycles.
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6.4. Summary

The results of the friction test performed using a 20 g normal load showed that pure PTFE,
0.3% Si102/PTFE, 1.7% SiO2/PTFE, and 3.3% SiO,/PTFE exhibit a similar value for both the
static and dynamic COFs. However, the results showed that 0.3% SiO>/PTFE had a lower wear
resistance than the other coatings. The 50 g friction test also showed little change in COF
between the coatings. The dynamic COF for all four coatings was 0.09. However, 0.3%
SiO2/PTFE exhibited an average static COF value of 0.21, significantly higher than the other
three coatings. It is likely that low concentration of SiO; produces sparse nodes that act as
defects in the film instead of changing the mechanical properties of the film as a whole. The 50
g friction test showed that the samples coated with 3.3% SiO2/PTFE had an average wear life
that was 23x that of pure PTFE and 4x that of 0.3% SiO2/PTFE and 1.7% SiO2/PTFE. In
addition, SEM micrographs showed that the composite films with higher concentration of SiO:
had much narrower wear tracks after the samples were subjected to the friction tests. XPS
analysis showed that the composite films with higher concentration of SiO; contained more
fluorine than their counterparts after being subjected to the friction tests. These results all
indicate that, by utilizing SiO- as a filler in PTFE, it is possible to increase the wear resistance of
the thin film, and that by increasing the concentration of SiO> up to 3.3 wt.%, the wear resistance

can be increased while also maintaining a low COF.
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Chapter 7
Use of gold Nanoparticle filled PTFE films to produce low friction and low wear surface
coatings

7.1. Overview

In this study, Au nanoparticles were selected as a filler to take advantage of Au’s low shear
strength and consequential low COF, as well as the higher hardness of Au in comparison to
PTFE. The higher hardness of the Au filler allows the film to support higher loads while
experiencing less deformation. Several investigations have been carried out on the tribological
properties of Au nanoparticles composites, such as in Au-a-C:H [70], Au nanoparticles within
immobilized fluorinated dendrimers [71], and Au-Paraffin [96]. However, Au nanoparticle filled
PTFE films have not been studied. The results of the investigation presented in this paper show
that incorporating Au nanoparticles in a PTFE film increases the wear resistance by up to two
times while also reducing the COF by up to 50%. It is important to note that the films produced
in this investigation were very thin, ranging from 0.2 pm to 0.5 um thick, and the concentration
of the Au nanoparticle dispersion used to make the film was very small, 0.07 wt.%. Therefore,

the cost of Au is not a restrictive factor for its use as a filler in PTFE for certain applications.

7.2. Experimental Methods

7.2.1. Sample Preparation

This study used the same substrate and cleaning procedure described in section 5.2.1.

A PTFE aqueous dispersion of 60 wt.% concentration was mixed with a Au nanoparticle
dispersion of 0.07 wt.%. The Au nanoparticles were synthesized by reduction of HAuCly in the
presence of sodium citrate [97, 98]. The PTFE and Au composite dispersion was mixed at a 2:1

ratio by weight. This produced a final dispersion composed of 40 wt.% PTFE and 0.023 wt.%
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Au. The diameter of the spherical Au nanoparticles was approximately 15 nm. Cleaned
stainless steel samples were dip-coated in the dispersion at an insertion and withdrawal speed of
10 mm/min with an immersion duration of 20 sec. After dip coating, the samples were heat

treated using the same conditions described in section 5.2.1.

7.2.2. Friction and Durability Test

Linear reciprocating friction tests were carried out using the Automatic Friction Abrasion
Analyzer in the same manner as described in section 6.2.3. Two different sample types were
investigated: PTFE coated stainless steel and PTFE + Au coated stainless steel. Both samples
were tested at three different surface locations under an applied normal load of 20 g, stroke
length of 15 mm and a speed of 2.5 mm/s. The 20 g normal load and 7 mm diameter ball on flat
configuration provided high contact pressure which accelerated the wear process. To further
accelerate the testing process, in order to compare time to failure, the test was repeated with an
applied load of 50 g.

The friction tests were categorized into two different studies: durability and wear
progression. First, a durability study was carried out to determine the effect of the Au
nanoparticle filler on the film wear life. These tests were carried out for both a 20 g and 50 g
normal load. For the durability study, the tests were performed until a sharp increase in the COF
was observed. A drastic increase in the COF indicated that the film on the sample had been
sufficiently worn away so as to expose the stainless steel substrate to the counterface. As a
result, the number of rubbing cycles until this point represented the wear life or durability of the
film. As the friction test progresses, PTFE experience thermally activated structural
transformation as well as chain scission [99]. This caused the friction to slowly rise over time,

often above the typical COF range of 0.05 — 0.10, before the film was completely removed from

91



the surface. However, the increasing rate resulting from these structural changes was very low,
unlike the sharp increase observed when stainless steel was exposed.

Second, a 50 g normal load friction test was run for 30 and 60 cycles to observe the wear
progression at both stages on each sample. The purpose of this test was to examine changes in
surface morphology, measure the wear progression, and determine the wear mechanism affecting

each sample type.

7.2.3. Sample Characterization

A Stylus Surface Profiler was used to determine the coating thickness and wear track cross-
sectional profile on each sample. The coating thickness and cross-sectional profiles were
measured using a 12.5 pm radius stylus with 3 mg contact force, 600 um scan length, and scan
duration of 30 sec. The wear track profile was established by running the stylus along the width
of each wear track. The samples were only partially coated with the film, leaving a small area of
uncoated stainless steel on each sample. The coating thickness was determined by running the
stylus across the coating edge, measuring the height difference between the uncoated stainless
steel and coated film. The average coating thickness for each sample was determined by taking
an average of 3 measurements taken at different location along the coating edge.

Scanning electron microscopy was used to characterize the surface topography and wear of
all samples using the same parameters described in section 6.2.4. In addition, an atomic force
microscope (AFM; Dimension Icon, Bruker, Santa Barbara, CA) was used to measure the

surface roughness on each sample.
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7.3. Results and Discussion

7.3.1. Surface Topography

Two material surfaces were evaluated in this investigation, stainless steel coated with PTFE
and stainless steel coated with a PTFE + Au composite film. Each was characterized by SEM
and compared to a bare stainless steel surface. Figure 7.1 (a), (b) and (c) show the SEM
micrograph for bare stainless steel, stainless steel coated with PTFE, and stainless steel coated
with PTFE + Au, respectively. For the bare stainless steel surface, the unidirectional polishing
lines were clearly visible. On the other hand, for the PTFE coated sample, small rod-like
structures oriented along a horizontal plane and measuring approximately 200 - 500 nm in length
were noticeable, as shown in Figure 7.1 (b). These structures were the product of PTFE particles
that had fused together as a result of heat treatment at 337 °C [100]. The PTFE + Au sample,
shown in Figure 7.1 (c), had a fibrillar network on the film surface. The formation of the fibrillar
network suggested that the PTFE nanoparticles had not only fused together into discrete
agglomerates, but formed an interconnected network. It was evident that the film had undergone
a higher degree of melting as a result of the presence of Au nanoparticles within the PTFE
matrix. Studies have shown that Au nanoparticles can have significantly lower melting points
than bulk gold, as low as 171 °C [101]. In addition, when these particles are incorporated into a
PTFE matrix, they have shown to decrease the softening temperature of PTFE as observed by
Yeshenko et al. [101]. The lower softening temperature and melting point is a significant factor
behind the formation of the interconnected network observed in the PTFE + Au sample.

AFM measurements showed that stainless steel had an average roughness R, value of 77.2
nm, root mean square roughness Rq value of 107.5 nm, and a peak to valley distance R value of

571.1 nm. The PTFE coated sample had an average roughness Ra value of 20.4 nm, root mean
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square roughness Rq value of 25.1 nm, and a peak to valley distance R, value of 83.4 nm. The
PTFE + Au coated sample had an R, value of 17.2 nm, Rq value of 19.9 nm, and an R, value of
54.2 nm. These results indicate that the PTFE film had a significantly higher surface roughness
than PTFE + Au. This difference in surface roughness resulted from the higher degree of
melting in the composite film, which allowed the film to spread and produce a more even film.
In addition, the large difference in surface roughness between the substrate and coating surfaces

shows that the coatings did not conform to the topography of the substrate surface, but instead

fill in the deep valleys present in the substrate.

. gm : sum SEESNE S nS 3
Figure 7.1: SEM micrographs (45 degree oblique angle views) of stainless steel substrate (
uncoated, (b) coated with PTFE film, and (c) coated with PTFE + Au composite film.

The coating thickness measurements show that there is a relatively wide range of resultant
coating thickness amongst the fabricated samples (between 0.21 pm and 0.48 pm). To compare
the tribological performance between samples, it was critical to match up samples of similar
coating thickness. The PTFE samples selected for the durability study had an average thickness
0f 0.45 um and the PTFE + Au samples had an average thickness of 0.47 um. The samples

selected for the wear progression study had an average coating thickness of 0.25 um for the pure

PTFE sample and 0.24 um for the PTFE + Au sample.
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7.3.2. Friction an Durability 20g Normal Load Test

The durability test performed under a 20 g normal load was repeated three times for each
sample type. The results show that under a 20 g normal load, the PTFE film was able to
withstand an average of 307 cycles before failure, with a standard deviation of 197. The PTFE +
Au sample, on the other hand, was able to withstand an average of 608 cycles before failure, with
a standard deviation of 347. These results indicate that by incorporating Au nanoparticles, even
at the low concentration of 0.07 wt.%, it was possible to improve the wear resistance of the
PTFE film twofold.

Figure 7.2 shows the dynamic COF vs. rubbing cycles for the top performing PTFE and
PTFE + Au samples in the 20 g normal load durability study. For PTFE, the COF started off at a
value of 0.01 at the first cycle and quickly increased to about 0.07 after 15 rubbing cycles. The
value then slowly trended upward with increasing rubbing cycles until it reached 0.2 at 532
cycles. At this point, a sharp increase in the COF was observed, indicating that the PTFE film
had been sufficiently rubbed off to expose the stainless steel substrate. The average dynamic
COF for the PTFE film, before failure, was 0.10. The PTFE + Au sample, on the other hand,
began with a COF value of approximately 0.04, quickly increased to 0.08 and then gradually
decreased to a value of 0.02 after 263 rubbing cycles. The COF then progressively increased
until it reached a value of 0.11 at 1000 rubbing cycles. The test was stopped at this point due to
equipment limitations; the Triboster Automatic Friction Abrasion Analyzer can only store data
for up to 1000 consecutive rubbing cycles. However, the fluctuating COF values at this point
indicated that the sample might be close to failure. Therefore, 1000 cycles was established as the
failure point for this test. The average dynamic COF for the PTFE + Au film, before failure, was

0.05. Thus, the difference in average COF, before failure, between both sample types was
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approximately 0.05. These results show that incorporating Au nanoparticles as a filler not only

increased the film’s wear resistance, but also reduced the average COF by up to 50%.
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Figure 7.2: Dynamic COF values for PTFE and PTFE + Au in 20g normal load friction test.

SEM micrographs of the wear tracks resulting from the durability test were captured to
observe the wear extent and wear mechanism on the sample surfaces. Figure 7.3 shows the SEM
micrographs for PTFE and PTFE + Au coated samples that represent the typical performance of
the 20 g durability test. Figure 7.3 (a) shows the wear track on PTFE. The micrograph shows
that the wear track was approximately 81 um wide and had a large amount of built up material at
the wear track edges (dark area adjacent to wear track). This build-up showed the presence of
corrugations indicative of film delamination and also showed areas where the film has suffered
tearing, as shown by the dashed outline in Figure 7.3 (a). The tearing observed at the edges of

the wear track is an indication that adhesive wear is the dominant wear mechanism [102]. In this
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wear mode, the film adheres to the counterface and is torn off producing slabs of material as

debris. Figure 7.3 (a) also shows the presence of deep grooves inside the wear track which

indicated that the film was removed enough to allow the counterface to plough into the substrate.

gue 73: crghs of (a) PTFE ear track and (b) PTFE + Au wear track for 20g o
normal load friction test carried out until film failure.

Figure 7.3 (b) shows the wear track on PTFE + Au. The wear track was approximately 85
um wide. The image shows a significantly smaller build-up (darker area) for PTFE + Au as
compared to pure PTFE. The morphology observed inside the wear track of PTFE + Au was that
of a smooth surface with deep grooves present at the point of failure. There was no evidence of
tearing or corrugations. The absence of corrugations indicates the film was not delaminating
from the substrate as was the case for the PTFE sample. The adhesion between the film and the
substrate has improved as a result of the higher degree of melting in the composite film.
Additionally, the absence of tearing and large debris indicates that adhesive wear was no longer
the principal wear mode. Similar to what was reported by Wang et al. for nano-La>Os filled
PTFE, the incorporation of Au nanoparticles in PTFE likely increased the rigidity of the film,

reducing deformation and, as a result, also reducing the real contact area. This reduction in
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contact area lessened the adhesion between film and counterface, decreasing the effect of
adhesive wear on the surface [102].

The cross-sectional profiles for the wear tracks in Figure 7.3 were measured using a Dektak
stylus profiler and are shown in Figure 7.4. It is evident that the PTFE sample, shown in a
dashed line, indeed exhibited large build-up and corrugations as indicated by the multiple peaks
at the edge of the wear track (circled area). Because the build-up was much larger than the area
inside the wear track, it is clear that the majority of the build-up was not material removed from
inside the wear track, but was rather folds of delaminated film. The average wear track depth for
PTFE is approximately 170 nm, but grooves as deep as 727 nm are observed on the left hand
side of the wear track. These grooves, which were deeper than the film thickness of 450 nm,
indicated that the wear had reached the substrate level and the film had failed. For the PTFE +
Au sample, shown in a solid line, the wear track shows little build-up and has an average depth
of 130 nm with grooves as deep as 866 nm. Because of the deep grooves, it is also clear that the

coating had also failed.
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Figure 7.4: Dektak cross-sectional profiles of PTFE and PTFE + Au for 20 g normal load friction
test.

7.3.3. Friction and Durability 50¢ Normal Load Test

The results for the durability study performed using a 50 g normal load show that the average
failure point for PTFE dropped to an average of 174 cycles, with a standard deviation of 38, as a
result of the higher contact pressures. For PTFE + Au, the average failure point also dropped to
an average of 263 cycles, with a standard deviation of 83. It is evident that even at this high
contact pressure, PTFE + Au still exhibits higher wear resistance than PTFE.

The average COF of each cycle vs. rubbing cycles for the top performing samples in the 50 g
normal load durability study are shown in Figure 7.5. Similar to what was observed for the 20 g
normal load test, it can be seen that PTFE + Au had a COF value that was lower than pure PTFE.
For pure PTFE shown in a dashed line, the COF value began at 0.04 and quickly increased to
0.08 after 13 rubbing cycles. At this point, the COF gradually dropped to a value of 0.07 at 23

cycles, at which point it began to show an increasing trend. The COF reached 0.17 after 218
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cycles (average COF of 0.09 for first 218 cycles) where it showed a sharp increase in value,

indicating that the film had been removed. The COF for PTFE + Au, shown in a solid line,

startsd at a value of 0.05, quickly increased to 0.07, and then slowly decreased until it reached a

value of approximately 0.06 after 28 rubbing cycles. At this point the COF value showed an

increasing trend until it reached a value of 0.11 at 352 cycles (average COF of 0.07 for first 352

cycles). Here the COF increased sharply, indicating that the film had been removed. A

difference of 0.02 is observed in the average COF before failure between PTFE and PTFE + Au,

indicating that the Au nanoparticle filler has reduced the COF of the PTFE film by 22%.
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Figure 7.5: Dynamic COF values for PTFE and PTFE + Au in 50g normal load friction test.

Figure 7.6 shows the SEM micrographs of the wear tracks resulting from the 50 g friction

test. PTFE and PTFE + Au are shown in Figure 7.6 (a) and (b), respectively. PTFE had a wear

track width of 106 um and PTFE + Au had a wear track width of 94 um. The build-up on the
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edges of the wear track was also wider for PTFE than for PTFE + Au. The total wear track
width including the build-up for PTFE was 155 um, while the total wear track width for PTFE +
Au was only 114 um. Fewer corrugations were observed for PTFE in the 50 g study compared
to the 20 g study. However, small corrugations and some tearing were still present as shown by
the circled area in Figure 7.6 (a). It is evident that delamination and adhesive wear still occur in
the PTFE sample, although to a much lesser degree than was observed for the 20 g test. In
addition, both PTFE and PTFE + Au exhibit deep grooves inside the wear track indicating that

both films had been removed sufficiently to expose and abrade the substrate.

mlcroaphs of trs fr (a) PFE and () PF + u f 5 rmal
load friction test carried out until film failure.

The cross-sectional profile in Figure 7.7 confirms the findings of Figure 7.6. It shows a
smaller wear track width for PTFE + Au than for PTFE. According to the cross-sectional profile,
the PTFE wear track had a width of 115 pm and the PTFE + Au had a width of 103 pm. The
profile also shows that the build-up at the edge of the wear track for PTFE was twice as broad as

that of PTFE + Au. Finally, the large peaks and valleys at the center of the wear tracks are

representative of large grooves resulting from abrasion of the substrate by the counterface.
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Figure 7.7: Dektak cross-sectional profiles of PTFE and PTFE + Au for 50 g normal load friction

test.

7.3.4. Wear Progression

Figure 7.8 shows the dynamic COF for the 50 g normal load wear progression study. The

results for the PTFE sample rubbed for 30 and 60 cycles are shown in dotted and dashed lines,

respectively. The results for PTFE + Au rubbed for 30 and 60 cycles are shown in a thin and

thicker solid line, respectively. Pure PTFE failed almost immediately in both 30 and 60 cycle

tests. However, PTFE + Au remained at a low and stable COF for the entire duration of both 30

and 60 cycle runs. Note that the coating thickness of both sample types was lower for the wear

progression study compared to the durability study. The coating thicknesses for PTFE and PTFE

+ Au in this study were 250 nm and 240 nm, respectively.
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Figure 7.8: Dynamic COF of PTFE and PTFE + Au samples in 50 g normal load friction test
carried out for 30 and 60 cycles.

SEM micrographs for the 30 and 60 cycle tests were captured to show the wear progression.
Figure 7.9 (a) shows an SEM micrograph of the PTFE sample after the 30 cycle test. It is easy to
see grooves in the middle of the wear track that indicate the substrate had been abraded. The
inside of the wear track was approximately 63 um wide and the total width including the build-
up on the edges was 117 um. Figure 7.9 (b) shows the wear track after 60 rubbing cycles. The
deep grooves are present throughout the entire wear track and have reached the wear track edge.
The width of the inside of the wear track was 120 um at this point, slightly larger than the total
width of 117 pm observed at 30 rubbing cycles. Figure 7.9 (b) also shows that outside of the
wear track were corrugations resulting from delamination. These corrugations were much more
pronounced than was observed for the durability study. They were approximately 275 um in
length and were caused by large adhesive forces resulting from contact between the counterface

and the substrate after film failure. The film at the edge of the wear track/contact area is caught
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between the two opposing metal surfaces and is pulled in the direction of sliding. A higher
magnification SEM micrograph can be seen in Figure 7.9 (c). This micrograph clearly shows the

large plate-like debris typical of adhesive wear in metal on metal contact.

Figure 7.9: SEM micrographs of 50 g normal load friction test for PTFE carried for (a) 30 cycles,
(b) 60 cycles, (c) higher magnification micrograph of 60 cycles, and for PTFE + Au carried out
for (d) 30 cycles, (e) 60 cycles, and (f) higher magnification micrograph of 60 cycles.

Figure 7.9 (d) shows the SEM micrograph of the PTFE + Au sample after the 30 cycle test.
The inside of the wear track was approximately 84 pm wide, and the total width (including
build-up) reached 130 pm. The width of the inside of the wear track is significantly wider than
the width observed for the PTFE sample in Figure 7.9 (a). However, it is clear again that the
build-up for PTFE was much larger than for PTFE + Au. The SEM micrograph of the PTFE +
Au sample after the 60 cycle test is shown in Figure 7.9 (e). Comparing Figure 7.9 (d) and (e), it

can be seen that the width of the wear track for PTFE + Au remained similar for both the 30
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cycle and 60 cycle tests. The lack of corrugations and tearing indicated that adhesive wear was
not the principal mode of wear in this film. Figure 7.9 (f) shows the center of the wear track for
PTFE + Au at a higher magnification. The surface of the wear track was very smooth with little
signs of debris, which indicated that the film was likely being compacted and also polished as
small asperities were removed by the counterface. The smooth surface confirms that unlike for

PTFE, adhesive wear is not the principal wear mode for the composite PTFE + Au film.

7.4. Summary

This study has shown that adding Au nanoparticles of approximately 15 nm diameter, at a
very low concentration of 0.07 wt.%, significantly improves the tribological performance of
PTFE films. The results for the durability study under both 20 g and 50 g normal loads show
that PTFE + Au was able to withstand between 1.5 to 2 times the number of rubbing cycles
observed for pure PTFE. In addition, the COF for PTFE + Au was up to 50% lower than pure
PTFE when tested under a 20 g normal load, and up to 22% lower under a 50 g normal load.
Finally, both the durability and wear progression studies show that the dominant wear
mechanism was different for the two sample types. PTFE suffered delamination as a result of
poor adhesion of the film to the substrate and tearing resulting from a dominant adhesive wear
mode. PTFE + Au, on the other hand, showed no sign of delamination or adhesive wear. The
film surface is instead compacted and polished by the counterface. This change in wear mode
caused by the addition of Au nanoparticles significantly increases the wear resistance and

durability of PTFE.
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Chapter 8
Wear resistant PTFE thin Film Enabled by a Polydopamine Adhesive Layer

8.1. Overview

In order to increase the wear resistance of PTFE thin films without the use of surface
roughening and thick coatings, it is important to find a material with a strong affinity to both
PTFE and the substrate. Lee found that PDA adheres well to both organic and inorganic
materials, including PTFE [53]. PDA is synthesized through an oxidative reaction. It is rich in
3,4-dihydroxy-L-phenylalanine (DOPA) and lysine peptides. Although the exact mechanism
behind the adhesive property of PDA is not known, it is believed that the catechol functional
groups in DOPA and amine in lysine play a significant role in the process [53]. These properties
of PDA have only recently been discovered [53] and thus, there are very few tribological studies
on PDA films.

Ou et al. studied the mechanical properties and tribological performance of PDA multilayer
composite films. PDA was used as an adhesive layer to deposit functional films on the surface
using a nonelectrostatic layer-by-layer assembly technique. One of the composite films
investigated was a ZrO>/PDA nanocomposite multilayer film; it was determined that the PDA
layer increased the packing density of the nano film by removing nanovoids in the ZrO> layer,
and thus increased the hardness and modulus of elasticity of the composite film [103].
PDA/graphene oxide/PFDTS films were also studied and showed a COF as low as 0.16 and
better wear resistance than PFDTS films alone [104]. However, the COF measured for these
films was still higher than what is observed for PTFE films under similar testing conditions.

In this investigation, the influence of a PDA adhesive layer on the tribological performance

of a thin PTFE top coat was studied. The results show a similar COF of approximately 0.06 for a
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PDA/PTFE film compared to a PTFE film alone. However, due to the strong adhesion between
PTFE and PDA, the PDA/PTFE film was able to withstand approximately 600 times more
rubbing cycles than the PTFE film alone. More importantly, the majority of the rubbing cycles
took place at the interface between the counterface and a remaining film of approximately 160
nm thickness which adhered tenaciously to the substrate. This tenacious layer was a result of the
strong adhesion between PTFE and PDA, and contributes to the durability of the film. Because
of the relatively low thickness of the film, it shows great potential to be used in applications

where thin, durable PTFE films are required.

8.2. Experimental Methods

8.2.1. Sample Preparation

Two different sample types were evaluated in this investigation. The first sample type
consisted of stainless steel coated with a PTFE film only. The second sample type consisted of
an adhesive PDA layer and a PTFE top-coat and will subsequently be referred to as PDA/PTFE.
The objective of this investigation was to determine the friction and durability of PDA/PTFE
films and compare them to a film composed of PTFE only. The substrate selected for this study
was by 2.5 x 2.5 cm squares of 0.76 mm-thick stainless steel type 316. The first step was to
clean the substrates using the process described section 5.2.1.

The following step was to mix two separate dipping solutions, PDA and colloidal PTFE. For
the PDA solution, Trizma base (T1503, Sigma Aldrich, St. Louis, MO) and dopamine
hydrochloride (H8502, Sigma Aldrich, St. Louis, MO) were combined to produce a PDA pH 8.5
solution. First, the Trizma base was mixed with DI water to produce a 10 mM concentration of
tris buffer solution. Second, dopamine hydrochloride was mixed into the tris buffer solution at a

concentration of 2 mg/ml to initialize the polymerization process [105].
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For the PTFE solution, a PTFE nanoparticle aqueous dispersion was used. This dispersion
has a PTFE solids concentration of 60 wt.% as-received and particles ranging from 50 to 500 nm
in size. In order to produce thinner coats of PTFE, the concentration of the as-received PTFE
dispersion was diluted to a 40 wt.% concentration using DI water.

For the first sample type, PTFE only, stainless steel square sheets were dip coated in the
PTFE solution at an insertion and withdrawal speed of 10 mm/min and immersion duration of 20
sec using a dip coater. For the second sample type, PDA/PTFE, the stainless steel sheets were
first dip coated into the PDA solution for 24 hrs. at an insertion and withdrawal speed of 10
mm/min. The samples were subsequently rinsed in DI water in an ultrasonic bath for 5 minutes
and dried using nitrogen gas. The final top coat of PTFE was deposited using a 10 mm/min dip
coating insertion and withdrawal speed and immersion duration of 20 sec. Once dip coating was
completed, the samples were dried on a hot plate at 120 °C for 2 min and then heat treated in a
furnace at a temperature of 250 °C for 10 min.

In order to compare the performance of one sample type to the other, both sample types were
coated with PTFE using the same dip coating parameters. The PTFE only samples had an
average film thickness of approximately 580 nm, while the PDA/PTFE samples had an average
thickness of 720 nm, measured using a stylus surface profiler. The film thickness of the PDA
layer was approximately 120 nm, measured using an AFM. Subtracting the PDA film thickness
from the total thickness of PDA/PTFE reveals a PTFE top coat thickness of about 600 nm, which

is consistent with the film thickness of the PTFE only samples.

8.2.2. Tribological Testing

Tribological testing of the samples was performed using an automatic friction abrasion

analyzer. The counterface used was a 7 mm diameter chrome steel ball, and the test was
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performed under a 50 g normal load, 2.5 mm/s sliding speed, and 15 mm stroke length. To
maintain consistency, all tribological tests were performed by rubbing the samples in a direction
parallel to the polishing lines of the stainless steel substrates.

Two different tribological studies were carried out. The first study was a friction and
durability study. From this study, the COF of the films, under the testing conditions, as well as
the number of rubbing cycles at which the film is sufficiently rubbed off/damaged to produce a
sharp increase in the COF (failure point) were determined. The number of rubbing cycles before
failure can therefore be used as a measure of the durability of the film. The second study
allowed the observation of the wear progression on each film. For PTFE only, four separate
friction tests were carried out for 1, 10, 60 and 1000 cycles. For PDA/PTFE, the friction tests
were carried out for 1, 10, 60, 1000, and 4000 cycles. Each wear track’s cross-sectional profile
was then used to analyze the wear progression. In all experiments, each testing condition was

repeated three times to ensure the repeatability of the testing results.

8.2.3. Surface Characterization

An optical microscope (model XJP-H100, American Scope, Irvine, CA) was used to
characterize each sample and counterface. Optical images were captured to qualitatively
compare the wear tracks between sample types and for different rubbing durations, as well as to
identify film transferred to the counterface after the rubbing tests. The wear track cross-sectional
profiles on each sample were characterized using a Dektak stylus surface profiler. These wear
track profiles were determined by running the stylus across the width of each wear track. In
addition, a Dimension Icon AFM was used to characterize the surface nanotopography on each

sample.
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Scanning electron microscopy was used to characterize the surface of each sample type after
friction tests of various rubbing cycles. The topography of each sample and wear characteristic
was carefully analyzed to determine the wear mechanism on the different samples.

Surface chemical compositions of the films before and after the tribological tests, as well as
transfer films on the counterface, were investigated using X-ray photoelectron spectroscopy The
XPS spectra were obtained using a monochromatic Al Ky (1486.6 €V) source with a 100 um spot
size. Both XPS survey spectrum and high-energy resolution (Hi-Res) scans were acquired.
Because PTFE is an insulator, dual-beam neutralization was used to avoid charge build up on the
samples. Additionally, all spectra were shifted based on adventitious carbon at a binding energy

of 284.8 eV to allow for comparison between spectra.

8.3. Results and Discussion

8.3.1. Friction and Durability

Figure 8.1 shows the results for the COF as a function of rubbing cycles. The sample coated
with PTFE only, shown in solid line in Figure 8.1 (a), presented a low COF of approximately
0.06 at the onset of the test, but the COF quickly rose to approximately 0.65 after only 10
rubbing cycles. These results indicated that the film had failed, and the stainless steel substrate
was now exposed to the counterface. The sample with a PDA adhesive layer and PTFE top coat,
on the other hand, showed a COF that remained stable at approximately 0.06 for 1000 rubbing
cycles. To test the durability of this film, the friction test was repeated for a longer duration. The
COF in Figure 8.1 (b) showed a slightly increasing trend from 0.06 to 0.1 over 5370 cycles, with

a sharp increase in the COF at 5370 cycles, indicating film failure.
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Figure 8.1: COF vs. rubbing cycles for (a) PTFE film and PDA/PTFE film rubbed for 1000
cycles, and (b) PDA/PTFE rubbed for 5400 cycles. The testing conditions are: 50 g normal load,
2.5 mm/s speed, 15 mm stroke, 7 mm diameter chrome steel ball counterface, linear
reciprocating test.

Table 8.1 shows the individual results for each test carried out in the durability study. On

average PTFE exhibited a dynamic COF of 0.8 and PDA/PTFE a dynamic COF of 0.07. The
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average wear life/durability for PTFE was 7.33 cycles, while for PDA/PTFE the average wear
life was 4690 cycles. These results show that on average the PDA/PTFE film was able to

withstand more than 600 times the number of rubbing cycles of a PTFE only film.

Table 8.1: Dynamic COF, and durability results for PTFE and PDA/PTFE in 50g normal load
friction test.

STl Dynamic COF Wear Life (No. of rubbing cycles)
Test 1 Test 2 Test 3 Avg. STDEV. Test 1 Test 2 Test 3 Avg. STDEV.
PTFE 0.06 0.11 0.07 0.08 0.03 10 5 7 7.3 2.5
PDA/PTFE 0.08 0.07 0.07 0.07 0.01 4150 5370 4550 4690 622

8.3.2. Transfer Film

It has been established, in prior investigations of bulk PTFE composites, that the formation of
a well bonded transfer film on the counterface plays a crucial role in the wear performance of
PTFE. The well adhered transfer film allows the PTFE composite to essentially rub against itself
[31, 41]. In order to test whether this is also true for PDA/PTFE thin films, an image of the
counterface was captured after friction tests carried out for 1, 10, 60 and 1000 rubbing cycles.
As shown in Figure 8.2 (al) and (b1), PTFE only and PDA/PTFE both formed a transfer film on
the counterface after only the first rubbing cycle. The thick, discontinuous nature of the transfer
film observed in Figure 8.2 for both sample types, suggests that the transfer film is likely a build-
up of material, repetitively formed and removed, with little adhesion strength to the counterface
[106]. In both sample types, the transferred material did not accumulate progressively on the
counterface as the number of cycles increased. After 60 cycles, as shown in Figure 8.2 (a3), the
sample with PTFE only had already failed. Part of the transfer film had been removed from the
counterface as a result of contact between the counterface and the substrate. After 1000 cycles,

as shown in Figure 8.2 (a4), the damage to the counterface was significant, and deep grooves
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were visible inside the contact area. The PDA/PTFE sample, on the other hand, showed no

damage to the counterface for up to 1000 cycles. These results suggest that the formation of a

transfer film, by itself, does not ensure wear resistance of the film.

Figure 8.2: Optical microscope images of the chrome steel balls rubbed against PTFE film for
(al) 1 cycle, (a2) 10 cycles, (a3) 60 cycles, (a4) 1000 cycles and against PDA/PTFE film for (b1)
1 cycle, (b2) 10 cycles, (b3) 60 cycles and (b4) 1000 cycles at 10x magnification. The scale bar
in (a4) applies to each image.
8.3.3. Wear

Optical images of the wear tracks on the samples after friction tests carried out for 1, 10, 60
and 1000 rubbing cycles can be seen in Figure 8.3. For the PTFE only sample, the wear track
width after the first cycle was 220 um, as seen in Figure 8.3 (al), and increased progressively
with successive rubbing cycles. After 60 rubbing cycles, it is evident from the dark area in the
middle of the wear track, as shown in Figure 8.3 (a3), that the substrate was exposed and
abraded. After 1000 cycles, shown in Figure 8.3 (a4), the surface was significantly damaged,
showing an even wider abraded area. However, the abraded area is only present at the center of

the wear track, resulting from the counterface ploughing through the surface of the substrate.

Adjacent to this abraded area, the film had also delaminated from the substrate due to the high
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shear forces produced during the rubbing test and weak adhesion between the film and substrate.
The delamination of the film, which was confirmed using the Peak Force Quantitative
Nanomechanics function of the Dimension Icon AFM, left an area of exposed but undamaged

stainless steel and produced a total wear track width of approximately 640 pm.

Figure 8.3: Optical microscope images of the wear track on PTFE film sample rubbed for (al) 1
cycle, (a2) 10 cycles, (a3) 60 cycles, (a4) 1000 cycles and on PDA/PTFE film sample rubbed for
(b1) 1 cycle, (b2) 10 cycles, (b3) 60 cycles and (b4) 1000 cycles. The scale bar in (a4) applies to
each image.

Optical images of the wear tracks on PDA/PTFE after friction tests carried out for 1, 10, 60
and 1000 rubbing cycles can be seen in Figure 8.3 (b1-b4). The wear track for PDA/PTFE
reached a width of about 180 um after the first cycle, as shown in Figure 8.3 (b1), and then
slowly progressed to only 200 um after 1000 rubbing cycles, as seen in Figure 8.3 (b4). The
minimum change in wear track width from the first cycle through 1000 cycles indicates that,
after the first rubbing cycle, the wear of PDA/PTFE progressed much slower than for PTFE only.

The progression of the wear, indicated by the cross-sectional profile for each wear track, was
measured using a Dektak stylus profiler. Figure 8.4 shows the wear track cross-sectional profile

for 1, 10, 60 and 1000 rubbing cycles on PTFE only. The depth of the wear track reached the
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film thickness of approximately 570 nm in the first cycle. The profile shows that after the first
cycle, the wear track had a width of about 200 pm, and, as the cycles progressed, the width
increased to about 650 um. The peaks and valleys of high amplitude, which appear in the center
of the wear track profile after 60 rubbing cycles, indicate that the counterface has dug into the
stainless steel substrate. This shows that the film has been removed sufficiently to expose the

substrate, allowing it to be abraded by the counterface.
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Figure 8.4: Cross-sectional profiles of the wear tracks for 1, 10, 60 and 1000 cycle friction tests
on PTFE film.

The cross-sectional profiles for the PDA/PTFE sample wear tracks after 1, 10, 60, 1000, and
4000 rubbing cycles are shown in Figure 8.5. The width of the wear track, measured from the
cross-sectional profile, started at approximately 150 um after 1 cycle, increased to 190 um after
1000 cycles and finished at 230 um after 4000 cycles. The depth of the wear track reached 560

nm after only the first rubbing cycle and remained more or less the same for up to 4000 cycles.
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Comparing the depth of the wear track to the initial film thickness of 720 nm indicates that a film
of approximately 160 nm (about 40 nm PTFE and 120 nm PDA) remained on the substrate for
the majority of the rubbing test. These results shows that the majority of the top coat is removed
in the first pass of the counterface and also that the majority of the PTFE top coat is unaffected
by the incorporation of PDA. However, once the wear track reaches a depth just above the PDA
coat, the wear progression slows down dramatically. The fact that the COF also remains low and
stable for over 5370 cycles suggests that a thin tenacious layer of PTFE remains at the interface
with PDA. This thin layer of PTFE is well bonded to the PDA and allows the PDA/PTFE

sample to withstand a significantly larger number of rubbing cycles than PTFE only.
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Figure 8.5: Cross-sectional profiles of the wear tracks for 1, 10, 60, 1000 and 4000 cycle friction
tests on PDA/PTFE film.
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8.3.4. Surface Topography

The surface topography of both PTFE and PDA/PTFE coated films were characterized using
AFM. Figure 8.6 (a) and (b) show AFM images that depict the PTFE nanoparticles present in
both films. Each PTFE nanoparticle is pebble shaped with lengths ranging between 100 to 400
nm, which is comparable to the nominal value of 50 — 500 nm provided by the manufacturer. In
addition, as a result of the heat treatment process during the sample fabrication, it is evident that
the individual nanoparticles have begun to fuse together. There is very little discernible
difference between the surface topography of the two sample types. PDA/PTFE had an average
surface roughness, Ra, of approximately 20.8 nm, while PTFE had a Ra value of about 21.6 nm.
The root mean square roughness Rq was also similar for both sample types with a value of 24.6

nm for PDA/PTFE and a value of 28.5 nm for PTFE.

Figure 8.6: AFM images of (a) PTFE and (b) PDA/PTFE film topography.

The topography was also characterized using SEM. The SEM micrographs in Figure 8.7(al)
and (b1) show the coated surface for the PTFE only sample and PDA/PTFE sample, respectively.

For both sample types PTFE nanoparticles of approximately 200 nm in diameter are clearly
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observable on the intact surface of the samples. Figure 8.7 (a2) and (b2) show the surface of the
wear track edge after 10 rubbing cycles. In Figure 8.7 (a2), which shows the PTFE only sample,
it can be seen that the PTFE film has been completely removed from the wear track and a high
pile up of PTFE particles can be observed at the wear track edge. On the other hand, in Figure
8.7 (b2), for PDA/PTFE, it can be seen that the PTFE particles have been compressed and have
fused together to form a more cohesive film. Figure 8.7 (a3) and (b3), taken at the center of the
wear tracks after 10 rubbing cycles confirm this. In Figure 8.7 (a3) it is clear that the PTFE
particles have been removed and the polishing lines of the stainless steel substrate have been
exposed. In Figure 8.7 (b3), on the other hand, it can be seen that the majority of the PTFE film
is present; however, striations have begun to form where the film has begun to detach from the
sample. After 1000 cycles, as shown in Figure 8.7 (a4) the PTFE only sample suffered
significant wear, down to the substrate, and debris is present throughout the wear track.
However, in Figure 8.7 (b4), which shows the PDA/PTFE sample wear track after 1000 cycles,
the compacted film is still present inside the wear track with the presence of a few voids which
show intact PTFE nanoparticles underneath. In addition, the striations are no longer as prevalent
as they were after 10 rubbing cycles. It seems that these areas have a tendency to be filled in as
film transferred to the counterface is re-deposited onto the wear track surface.

The striation present in the PDA/PTFE sample as shown in Figure 8.7 (a3), are an indicator
of the improved adhesion of the PTFE film to the substrate, resulting from the incorporation of
the PDA adhesive layer. The particles are no longer easily displaced from the substrate surface;

instead, a tearing effect is observed over time.
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f: - 2

Figure ographs of PTFE coated sample (al) intact surface, (a2) 10 rubbing cycles,
edge of the wear track, (a3) 10 rubbing cycles, center of the wear track, and (a4) 1000 rubbing
cycles, center of the wear track, as well as SEM micrographs of PDA/PTFE coated sample (b1)
intact surface, (b2) 10 rubbing cycles, edge of the wear track, (b3) 10 rubbing cycles, center of
the wear track, and (b4) 1000 rubbing cycles, center of the wear track.

8.3.5. Chemical Analysis

In order to confirm the presence of a tenacious PTFE layer on PDA after extensive rubbing,
an analysis of the chemical composition inside and outside the wear track was performed for
both sample types using XPS. Each sample was analyzed after the durability test. The PTFE
sample used was rubbed for 10 cycles, and testing was stopped as soon as the COF rose above
0.1. The PDA/PTFE sample was rubbed for 5400 cycles, and testing was also stopped as soon as
the COF rose above 0.1. For the sample coated with PTFE only, a typical PTFE spectrum with a
Cls peak at a binding energy of 292 eV and an F1s peak at 689 eV was observed outside the
wear track, as shown in Figure 8.8 (a). To determine what chemical reactions may be taking
place at the rubbing contact area, an XPS survey spectrum was also obtained inside the wear
track. The spectrum, as shown in Figure 8.8 (b), revealed that the intensity of the F1s peak
decreased in comparison to the F1s peak outside the wear track, and a Fe 2p3 peak was now

present at 711 eV. This indicates that there was less fluorine content inside the wear track and
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that the substrate was partially exposed. In addition, an oxygen peak at approximately 531 eV
was also present inside the wear track. This peak is representative of the oxide layer formed on
the exposed stainless steel surface. These results show that for the PTFE only sample, after only

10 rubbing cycles, the film was sufficiently penetrated to expose the substrate underneath it.
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Figure 8.8: XPS survey spectra obtained (a) outside and (b) inside the wear track of PTFE coated
stainless steel, (c) outside and (d) inside the wear track of PDA/PTFE coated stainless steel, as
well as for stainless steel coated with PDA only (e) heated at 250°C and (f) with no heat
treatment (all spectra are the same scale).

The XPS survey spectra obtained for PDA/PTFE are shown in Figure 8.8 (¢) and (d). The

spectrum for the PDA/PTFE surface outside the wear track exhibited Cls and F1s peaks

120



typically present in PTFE. Inside the wear track of PDA/PTFE, after a 5400 cycle rubbing test,
these same peaks were also present, but at slightly lower intensities, confirming the PTFE film
was still present inside the wear track. In addition, the absence of Fe peaks indicates that the
substrate was not exposed. Even after 5400 rubbing cycles, a PTFE film of at least 10 nm thick
(photoelectron escape depth of XPS) was still present inside the PDA/PTFE wear track.

XPS analysis was also performed on PDA-only films with no heat treatment and PDA-only
films heated at 250 °C, as shown in Figure 8.8 (e) and (f), respectively. This analysis was
performed to test the effect of the heat treatment procedure on the PDA film and to confirm that
the film had not degraded after heat treatment at 250 °C for 10 min. The survey spectra for both
PDA with no heat treatment and PDA heat treated at 250 °C had similar peaks with only a slight
decrease in intensity for the heat treated surface. The spectra show the presence of Ols peaks at
a binding energy of 532 eV, N1s peaks at 399 eV and Cls peaks at 285 eV, typical of PDA.
Because the spectrum for heated PDA does not show the presence of new peaks resulting from
the formation of new radicals, it is not likely that the film has degraded significantly.

For both PTFE and PDA/PTFE after 10 and 5400 respective rubbing cycles, high-resolution
XPS scans in the Cls region were obtained inside the wear track to closely observe if new
radicals may have been formed as a result of the high pressure rubbing. Figure 8.9 (a) shows the
Cls spectrum for the PTFE wear track. The spectrum shows 5 peaks at binding energies of
291.8 eV, 291.4 eV, 288.5 eV, 286.2 eV and 284.8 eV, corresponding to CF3-CF-, -(CF2-CF>)-,
-(CF-CF)-, C-F and adventitious carbon, respectively [107, 108]. These peaks are characteristic
of deconvoluted PTFE Cls spectra. This shows that, as a result of the high pressure rubbing, the

PTFE chains have undergone scission, producing free radicals.
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Figure 8.9 (b) shows the spectrum for PDA/PTFE. The spectrum shows the same peaks as
those observed for PTFE only, in addition to a peak at 289.5 eV corresponding to -CF-CF»- [107,
108]. This peak in the spectrum for PDA/PTFE is also typically found for deconvoluted PTFE
Cls spectra and may not have been present for the PTFE only sample because of the large
difference in rubbing cycles between the two samples. In other words, with more rubbing cycles,
a higher degree of scission of PTFE chains will occur and a larger variety of radicals will be
formed. Furthermore, PDA/PTFE also shows a significantly larger area, 78.76, under the peak
for -(CF2-CF2)-, which is the representative peak for unbroken PTFE chains. The PTFE only
sample, on the other hand, shows an area of only 24.83 for this peak. This shows that there was
still a larger concentration of intact PTFE within the PDA/PTFE wear track, compared to PTFE

only, despite the large difference in rubbing cycles.

8.4. Summary

This study shows that the addition of PDA as an adhesive layer before depositing a PTFE
top-coat has a significant impact on the durability of the PTFE film. Under high contact
pressures, a PDA/PTFE film of approximately 720 nm, on average, was able to withstand
friction test durations of 4690 cycles, approximately 600 times the average durability of a PTFE
film alone. More importantly, the majority of the test took place at the interface between the
counterface and about 160 nm of remaining film. This is because a tenacious layer of PTFE was
strongly adhered to the PDA and not easily removed, contributing to the durability of the film.
Because of the relatively low thickness of the PDA/PTFE film, it shows great potential to be

used in applications where durable, thin PTFE films are desirable.
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Chapter 9
Combined effect of incorporating polydopamine as an adhesive layer and Copper
nanoparticle filler in PTFE

9.1. Overview

To make PTFE more suitable for use in tribological application, much focus has been placed
in reducing its wear rate. Various fillers and polymer blends have been used to reduce the wear
rate of PTFE such as: glass fiber [38], alumina [39], graphite [40], and PEEK [109]. Fillers have
shown to affect PTFE in the following ways: increasing the crystallinity, improving the ultimate
strength, increasing elongation to failure, and improving toughness [9]. As a result of these
investigations a great deal of progress has been made in reducing the wear rate of PTFE as a bulk
material.

In the last two decades, with the emergence of MEMS technology and advances in film
deposition methods, a great deal of focus has shifted to the study of thin films. In the field of
tribology, thin films have drawn interest for use as solid lubricants. Various polymers, ceramics
and metals have been investigated to determine their friction and wear properties. However,
very little focus has been placed on the tribological performance of PTFE thin films [21].

The work presented in this chapter builds on the previous study on the influence of a PDA
adhesive layer on the tribological performance of a thin PTFE top coat, which was presented in
Chapter 8. The previous study showed that the use of PDA increased the wear life of PTFE
films by over 600x, without producing a detrimental effect on the COF of PTFE [110]. The
current work studies the combined effect of using Cu nanospheres as a filler in PTFE in addition

to the use of the PDA adhesive layer. It was observed that the incorporation of Cu nanospheres
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increased the wear life of the PDA/PTFE film by 2x, even at very low concentrations, and

significantly reduced the COF of the film.

9.2. Materials and Methods

9.2.1. Sample Preparation

Two surface coatings were evaluated in this study. The first coating consisted of an adhesive
PDA layer and a PTFE top-coat. The second coating consisted of an adhesive PDA layer and a
PTFE/Cu nanospheres composite top-coat. The objective of this investigation was to evaluate
the friction and durability of these films and determine the influence of the Cu nanoparticle filler.

The substrate selected for this investigation was 0.76 mm-thick Corrosion Resistant stainless
steel sheets type 316. These sheets were first cut into 5 cm by 5 cm square samples and then
cleaned using the procedure described in section 5.2.1.

Trizma base, dopamine hydrochloride, PTFE nanoparticle aqueous dispersion, and Cu
nanoparticle dispersion were used to prepare the dip-coating solutions. The Cu nanospheres
were synthesized in Chen Lab by reducing the Cu precursors using amines [111]. The
preparation and deposition of PDA is explained in in Chapter 7. The solutions for the PTFE and
PTFE/Cu top-coats were prepared as follows:

1. PTFE top-coat solution - The TE-3859 dispersion has a PTFE solids concentration of 60
wt.% as-received. In order to produce thinner coats of PTFE, the concentration of the
as-received PTFE dispersion was diluted with DI water to produce a PTFE dispersion of
40 wt.% concentration.

2. PTFE/Cu nanoparticle top-coat solution — PTFE dispersion was mixed with a Cu
nanoparticle solution to produce a final composite dispersion of 40 wt.% PTFE and 0.01

wt.% Cu nanoparticles.
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Both surface coatings were deposited by dip coating at an insertion and withdrawal speed of 10
mm/min and immersion duration of 20 sec using a dip coater.

The heating procedure for this final study was modified from the experiments mentioned in
earlier chapters in order to optimize the tribological performance of the film. Dupont typically
suggests heating samples above the crystalline melting point of PTFE of 337 °C. The suggested
process is as follows. After dip coating, the samples should be dried at 120 °C (as suggested in
DuPont’s product information) for 2 minutes in order to remove water from the film [16]. Next,
the samples were to be baked in a furnace at 300 °C for 10 min, and finally, sintered at 337 °C
for 10 min. These conditions proved not to be ideal for all components in the composite film.
Thermogravimetric analysis of PDA showed that the polymer underwent a significant mass loss
at approximately 200 °C, as seen in Figure 9.1. However, significant degradation is not likely to
be happening until temperatures above 400 °C where a dramatic drop in mass is observed. It is
believed that at 200 °C smaller molecules composed of self-assembled 5,6-dihydroxyindole,
which are also produced in the polymerization of dopamine, may degrade. In order to prevent
detrimental effects as a result of heat treatment, the heating process was optimized to produce the
best results.

In order to effectively fuse a PTFE film to a substrate, Dupont also suggested heating it to
temperatures ranging between 360 °C and 400 °C. Preliminary experiments were carried out that
showed that a minimum temperature of 372 °C produced the best tribological results. At this
temperature the film was observed to change from a milky color to a transparent film. The next
step was to select the optimal duration of heat treatment at this temperature. The duration was
varied between 1 min to 10 min at 372 °C, of which a 4 minute duration showed the best

tribological results. Therefore, the final procedure for heat treatment was chosen to be as
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follows: first, the sample was heated on a hot plate at 120 °C for 3 min, next the samples were
heated in a furnace at 300 °C for 4 min and finally the film was sintered in a furnace at a

temperature of 372 °C for 4 min.
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Figure 9.1: Thermogravimetric analysis of Polydopamine.

These heating conditions produced a transparent PTFE top coat with optimal tribological
properties. The resulting coating thicknesses were measured using a stylus surface profiler. The
average coating thickness for the PDA/PTFE films was 1.32 um and the average coating

thickness for the PDA/PTFE + Cu films was 1.17 pum as shown in Figure 9.2.
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Figure 9.2: PDA/PTFE and PDA/PTFE + Cu Film thicknesses.

9.2.2. Friction and Durability

A Nano + Micro Tribometer (UMT-2, Bruker, Santa Barbara, CA) was used to perform
linear reciprocating friction tests and measure static and dynamic COFs simultaneously. The test
was performed by repeatedly sliding a 7 mm diameter chrome steel ball against the test sample,
mounted on the tribometer stage. The friction tests were repeated at three different surface
locations under an applied normal load of 50 g, a stroke length of 15 mm and a speed of 2.5
mm/s.

The friction tests were categorized into three different studies: durability, wear progression,
and a linearly increasing load scratch test. First, a durability study was carried out to determine
the effect of the Cu nanoparticle filler on the film wear life. The friction test was performed until
a sharp increase in the COF was observed. A sharp increase in the COF indicates that the film
on the sample has been sufficiently worn away so as to expose the stainless steel substrate to the
counterface. As a result, the number of rubbing cycles until this point represents the wear life or

durability of the film.
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Second, a friction test was repeated for 1, 10, 60 and 1000 cycles to allow the examination of
the wear track at each of these rubbing durations on each sample. The purpose of this test was to
examine changes in surface morphology, measure the wear progression, and determine the wear
mechanism affecting each sample type.

Finally, the linearly increasing load scratch test was carried out by using the UMT
Tribometer to slide a 7 mm chrome steel ball across the surface of each sample at a constant
speed and linearly increasing normal load. The load was increased from 0 to 460 mN in a

distance of 20 mm. This test was repeated three times for each sample.

9.2.3. Sample Characterization

A stylus surface profiler was used to determine the wear track cross-sectional profile on each
sample. The cross-sectional profiles were measured using a 12.5 um radius stylus with 3 mg
contact force, 600 um scan length, and scan duration of 30 sec. The wear track profile was
established by running the stylus along the width of each wear track.

Scanning electron microscopy was used to characterize the surface topography and wear of
all samples. Several SEM micrographs at different surface locations were captured to examine
the micro-scale topography of the coated surface and inside the wear tracks. In addition, an
AFM was used to produce topographical images of the samples and measure the surface

roughness.

9.3. Results and Discussion

9.3.1. Copper Particles

The Cu nanospheres, shown in Figure 9.3 (a) had diameters ranging from 5 to 20 nm. For
the most part, Cu nanospheres appeared to be evenly distributed in their dispersion without much
agglomeration. However, some batches showed more agglomeration than others as seen in
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Figure 9.3 (b). The batches which were selected to form the coating solutions were those which

showed better dispersion.

Figure 9.3: TEM of Copper (a) well dispersed nanospheres, and (b) agglomerated nanospheres.

Although Cu nanosphere dispersions with even distribution of nanoparticles were selected to
mix with PTFE dispersions, the final coated samples all showed agglomeration of Cu
nanospheres. As seen in Figure 9.4, the Cu particles agglomerated into clusters of approximately
2 to 10 um. The image in Figure 9.4 was captured using a 3D Laser Scanning Microscope. The
blue areas in the image represent portions of the surface that possessed a different reflectance.
This allowed the identification of the metallic nanoparticles within the film. It is clear from the

image that the particles have agglomerated into large clusters within the film.
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Figure 9.4: 3D Laser Scanning Microscope image of D/PTFE + Cu film surface.

Figure 9.5 (a) and (b) shows AFM images of PDA/PTFE and PDA/PTFE + Cu films,
respectively. From the image it appears that the PDA/PTFE + Cu film is denser. As was the
case with PTFE + Au studied in Chapter 7, it is likely that the metallic nanoparticles may aid in
the spreading of the film by reducing the melting point. The lower thickness of these films also
confirms that they are more compact than PDA/PTFE films. PDA/PTFE + Cu films also had a
Ra and Rq surface roughness that was approximately 8 nm higher than those of the PDA/PTFE

films.

9.3.2. Friction and Durability

Both PDA/PTFE and PDA/PTFE + Cu films showed similar COF values which averaged
0.07, as shown in Table 9.1. The three tests carried out for each sample type had very little
variation, both having a standard deviation of 0.01. However, on average PDA/PTFE + Cu films
were able to withstand 19,854 rubbing cycles, while PDA/PTFE films only lasted for 10,082

cycles. This is an average increase in wear resistance by about 2x. In addition, when comparing
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the PDA/PTFE film results for this study to those observed in section 8.3.1, it is clear that the
PDA/PTFE samples prepared with the new heating procedure used in this study show a
significant increase in durability. In section 8.3.1 it was observed that PDA/PTFE had an
average durability of 4690. However in this study, PDA/PTFE shows an average durability of
10082 cycles. That is an increase in durability of more than 2x. This increase in durability is
largely due to better sintering of the PTFE nanoparticles through heat treatment at a higher
temperature.

The top performers for each sample type are shown in Figure 9.6. Both sample types
typically experienced a slight increase in COF as the friction test progressed. This increase in
friction is a result of changes in the chemical properties of PTFE as a result of the high shear
forces. As was determined through chemical analysis in Chapter 7, the PTFE molecules
underwent scission and crosslinked with each other, reducing the wear rate of the film with
successive cycles but also increasing the COF. From Figure 9.6, the spike in friction
representing failure of the film is clearly visible. This is the approximate point at which each test
was stopped to allow observation of the worn surface. The drop in friction observed at
approximately 11,000 and 18,000 cycles for the PDA/PTFE + Cu film is typically observed after
a defect or tear in the film is covered with material transferred from the counterface back to the
sample surface. When a large tear or hole is produced in the film as a result of the sliding
motion, the friction increases at that specific location. This localized increase in friction raises
the value for the average COF for that cycle. As that hole or tear increases in size the COF
trends upward. Once that hole is patched by material retransfered from the counterface, the

average COF value quickly drops producing an inverse spike in the plot.
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Figure 9.5: AFM topographical images and surface roughness values for (a) PDA/PTFE and (b)
PDA/PTFE + Cu films.

Table 9.1: Durability and friction test results for PDA/PTFE and PDA/PTFE + Cu.

Testl |Test2 | Test3 | Avg. STDEV.
Sample

Number of Cycles
PDA/PTFE 10649 | 11158 | 8439 10082 | 1445
PDA/PTFE + Cu 19571 | 16543 | 23447 | 19854 | 3461
Average COF
PDA/PTFE 0.07 0.06 0.07 0.07 0.01
PDA/PTFE + Cu 0.07 0.08 0.07 0.07 0.01
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Figure 9.6: Friction test results for PDA/PTFE and PDA/PTFE + Cu films.

Figure 9.7 shows SEM micrographs of the wear tracks of the two top performing samples
which were discussed above. It is clear from Figure 9.7 (a) and (e) that at the end of the friction
test both films had been removed sufficiently to expose the substrate, as was evident from the
grooves present at the center of the wear track. A higher magnification of these grooves is
shown in Figure 9.7 (b) and (f). A high magnification of the area inside the wear track, adjacent
to the grooves, is shown in Figure 9.7 (c¢) and (g). It is evident that the film had been compacted
as a result of the friction test. Figure 9.7 (g) shows a plate like slab of PTFE which had likely
been deposited back on the surface of the sample after the formation of a transfer film on the
counterface. This is commonly seen in PTFE coatings. Figure 9.7 (d) and (h) were captured at
the periphery of the wear track to show the topography of the build-up which accumulated at the
edges of the wear track during the friction test. Both samples types show fibrils and striation that
are typically observed in PTFE films. A key difference, however, for PDA/PTFE + Cu shown in

Figure 9.7 (h), is the presence of micro-cracks. These micro-cracks reduce debris size or
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similarly prevent large amounts of film from being removed with each pass of the counterface as

was the case with unfilled PDA/PTFE.

Figure 9.7: SEM micrographs of the wear tracks in (a-d) PDA/PTFE and (e-h) PDA/PTFE + Cu
films.

9.3.3. Wear Progression

This portion of the investigation consisted of repeating the friction test above for a specific
number of cycles and the wear progression at each point was analyzed. The friction tests were
carried out for 1, 10, 60, and 1000 cycles. Figure 9.8 shows SEM micrographs of each wear
track resulting from 1, 10, 60, and 1000 rubbing cycles. PDA/PTFE shown in Figure 9.8 (a-d)
had a wear track width of 80 um after 1 cycle. The wear track width then increased to 102 pm
after 10 cycles, 134 um after 60 cycles and finally 247 um after 1000 cycles. PDA/PTFE + Cu,
shown in Figure 9.8 (e-h), had a wear track width of 72 pum after the first cycles, 93 um after 10

cycles, 138 um after 60 cycles, and 153 um after 1000 cycles. Based on the wear track width,
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the initial wear of both sample types is quite similar; however, between 60 and 1000 cycles the

wear of PDA/PTFE + Cu film is much less than that of PDA/PTFE.

Figure 9.8: SEM micrographs of the wear tracks in PDA/PTFE film tested for (a) 1 cycle, (b) 10
cycles, (¢) 60 cycles, and (d) 1000 cycles, and wear tracks in PDA/PTFE + Cu film tested for (e)
1 cycle, (f) 10 cycles, (g) 60 cycles, and (h) 1000 cycles.

The slower wear progression of PDA/PTFE + Cu films determined from the width of the
wear tracks above was confirmed through cross-sectional profiles of the wear tracks. The cross-
sectional profiles permitted the observation of the wear depth at 1, 10, 60, and 1000 rubbing
cycles. Figure 9.9 shows the cross-sectional profiles for PDA/PTFE film and Figure 9.10 shows
the cross-sectional for PDA/PTFE + Cu film. The difference in wear progression after 1000
cycles was again very clear. The depth of the wear track progresses similarly for both sample

types up to 60 cycles; however, after 1000 cycles the depth of PDA/PTFE is approximately 1000

nm, while the depth of PDA/PTFE + Cu is only about 350 nm - very little increase from the wear
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depth after 60 cycles. This difference in depth confirms that PDA/PTFE + Cu has higher wear

resistance than PDA/PTFE and is thus more durable.
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Figure 9.9: Dektak cross-sectional profile for PDA/PTFE film wear progression study.
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Figure 9.10: Dektak cross-sectional profile for PDA/PTFE + Cu film wear progression study.
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Figure 9.11 shows optical microscope images of the chrome steel ball counterfaces used for
the wear progression study. Figure 9.11 (a-d) are images of the chrome steel ball rubbed against
the PDA/PTFE film for 1, 10, 60, and 1000 cycles, respectively. Figure 9.11 (e-h) are images of
the ball rubbed against the PDA/PTFE + Cu sample for 1, 10, 60, and 1000 cycles, respectively.
The balls rubbed against PDA/PTFE for 1, and 10 cycles showed little to no signs of a transfer
film present on the surface. The ball used for 60 cycles did show transferred film on the surface,
although only a minimal amount. For 1000 cycles again there was no presence of a transfer film.
For balls rubbed against PDA/PTFE + Cu films, on the other hand, it was evident that after 10
rubbing cycles a significant amount of transfer film has formed. The transfer film appeared to be
sufficiently thick to create a barrier between the ball and the sample surface and had a circular
shape that surrounded the contact area. It is appears that the majority of the transfer film was
deposited at the front center and front edges of the contact area as the ball slid forward and
likewise at the back of the contact area as the ball slid in the reverse direction. The transfer film
was also present for 60 and 1000 rubbing cycles. The formation of this film explains the change
in wear progression after 60 cycles that was observed in the cross-sectional profile of the wear
track. It is evident that the presence of the nanoparticle filler has a strong effect on the formation
of the transfer film. The nanoparticle filler may initially act as an abrasive third body at the
interface between the two opposing surfaces. Cu nanospheres will fuse more readily to the
chrome steel than PTFE, and carry PTFE debris along with it to form a transfer film. Another
explanation is the possibility of a chemical reaction between the Cu nanospheres and PTFE
resulting from the high shear stresses. As stated in section 1.1.6, Bahadur suggested that it is the

decomposition of the filler, generating reaction products between PTFE and the filler, which can
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improve the bonding of a transfer film to the counterface, and thus enhances the wear resistance

of PTFE [41].

Figure 9.11: Optical microscope images of the chrome steel balls rubbed against PDA/PTFE
films for (a) 1, (b) 10, (c) 60, (d) 1000 cycles, and chrome steel balls rubbed against PDA/PTFE
+ Cu films for (e) 1, (f) 10, (g) 60, and (h) 1000 cycles.

9.3.4. Linearly Increasing L.oad Scratch Test

The results for the linearly increasing load scratch tests are shown in Figures 9.12 and 9.13.
The PDA/PTFE film, shown in Figure 9.12, was detached from the substrate after the test
progressed for a distance of approximately 15 mm where the normal load reached a value of 370
mN. Optical images of the scratch show the different stages of wear. Figure 9.12 (a) represents
the portion of the scratch up to a distance of 5 mm where the COF is relatively stable and has a
value of about 0.09. Figure 9.12 (b) represents the portion of the scratch between 5 and 15 mm.
In this section the COF intermittently jumps between 0.07 and 0.11. This stick-slip behavior is
caused by the film building up in front of the counterface as it slides against it. At first the COF
increases because the ball is pushing against the film, accumulating material in front of it. Once
the accumulation of the film in front of the ball is large enough, it forces the ball to slide over the
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build-up, exhibiting slip behavior. This stick-slip behavior continuously repeats for this section
of the scratch. One of the sections of accumulated material is shown in Figure 9.12 (b). The
distance between these areas of accumulated film is approximately 100 pm, which is the same as
the distance between the peaks and valleys observed in the COF plot. Figure 9.12 (c) represents
the portion of the scratch between 15 and 20 mm. Here the stick-slip behavior is more
pronounced and it is evident from the optical image that there are segments of the scratch where
the PTFE top coat has detached from the PDA.

Figure 9.13 shows the scratch produced on the PDA/PTFE + Cu film. Figure 9.13 (a)
represents a small portion of the scratch between 0 to 2.5 mm. In this segment the COF is stable
but shows a slight increasing trend from 0.08 to 0.10. Figure 9.13 (b) represents a small portion
of the scratch between 2.5 to 8§ mm where material accumulates in front of the counterface as
was observed in Figure 9.12 (b). In this segment the COF intermittently jumps between 0.07 and
0.12. Figure 9.13 (c) shows a portion of the scratch between 8 and 18 mm. In this section,
accumulation of material can be seen; however, the accumulation is smaller and closely spaced
producing a stable COF that remains at about 0.10. Figure 9.13 (d) represents the section
between 18 and 20 mm where the stick-slip behavior is very pronounced. Again, from the image
it is evident that the PTFE top coat had detached in certain areas of the scratch. The areas where
the PTFE had detached, exposed PDA to the counterface. As the counterface slid over these
areas, the COF increased producing a sharp increase in the plot in Figure 9.13 (e). Then as the
counterface moved over an area where PTFE was still present, the COF dropped back down.
This is why a stick-slip behavior is observed. The linearly increasing load scratch test has
revealed that the sample with Cu nanospheres withstands significantly higher normal loads

before detachment of the film. For PDA/PTFE the film detached at a distance of about 15 mm
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and normal load of 370 mN, whereas PDA/PTFE + Cu reached a distance of 18 mm and a load
of about 420 mN before the film detached from the PDA layer. These results indicate that the
Cu nanospheres may increase the shear strength of the PTFE film and also improve adhesion to
the PDA primer. The scratch tests were repeated 3 times on each sample and showed similar
results in each test. Both films failed before the normal load reached 500 mN, which is the load
that was used for the durability tests. This is, in part, a result of the high friction forces observed
at lower loads, but mainly because part of the mechanism that adheres the PTFE film to the PDA
primer is the compaction resulting from friction tests at higher loads. The strong bond between
PTFE and PDA is, in part, a tribo-induced effect resulting from high contact pressure. This

effect is not as pronounced for lower loads.
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Figure 9.12: Optical Images of scratch representative of segment (a) 1 to 5 mm, (b) 5 to 15 mm,
(c) 15 to 20 mm, and (d) a plot of COF and Normal Load vs. Distance for linearly increasing
load scratch test on PDA/PTFE film.

141



0.25 500
(e) 450

[ =
S 02 400 =
L 350 £
L 015 300 ©
- o
< 250 §
= =
2 o1 200 8
= 150 5
1]

2
8 0.05 100

50
0 0
0 2 4 6 8 10 12 14 16 18 20

Distance [mm]

Figure 9.13: Optical Images of scratch representative of segment (a) 1 to 2.5 mm, (b) 2.5to 8
mm, (¢) 8 to 18 mm, (d) 18 to 20 mm, and (e) a plot of COF and Normal Load vs. Distance for
linearly increasing load scratch test on PDA/PTFE + Cu film.

9.3.5. Comparison to state-of-the-art

A final 50 g friction test was performed to compare PDA/PTFE to a commercially available
low friction, high durability coating. The coating which has the trademark Emralon 333 was
selected as the coating of choice due its nominally low COF and excellent durability. Emralon
333 is manufactured by Henkel Corporation and is advertised as follows:

“BONDERITE S-FN 333 DRYFILM COATING ACHESON is a blend of fluorocarbon
lubricants in an organic resin binder and solvent system designed for applications
beyond the scope of conventional fluorocarbon coatings. Its low coefficient of friction,
hardness, adhesion, resiliency, and cure conditions allow application of BONDERITE S-
FN 333 DRYFILM COATING ACHESON in a multitude of places where pure sintered

PTFE coatings are unsuitable. [112]”
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This coating is advertised as having a static and dynamic COF between 0.09 and 0.10, and much
higher durability than traditional PTFE coatings [113].

To prepare samples with Emralon 333, 0.76 mm-thick type 316 stainless steel sheets were
first cut into 2.5 cm x 2.5 cm squares and then sent to DECC Company which specializes in
deposition of industrial coatings. The coated samples which were returned had a nominal
coating thickness of 25 um. The PDA/PTFE sample was prepared using the same process
described in section 9.2.1 with two differences. In contrast to previous samples, this sample was
dip coated into the PTFE dispersion at an immersion/withdrawal speed of 40 mm/min.
Additionally, the dilution of PTFE was changed to result in a final PTFE concentration of 45
wt.% in solution in contrast to the previously used 40 wt.%. This produced a film of
approximately 1.2 um thickness.

The friction test was carried out using the same conditions described in section 9.2.2. The
results are shown in Figure 9.14. At onset of the friction test, Emralon 333 exhibited an average
dynamic COF of approximately 0.08. At approximately 9000 cycles, the COF began to rise and
reached a value of about 0.15 after 23,000 rubbing cycles. The PDA/PTFE film, on the other
hand, had an average COF of 0.05 at onset of the test and the COF remained below 0.06 until the
test reaches 22,983. At this point the COF spiked up to a value of 0.15 before decreasing to a
value of 0.09 again. The friction test was stopped at this point to allow analysis of the wear track
before significant damage to the substrate. It is evident from these results that PDA/PTFE
outperformed Emralon 333. It is also important to note that the optimized dip coating parameters
used for the sample that was compared to Emralon 333, produced a PDA/PTFE film that was 2x

more durable than observed for PDA/PTFE films discussed earlier in this chapter. The higher
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dip coating speed and higher PTFE concentration likely resulted in denser PTFE films with

better wear resistance.
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Figure 9.14: Dynamic COF vs rubbing cycles for a PDA/PTFE coated sample and an Emralon
333 coated sample.

To study the wear produced as a result of the friction test above, the chrome steel ball
counterface and the sample surface were both characterized using an optical microscope. The
optical images are shown in Figure 9.15 (a) and (b). Both films had a wear track that was
approximately 260 um wide, however, the counterface used on PDA/PTFE showed the presence
of a transfer film and very little wear. The counterface tested on Emralon 333, on the other hand,
showed significant damage. These results indicate that the PDA/PTFE film has better

tribological performance than Emralon 333 under these testing conditions.
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Figure 9.15: Optical images of the wear track produced on (a) PDA/PTFE film, (b) Emralon 333
film, and images of the counterface tested on (c) PDA/PTFE and (d) Emralon 333.

9.4. Summary

This study shows that the addition of Cu nanospheres as a filler in PTFE increases the
durability of PDA/PTFE films. The results showed that PDA/PTFE + Cu films had a durability
that was, on average, more than twice that of PDA/PTFE films. It is also evident that the wear
progression of PDA/PTFE + Cu films decreased significantly after 60 rubbing cycles. This
became apparent through the cross-section profile of the wear tracks which showed little increase
in wear depth between 60 and 1000 cycles. On the contrary, the PDA/PTFE film showed a

significant increase in wear depth between 60 and 1000 cycles. This phenomenon is explained
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by the formation of a transfer film on the ball rubbed against the PDA/PTFE + Cu film, which
was observed in the optical images in Figure 9.11. It is clear that the presence of Cu nanospheres
aids in the formation of a transfer film on the counterface, resulting in a self-lubricating effect.
Once a robust film is established on the counterface, the wear progression of the sample surface
slows down. This is also supported by the results of the scratch test which reveal that the
PDA/PTFE + Cu nanosphere film can withstand significantly higher loads without rupture or

detachment of the film.
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Chapter 10
Conclusion and future direction

The goal of this investigation was to find a solution to the issue of wear in PTFE thin films.
One of the appeals of solid lubricants is the ability to form maintenance-free mechanical
assemblies. For this to be achievable it is essential to find solid lubricants that do not only
exhibit a low COF, but also high durability/wear life. This constraint precludes the use of PTFE
films unless a method to improve the wear resistance can be found. This investigation has done

just that. Table 10.1 shows the durability and dynamic COF results for the four studies carried

out in this investigation.

Table 10.1: Summary of processing parameters, dynamic COF, and durability of the 4 studies

presented in this investigation.

Film Composition PTFEwt.% | Filmthickness Heating 2 Heating 3 Avg. COF Wear life

PTFE 40 1.80 um 300 °C, 5 min 337°C, 10 min 0.09 21 cycles

PTFE + 3.30 wt.%Si0, 40 1.00 pm 300 °C, 5 min 337 °C, 10 min 0.08 482 cycles

PTFE 40 0.45 pm 300 °C, 5 min 337 °C, 10 min 0.09 174 cycles

PTFE + 0.023 wt.%Au 40 0.47 pm 300 °C, 5 min 337 °C, 10 min 0.07 263 cycles

PTFE 40 0.58 pm 250 °C, 10 min - 0.08 7.3 cycles
PDA/PTFE 40 0.72 pm 250 °C, 10 min - 0.07 4,690 cycles
PDA/PTFE 40 1.32 pm 300 °C, 4 min 372 °C, 4 min 0.07 10,082 cycles
PDA/PTFE + Cu 40 1.17 pm 300 °C, 4 min 372 °C, 4 min 0.07 19,854 cycles
PDA/PTFE 45 1.20 pm 300 °C, 4 min 372 °C, 4 min 0.05 22,983 cycles
Emralon 333 - 25 pm - - 0.08 14,000 cycles

The first attempt at a solution was the use of a hard ceramic nanoparticle. SiO> nanoparticles
were selected because of their accessibility, low cost, and proven ability to enhance the
mechanical properties of bulk PTFE. As shown in Table 10.1, in the friction test performed
using a 50 g normal load, the pure PTFE film exhibited an average dynamic COF of 0.09 and an

average durability of 21 cycles. On the other hand, the PTFE + 3.3 wt.% SiO2 composite film
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showed an average dynamic COF of 0.09 and an average durability of 482 cycles. These result
indicate that a 3.3 wt.% concentration of SiO; can increase the durability of PTFE by 23x.
Although the COF for the composite film did not rise above 0.4 after 1000 rubbing cycles,
surface chemical analysis and cross-sectional profiles of the wear tracks confirmed that after
1000 rubbing cycles under a 50 g normal load the film was sufficiently removed from the surface
to allow the stainless steel substrate to be abraded.

The second attempt was to use a soft metallic nanoparticle. Au was selected because of its
low shear strength which allows it to exhibit a relatively low friction. AFM images of the coated
surfaces showed that the PTFE + Au nanoparticle films formed a fibrillar network due to a
higher degree of melting. This enhanced the film’s adhesion to the substrate, resulting in
improved durability. The results of the friction test performed using a 50 g normal load showed
that even at a low Au concentration of 0.023 wt.%, the PTFE + Au film was able to withstand up
to 1.5x the number of rubbing cycles of pure PTFE. As shown in Table 10.1, PTFE withstood an
average of 174 cycles whereas PTFE + Au withstood an average of 263 cycles. Furthermore, the
COF for the PTFE + Au film was 22% lower than pure PTFE for the 50 g friction test. Analysis
of the wear tracks revealed that the dominant wear mechanism differed between the two films.
While the pure PTFE film underwent delamination and adhesive wear as was evident from the
large build up on the edges of the wear track which showed corrugations and tearing of the film,
the PTFE + Au film was compacted and polished by the chrome steel ball.

Because of PTFE’s nonstick nature and consequent susceptibility to delamination, the next
solution was naturally to incorporate an adhesive primer to aid with PTFE film to substrate
adhesion. Polydopamine, a synthetic polymer that attempts to mimic the adhesive proteins

secreted by mussels, was selected because studies have shown that PTFE sheets can be coated
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with this polymer to produce functional surfaces that demonstrate strong adhesion to the PTFE
substrate. Frictional tests on a PDA/PTFE dual layer film showed unprecedented results. Within
this study, the durability of PTFE was increased by 600x without producing negative effect on
the COF. As shown in Table 10.1, PTFE withstood 7.3 cycles whereas PDA/PTFE withstood
4690 cycles. Surface chemical analysis and cross-sectional profiles of the wear tracks revealed
that a tenacious layer of PTFE was strongly adhered to the PDA and not easily removed,
contributing to the durability of the film.

It is important to note that the heat treatment for the PDA/PTFE study presented in Chapter 9
was carried at only 250 °C to prevent degradation of the PDA film. As a result, the PTFE only
film showed lower durability for this study compared to those in Chapter 6 and 7. It was thus
necessary to perform an optimization of the heat treating conditions. Chapter 9 presented a study
which utilized an optimized heat treating condition. The optimal treatment was to first heat at
120 °C for 3 min, followed by 300 °C for 4 min, and finally 372 °C for 4 min. The study in
chapter 9 evaluated the combination of a PDA primer coat and Cu nanospheres as fillers in PTFE
to further enhance the durability of the film. The combination of these two factors produced
remarkable results, exhibiting an average durability of up to 19,854 cycles.

Compared to the values obtained initially, using Dupont’s suggested heat treatment method
for PTFE, the added materials and optimized processing of the PTFE composite films used in
this investigation have enhanced PTFE’s durability by over 940x. While PDA/PTFE + Cu had
an average durability of 19,854 cycles, the PTFE only film produced in Chapter 6, using
Dupont’s suggested heating conditions, had an average durability of only 21 cycles.

Much work is still necessary to optimize the fabrication process of this new coating. The

heating procedure and dip coating conditions still require tweaking to produce better quality
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films. In addition, other deposition methods may prove to enhance the properties of the film
even further. Spray coating of PTFE is of particular interest. Also, because of time constraints,
the combined effects of other nanoparticle materials in PDA/PTFE were not explored. However,
recent progress made by other members of the Nanomechanics and Tribology lab in the use of
PDA/PTEFE films with fillers such as graphite, has shown much promise. The invention of this

film is currently patent pending and steps are being taken for commercialization.
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Appendix A: Description of Research for Popular Publication

Knovel Dry Lubricant for Extreme Conditions

Imagine never having to change the oil in your car again; imagine not only saving money and
saving yourself the hassle of driving to the mechanic, but at the same time lowering you carbon
foot print and extending the life of your vehicle. Traditionally, petroleum based oils and greases
have played a dominant role in lubrication. However, new technology is being developed to
produce lubricants that can perform in extreme conditions such as high temperatures, low
temperatures, high pressure, maintenance free systems, low emission systems, and use in high
vacuum. The lubricants that have shown the best potential to meet these needs are solid
lubricants which can be coated onto mechanical component’s surfaces. These films have the
potential of being used for applications in micro-electro-mechanical devices, biomedical devices,
and machine components in general to reduce energy losses due to friction and wear, as well as
reducing corrosion, stiction and surface fouling.

This investigation presents a method for the fabrication of a durable solid lubricant composed of
polydopamine (PDA), Teflon (PTFE), and copper nanoparticles. This novel solid lubricant
exhibits exceptional lubricity and a durability of more than 940 times what is typically observed
in Teflon based lubricants and up to two times higher than the top of the line solid lubricants
currently available on the market. What is more, it also exhibits frictional values that are as
much as 50% lower than what is seen in many solid lubricants today. These properties make
PDA/PTFE+copper nanoparticles an ideal lubricant to replace both fluid lubricants and currently
available solid lubricants.

One particular application for which it is being explored is the aerospace industry. In space,
because it is a vacuum, most lubricants will change states from a fluid to a gas or from a solid to
a gas. However, polytetrafluoroethylene (PTFE) does not. The only issue with using PTFE in
space is that it is not very durable; it wears away very easily. However a solid lubricant like
PDA/PTFE+copper nanoparticles could pose a solution to this issue. The adhesion and wear
issues of PTFE are solved by incorporating a biomimetic polymer, polydopamine, as an adhesive
layer to bond PTFE films to various substrates. Increased adhesion of the PTFE film to the
substrate in turn significantly increases the wear resistance of the film. The copper nanoparticles
enhance the durability even further by improving the mechanical properties of PTFE.

It doesn’t stop there. The low friction, wear resistant, PDA/PTFE+copper coating can be used as
a low friction coating on syringe needles, catheters, and stents to reduce pain in patients.
Although more research is needed to study the behavior of PDA/PTFE+copper nanoparticles in
these specific applications, the ball is rolling. Current plans are on the way to test this new
lubricant in these applications.
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Appendix B: Potential Patent and Commercialization

B.1. Patentability

1. Polytetrafluoroethylene lubricant thin film with a polydopamine adhesive layer: improves
adhesion of Teflon-coatings to improve durability in lubrication applications.

2. Polytetrafluoroethylene composite lubricant incorporating SiO2 nanoparticles as a filler to
reduce the wear rate while maintaining the low coefficient of friction observed in PTFE.

3. Polydopamine coating of cylinders to increase adhesion of PTFE additives in fluid

lubricants.

B.2. Commercialization Applications

1. Marine equipment - antifouling coatings
a) Polydopamine can be used to improve the adhesion of PTFE films used as
antifouling coatings in marine applications.
2. Lock assemblies — lubricant
a) PDA/PTFE can be used as a solid lubricant in automotive lock assemblies
3. Valves — lubricant
a) PDA/PTFE can be used as a solid lubricant in automotive lock assemblies
b) PTFE+SiO: can also be used as a solid lubricant in this application; however, it is
less promising due the relatively low durability it has, compared to commercially
available coatings.
4. Aerospace parts - lubricant
a) PDA/PTFE would require testing in vacuum and extreme temperatures to evaluate
its potential uses in aerospace applications; however, based on the properties of
the materials which compose the coating and the arrangement of the two layer

coating, it is a promising candidate for further investigation under these
conditions.
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B.3. Possible Prior Disclosures

Presetation in Society of Tribologists an Lubrication Engineers annual meeting May 2014
- Cu Nanoparticle Filled PTFE Thin Film Modified With a Polydopamine Adhesive

Layer

Publication of paper in Applied Surface Science

-Wear resistant PTFE thin film enabled by a polydopamine adhesive layer

Publication of paper in Tribology Transactions

- Wear Resistant PTFE/Silica Nanoparticle Composite Film
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Appendix C: Broader Impact of Research

C.1. Applicability of Research Methods to Other Problems

Although the focus of this investigation is on the development of a lubricating thin film, the
knowledge gained about the interaction of PTFE and PDA can be used to improve the adhesion
of PTFE to various substrates/films, for a wide range of applications. For example, PTFE is
currently being investigated as a material for use in integrated circuits due its low dielectric
constant. The adhesion of metallic coatings to PTFE in this application has been an issue of
great concern. PTFE is also used as a coating to produce self-cleaning surfaces; wear of such
coatings is also a problematic issue. The results from this investigation may help to reduce wear

issues in such films.

C.2. Impact of Research Results on U.S. and Global Society

At least one third of all energy produced is lost to friction and wear annually [1]. A successful
lubricant can reduce a significant amount of cost in fuel and maintenance in industrial

equipment, commercial transportation, vehicles, and electro-domestic appliances.

C.3. Impact of Research Results on the Environment

The solid lubricant discussed in this investigation presents an alternative to petroleum based
lubricants and also can help decrease CO> emissions by lowering friction losses and thus

lowering energy consumption.
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Appendix E: Software Used in Research and Dissertation Generation

Computer #1:

Model #: Dell Inspiron 15R

Serial #: 4ANKFWAO00

Location: Home

Owner: Sam Beckford

Software:

Name: Microsoft Office 2010

Purchased by: University of Arkansas

Software:

Name: Inkscape 0.48.5

Purchased by: Open source software

Software:

Name: ImageJ 1.46r

Purchased by: Open source software
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Computer #2:

Model #: Bruker CPU

Serial #: 313060-004

Location: ENRC 3414

Owner: Min Zou

Software:

Name: Bruker Nanoscope Suite

Purchased by: Min Zou

Computer #3:

Model #: Dell Precision T7500

Serial #: IML1PS1

Location: ENRC 3414

Owner: Min Zou

Software:

Name: Microsoft Office 2010

Purchased by: Mechanical Engineering Department
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Computer #4:

Model #: Dell Vostro 220

Serial #: BG23JL1

Location: NANO 131

Owner: Min Zou

Software:

Name: ToupView

Purchased by: Min Zou
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Name: Microsoft Office 2010
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Name: Image] 1.46r

Purchased by: Open source software
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Model #: Dell Dimension 2400
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Owner: Min Zou

Software:

Name: SGServer
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