ABSTRACT

TERAN ZAVALA, JULIO ENRIQUE. MechaneChemical Studies of AmorphousPolyester
SurfaceAbrasion (Under the direction of Dr. Lucian Lucia and Dr. Richard J. Spontak).

Abrasion of materials, specifically polymers, has been evaluated for more than fifty years.
However, thecharacterization haseen perfunctory and typicalhglied ona cursorymechaical
descriptionand concomitantcomparison between different polymer chemistries regardless of
chemical features (degree of crystallinity, average molecular weight, glass transition temperature,
chemical components). With significant globalncrease irthe usage of polymers, specifically
thermoplastic polyester chemistries, it new incumbent upon society to transition from a
phenomenological understanding to a much more scientific and quantitative assessment of
abrasion. More specifically, interrogag factors affecting material removal, and how we can
develop materials with higher resistance, and better recyclability. This dissertation aims to develop
a in depth literature review to evaluate what are the concepts around abrasive wear and the
strategeés that are applied to mitigate it. Moreover, it provides a mechanical and chemical
evaluation to understand their relationship in polyester chemistries. Finally, this work provides a
new understanding and new parameters that intend to predict mateabtemthese types of

polyester materials.

The experimental framework of this dissertationugdtlon a combination of microscopy,
spectroscopy, and mechanical evaluations that allowed to provide insightful observations towards
the behavior of polyestasurfaces when subjected to material removal. This work provided a new
methodology through Precision Polymer Abras{@®A), which allows the controlled material

removal study of these surfaces. In addition, these observations were combined with the



experinmental results obtained from abrasion testingrjaction moldedplaques to obtain new

parameters that aim to present the mechanochemical nature of the material removal process.

This new body of information provides a cohesive perspective that constuers t
mechanical and chemical modifications that result floengeneral phenomenonaifrasive wear.
Additionally, it allowsthe quantitation of the effect of the polymer architectures and molecular

modifications to mitigate material removal from polymerfaces.
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CHAPTER 1.INTRODUCTION

1.1 FUNDAMENTAL CONCEPTS IN POLYMER SCIENCE

The term fApolymer o and 0 po lons deeabiBerzeltus io n 0

1832, and the concept pblymers as macromoleculegas empiricallyintroduced by Hermann
Staudinger in 192@ho was later awarded the Nobel Prize in 1953 for these discavEhiese

scientists never imagined the impact of these concepts in the development of Society.

After more than 100 years from their conceptudiima and constant development,

polymers havebecome one of the most employed materials for packaging, construction, and

storage? These materials result from the covalent bonding of defined groups of smaller molecules

(monomers) through series of welknownchemical reactions known as stggwth (functional

group consumption) or chagrowth (radical basegkactior). 3

Another classificationfor polymer relates to their processability. Polymers tta
reversibly switch betweesolid or liquid phaseswith the application of heat are known as
thermoplasticsThermosets, on the other hand, cameweertto aliquid phase after they have been
solidifiedandassuch,application okufficientheatwill permanently degrade them. Thermoplastic
polymers are commonly used on several applications due to wbesatile processingand

recycling capabilitied.

Generally, thermoplasticdo notfully crystallize easily upon cooling to the solid state
because th processof alignment and distribution of the highly coiled and entangled polymer
chainswould be energetically unfavorablslormally they havea combinatiorof crystalline and
amorphous regions. Theseermoplasticare known asemi crystallineAmorphaus thermoplastic

polymers do notrystallizewhen cookdto the solid state’! ’

W €



Crystalline regions in polymers are characterized by their melting temperatrev{iile
amorphous regions and amorphous polymers are characterized by theéragkitien temperature
(Tg). Theseranges of temperaturemdicatethe region where the polymer transforms abruptly from

glassy state (hard) to rubbery state (séft).

Most of the physical and chemical properteggpolymersrely on a variety of attribtes
such as their chemical nature, their molecular weight, and their spatiédrmations For
amorphoughermoplasticsthere areseveralcategorieshat are normally employedmong them
are poly methyl methacrylate (PMMA), polycarbonate (P¥)and avariety of glycol modified
polyesters such as Poly(ethylec@1,4-cyclohexylene-dimethylene terephthalate) (PETG),
poly(1,4-cyclohexylenedi  methyleneco-ethylene  terephthalate) (PCTG), poly(1,4-
cyclohexylenedi methylene terephthalat®-1,4-cyclohexyknedi methylene isophthalate)
(PCTA), and poly (1,4cyclohexylenedi methyleneco-2,2,4,4tetrametlyl-cyclobutanediol

terephthalate) (PCTT) (See Table 1 for a list of their chemical struct?ires).

After polymerization, these materials containaaray of macromolecular chains that vary
on their repeating units depending on the type of reaction carried out. A way of characterizing the
size of these chains is mainly through two types of average molecular weight: number (Mn) and
weight (Mw). Mn consders the statistical average for the number of polymer chains that contain
a variety of repeating units on a defined samfquation 1 and-igure 1.1). This property
normally correlates with colligative properties of the polymer when it is in solatatheir
thermal propertiesMw (Equation 2 andrigurel.1) considers the groups of polymer chains based
on their size and their availability. This property normally correlates with bulk properties such as

the viscosity>1°



Table 1.1. Chemical structures, mechanical and chemical properties of selected amorphous
thermoplastic polymers

Acronym Chemical structure

PMMA
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Figure 1.1. Theoretical Gaussian distributioia p ol ymer 6 s mol ecul ar wei g
abscissaxis goes from larger to smalleiwW (left to right).

The polydispersity index (PDI) (Equation 3) is ttaio between the weight average and
the number average. This number is employedotmhly estimatehe width of the polymer
distribution curve Figure 1.1). 3The different spatial arrangements and their characteristics will

be expanded in section 1.2.

The mechanical properties of a polymer are one of the main factors that define their
application. Historically, these properties have been employed as a measure ohshe atear

a material can withstan#This conceptual frameworwill be expanded in section 1ahd 1.4



1.2 MACROMOLECULAR COMPLEX ARCHITECTURES
Another approach to the classification of polymer materials is based on the spatial

arrangement of the chains. Linear polymers chains correspond to a monomer arrangement that
results from the interactiommongtheir terminal functional groups. This arclutere normally is
observed in thermoplastic amorphous polymefgure 1.2A). ° Network or crosdinked
polymers result from the interaction between more tharfinotional groups in a monomer or a
chemical reaction that induc@sconnectionamongvarious linear chains. This architecture is
characterized biicrosslink density which is related to the number of junctions per volume unit.

This type of architecturesiobserved in thermosets and elastonféigufe 1.2B). 3

Branched architectures present a broad range of possibilities based on the spatial
arrangement. Star polymersrrespond to an architecture consisting of cesphéricabranching
poo nt (known as fithe coreodo) that attaches | ine
There are several polymerization techniques to create these structures includingtéovehere
there is a multifunctional initiator that attaches monomergicuously , and arms first e.g.,
macroinitiator. This type of branched structuisesonsidered one of the simplest deviations from
linear polymersKigure 1.2C1). These polymers have been evaluated in rheological studies, where
these structures modify the properties of polymer materials in the melt. Additionally, these
structures have been observed to modify the glass transition temperature, the melting and
crystallization temperature and crystallinity. These materials have been used for imaging purposes
through fluorescent markers attached to the arms, or through Atomic Force Microscopy (AFM) to
define molecular featureé$ Bottlebrush polymers correspond to anhéecture consisting of a
linear backbone where several side chains that can be attached on the backbone monomers; this

fact furnishegshese moleculewith a high side chain grafting densityigure 1.2C2).
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Figure 1.2. Comparisson of polymer architectures and their interrelationship in their transtion
betwea the thermoplastic and the thembskassification. (Adapted from Tomatik

Thishigh side chain grafting densigjlowsthese types of moleculésavoid entanglement
and form structures that can be observed on the nanoscale. There are several strategies that can be
employed to create this type of architecture known as grafting through, giaftiagd grafting
from. Grafting through uses a reae side chain called macromonomeesaftingto relates to the
preparation of the backbone and side chains separatelythen arafting through approach is
followed. Lastly, gafting-from relates to the generation of the backbone and the side chains ar
added.These macromonomers are then polymerized and their lengths depend on the amount of
catalyst addedt has been demonstrated that bottlebrushes are partially or fully extended, and their
sidechains are normally more extended than free linear polginagns when the grafting density

is high. This behavior grants unusual properties. The polymer melts resulting from this architecture



can have unusual rheological behavior compared with linear polythérserms of flexibility,
this architecture psents higher flexibility than linear chains. However, the potential backbone

cleave that can occur when the polymer is subject to shear is one of the drawbacks.

The most complex of the macromolecular architectures relates to dendritic structures
(Figure 1.2D). Compared to traditional polymers, dendrimers are structures that contain three
different and distinct architectural components: 1) a core, 2) a repetitive branch cell structures
(known asgenerations) and 3) terminal functional groups. There are two common strategies for
the branch <cell structure knowr oagy estakgyvied g e n
considerghat reactive oligomers are grafted onto successive branched pretorgengrate the
structure. The O6divergento6é approach involves |
a controlled and stepwise mannierterms of properties, it has been observed that the dendrimer
architecture compared to the linear aretiure for a polymer with the same composition showed
smaller hydrodynamic volumes and higher amorphous charaelgle 1.2 compares some of the

properties betweelniear and dendrimer architectur&s.

Table 1.2. Property comparison between linear and dendritic architectures (Adapted from
Freché!)

Linear architecture Dendritic architecture

Random coil configuration Predictable shape that varies as a functior
molecular weight.

Low solubility Increased solubility

(Decreases ith Molecular Weight) (Increases with molecular weight)

Intrinsic viscosity follows alogarithmic| Exhibits viscosity maximum and max plate
trend(Increases with molecular weight) | (Increases with molecular weight)

Mobility by reptation and moleculg Mobility involving whole dendrimer as th
mobility kinetic flow unit.




1.3 ABRASIVE WEAR IN POLYMERS CURRENT STATE OF THE ART
Wear is a branch of tribology that studies the material removal mechanisms between two
surfaces. Thisinteraci on depends on the material s mechan
t he contact 6s natur e. T inetmeeliterauree conseenwngraar | cl a
mechanisms, however, the most employed divides the mechanisms intmaimogroups:

interfacial/surface and bulk/cohesiVé (Figure 1.3 shows a pictorial representatjon

Fu —

s ;;4;&uv

-
Fr

Figure 1.3. Wear mechanisms can be classified into two main categories a) interfacial and b)
cohesive or bik.

Interfacial wear includes all mechanisms related to the dissipation of frictional work near
t he i nterface bet ween surfaces. The surfacebé
surfaces, and mechanical properties play an important role in thexdeanisms. Adhesion and
chemical wear are within this category. Cohesive wear includes all mechanisms that involve
frictional wor k dissipation as plastic and vi
These mechanisms have been stated to depemd t he mat eri al sd mechani
elongation to breaks|, toughness, and hardness define the extent and rates of deformation.
Abrasion and fatigue are within this categoty!® Although this classification provides a
simplification to decribe wear, these processes are normally interrelated, which presents a

different level of complexity!’ (Schemel.1 shows a graphical representation)
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Schemel.l. Interelation between the mechanisms of material removal based on surface and bulk
interactiondn polymers (Adaptefrom Lancastéef)
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Abrasive wear relates to the material removal process that occurs due to plowing and
cutting of the softer surface when there 1is
roughnessprofiles. 2422 Chapter2 provides an extensive evaluation the abrasive wear on

thermoplastic polymers and the development of the abrasion resistance field.

1.4 SURFACECHARACTERIZATION TECHNIQUES EMPLOYED IN POLYMER SCIENCE

1.4.1 Microscopy evaluation of polymer surfaces

The topology of a polymer surface is a result obgessing conditions and the
physicochemical properties of the material. This topology is also influenced by the polymer
capability for crystallization and arrangement. The interaction between the abrading material and

the polymer surface is based on tiwigology, and the mechanical properties from the polyfier.
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One way to provide insights between the chemical structure/morphology and the
mechanical properties of polymers is through the observation and explanation of micromechanical

deformations andréctures in these systems using microscopy techniéfues.

The objective of this group of techniques is the enlargement of objects and/or features that
would not be observed by direct visual examination. This is accomplished by employing a
microscope, wtah can be either optical, electron, or scanning probe based. These microscopes
allow the visualization and further understanding from recordable responses of the polymers when
subjected to physical and chemical modifications caused by their applicati@ir@nvironment.
Another advantage from the microscope usage relates to the minimization of the damage and
changes in the polymer surface when conditions are appropfidtelsually, the combination of
several techniques provides complementary miiron which can provide the best understanding
of the behaviof® In this context, some of the techniques employed for the characterization of
polymer surfaces are Confocal Laser Scanning Microscopy (CLSM), Scanning Electron
Microscopy (SEM), and AtomiEorce Microscopy (AFM)?’ In the next paragraphs, a summary

of these techniques will be presented.

CLSM is an optical technique thalbtains3D-reconstructions from surfaces. The principle
behind the operation of this microscope relies on the refldagibt and laser coming from the
sample, which allows to generate the image. The operation of a confocal laser microscope requires
a point laser light source, a light source, a confocal aperture, mirrors, and a photomuttgpiey (
1.4A shows a scheme indicating the operation of a CLSM). The confocal aperture reduces the out
of focus light generated from the laser and light sources, which providgseshmages of the

focus plane than a regular optical microscope. The 3D images that can be obtained from this
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microscope are acquired at two different deptfihese reconstructions and measurements allow

for the measurement of surface roughnessgatent of material damadé.

(a) Detector (b) Electron
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Figure 1.4. Schematic diagram of the instrumental setup of (a) CLSM, (b) SEM, and (c) AFM.
Adapted from Falsaft al.?’

SEM is an electroivased technique that allows the observation of features on the micro
and nanoscale. The image is generated when a scamwmoingefl electron beam passes across a

surface. This instrument requires an electron gun, condenser lens, apertures, and can be coupled
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to several detectors that acquire the signal from secondary electrons (SE) and back scattering
electrons (BSE}® Field Emission SEM which allows to obtain a lower electron beam diameter
than with regular SEM due to the usage of a fatdgssion electron gun instead of a thermionic

on& is commonly employed for imaging polymer surfaces since it allows to employ low voltages.
This capability minimizesurfacedamage and degradation that can ocltue toexposireto high

voltage imaging conditions’®*° Figure 1.4B shows a schematic of the components of this

instrument.

A scanning probe microscog8PM) is an instrument that generates an image as a result
from the close interaction between a surfand a probewith known propertiesin SPM, the
resolution of the images is controlled by the chosen area of evaluation. Depending on the employed
probe size, it is possible to resolve atomic features on materials. The precision of the control
feedback loompplied on piezoelectric drivers on the microscope is one fundamental requirement
for the correct operation of these systems. One of the most prominent techniques currently related
to SPM is known as Atomic Force Microscopy (AFM). In AFM, the probe cansfst cantilever
arm and a small tip that can be from several materials such as silicon or didthenmdeasured
response relates to the force (normally <10 nN) that results from the interaction betweeh the tip
the cantilever works as a spring that allgescise deflection measuremérdnd the surface. This

microscope can be employed in three different modes: contact, intermittent, acontact.

The instrument requires a tip with cantilever, a motion (X, y, z) detecting system with a
feedback loop, and scanner to monitor the relative position of the surface and tFeRigure

1.4C shows a schematic of this instrumentation.

These techniques will be employaddifferent chapters to provide characterization and

further understanding of the behavior of these materials.



13

1.4.2 Chemical characterization of polymer surfaces

An important component of the properties and behavior of polymers when they are used in
applicatons refers to their chemical nature. Another consideration of interest refers to the
evaluation of these components after they are subject to extreme conditions or changes in
temperature, stress, and light exposure. The study of the changes in cheksaatdirelemental
composition are fundamental in the understanding and improvement of polymer surfaces and
polymer materials. These changes can be monitored through the evaluation of changes on the
electronic and vibrational components of the internal gnfeagn these macromolecular systems.
A desirable technique for surface analysis would possess the following attribatesble
sampling depth, insensitivity to surface roughness, and quantitative molecular spetidtis.
section will explore two dchniques that allow such evaluation: Fourier Transform Infrared
Spectroscopy specifically the Attenuated Total Reflection (ATR)and Xray Photoelectron

Spectroscopy (XPS).

Fourier transform infrared (FTIR) spectroscopy is a widely employed charadtarizat
technique due toits versatility and accuracy. It allows the quantitative determination of
composition through functional group identification. It identifies the vibration modes from the
functional groups and their chemical environments which provagesificity and structural

information.3?

One common technique coupled with FTIR spectroscopy relates to the Attenuated Total
Reflection (ATR). This technique allows the direct measurement of liquids and solids without
further preparation of the samplst the interface between the crystal and the sample, the IR beam

is totally reflected, however, this beam penetrates the surrounding medium (this is known as the
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evanescent wave). The penetration of the evanescent wave depends on the crystal employed, on

the thickness of the sample, which results in a range upno. %33

A typical FTIRATR instrumentatiortonsists of an IR source, a Michelsen interferometer
0 which consists of a set of stationary and movable mirrors and a beam splitter which allows t
Ageneratedo a variety of wavenumbers based or
behavior® , an ATR cell, detectors for the interferogram signal which will be transformed into a
spectrum with Fourier Transforms, and the processing softwarenatrdment control at the

computer interface®34 A schematic representation of this instrument is showdigare 1.5.

( N
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. Michelson PC/Software
interferometer
IR
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Figure 1.5. Schematic diagram of a FTARTR spectrometer

The resulting spectra allows the evaluation of specific chemical functional graise

available at the surface level due to the specificity of the vibrational interactions of these groups.

X-ray photoelectron spectroscopy (XPS) or electron spectroscopy for chemical analysis

(ESCA) is a surface analysis technique based on thd tis2@mitted energy from anray source
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to measure the electron kinetic energy from the surface elements. This energy translates into a

characteristic elemental binding energy by employing the following equation:
0 O & (4)
Where EKk is the photoelectron kinetic energy;idithe exciting photon energyy s the

electron binding energy in the surface; Phi is a work function that depends eraghsource and

the instrumentatiory-3°

An XPS spectrometer consists of a sample introduction system, a vacuum ctam¥er,

ray source, an electron energy analyzer, and the data acquisition system.
Figurel1l.6 shows a graphical representation.

There are two main resulting speabtatainedirom an XPS evaluation. The first spectrum
is known as the fASurveyo Scan, where it prov
composition fromhe analyzed sample. The individual peaks can be identified due to a general
database provided in a software suite known as CasZ&PQuantitative information can be
obtained from this measurement in terms of the abundance of each present elemantghate

background fitting procedures have been appfied.



16

Detector P>} PC/Software

A

Analyzer

Transfer lenses T

4 N
Sample Analysis
introduction chamber )

Pumping
system

Figure 1.6. Schematic diagram of a-¥ay photoelectron spectrometer.

The other type of spectrum is known as the higgolution scan, where one element e.g.,
C 1s is chosen to evaluate the different bonding information regarding that element. Due to the
energetic similarity of these carbon atoms, some of peaks normallyptchanresolved and
additional fitting procedures and tables are required for the peak elucidation and further

quantification.This technique allows evaliah of upto the first ten nanometers of the surfate.

1.4.3 Mechanical characterization gfolymer surfaces

The design and product development depends strongly on several mechanical properties.
These mechanical properties include the hardness (H), Modulus of elasticity (E), stiffness (S), and
elongation to breake]. Hardness relates to the nmmate al 6 s abi l ity to wit!l
Toughness relates to the material's ability to shatter (absorb impact energy). When a material

shatters easily is known as brittle. Stiffnes:
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penetrated. Duci | ity rel ates to the material ds abil it

tensile load is applied?

Normally these properties are obtained through tensile and indentation testing machines on
the macroscale. Currently, due to the increasth e under st anding of mat el
important to characterize these properties at the micro and nano scale. In addition to this, depth
and polymer chain conformations and volume influence these mechanical properties. The
measurement of these ragal characteristics needs to rely on precise, reliable, and accessible
machinery. Among those techniques, nano indentation has been developed and used for measuring
some of these mechanical propertiésr the case of chain volume and depth profile, tRusi
Annihilation Lifetime Spectroscopy (PALS) provides this information when analyzing polymer

surfaces’ This section will present an overview of these techniques and their principles.

Nano indentation is a methaad which the penetration of a knawgeometry material is
measured in nanometers. This technique relies on the characterization of the contact area through
mathematical relationships. It records the load and depth of penetration at each load increment.
This provides a measure of the modulnsl hardness as a function of depth beneath the surface)

(See Figure 1.7A). This technique is one of the most versatile techniques to quantify the
mechani cal properties odue tnthd lack of aokrmalZzatiocnwm thea c e s .
testing values, there are not defined ranges that can be taken as a benchmarvkoihk, tiws have

defined the conditions to employ based on experimentation and literature ’&iba/conditions

employed in this work are presented in Chapter 3.
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Figure 1.7. (a) Load (L) vs displacemerth) curve after a nanoindentation evaluation. Several
parameters can be estimated through the information of the indentation recovery (hr), indentation
contact (hc), and maximum indentation depth (hmax). (b) A typical nanoindentation setup that
allows the obtention of the load vs displacement curve for polymer materials.

A typical nanoindentation setup is showrHigure 1.7B. The loads are measured through
transducers that are attached to the shaft. This shaft holds the tip that encounters the surface.
Normally, the load could be applied electrostatically. Displacements could be measured by a

capacitance gauge if that modeselected®

The load vs displacement curves can be analyzed with the Oliver and Parr methodology,
which is presented in Chapter 3. Additionally, more information regarding the choice of tips will

be discussed for polymer surfaces.

In recent years, [@itron annihilation lifetime spectroscopy (PALS) has employed to define
molecular defects, void spaces, and interfacial properties of polymeric materials. The basic
principle relies on the fact that the positron and the positronium (Ps) are normallgddadali
existing defects, which includes the free volume and voids of a sy§tEarther definitions and

calculations are presented in Chapter 3.
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These sections were presented to introduce the fundamentals behind the concepts and
techniques that will & introduced and employed in the work presented in this dissertation. Each
chapter of this dissertation will contain and expand these contents if necessary to evaluate the

discussion of the results obtained in each chapter.

1.5 RESEARCH AGENDA

1.5.1 Abrasion resitance on thermoplastics: current knowledge, approaches, and new

challenges.

This literature review intends to present the basic concepts regarding abrasive wear in
thermoplastic polymers. It shows the definitions and differences between these experiments
considering material removal by abrasion and the most known correlations regarding abrasive
wear and several of the variables that have been employed for this purpose. Additionally, it
explores the new trends regarding the concepts that relate to teidaties. In conjunction with
this initial information, the next section explores the different approaches that have been evaluated
to increase the material és <capability to red

characteristics of it.

1.5.2 Surface Mchanical Properties and Topological Characteristics of Thermoplastic
Copolyesters after Precisely Controlled Abrasion
This sectionpresents an Hdepth evaluation of the surface mechanical properties of three
chemically similar copolyester materials based Poly (1,4cyclohexylenedimethylene
terephthalate) (PCT): a linear glycol modification (RE&¥ethylene terephthalate) (PCTG), a
stereoisomer modification of the phthalate moiety (R©TL,4-cyclohexylene dimethylene
isophthalate) (PCTA), and a cychlitycol modification (PC¥co-2,2,4,4tetramethyl cyclobutene

diol terephthalate) (PCTT)lThese polymers were selected due to their relevance and current
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market usagen the first section, an evaluation on the nanoindentation conditions and the surface
mechanical properties of PCTT was perform&te results on NI evaluations are heavily impacted

by the shape of the tip. In literature, the Berkovich and the Conospherical tips are normally
employed for NI measurements. Therefote/o tips (Berkovich and conperical) were
employed to evaluate which instrumental conditions provide the most accurate measurements in

terms of depth extent and mechanical properties.

These measurements and further observations lead to a further evaluation of the
relationship betweethe sample depth and the variation on the mechanical properties. A cross
section evaluation of the sample with nanoindentation along with a depth evaluation through PALS
allowed to observe that there is a relationship between the nominal free volumeedbse
different sample depths and the surface modulus at different depths. Once these conditions were
chosen, the measurement of the surface mechanical properties for the three materials was
performed as a reference. These values were compared to tles vhtained from a modified
surface by material removal. We achieved this material removal through Precision Polymer
Abrasion (PPA) which is discussed furtlweithe chapter. Thiallowed ugsto observe an increase
in the mechanical properties that wasilftated by the material removal process. In addition to
these observations, an evaluation of the number of cycles of PPA with respiectamount of
material removal was performed. This evaluation showed that the material removal behavior is
intrinsic from each material ant relatad to a multivariable problem and not simply the

mechanical properties of the surface and the bulk.
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1.5.3 Abrasion beyond the material removed: how the surface chemical changes can
characterize this phenomenon

This study intends tpresent the observed relationship between chemical changes and
mechanical changes of a model copolyester surface (PCTT) when subjected to abrasion. The
measurements of the chemical changes were evaluated through surface characterization techniques
(FTIR-ATR and XPS) before and after the abradiased material removal. It was observed that
the bands and elemental bonding analyses changed on the surface after the abrasion process. These
observations lead to the characterization of the Carboxyl Index (CGathvecan serve as an
indicator of the abrasive damage that the surface sustdinedCal has been used as a measure of
degradation behavior in other polymé?Jhis index was evaluated and contrasted with results
from other studies that explored the telaship between material removal and abrasion cycles. In
addition, this index provides a measure of the degradation behavior as with the Carbonyl index
that has been reported in polyolebased materials after they have been subjected to light and
therma degradation followed by mechanical disintegratibriinally, an evaluation of the
selectivity of the information obtained through tlal was evaluated when comparing the
behavior of three chemically similar copolyesters with the results obtained bgvantional

abrasion characterization through the wear volume and the wear coefficient.

1.5.4 Characterization of surface material removal for amorphous glassy polymers:
insights on what variables to consider.
This evaluation aims to explore a negmi empirical novel that looks poedict the amount
of material removal from glassy polymer surfasde®n subject to abrasion with PPPhisstudy
considereddifferent chemical varieties of amorphous polymers: polyoaate (PC),poly

(ethylene terephthalatm- 1,4-cyclohexylene dimethylene terephtha)at®ETG), poly (1,4
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cyclohexylene di methylene terephthalateethylene terephthalate (PCTGRoly (1,4
cyclohexylene di methylene terephthalatel,4-cyclohexylene di methylene isophthalate)
(PCTA), andpoly (1,4cyclohexylene di methylene terephthatate2,2,4,4 cyclobutaneiol
terephthalate)The evaluation of the effect of the glass transition temperatgyeviih molecular

weight, mechanical properties, andterial removal through PPA was evaluated.

These tests showed the existing relationships between Tg and the mechanical properties.
Additionally, the mechanical properties were obtained with nanoindentation and the amount of
material removal at the surfaseas characterized through PPfor these 5 polymersTwo
parameters that characterize the bulk and surface mechanical properties, as well the process
variables and the chemical identity of these polymers were generated and employed on a
empirical fit fromthe abrasive wear data. This new mockahsiders a novel approach based on

the observations presented in the previous chapters.

1.5.5 Solvent induced crystallization of Poly (dgclohexylene dinethyleneco-
2,2,4,4tetramethyicyclobutanediol terephthalate): proof of concept and model
behavior
The increased usage of Poly (tyclohexylene di methylereo-2,2,4,4tetramethw
cyclobutanediol terephthalate) (PCTT) and its expansion to novel egiplins motivates to
continue its evaluation and behavior exploratibime characterization of the behavior of polymers
when they are subject to solvents provides an insight into their morphological, thermal, and
mechanical property changes. These evalnatnormally give insights for the characterization of

the synthetic products resulting from their production.

Although thermal, light, and mechanical degradation of this material has been evaluated,

the behavior of this material when subject to a sohexposure has not been considered.
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Therefore, this evaluation presents the kinetic and thermal evaluation of PCTT when subjected to
solvent induced crystallization (SIC) using chloroform as model solvent. The changes observed in
Differential scanning calonetry (DSC) thermographs, and Fourier Transform Infrared
Spectroscopy (FTIR) spectra were presented as a function of exposure time and temperature. This
evaluation presented the proof of concept for the reversibility capability that this material presents

to SIC when subject to controlled thermal evaluation.

1.6 SCOPE OF THIS DISSERTATION
Through the motivations, concepts, and methodology presented on the presiding sections,
it is the intention of this dissertation faresent the importance of the understagdand
development of practical knowledge in the field of polymer surfaces and material removal related
to abrasive wearThis sectionwill present related fundamental questions to address with the

development of this work. Chapter 2 addressed the follpguestions:

1 What is the current state of the art regarding abrasive damage in polymer surfaces?

1 What variables have been identified as predictors of this phenomenon?

1 What approaches have been evaluated to mitigate the material removal through

abrasive danage in polymer materials?

Chapter 3 addresses the surface mechanical characterization of a group of polyester
thermoplastics that are subjected to a controlled material removal process (Precision Polymer

Abrasion (PPA)). The addressed questions were:

1 Whatare the instrumental conditions that allow the most adequate characterization

of the surface mechanical properties and material removal?
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1 What are the differences between the mechanical properties of three chemically

similar amorphous copolyesters whenlaaged at the surface level?

1 How do the mechanical properties of the surface change when the surface is
subjected to Precision Polymer Abrasion? Do the seso changeafter this

process?

1 How do the surface mechanical properties and the progressitre aghaterial

removal through abrasive damage relate?

Chapter 4 explores a different aspect of the material removal process through the chemical

evaluation of the surface of a selected copolyester. The questions evaluated were:

1 What is the relationship beten abrasive wear and chemical changes in the

surface? Could these changes be tracked?

1 Does the abrasive wear process can be related to additional variables than the

material removal volume or wear volume?

1 Can these additional variables present bettectelly among chemically similar

polymers in terms of material removal characterization?

Chapter 5 expands the evaluation performed in Chapter 3 when the chemical diversity of
the samples was increased. Additionally, the observations presented in Chapteridcluded.

Here the presented research questions were:

1 What is the relationship between the number average molecular weight and the

glass transition temperatureg{ for PCTT?

1 Isthere a relationship between the mechanical surface propertieg?and T
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1 How does this relationship connect with the material removal behavior presented

in these materials?

1 Is there a correlation between the material removal by precision polymer abrasion
(PPA) and the mechanical and chemical properties of these materials? What

parametersvill increase the prediction power of the correlation?

Chapter 6 introduces a behavior evaluation of P@HE&n subject to a model solvent for

crystallization purposes. The addressed questions were:

Is there a time related response to the crystallization of PCTT when it is subject to the

exposure to the modeblyent (chloroform)?

Is there a temperature related response to the crystallization of PCTT when it is subject to

the model solvent exposure (chloroform)?

Can the solvent induced crystallization of PCTT be reversed if found?

The purpose of each chaptetagpresena compelling explanation to these questions along
with their specific literature review, their methods and experimental setup. This provides a strong
foundation for the presentation of the experimental results and their analysis, followedriBsa
of conclusions from these observations and the associated references. The last chapter compiles
the observations acquired in each chapter along with future recommendations and experimental
suggestions that will help the further contribution on thal@ation of polymer surfaces after

mechanical degradatiand their synthetic efforts
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CHAPTER 2. ABRASION RESISTANCE OF THERMOPLASTICS: CURRENT STATE
AND CHALLENGES DEPICTED UNDER THE UNIQUE LENS OF POLYMER
CHEMISTRY

2.1 INTRODUCTION

From a historical perspectivdevelopment and progress of €iacloselyrelated to the
processing of a materialFor example, bnes, stones, metals, ceramics, semiconductors
representedommoditymaterial sources for a variety of technological advancemeiiore than
a century agathe greatStaudingemwent on a limb tgresent ggroundbreakingevelation on the
nature of fAmacromoleculeso (e.g., ttHatdedtbooncept
number of the innovativpolymericmaterials currentlypeing deployed* In the timespan since
the introduction of synthetic polymer manufacturing in the early 1900s, their produstasn-
335 million tons in 201% which continue toexpandto a projectegroduction of 505 in 202%.
Presently, the polymer industry has expanded and creptetbalyof consuner products, medical

solutions, and applied sciencés.

Thermoplastic polymerfall within this class andhave a large share of production and
usage due tdavorableheat processabilityor finely molded and formed final product$his
feature impartsmany degrees ofersatility because thesenaterials can be recycled and
reprocessed (g, injection molding, extrusion etc§.They displayseveral advantages compared
to other materia for example, fom a physical standpointhey offer high physical impact
resistance, low weighgndthermal and electrical resistance. Frarmhemical standpoint, they

withstand exposure to a variety of fluids employed in engineering applications.

When considering thermoplastics, further distincsioan be made based on their leng
range chemical orddrecausehermoplasticsnay beclassed as amorphous or crystallifiable

2.1 displays common polymerclassified by crystallinityThe glass transition temperatureg{T
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may bedetermined by differential scanning calorimetry (DSC) or dynamic mechanical analysis
(DMA), andplays apivotal role in determining polymer ductilityGenerally, lelow Ty, polymers
are hardened and behave likass(e.g.,high brittleness and low impact strength). Abdyethey

aresoft and ductile, exhibiting high impact strendth.

Semi crystallinethermoplastic polymers tend ttisplay greatermechanical properties,
mold shrinkage, and higher thermal expansion caefftscompared t@amorphous thermoplastic
polymers. Generally, higher levels of crystallinity are accompanied by an increase in mechanical
properties i(e., modulus, tensile strength, and yield strengtblated to increased stiffness
however, these polyersareprone to crack propagation aretluced(?) lengationdue to lower
ductility.®1° Moreover, inthe last 15 years new amorphous polymer chemigtags furnished
glassy materials that can be reprocessed free from chemidath may cause negative

environmendl loading %14

A large proportion of these amorphous thermoplastic materials are commodity plastics
(i.e., single use) in constant contact with a varietyextiernal materials and environmental
conditions. Based otheseinteractiors, they cansuffer ageing and materikisses®In terms of
material losses, wear is the study of the material removal mechanisms. abenaultiple
classificationdor wear however, the one most employed considers the depth of the interaction.
Surface based wear mechanisms (e.g., adhesion, corr@sieal)interaction forces between
materials that occur through contact. Bolkcohesivemechanismsoverinteractions between the
surface layer (e.g., fatigue, abrasion). Abrasion wear deals vatpltiwing and cutting of the
softer material througtontactnteraction with a harder material. Thus, abrasion is present in many
applicationseven though some materials are not designed to withssaotd mechanical

interactiors. 1°16
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Table 2.1. Engineering thermoplastics classifiegmorphology.

Engineering Thermoplastics

Amorphous Semicrystalline
Poly(vinyl chloride) (PVC) Low-density polyethylene (LDPE)
Poly(methyl methacrylate) (PMMA) High-density polyethylene (HDPE)
Poly(styrene) (PS) Polypropylene (PP)
Acrylonitrile butadiene styrene (ABS) Polyamides (PA)
Poly(carbonate) (PC) Poly (tetrafluoroethylene) (PTFE)
Poly(ether sulfone) (PES) Poly (ethylene terephthalate) (PET)
Poly (ethylene glyccelco-1,4 cyclohexylene Poly (butylene terepththalate) (PBT)

dimethylene terephthalate) (PETG)
Poly (1,4 cyclohexylendimethyleneglycol-co- Poly (ether ether ketone) (PEEK)
ethylene terephthalate) (PCTG)
Poly (1,4 cyclohexylendimethylene-glycol-co- Polyacetals
2,2,4,4 tetramethyl cyclobuteitiol terephthalate)
(PCTTY)
Thermoplastic polyurethanes (TPU)
*Under typical processing conditions. These polymers can be semicrystalline as well.

Our currenteviewwill attempt for the first time toharacterizaalientfactorscontributing
to abrasive damagand efforts to improvabrasiveresistance ofhermoplastic materialsThis
review intends tgorovide the scientifiand engineeringommunity with acoherent strategic
approach to design materiéts reducel consumptiorand which are able teithstand mechanical

damagedue toabrasion.

2.2 ABRASION WEAR DEFINITIONS AND CLASSIFICATION
Abrasive wear refers to material removal by plowing and cutting of the softer material
surfaceby mechanical forceas a result of thiarder material roughness proftf&!® This process
can bedepictedas: 1) a softer surface deformation to support the load and the harder material
roughness profile, 2) softer surface material plowing and plastic deformation by lateral motion,
and 3) softer material removal acdntinueddeformation due to the constant comtaed motion.
182021The harder materi al 6s r o-blaydsmwhishgesyits imrigrol e f u 1

machining, scratching, and plowing between them. Additionally, the softer material roughness
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profile facilitates material detachment due histinteraction??2® Figure 2.1 shows a pictorial

representation of the process

The abrasion process has also been classified based on number of passes, contact
frequency, and contact nature. When considering number of passes, abrasion can be either multiple
or a single pas€ontact frequency refers to the number of sites where #terrals interactife.,
single or multiple). I n terms obodytaidé¢hre®ooynt act 6

abrasion wealFigure 2.1.provides a pictorial representation.

When an abrasion process is single gassgle contact, it is known as scratch resistance
(scratch testf# 26 The scratch behavior of different polymer materials has been evaluatetsn ter
of the hardness, average surface roughnegsr@®@tmeansquare roughness {Rscratch depth,
scratch speed, scratching load, and tip siédpé2° Other approaches have evaluated the damage
progression behavior (fish scales, mar, crack, and rrabteemoval) or different polymeric
materials. These behaviors have been related to the scratch load, scratch speed, and sensorial
perceptions (color, texturéy3! Additionally, the effect of the addition of fillets polymer
substrate¥, and bénds* have been evaluated in terms of the mechanical properties of the
materials and the scratch process variabledigoovernew relationships in terms of scratch
resistancérom suchmodifications. The assessment of scratch resistance has beerhnoadg t

several adaptations and instrumentafo.
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Figure 2.1. Pictorial representation of abrasive wear in a polymer surface. 1) A harder material
with a defined roughness profile contacts a polymer surface with an external normal force. 2) The
lateral motion generates a change in the roughness profile in the qaitewcer surface through
viscoelastic and plastic responses. 3) As translational motion continuesstimererial removal

(A) (micro-cutting) and resultanplastic deformation as a result from viscoelastic behaByr
(tearing, cracking, and plowing).
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Scheme2.1. Characterization of abrasive wear damage based on number of passes, number of
contacts, and number of bodies.

Additionally, multiple contacts with single and multiple pass abrasion have beeai thre
sources for most experiments to draw correlations and relationships between the abrasion
phenomenon and polymersdéd mechanical features.
section. Regarding multbody abrasion weartwo-body relates to te contact between two
surfaces whereas Hreebody relates to two surfaces with addition of a third element either
embedded in one of the surfaces and becomes todsem the abrasion itself2°38 (Figure 2.2

shows a pictorial representation of the process)
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Figure 2.2. A simple pictorial depiction of the physics @fd-body and thredodyabrasion wear
processes.

2.3 MULTIPLE CONTACT, SINGLE/MULTIPLE PASS ABRASION CHARACTERIZATION AND

FEATURED CORRELATIONS

The abrasion testing of polymer materialth multiple contacts and single/multiple passes
hasreceived varying levels of attention ovélre last 50 years. Ehtesting apparatus can be
classified in terms of exposure area. In the first type, the area of the polymer exposed to the
abrasion testing is much smaller than the area of the abrading maneoiad) which the common
arepin-on ringand piron-disk. Evaluatiors are feasible upasonsidering multiple variables such
as load, rotation speed, polymer surface roughness, and wear rate. Additionally, different types
and materials of abrading materials can be employed as well as numbeasbmlmycles the

material is subject t&” 4

In the second type, the polymer surface is greater than the abrading material area. Testing
strategies include Taber and Martindale. Taber employs two rotating wheels that @mtain
abrading materid? Martindale abrasion testing formsLéssajousshape on the abraded surface
by contact with the abrading materidf** These testing procedures are cyclic and allow

characterization of abrasion in terms of load, rotation speed, depth of damage, aradevear r

Material scientists and technicians characterize abrasion by amount of material removed

from the surfacaising avariable known as wear rateshich can be expressed: 1) linearly, 2)
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gravimetrically, or 3) energetically. The linear wear ratg) (consders the ratio between the
volume of material removedDy), and the sliding distance (d) (Equation 1). The gravimetric wear
rate (vs) evaluates volume of material removda/), area of contact (A), and sliding distance
(Equation 2). The energetic wearegdivr) considers volume of material removavy, applied

load (L), the sliding distance (d) (Equation 3). The most employed are linear and energetic, in
which units are normally expressed in mm3/mm and mm3/Ri“fit is important to mention the

wear ate is a qualitative variable instead of quantitative. The conditions under which this value is

obtained define magnitudé?1-4°

6 L — (1)
o L )
6 L — (3)

Based on observations regarding testing and the variables involved, it has been assumed
wear rate must depend on and be proportianal¢ombination of mechanical properties, process
parameters, and initial surface roughrfégsk. Lancastéf in 1969provided a correlation model
for abrasion of different polymeesccording taheir mechanical propertiesancasteiconfirmed
obsenations by Ratné? who presented a model that correlates wear ratefadction coefficient
(m, hardness of the material (H), breaking strength (S), and break elongtiothe ductility of
the polymers. Additionally, a modelas presentethat relates only the inverse of the produet S
(work required to detach a particle from the surface) to the wear rate for 18 chemically diverse
polymers. This model is known as the Rathancaster model (Equation 4) and it has been cited

as the most valid model for abrasion characterizatfoi.
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o — (4)

From generation of that model, several researchers attempted to correlate the \aedr rate
wear volume to a variety of process conditions, mecharndl chemical properties. The models
and relationshipsvere proposedover the period 01970 to 199371 This review will explore
several works from 1997 to the present day which emphesiagonships between engineering

thermoplastics, their mechanical and chemical properties, and wear rate.

BudinskP? presented an evaluation of 17 thermoplastics and 4 elastomers to quantify wear
rate and behavior. He indicated the role of hardnedkdrcharacterization of these materials
cannot be determined due to heterogeneity on the measurement scales and proposed use of a
deformation factor which relates to indentation energy, related to the fatpoocesses of the

indentation.

Cayeret al. >3 explored a relationship between force, displacement, and the molecular
weight of polyamide 6 (PAG)A linear relationshipvasobserved between these variables in the

range of 1931 kg/mol, which shows the effect of molecular weight increase on theratea

Harsh&* performed @horoughstudy considering threleody abrasion anids relatiorships
to the wear rate and the tensile strength, elongation to break, and hardness for eight engineering
thermoplastics including PA6, polyether sulfone (PES8y foutylene terephthalate) (PBT), and
poly(ether ether ketone) (PEEK). THatter study presented several correlations among these
variables and their combinations including hardnétgshadid not find auniquerelationship

amongthose variables and ones already reported.

Morioka and collaborator3evaluated PAG in terms of abrasiwear, fatigue, and tensile

properties. They found a relationship between the fracture probability and weadditenally,
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they evaluated the effect of fillers and changes in sliding velocity and showed impact on wear rate

and tensile properties.

Toth and collaboratot$ tested nine different thermoplastics (PAI, PEl, PC, PET,
UHMWPE, PVDF, PPS, PA6, and PPSU) to explore the effect of the degree of crystallinity with
the polymer mechanical properties and wear rHtey found that the degree ofystallinity can
be linked to the response of the polymer in terms of wear mechanism. Although they indicate that
hardness of semicrystalline polymers is higher, these materials can suffer from higher wear rates
as the degree of crystallinity increases.slit@lationship refers to the reduction of toughness and
ductility of the polymer materi al whi ch | mpac
impacts. They defined that there are three variables that influence the material removal in
semicrystallie polymers: crystallinity, the temperature difference between surface/bulk respect to
the glass transition temperature, and the hardness. In addition, they observed the different material
removal mechanism depending on the morphology. Amorphous thermcgplalsbwed more
prominent abrasive wear behaviors while semi crystalline polymer show a distinct combination of

abrasive and adhesive wear mechanisms.

In a recent article, Ferrerira and FecAinexplored the Ratndrancaster equation for
different PE blends ancelucidatedan adaptation to that model that includes squared hardening
modulus, which increases the correlation coefficient for these polymers. These authors did not

indicate if this correlation can extend to other polymer chemistries.

Another gproach considering mechanical properagethe surface level. Takahashi and
coworkers tested the naiscale wear of injectiomolded dental implant thermoplastic materials
against a hegbolymerized PMMA material by means of nanoindentation (NI) measamtm

They found amongst the tested thermoplastics (polyesters, polyamide, polycarbonate, and
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injection molded PMMA), all thermoplastics presented higher wear depth and deformation than
the thermoset PMMA control. Despite lower hardness and elastic modhk thermoplastics,

the authors found no correlation between material properties and wear resttaiscenportant

to note that the polycarbonate dentures performed best in terms of wear depth and surface
roughness after abrasion compared toother tested thermoplastics, exhibiting the lowest values.

In a recent article, the abrasion behavior of three glycol modified polyesters derived from Poly
(1,4-cyclohexylenedimethylene terephthalate) (PCT) was evaluated through Precision Polymer
Abrasion (PPA). The evaluated polymers (Poly (dg¥clohexylendimethyleneco-ethylene
terephthalate) (PCTG), Poly (2¢§clohexylenedimethylene terephthalat®-1,4-cyclohexylene
dimethyleneisophthalate) (PCTA), and Poly (i¢¥clohexylenedimethyleneco-2,2,44-
tetramethylcyclobutanediol terephthalate (PCTT)) were subject to NI before and after the PPA
process to assess the changes on the mechanical properties after material removal. In addition, an
evaluationwvas undertakean change in modulus as penetmatid the tip increaskon the surface.

This evaluation explored the results from cross sectional NI and Positron Annihilation Lifetime
Spectroscopy (PALS) to appraise the differences obserUbis. study showed two main
observations: 1) the surface moduttlsanges as depth increases; this results from the thermal
processing of these polyesters at temperatures higher than their Tgs followed by a sudden cooling
to room temperature, which produces a variety of-eguilibrium configurations along the
surface,and 2) the mechanical properties measured at the surface (hardness, surface modulus,
contact stiffness) cannot predict on its own the behavior of these materials in terms of abrasion
resistancé® These findings allowed to establish that the chemicaireatf the polymer materials

also define the material removal behavior and thus it should be considered to predict the response

of these materials under mechanical stress.
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In addition to the relationships between mechanical and chemical propertiesenitbah
rate, there was a different approach that considered the chemical changes on the polymer surfaces
after abrasi ve dama g e?> prdsantedladstudy, wheR ahey @servea n d
mechanechemical degradatiooharacterized aa chain scissin occurringby abrasive damage.
They tested polyamide 68, polyethylene, PVC, PC, and PS through abrasive damage and viscosity
evaluation. They presented a difference in viscosity for most of the tested polymers. In the case of
PC and PS, they could nohél any differences. Arkles and Schireson published a corresponding
observation for PTFE® In 1970, Giltrow proposed a relationship between the wear rate and the
cohesive energy for 12 distinct thermoplastic polymers including amorphous (PMMA, PC), and
semicrystalline (PVC, Teflon, Nylon 6). Herlneyfound adiffuserelationship between these two
variables due tahe confounding effects omolecular weight and degree of crystallinity.
Additionally, cohesive energies are calculated from equilibrium statdich would not apply to
an abrasion procesgcauséehereis an interaction between the abrading material and the polymer
surfacein addition to the energy provided through the tangential and normal fGtcEsese
studies reaffirmed the experimemtsne by Teran et al. and support the importance of including
the chemical behavior and response of each polymer family in the evaluation of mechanical

degradation.

Unfortunately for this field, new research did nogévolve because of these latter
observations due to the emphasis placed on mechanical charactefizztfS@ver the last two
decades, anadgsand measurememechniques improved, artius provided an opportunity to
revisittheseconstructsand definitiondo targetthe discoveryf new quantification techniques in
terms of wear volume and polymer abrasion. Recently, a paper from Sidebottom and collaborators

explored several surface techniques to present chemical changes in a PFA surface after being

L
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subject to material removét* Additionally, Teran and collaborators presentedibage of the
carboxyl indexCal) as a measure of abrasive damage independent of material removal conditions
6566 This approacts helpful for characterization ofliscardedconsumetbased polymersvhich

lead to generation of secondary microplastics.

These contributionallude toaninterrelation between mechanical and chemical properties
of these materiale/hich may potentiallype exploitedto obtain materials with better resistance.

The approachehat have been used will be explored in the next section.

2.4 STRATEGIES FOR ABRASION MITIGATION IN THERMOPLASTICS
As mentioned,material removalof thermoplastic polymers dut abrasive weals

contingenton their response to process conditiangjnsic chemical and physical features, and
their environmentA phenomenological evaluation tifeseinteractionis critically dependent on
thesevariablesfrom which several strategies have been employed to reduce impact of abrasive
wear. This section will explora few of the most employed strategies to modify the abrasive
response in thermoplastic materials. These methods include generation of composite materials,
polymer blending, introduction of sacrificial coating, and introduction oftsedling chemistries.

All these topics will be covered in the following sections.

2.4.1 Homopolymer composites containing reinforcing fillers

The wear resistance of thermoplastics can be enhdrycedmposite design in which the
judicious inclusion of specific particulate and fibrous reinforcements considered 678
Considerable enhancements to thermoplasticso
suchuse of reinforcements, typically fiberglass, caf3amd aramid (aromatic polyamides) fibers
or inorganic (nano)fillers9 2 The fiber type, its length and orientation, loading percentage, and

the interfacial adhesion between the reinforcement agent and matrix, as well as tribological
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operating conditions affects performance safch composites. tl is worth mentioning that
introduction of certain reinforcementer instance carbon black (CB) or graphene oxide (GO)

can also impart additional properties to the thermoplastics such as electrical and thermal
conductivityin addition to modulating weaesistance’*">The available literature on reinforced
thermoplastics reveals it is very important to achieve good interfacial bonding between the
reinforcement agent and polymeric matrix and to optimize the amount of filler, as will be observed

in several of the articles highlightédrther on®#°

Compared to short glass fibers, and despite added cost, carbon fibers have shown potential
to enhance abrasion resistance of thermoplastics. Carbon fibers (CFs) are frequently employed as
reinforcement#n thermoplastic matricdsecauséhe carbon imparts high specific tensile modulus
and added strength. The use of nanosized carbon fibers (CNFs) increases the available surface area
when compared to traditional CF, which in turn modulates the strengikioteraction between
the two components. It is important to note the surface of CF is nonihalayto achieve uniform
dispersion and optimal interfacial adhesion between the CF reinforcement ayypic¢héy polar
thermoplastic matrix, it is necesgato employ surface treatments to introduce paclarface
functional groups. For a review on the topic, we refer the reader to a report by Park and
colleagueg! PTFE reinforced with surfaemodified CNFs (through treatment with nitric acid)
and furthe functionalized by organosilane surface treatment-888 coupling agent) exhibited
both lower coefficient of friction and material removal than the aratogue’® The modification
of CNF with KH-550 offered improved interfacial adhesion betweemthagrix and filler as well
as better dispersion, which afforded approximately 30% less wear volume than the PTFE

composite filled with untreated CNF or the virgin thermoplagtigyre 2.3).
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(A) (x300) (B) (x300) (C ) (=300)

agglomeration

(A) (*5000) B (x5000) C (x5000)

Figure 2.3. SEM micrographs of abrad&l'FE composites compresof A) untreated CNF, B)
HNOs-treated CNF, C) HN®treated and KFb50 treated CNF. Crossectional SEM images of
PTFE composites comprising D) untreated CNF, E) BHi€ated CNF, F) HN@treated and KH
550 treated CNF fillers. Adapted with permission from F&f.

Salah et al. have employed carbon nanotubes (CNTSs) frofity alsh to improve the
mechanical properties of HDPE. The inclusion of 12% multiwalled CNTs into the HDPE
matrix enhanced indentation hardness by approximately 63%. Additionally, tensile strength
increased by ~ 20%, t he sieeasad byrnp88osand tie Gtffneséo un g
and hardness also improved by 14 and 5%, respectively. The vpeigientage (Wo) of CNT
introduced isanimportantfactor toconside for tensile stress and strain at the yield painiyas
found that incorporatio of higher CNT contents 2 wt-% may lead to agglomeration and
formation of clusters, which negatively impact yield stress likely due to crack initiatidn

propagation When the same CNT reinforcement at 1-%t.was applied to polycarbonate,
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polypropylene, and polystyrene, most of the mechanical parameters of said polymers also
improved. The preliminary results for polycarbonate were particularly promising, as tensile
strength, stiffness, Youngds moduldemsonstrdtedad at
marked increases with inclusion ©NT. Elongation at break was the only parameter displaying

decreased performance after reinforcem@rEigure 2.4)

Lyukshin et al. carried out an experimental and detailed theoretical analysis of the wear
resistance of ultehigh molecular weight (UHMW) PE modified by carbon fib&a. computer
simulation corroborated the experimental results, where addition of nanocarbon fibers led to a 2.3
fold increase in E, as well as more thazifald improvement in the amount of material removed.
The carbon nanofibers at a loading of 0.5%toffered a solid lubricating effect and suppressed

the subsurface track deformations (both elastic and plastic) of UMHWPE.

The addition of these patrticles, which are embedded in the polymer matrix, increases the
wear resistance since they allow the loadstitiution when the composite is being subject to
material removal. Moreover, these patrticles provide a dampening effect that reduces friction and
the material removed by abrasion and adhesion. It can be concluded that highly stiff and organized

structuregossessing a wellibricated surface cagxhibit lessabrasive damage.
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Figure 2.4. Nanoindentation properties of HDPE/CNT polymer nanocomposites reinforced with
different weight fractions of CNTs of oil fly ash: (a) Load and unload displacement curves, (b)
Maximum and plastic depths, (c) Indentation hardness, and (d) Stiffness. Repriitie

permission from Ref’?
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Polyamide is a good choice for sliding bearings and aeronautic and automotive applications
due to its optimal tribological properties, including dalfricationbecausé canbreak down into
microfibers upon abrasive stresses. In a stimlyeby Mialski et al, thermoplastic polyamide 6
was reinforced with glassy carbon (GC), biocarbon (BC) and graphene oxidett{aQgh
mechanical mixin@nd found to delivesuboptimal results, likely due to the mismatched chemical
affinity of the fillers® Introducion of these reinforcements led to increased hardness, yet poor
abrasion resistance in all instances. GO at 1%wted to lamellar defects at the surface of the
thermoplastic nanocomposite. Despite the increase in material removal when compared to neat
polyamide, it exhibited the best adhesion with the matrix. In terms of wear resistance, annealing
of the composites resulted in marked increases in abrasion wear, where it was noted the micro
cutting phenomenon dominated. Interestingly, as fine debris fobet@deeen the sliding surfaces,
the COF decreased for the GO and GC samples. Similarly, Venkataramareddyvemders
found that nanoclay and short carb@mforced polyamide 66 and polypropylene blends did not

improve wear resistance undeb8dy abrasin testing condition®:

High performance polyamidé (PA6) nanocomposites were reported by Yan et ahgim
study, thg leveraged the properties of rigid silicon carbide whiskers (SCWSs) to enhance
mechanical properties, thermal conductiyvignd abasion resistance. They found the loading
content of SCWs had a dedependent effect on the coefficient of friction, whetihéead to an
increase or decrea8&Kumar and colleagues investigated the mechanical properties and sliding
wear of PA6 or PPeinforced with short basalt fibers obtained through-seiéw extrusion and
injection molding. Although both polymers showed enhanced mechanical properties upon

incorporation of the basalt fibers, the nylon nanocomposite exhibited superior enhancements to
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tensile strength, flexural strength, impact strength, hardness, and dry sliding material r&moval.

Figure 2.5 shows relationships between the coefficient of friction and reinforcements.
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Figure 2.5. (a) The effect of basalt fiber content on coefficiehfriction in Nylon 6 (Replotted
from &) (b) evaluation of the effect of the increase of carbon nanof{8&8VsS) in PA6on the
friction coefficient (Replotted frorf)

Several studies have focused on PEEK due to its high toughness and fatigue resistance at
elevated temperatures, making it appropriate for engineering applic&idhsianchi and Eiss
investigated the wear phenomena of short carbon fiber (SCF)/PEBBosttes as a function of
temperature®® Ther results showed that S@€inforced PEEK is amorphous and presents a lower
plowing behavior below Jcompared to unmodified species. The authors claimed that the reduced
abrasive wear mechanism corresponded reduction on the effects of thermal softening.
Additionally, they indicated that the debris generated from the testing adhered to thetbystem
reducing the effects of material accumulation (plowing) in the reinforced surface. Thermal
softening ateémperatures near thig resulted in a marked increase on the material removal for
both neat and reinforced specimens and transition into a tearing behavior leading to material

removal Figure 2.6). When subjected to the same reinforcement, PC showed a reduction in the
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impact resistance and the tensile properties were marginally improved; for the case of PA, the
impact resistance was not affected, and it showed increbseahal stability and mechanical

properties!’
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Figure 2.6. Profilometry traces of wear tracks generated during wear testing (dry sliding test on
pin-ondisk tribometer) foa) neat PEEK and (Ishort carbon fibereinforced PEEKReplotted
from Ref®

2.4.2 Polymer blending to modulate desired mechanical properiesmposites

The scratch and abrasion resistance of thermoplastics has also been modified through
blending whichcan bypass the need to create entirely new materials by compounding the desirable
properties of two or more polymeric componefit® It has been reported that the blend

composition plays a fundamental role in the obtention of the desired material removal
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resistancé>®2Polymer blends where the refractive index of the polymers closely matches each
other will further result in clear optit properties and decreased phase separation, which is an

important consideratiowhenopticalfeatures are called into playt-®?

The blending of thermoplastic polyurethanes (T&W)xhibiting relatively high abrasion
resistance due to their unique softness and elastic deformation capaleéiesbeen increasingly
used with a variety of polymer materiafs® The addition of TPU on polyacetals was evaluated
in terms of several mechanical pesties such as the hardness, tensile strength, and Young
Modulus wherea ratio between POM and TPWMas observed and stabilizer can obtain the
highest mechanical propertjg@seneficial for several application® Similar observations were

foundby Panlaniveluet d whenblending Polyacetal and TPQ

The blending between TPU and PMMA was done to evaluate impact on the combination
of wear resistancandoptical properties. This study found an increase in tensile properties when
TPU is adeéd up to 28. The impact stress, and elongation to break were improved in a range up
to 53%. Although TPUby itself,shows a high wear resistance due to its elasticity, and ease of
processing, the blending of these materials does not grant better abrasion resistzndtiee
cracks and material removal behavior was still pronounced despite the increase on the mechanical
properties. This show that the correlation between mechanical properties and material removal

behavior is not sufficient to predict the overall bébaof a blend?:%4

Wang et al. reported the mechanical properties and abrasive performance of TPU and
UHMWPE bl ends. Two TPUs we-dighengisethans and polyestero mp o s
with ashore hardness D of 59 or 73. Incorporation of UHMWe®Da) through melt blending
improved only the mechanical properties of the softer TPU. The authors ascribed the modest or

counterproductive mechanical property wvariati.i
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extensive phase separation given pdlygtl ene6s nonpol ar natur e. N e\
blended at a concentration of 15% aided with abrasion resistance, especially urslghirdry
conditions where the selifibricating properties of this polymer and adhesive behavior offered

reductions in raterial removaf?®

Liu and colleagues investigated the tribological properties offloxyine-nitrogen and 2
N2 surfacemodified UHMWPE and polyestdrased TPU composites. Thblends were obtained
via solutionrcastingaffording homogeneous solutionSurface modification with oxfluorine
resulted inmaximumagains to interfacial adhesion as exhibitedan89.6% increase in tensile
strength and a marked improvement to abrasion resist&ignad 2.7). It is expected that direct
fluorination of the UHMWPE enables the amidation reactions between the amine functional
groups of TPU and newly formed carboxylic acids along PE, as well as @otyrafting and
formation of hydrogen bonding, which aids impeohadhesion between the two compondnts

more efficient stress transféf.

Another important group of materials reinforced/used as reinforcement through blending
are polyesters such as P&nd PBT. The blending of PBT and TPU showed an increase on impact
strength and reduction on the tensile strength and@igh&howing that there is a tradeoff between

several properties in terms of mechanical and thermal resistance.

Blends of PP andBT have also been reported. In this case pwase morphology is
observed after melt blendingjven thatthese two polymers are immiscible and have a large
difference inTm. The dispersion of 280 wt-% PET within the polypropylene matrix resulted in
discrete particle distribution of spherical morphology ranging in size from 5 to 50 um, and
improvement to sliding wear. The highttse amount of PET, the lower the wear rate that was

observed by the authors, in accordance with the higher abrasion resistuasall, the
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morphology and interfacial adhesion of the dispersed phase affects the mechanical properties and
abrasion resistance of the compogiteA further constructto highlight is formation of
microfibrillar-reinforced composites from polymer btenn  To produce a fibrillashaped
dispersed phase, first the polymer components are extruded together, followed by stretching, and
finally processing at the temperature of the lower melting point component, which preserves the
stretched conformation of e¢h other thermoplastic. This concept has shown remarkable
enhancements to the mechanical properties of the blends and in the context of material removal

reduction has been exploited for PET and low and higgnsity polyethylene blend&1
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Figure 2.7. The relative wearolume loss of theoretical calculations (theoretical calculations
according to the equation: Volume les&1 x V1 + L2 X V2, i.e., Li, the volume loss for component

i; Vi, the volume prcent for componeny, TPU/UUHMWPE, TPU/FUHMWPE, and TPU/FO
UHMWPE composites under different mass ratisplottedfrom Ref.%

Pei et al. investigated PET/HDPE microfibrillar reinforced composites where PET
contributed the fibrils and HDPEomposedthe matrix. The increased modulus of the

microfibrillar composites compared to neat HDPE led to marked differences in the wearftrack o
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the samples tested and particularly improved thesirgar performance due to the unidirectional

alignment of the fibers?®

Multicomponent blends have shown improved characteristics compared to their starting
materials. Khaira et al. investigated PET/UHMWPE blends. The blends containing 2 parts per
hundred resin (phr) UHMWPE not only exhibited enhanced abrasion resistance, but also increased
ultimate tensile strength and shore A hardné8s.In a study performed by Kuram and
collaborators, thegvaluated the effect on the mechanical properties of a ternary blend between
polycarbonate (PC), Acrylonitriteutadienestyrene (ABS), and polyamide 6 (PA6) as these
materials were reprocessed. It was observed that the tensile strength maintainec\stréntlat
break decreased for the ternary blend, suggesting this material will be more prone to material
removal andractureas reprocessing of the material increa¥&&igure 2.8 illustrates the critical

delineatedelationships.
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Figure 2.8. Influence of the number of processing cycles on the tensile stréstgthresand
strain at breaktriangles)or PC/ABS binary and PA6/PC/ABS ternary blends (0 in horizontal axis
represents the virgin sample). PC: polycarbonate; ABS: acryloniititediend styrene; PAG:
polyamide 6Replotted from'%?

For furtherdataon this topic, we refer the reader to teéerencedrticle 103

2.4.3 Introduction of sacrificial coatings

An alternative strategy to mitigate abrasion is to introduce sacrificial hard coatings that
protect the thermoplastic. In this scenario, it is important to achieve good interfacial adhesion
between the crosslinked hard coating and the subsfatgher claracteristic for this process to
work relates to matchi ng dabkinganddelpnoinat@ftiheo st i f
reader is directed to other comprehensive reviews to evaluate additional physical and chemical

considerations regarding the tiility of sacrificial coatings!®>1°°

One of the strategies that has been employed is the application of physical vapor deposition
(PVD) coatings. The feasibility of deposition of Titanium Nitrate (TiN), showed the possibility of

reducing the material removal and adhesion from polymer surfa&¥® Bobzin and
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collaborators evaluated mechanically and chemically two different commercial coating on a PEEK
and PAG6 surfaces. They observed that the material removal as the number of passes inaga
reduced for the coated surfaces compared to the pristine surface for both materials with and without
lubrication and temperature incregbegure 2.9). They indicated reduction of delamination of the

surfacest?®’

Another approach that has been employed is combination of material sputtering followed
by rapid thermal annealing (RTA) at higher temperatures. Hgiahevaluated the addition of a
Tantalum Nitide (TaN) with Ag and Cu nanoparticles on a PEEK surface. The addition of the Cu
and Ag nanoparticles aimed to serveaatibacteriafunctionwhile the TaN providetribological
advantages. The study showed that beside the reduction of material remdvéicéion
coefficient, the addition of copper and silver proved to be effective kHirngpliand/orS. aureous

(Figure 2.9) whichcan provide new opportunities for biomedical applicatigfs.
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Orgaro-silicon coating have been employed on PC and PET surfaces to maintain
transparencyut reduce material removal and resistahidel* This procedure relies on plasma
enhanced chemical vapor deposition (PECVD). The application of a variety of antiwear
organosilicas (Si¢Cy) on a PET surface showed a reduction in the surfacén@sg, an increase
in the surface hardness, and a reductiothe material removat* Similar observations were
presented by a different chemistry (P@).this study they show that the organosilica layer show
the transparency is higher (98%) than other studies. The surface hardness of the PC surface
after the application of the coating doubled from 3B to 7H after application. Additionally, the
surface roughnesshich is normally a factor for increased friction, decreased after the application

of the film. 11!
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2.53.4.INTRODUCTION OF SELFHEALING PROPERTIES TO RESTORE THERMOPLAST&LRFACES

UPON DAMAGE

Selthealing designntroduced tothermoplastics is a very promising and underexplored
avenue to obtain abrasion resistance and resilience toward weane&eiy polymers can be
fabricatedaccording tawo generalroutes: (i) extrinsic healing agents (j.eapsules) contained
within the matrix and (ii) dynamic covalent or noavalent chemistries that require external
stimuli to stimulate healing. Most of the research undertaken in the area concerning thermoplastics

has focused on thermoplastic polyuretha(SesFigure 2.11 for a pictorial representatiof)® 118
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Figure 2.11. Selfhealing mechanism of a damaged $edéling polyurethane (SHP). Replotted
from Ref11®
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Recently, Yang et al. have reported a series of polycaprolabesexl TPUs with
remarkable toughness and dedfaling ability Figure 2.12) They leveraged the low bond
dissociation energy of disulphide bonds to introdaself-healingcharacteralong the polymer
backbone (disulphide exchange) under mild domaks (50°C). Interestingly, the authors reported
use of mixed isocyanates enhanced the mechanical properties of the TPUs, despite lowering the
amount of hydrogen bonding between urethane and carbonate groups. Of the four diisocyanates
introduced (isopho o n e (1 PDI ), h e x a niphetyinétiamee (MD{) Habd )
dicyclohexylmethand , -dii§ocyanate (HMDI)), asymmetrical isocyanates aided in disrupting
the crystallinity of PCL, thus enhancing polymer chain mobility and ultimately, the healing.ability

Complete healing with PGHM could be achieved in as little as 10 min at@02°

Hashimoto and cavorkers investigated the tensile properties of polystytene
polyisopreneb-polystyrene (SIS), wherein the soft segment (polyisoprene)mwaakfied byan
ene reaction with maleic anhydride followed by acylation witiutylamine, anés an alternative
neutralization of the carboxy groups to yield the sodium carboxylate salt. This protocol yielded
three kinds of thermoplastic elastomers: $igJrogenbonded SIS and hydrogdionded + ionic
SIS. The block copolymers with reversible rmovalent bonding still exhibited thermoplastic
behavioryet the tensile strength and toughness were superior to those reported in previous studies
(480 MJ/m3.*2! The ionic aggregatiorand hydrogen bonding aided in stress and energy
dissipation. Though this study did not examine theIlse#ling ability of these thermoplastics, it
is expected that the dynamic character of thesecowalent interactions wouldlaw the polymers

to recover following large stresses/dam&gje??

4
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Figure 2.12. Synthetic strategy undertaken to synthesize-sedling PCkbased TPUs which
exploit the dynamic nature of disulphide edent bonds. Adapted from Réf°.

In an example of an extrinsic healing thermoplastic, Brown and colleagues in 2011
incorporated capsules within a thermoplastic PMMA matrix. The authors investigated solvent
welding chemistry to achieve crack healinghe brittle PMMA; as a crack formed under bending
strain, the weldispersed capsules containing dibutyl phthalate (DBP) could rupture and release
DBP solvent/healing agent within the crack, leading to solvent filling, PMMA swelling and
diffusion,andchain entanglement across the defect. Owing to the refractive index match (n = 1.49)
between DBP and the thermoplastic matrix ( n also 1.49), the healed result was optically clear.
Moreover, the films examined exhibited good light transmission (70% ofliniéiue) and
moderate mechanical properties. This study highlighted the importance of engineering interface
properties carefully, as light transmissivity was greatly reduced when using polystgrene
instance due to refractive index mismatch and plgpersion of capsules within the matrix (See

Figure 2.13). Although this approach is promising, the use of a solvent that remains trapped within
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the hermoplastic matrix poses challenges to the type of application for which this approach can
be devised DBP is a common plasticizer and can decrease the mechanical properties of the
thermoplastic. Additionally, the use of extrinsic de#faling technologiis, by design, limited to

one cycle and the capsules should be able to withstand processing conditions typical of

thermoplasticst?

Zhang et al. provided proaff-concept for the synthesis of multiwalled microcapsules of
thermoplastic PMMA. Through eomplicated multilayer design, the authors could encapsulate
monomer (glycidyl methacrylate) within a shell of living PMMA polymer prepared by ATRP,
which later was impregnated with additional catalyst (CuBr/PMDETA) and protected from
oxidation by a finalayer of waxto initiate healing upon bursting of the microcapsule contents.
Although this study did not demonstrate processing parameters for application of the thermoplastic
microcapsules as composites, the results suggested multiwalled microcapswferca degree
of thermal insulation for the monomer (b.p. 189, whereas degradation of the microreactors

commences at 20C) and the multiwalled design should offer added rigidity for proces$thg.
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(a)

Figure 2.13. Reflection optical microscopy (ROM) and transmission optical microscopy (TOM)
images of crack damage and its healing in a) unmodified PMMA, b) PMMA containing-%0 wit.
1.4 pm diameter methacrinctionalized silica coateBBP-filled ureaformaldehyde particles

and c) PMMA with 6 wt% 75 um diameter annealed capsules. The arrows point to cracks and
healed damage. Reproduced with permission from'Ref.

2.6 CONCLUDING REMARKSAND FUTURE PERSPECTIVES
The fundamental conceptsvaduated are intended to guidefuture efforts toward
differentiating terminology, concepts, and evaluatigtin respectibrasive wear in thermoplastics
by cultivating a polymer chemical perspectiWith this regard, wesncourage avoidance of
oversimplifcation ofthephysicalmechanisms of material removal ahdsdelimit theextent and

conditions for material removal.

We havedemonstrated there are several established strategies for the enhancement of wear
resistance in thermoplastics. Tiiterature is replete with these of reinforcements; however, it is
imperativeto carefully consider additive and matrix interfacial bowdio avoid increased abrasive
losses in composites under testing/operating conditions. The use of polymer blends is also

promisingbecauseat enables the fine tuning of mechanical properties without having to design
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new polymer classes. Yet again, it ecessary to carefully consider the dispersion of the minority

component within the blend as too dissimilar polymers may phase segregate.

When considering the nexdenerationof mechanically tough and abrasimsistant
thermoplastics, it is expected thednsideration of polymremolecular architecture will open
possibilities hitherto unexplored. For instance, most of the polymers reviewed are linear
homopolymers or block copolymers; there is, however, a growing body of research highlighting
the intriguing properties of star, bottlebrush, hyperbranchentd seassembled materials as
lubricant$?3126 and biomaterials?’ Whether these architectures are explored as part of the
thermoplastic matrix or as additives may greatly influence the final prepexi the
thermoplastics, as well as dictate whether microphase separation occurs due to enthalpic or
entropic forces. Additionally, the application of sk#aling chemistriefor thermoplastics may
be of great interest to improve abrasion resistancelyhers undewariousstimuli. Although
reports of sethealing thermoplastic materials are limité8harnessing reversible covalent bonds
(with particular attention to Dielalder, disulphide exchange, and imine chemistry) as well as
nontcovalent inteactions (hydrogen bonding, metajand interactions, hogjuest chemistry and
ionomeric bonds) may operdditional pathway to designfunctionally competentnaterials

exhibitingcompetitive performance and unparalleled resistance to abrasion.

Further attention and publication of compositional parameters (polymer identity, MW,
polydispersity) is of paramousignificancefor materialscientistdo draw conclusive trends from
avalable publications and continue to advance this relevant field. In addition, a phenomenological
understanding of the evolution of material removal through abrasialsasimportantto the
development of new mitigation strategies. liniperativeto estabsh the multidisciplinary nature

of the process bfocusing onrmechanical and chemical characterizations of polymer surfeces.
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is important to look for new approaches to mitigate the impagblyimersurfaceremoval while

maximizing efforts towards btetr understanding of the lorigrm impacts of material removal.
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CHAPTER 3. SURFACE MECHANICAL PROPERTIES AND TOPOLOGICAL
CHARACTERISTICS OF THERMOPLASTIC COPOLYESTERS AFTER
PRECISELY CONTROLLED ABRASION

(Ter&n, J. E., P al , Suiface Me@gnwal Prepértjes aRd Tdpolpgichl Crarackeristick of i
Thermopl astic Copol yester s ACSApplied Materals and mterfacels@G)nt r ol | e d
75527561 (2023)DOI: https://pubs.acs.org/doi/full/10.1021/acsami.2¢c19377

3.1INTRODUCTION

Synthetic polymeric materials have been increasingly employed for a wide array of
industrial and consumer applications for more than 100 yéarhis trend continues to expand
due to the significant versatility, property tunability, and relatively low cost that various polymer
chemistries afford each applicatiéiHowever, a challenge that continues to plague the polymer
industry relatesa wear. Wear relates to mechanisms associated with the removal of material
caused by two or more bodies that come into coftadthese mechanisms can be generally
categorized according to the depth of damage as either bulk or stfiffBoék mechansms
pertaining to damage that extends into a material from the surface are commonly expressed in
terms ranging from abrasion to fatigue, whereas surface mechanisms are limited to considerations
such as adhesion and corrosion. Although classifications asithese are useful, an important
consideration nonetheless is that more than a single wear mechanism can occur simultaneously.
In this study, we specifically focus on abrasion and demonstrate that, while relatively
straightforward to measure, resultingetrics involve a variety of factors. Abrasion generally
relates to material removal caused by ploughing (a form of deformation) and cutting (a form of
fracture) when two surfaces are in confdftn abrasive process can be described bystef
sequace: (1) the harder material penetrates the softer material due to a difference in surface
roughness; (2) the materials engage in lateral motion that promotes ploughing and topological
changes in the soft material; and (3) tearing, cracking, materiahdespkent and/or detachment

ensue$'1° To lessen the extent of abrasion, polymeric materials capable of elastically absorbing
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mechanical energy without deforming typically possess high tensile modulus and yield strength
and are normally preferred in higiontact applications” * The evaluation of cycles of abrasion

in a variety of materials has been employed as a reference for the understanding of the material
behavior and further enhancemérit:® When a polymer is selected for a consumer apptinatt

might need to furnish mechanical durability and chemical/heat resistance, as well as the ability to
be reshaped for re/upcycling and sustainability processes to reduceppbsation solid
waste?®?! Thermoplastic polymers are routinely utilizein these situations due to their
processability in the melt at elevated temperattir&SFor this reason, some polyestased
thermoplastics enjoy a considerable share of the plastics market (~ $92 billion in 2020 and
projected” to increase to ar $165 billion by 2027) due to their relatively low cost and variable
processing methods (e.g., film extrusion, blowlding or fiberspinning). Examples of
commercialized (co)polyesters used in the manufacture of, for instance, textiles, packaging and
3D-printed objects, include poly(ethylene terephthalate) (PETi¢Mcbhexylenedi-methylene
(CHDM) glycol-modified PET (PETG), poly(1;dyclohexylenedi-methylene terephthalate)
(PCT), and acignodified PCT (PCTA}>2° All these polyesters are semictgiine with normal
melting temperatures typically 240 °C, but glass transition temperaturg)(Values that are low

(~ 80 °C) compared to other common thermoplastics that remain amorphous (glassy) during
application: poly(methyl methacrylate){& 1°G)%nd polycarbonate (&t 1 5 327X To) .
increase the Jin a new family of glassy copolyesters, the rigid 2,2tétdamethyll,3
cyclobutane diol (TMCD) monomé&rhas been chemically introduced into a glyswdified PCT

to yield poly(1,4cyclohexylenedimethyleneco-TMCD terephthalate) (PCTF).These polyners

possess similar advantages as other copolyesters, but with a hjdr@0T °C) and without the



87

incorporation of bisphenoh and -S (BPA and BPS) monomers required in the synthesis of

polycarbonate$’ 3234

Several studie®' 3 have successfiyl applied nanoindentation (NI) to examine nanoscale
wear (Ananowearo) regarding a vari®%sufacef t her
mechanical characterization routinely includes metrics such as the reduced/surface modulus,
surface hardrss, and contact stiffness. While prior studies have elucidated thestptassurface
mechanics of several commercial polymers, none as of yet have evaluated these glassy
copolyester$>4446 Before investigating the surface properties of PCTT, howave hasten to
point out that several studies reg8f*’ that the surface topology and properties of materials
might change when the materials are subjected to wear. These observations afford an opportunity
to perform a systematic mechanical anaysichemically related copolyesters when subjected to
precision polymer abrasion (PPA), described in detail in a later section. The objectives of this work
are to (1) characterize the surface mechanical properties of threemigddied copolyesters, J2
evaluate the behavior of the copolyesters (especially PCTT) when subjected to PPA, and (3) relate

the surface mechanical properties of the copolyesters to the extent of controlled surface nanowear.

3.2 EXPERIMENTAL
3.2.1 Materials
Injectionrmolded plaques of PCT®CTA, and PCTT measuring 10 cm x 10 cm laterally
and 3.2 mm thick were kindly provided by Eastman Chemical Company (Kingsport, TN, USA)
and used without further modification or purification prior to testing. Reagyaale isopropanol

(IP) was acquired &m SigmaAldrich (St. Louis, MO, USA).
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3.2.2 Methods

The transparent plaques were cut into pieces measuring approximatelyx 1 cm and
wiped with IP before analysis at ambient temperature. The surface mechanical properties were
measured by NI with a Bruker Kigron TI980 Triboindenter (Eden Prairie, MN, USA) in quasi
static mode with a maximum load of 1.2 mN. To avoid creep during the NI, each test sequence
included 5s loading, 2s holding and & unloading at a rate of 0.24 mN/s. Measurements were
performedwith a diamond Berkovich tip (150 nm radius of curvature) and a conospherical tip (1
pm radius of curvature) and repeated on 5 different areas/sample on 3 different samples. Cross
sectional NI was likewise performed with the conospherical tip on a PCTilelafter it was
subjected to focused idmeam (FIB) milling at an accelerating voltage of 30 kV. Rdsasion
indentation experiments were conducted using the same conditions as above with the

conospherical tip. All data were analyzed with the Triboswdtware package.

Precision Polymer Abrasion (PPA) is a nanowear procedure we have adopted to focus on
material displacement while minimizing material removal from a surface. The underlying
objective is to systematically assess the abrasion responpelgieer surface after several cycles.

In addition, the precise and repeatable conditions of PPA affordegeamtitative measurement of
surface mechanical properties after the surface is subjected to controlled abrasion caused by the
lateral motion of anndentation probe. This process is facilitated through the Scanning Probe
Microscopy (SPM) system available on the Bruker Hysitron T1980 Triboindenter. The surface is
first imaged before the PPA process, after which the plowing force, frequency and afraaion

are all set. The process terminates with an image collected from tHepasturface. In all cases,

the PPA tests reported here were executed over a 108rgmand performed under the following

operating conditions: 0.1 mN load, 0.8 Hz scannimgjfiency, and a single pass on 4 different
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areas of each polymer. The wear volume, calculated as the product of the abraded area and the
average depth of material ploughed from the surface, was systematically increased during multi

pass PPA (up to 32 passesder the same operating conditions as above.

Optical microscopy images and profiles were acquired by confocal-daaening
microscopy (CLSM) conducted on a Keyence-XKL100 Series instrument (Osaka, Japan) with
a 150x magnification lens over a scadrarea of 73 pm x 97 um. Positron annihilation lifetime
spectroscopy (PALS) was performed on a PCTT plaque at the NC State PULSTAR Reactor
laboratory at beam energies of 0.5, 5.4, 8.3, and 10.7 kV, corresponding to positron average
implantation depths adpproximately 11, 500, 1000, and 1500 nm from the surface. The number
of annihilation events in each run was ~2 X.Ilhe timedependent intensity, I(t), of gamma
radiation emitted upon annihilation oftho-positronium ¢-Ps) was collected and subseqlent

fitted to a series of exponentials according to

A (5)
) O )—A®D£)
4 4

to determine the third intensity coefficient)(land characteristic time%, which are
indicative ofo-Ps annihilation within soft matter such@symers?* Analysis of in the context

of the TauEldrup modef®*°given by

(6)

2\9 O p.
G

. C O
P 9 30 CA E_ICS 30
provided the freevolume pore radius (r) with the assumptions of spherical pores and an
electron layethickness Dr) of 0.166 nne! In addition, differential scanning calorimetry (DSC)

was conducted at a heating rate of 10 °C/min on a TA DSC Q200 instrument (New Castle, DE,

USA) to measure thegbf each copolyester.
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3.3RESULTS ANDDISCUSSION

3.3.1 Analysis of Pistine Copolyesters

The chemical structures of the three copolyesters examined in this study, displayed for
comparison inFigure 3.1a, are most noticeably differented by their diol units, although the
PCTA consists of isophthalic and terephthalic acids whereas PCTG and &Iy contain
terephthalic acid. Most importantly, the PCTT possesses the molecularly rigid TMCD moiety,
which effectively stiffens the chaii. This manifestation is evident from DSC analysis, which
yields the following F values (in °C): 85.6 (PCTG), 84.4 (PCTA), and 109.6 (PCTT). As
anticipated, the Jof PCTT is the highest and deviates the most in the series. Similar deviation is
clearly \sible in their corresponding loatisplacement curves measured by NI with a
conospherical tip irFigure 3.1b. In this case, the curves for PCTG and PCTA \arwially
identical, whereas the one for PCTT is slightly shifted to greater deformation (depth). Results such
as these are used to extract several important surface mechanical properties. One of these is the
reduced surface modulus (E*), a parameter thastly depends on the contact stiffness (S)
calculated from the initial slope of the unloading curve just after the maximum lead (&
removed, and the contact area (A), calculated from the indenter tip shape and surface response to
indentation (plastivs elastic). In their seminal study, Oliver and Panave proposed to express
the unloading curve as a powaw function that could be readily differentiated to facilitate

evaluation of E* from

3 (7)

Cr

%

o:| >
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Here, b considers the shape of the indenting tip and is assignatlies of 1.07 for a
Berkovich tip and 1.00 for a conospherical tip. The surface moduusa(Ehaterial property, is

related to E* according to

P p v P H (8)

wheren denotes the Poisson ratio. For a diamond indentgr=E.140 GPa andp =
0.073>°*Poisson ratios supplied by the manufacturer for PCTG, PCTA, and PCTT are 0.38, 0.38
and 0.45, respectively. Although values etEn be overestimat& from NI measurements due
to pile-up effects and timeependent viscoelastic properties, those reported herein are acquired
under identical measurement conditions and are therefore expected to be sufficiently consistent to

permit comparison.

Throughout nurarous independent studies aimed at examining the surface mechanics of
polymeric materials, the choice of indenter tip has been shown to directly influence the measured
mechanical propertie$.>® The most common indenter tips employed in polymer nanoamécd
characterization are the Berkovich and conospherical tips already mentiche&®Because
surface topology changes during abrasion, the choice of indenter tip must generate a consistent
materiatremoval response throughout the process tarersccurate comparisons are made. For
this reason, we have evaluated the surface response of PCTT to NI using both tips and
guantitatively compared the results to choose the one affording consistent measurements. A series
of loaddisplacement curves cotleed with a Berkovich tip is presented over a load range from 0.1
to 1.2 mN inFigure 3.2a. Values of Edetermined from these curves are provided as functions of
load and depth irFigure 3.2b and2.2c, respectively. The large variability ins Evident at loads

below 0.3 mN and penetration depths below 0.3 um is attributed tagtied/soise limits for the
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piezoelectric system of the instrument under the experimental conditions selected. Beyond these
levels, however, the results indicate thaisEhearly constant at ~2.1 GPa at depths up to about 0.6

pm.

(a) q
VAL S PUN |
fsaacWN eV ons

PCTA

| 1 1 | 1 1 1 1 |

0.0 10.3 06 0.9 1.2”1.5
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Figure 3.1. The chemical structures of the PCTG, PCTA, and PCTT copolyesters are provided in
(a), and their representative ledgplacement curves measured by nanoindentation (NI) are
presented in (b). Surface propertéegracted from these data according to the OlRar

analysis methdd are included inrable 3.1.

To put this in perspective, the tensile modulus of PCTT at amhteenperature has been

measuret?®to be 1.50 GPa on average. Corresponding results obtained under identical testing
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conditions with the conospherical indenter tip are includedrigure 3.3. It is immediately
apparent that the loadisplacement curves displayedrigure 3.3a are considerably different, as
evidenced by the gater penetration depth relative to those measured with the Berkovich tip in
Figure 3.2a, even though the maximum load levels are the same. The dependegoea tidsl in

Figure 3.3b and deth inFigure 3.3c confirm that {) large measurement variability is restricted

to aload of < 0.2 mN or a depth of < 0.2 um), & is independent of load or deptph to ~0.5 mN

or 0.7mm, respectively (in agreement with the Berkovich measurements)jignis (ncreases

with increasing load or depth at higher load levels or greater indentation depths. At low load and
depth levels, Eis ~1.9 GPa, which is closer the bulk tensile moduld%® than what was
determined by the Berkovich tip. Therefore, because of this correspondence and the deeper

penetration depths achievable, we elect to use the conospherical tip in further NI analyses.

To discern whether theariations in Ewith respect to specimen depthRigure 3.2c and
2.3c are representative of PCTT or due to an instrument artifact, we have investigated the
properties of the plaques using two additional methods. With respect to the first, FIB ofiing
plaque yields a crossection without exposing the polymer to the mechanical (shearing) action
associated with sectioning. Values gfetracted from NI loadlisplacement curves collected at
different depths and analyzed accordind=tys. ( 7 ) and( 1) are provided as a function of the
distance from the plaque surfacekigure 3.4a and suggest that the modulus increases slightly as
the testing depth is increased, a finding in qualitative agreement with the residpsra 3.3c. It
is importanto recognize, however, that the depth rangégure 3.3cis less than 1.5 um, whereas
it extends to 300 um iRigure 3.4a. Included inFigure 3.4ais the corresponding hardness (H =
LmaxA), which is a measure of local deformation resistdhaead is relatively independent of

specimen depth.
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Figure 3.2. In (a), loaddisplacement curves acquired from the PCTT copolyester with a
Berkovich indenter tip at different maximum load lev@slor-coded). Values of the surface
modulus (E) determined from these data according to the GIRar analysis methétlare

displayed as functions of the maximum load and corresponding depth of penetration in (b) and

(c), respectively. The dasheddmin (b) and (c) identify the mean value gkkcluding the
measurement with the greatest variability at 0.1 mN, and the error bars correspond to the

standard error.
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Figure 3.3. In (a), loaddisplacementurves acquired from the PCTT copolyester with a
conospherical indenter tip at different maximum load levels (emded). Values of &£

discerned from these data according to the OlRer analysis methé#lare displayed as
functions of the maximunohd and corresponding depth of penetration in (b) and (c),
respectively. The dashed lines in (b) signify the mean value etdiuding the measurement
with the greatest variability at 0.1 mN up to the maximum depth achieved with the Berkovich
indenter tipin Figure 2, and the error bars correspond to the standard error.
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Figure 3.4. In (a), dependence ot Heft ordinate) and hardness (H, right ordinate), measured by
NI with a conospherical indenter tipn distance from the specimen surface in a carefully FIB
milled crosssection of the PCTT copolyester. The free volume pore radius (r, left ordinate) and
corresponding total free volume (FV, right ordinate) normalized with respect to the surface
measuremerare included in (b). The solid lines serve to connect the data.

With respect to the second complementary test implemented here, PALS has been
conducted at different energy levels to permit controlled depth profiling of thevdteme
characteristics ofthe PCTT copolyester. Because the PALS profiles displaying the time
dependence of-Ps annihilation (as measured from the emission of gamma radiation) appear
identical, they are not included here. Rather, the-fdeme pore radius calculated froth
according taeq. ( 6) is presented as a function of average implantation degtigure 3.4b to
reveal that the pore size increases slightly with increasing specimen depth. An approximate metric
of the total free volume (FV), which inversely relates to mass density gnd ®btained by

multiplying the intensity @), which refiects the population of pores, by the volume of a single
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pore, assuming a conventional spherical volumeof/8. These values, normalized with respect

to the surface value measured at a depth of 11 nm, are incluBeguine 3.4b and indicate that

the FV decreases as the specimen depth is increased. In other words, these results from PALS
gualitatively corroborate the craesectional NI tests by implying that Eicreases with increasing
depth. A similar inverse relationship between FV and modulus has been recently reported by
Gaydarovet al®! for a series of substituted cellulose esters. A degitited change in fmost

likely reflects the thermal processing of the PCTT, whilnjection moldedin the melt at
temperatures above itg [109.6 °C) and subsequently cooled to ambient temperature. During the
cooling process, thick PCTT extrudates experience a themadiegt and thus dissipate the heat
more quickly at the plaque surface, thereby freemingonequilibrium conformations (residual
stress and volumetric shrink&@ethat might result in lowering fat the extrudate surface, as

observed irFigure 3.4a.

Figures 2.2-2.4 explicitly consider only PCTT, but NI results collected from all three
copolyesters with the conospherical indenter tip are listddhbile 3.1 for direct comparison. In
addition to tabulating values of E*sHH, and S, we include the recovery deptf, the maximum
depth (kay, and the H/E* ratio, the latter of wdh provides a relative measure of abrasion
resistance and is commonly referred to as the indentation recovery. While the measures of material
stiffness (E*, Eand S) consistently indicate that PCTG exhibits the stiffest response, followed by
PCTA and lagy by PCTT, all the copolyesters possess comparable H values (~280 MPa), which
are also quantitatively similar to the cresectional NI results presentedkigure 3.4a. Since H
= Lma/A and Lmaxis held constant at 1.2 mN, these results signify that the contact area likewise

remains nearly constant, which, in agreement with previous sttidfesyinceghat this property
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alone is insufficient as a characterization metric capable of differentiating the response of each

copolyester to abrasion

Table 3.1. Surface properties of three copolyesters measured lgthNa conospherical
indenter tip?

Polymer E* Es H S hr Pmax H/E*
(GPa) (GPa) (MPa) (mN/nm) (nm) (nm)

PCTG  3.65+0.01 3.13+#0.01 2780 8.55+0.03 832+8 123243 0.076
PCTA  3.19+0.01 2.73+0.01 27910 7.45+0.03 893+4 1234+3 0.087
PCTT 2.89+0.01 2.32+0.00 2750 6.83+0.02 818%9 1271+2 0.095

aErrors correspond to the standard error in the data

In contrast, however, measured valuesyfn Table 3.1 confirmthat PCTT affords the
greatest indentation depth at constant load, whereas the lowest vajderd?@TT corresponds
to the highest elastic recovery, of the three copolyesters investigated in thi$*\ildris.
observation is in favorable agreement with the tabulated moduli and stiffness results, which
together indicate that PCTG and PCTA are more likely to dissipateenergyrelative to PCTT
as they undergo greater plastic deformation. Moreover, the df6 is found to be the highest
for PCTT, in which case we conclude that it is the least likely to suffer from complications due to
plastic deformation as the other two copolyesters under the experimental conditions presented and
the low number of abram cycles examinetP: ®These results are also consistent with the glycol
modi fied polyestersd Poisson ratios, which ar
this reason, the next sections focus exclusively on the response of PCTTradlexbrsurface

abrasion in order to elucidate factors governing its nanowear.
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3.3.2 Analysis of Abraded Copolyesters

An abraded surface is defined within the scope of our study as an area that has experienced
material removal upon contact with another matéfalithin the context of this definition, we
have selected the PPA conditions to fulfill two criteria: (1) controlled extent etipilgenerated
after material removal to avoid stochastic contributions to the analysis, and (2) material removal
at depthand roughness levels that permit paltasion characterization by NI. The surface of each
copolyester has been subjected to PPA as detailed in the Experimental section, and representative
height profiles and 3D height images from SPM are display&igure 3.5. In Figure 3.5a and
5b, height profiles acquired from the same instemiunder identical operating conditions are
compared for the copolyesters before and after PPA, respectively, and reveal that the abraded
surface topologies are copolyestiEpendent. The profiles acquired prior to PPAigure 3.5a
confirm that all the polymer surfaces are featureless. After PPA, however, each abraded region
pictured inFigure 3.5b exhibits a unique, but uniformly symmetric profile with a depletion region

adjacent to pilaup.

According to the height profiles iRigure 3.5b and the 3D SPM images kigure 3.5c,
the PCTT specimen provides the most uniform response to PRAawdotmeansquare (rms)
roughness of 38 nm over the analysis area (10%).j.@orresponding rms roughness values of the

remaining polymers are 58 nm for PCTA and 86 nm for PCTG.
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Figure 3.5. Height profies measured by SPM of the three copolyesters considered here (labeled)
before (a) and after (b) a single pass of the polymer precision abrasion (PPA) protocol introduced
here. Corresponding 3D images acquired by SPM over a 20 pm x 20 um scan size deglprovi

in (c), and nanowear metrics are listed able 2

Although roughness is often consideY®da surface metric that correlates with abrasion
resistance, the topological results shownFigure 3.5 indicate that assignment of a single
numerical value is insufficient to capture the intricacies of the abrasion process. Similarly, the wear
volume has likewise been adoptéd®*’to desribe the abrasion response when two materials
come into contact. In the present work, material peeling performed with a controlled SPM tip
facilitates determination of the wear volume for each copolyester discudsigiia 3.5. Values
of the wear volume, calculated because of the difference between the average heights of the pristine
and PPA areas, are includedTiable 3.2 and establish that PCTT is the most resistant to wear

after one PPA cycle, while PCTG and PCTA possess and comparable wear volumes. This
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difference in material removal is attributed to the lower modulus higlastic recovery of PCTT
relative to the other two polymers, which exhibit higher surface moduli and stiffness values in
Table 3.1. Similarly, Tilly et al** have reprted a comparable relationship betweanaBd
plasticity for a series of polyester polyols upon substitution of the TMCD moiety for neopentane
glycol at a relatively low cure temperature. Together, these results suggest that, for a homologous
polymer sers, plasticity calculated from a conventional NI lahsplacement curve can be used

to deduce the relativesiEanking, along with the expected levels of surface abrasion.

Table 3.2. Nanowear metricebtained from a single PPA pass of three copolyedters.

Polymer Wear height Wear scan size Wear volume
(nm) (Hm) (um°)
PCTG 56+3 10 5.6+0.3
PCTA 56+6 10 5.6+0.6
PCTT 2616 10 2.7+0.6

a8 Errors correspond to the standard error in the data.

After PPA, the controllably abraded surfaces can be further subjected to analysfS:8y NI.
To begin, we consider NI tests conducted on specimens after a single abrasion pass, such as those
examined regarding nanowearHigure 3.5. Resultant SPM height profiles and CLSM images of
the regions exposed to PPA and subsequently investigated by NI are provitpatén3.6a and
2.6b, respectively, and demonstrate the comforting qualitative uniformity of the tests, although
differences exist in the height profiles and, clearly, the image of PCTT. Surface mechanical
properties extraed from the NI tests are listedTiable 3.3. Comparison of the NI results acquired
from pristine and PPAnodified specimens under identical measurement conditiohable 3.2

and 2.3, respectively, yields a particularly noteworthy observation: Ef,Hg and S increase
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noticeably after exposure to PPA, but the order of these metrics for the three copolyesters remains

the same: PCTG > PCTA > PCTNeasured increases in &e about 10% for PCTG, 22% for

PCTA and only 6% for PCTT, whereas the corresponding increases in H are much less
pronounced, lying between only 3 and 5%. These differences in modulus, hardness and stiffness
are ascribed to the noal force and corresponding hydrostatic pressure introduced during’PPA,
implying that the mechanical characterization of polymer surfaces after abrasion must consider
depthrelated property changes of the polymer being tesfeBigure 3.4a) and abrasiofinduced

property changes in the same spirit as the Boltzmann superpositioning prificiple.
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Figure 3.6. In (a), height profiles measured by SPM of the three copolyesters considered here
(labeled) after a single PPA pass, followed by NI performed with a conospherical indenter tip.
Surface properties extracted from these detamling to the OliveParr analysis methébare
included inTable 3.3. Corresponding CLSM images (with a common scalebar) are displayed for
the abraded areas in)(b
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Table 3.3. Surface properties of three copolyesters measured by NI with a conospherical
indenter tip after a single PPA pdss.

Polymer E* Es H S Pmax H/E*
(GPa) (GPa) (MPa) (mN/nm) (nm)

PCTG 3.99+0.03 3.43+0.03 292+3  9.03+0.19 116520 0.073
PCTA 3.89+0.01 3.32+0.01 287+0 8.93+0.03 11651 0.074
PCTT 3.10+0.02 2.47+0.01 284+2 7.17+0.03 11967 0.092

2 Errors correspond to the standard error in the data.

As mentioned earlier, the H/E* ratio fushies a relative measure of abrasion resistance.
Interestingly, the values of this ratio decrease for all three polymers, but PCTA undergoes the most
profound reduction from 0.087 to 0.074, which closely matches that of PCTG (0.073), after PPA
in Table 3.2. In marked contrast, H/E* for PCTT decreases slightly from 0.95 (pristine) to 0.92
(postabrasion) but remains substantially higher than the other two values. This outcome suggests
that, evemafter surface abrasion, PCTT remains the most abrasgstant of this copolyester
series, in favorable agreement with the nanowear results providéidure 3.5ard Table 2

Because of this finding, we shall examine additional abrasion aspects of PCTT in future work.

In Figure 3.7, the PPA evaluation protocol is extended frosmgle pass to multiple passes
to obtain a consistent measure of nanowear from the three copolyesters considered here. Displayed
in this figure are CLSM images collected up to 16 passes according to the PPA design, along with
their corresponding heightgiiles (note the difference in height scale compared to those supplied
in Figure 3.6). The characteristic features that become increasingly pronounced as the number o
passes is increased are the depletion and adjacenippilegions, the latter of which start to
approach heights measuring on the order of 1 um. Quantitation of the volume of surface material

removed after each PPA pass provides a systematic measwapafear in this polymer series
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and yields the wear volume results displayed-igure 3.8. Here, the wear volume initially
increases nearly linearly with an increasnumber of PPA passes for all three polymers (which
agrees with intuitive expectation since the extent of contact also increases), and the corresponding
slope provides a measure of wear rate, which is the highest for PCTG over a small number (~8) of
PPAcycles before it develops a plateau. The initial wear rate is higher for PCTA than for PCTT,
which is consistent with their surface properties, as measured earlier by NI. Regression of an
empirical exponential rise model to the wear volumes for comparatiygoses yield the solid

lines inFigure 3.8.
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Figure 3.7. Height profiles measured by SPM of the PGIopolyester after multiple sequential
PPA passes (labeled). Corresponding CLSM images (with a common scalebar) are displayed for
the abraded areas in (b).
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Figure 3.8. Values of the wear volume measured &smation of the number of PPA passes for

the three copolyesters under investigation (cotmted). The solid lines represent regressions of

an empirical exponential rise model to the data, whereas the dotted lines are extrapolations of the
regressed modéis. Initial linear responses in each case yield the wear rate (in the order of

PCTG > PCTA > PCTT), and model predictions provide estimates of the plateau wear volumes
(in the order of PCTA > PCTT > PCTQG).

Due to instrument access, only the PCTT haslmaluated after 96 PPA passes. The
regressions are extrapolated for the PCTG and PCTA data to facilitate comparison, and model
estimates of the plateau wear volumes resulting from a large number of PPA passes are 66 (PCTG),
116 (PCTT) and 128 (PCTA) piniThe dramatically different wear response for PCTG observed
under identical process and measurement conditions points to a maetiad phenomenon that
affects the mechanism of PCTG abrasion resistance. To address other aletaton
considerationsa mechanahemical interpretation of abrasion is forthcoming but is beyond the

scope of the present work.

3.4 CONCLUSIONS
The objectives of this study are t (nterrogate experimental approaches by which to
systematically measure surface abrasion of pehgnandi() use these approaches to compare the
mechanical properties of three glyenbdified copolyester surfaces. Direct comparison of

indenter tips has established that the conospherical tip yields lower surface modulus values and
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greater penetratiodepths compared to the Berkovich tip. Nanoindentation results acquired with
the conospherical indenter tip from the PCTT copolyester indicate that the modulus increases from
the surface to the interior of the specimen plaques. This outcome agrees widadlraments
performed on FIBmilled crosssectional specimens, as well as PALS profiles generated upon
differentiatenergy deptiprofiling of PCTT (which reveal that the total polymer free volume
decreases from the specimen surface to its interior). Tel@@wa protocol for systematic wear
analysis, we propose PPA, a procedural construct based on a known evaluation area and abrasion
controlled by a surface probe microscope. Combining NI with sipgés PPA consistently
promotes increases in modulus, hash and stiffness due to the introduction of a normal surface
force, resulting in hydrostatic pressure, during PPA. The PPA protocol likewise furnishes a
guantitative analysis of wear volume and potentially wear rate of the polymers, and our
interpretatims compare favorably with those previously reported elsewfété! While deter

mination of wear resistance based exclusively on NI metrics without considering topological and
measuremernduced alterations can be misleadif§ our findings demostrate that PCTT not

only possesses a higheg than the other copolyesters considered here but also greater wear
resistance and elastic recovery based on several independent observations. Further investigation
of the factors (and their interplay) govergisurface abrasion is warranted to provide a complete

picture of thermoplastic wear resistance and its impact on microplastic management.

3.5 ACKNOWLEDGMENTS
This study was financially supported by the Eastman Chemical Company and was
performed at the North&olina State University Analytical Instrumentation Facility (AlF), which
is supported by the State of North Carolina and the National Science Foundation (award number

ECCS2025064. The AIF is a member of the North Carolina Research Triangle Nanoteciinolog




107

Network (RTNN), a site in the National Nanotechnology Coordinated Infrastructure (NNCI). We
thank Dr. A. Rasines Mazo, Mr. P. Strader, and Dr. M. Liu for technical assistance, as well as Dr.

E. OO6Brien, Dr. P. Carver ,hcussiond. Mr . R. Young f



108

3.6 REFERENCES
(2) Massy, J. Macromolecules in the 20th CentunA Little Book about BIG Chemistry: The
Story of ManMade Polymers Massy, J., Ed.; Springer: Cham, 2017; pp.ilh

https://doi.org/10.1007/978-319-548319 4.

(2) Larue, C.; Sarret, G.; Castillo Michel, H.
Impacts of Nanoplastics and Microplastics on Aquatic and Terrestrial Photosynthetic Organisms.

Small2021, 17, 20(6834. https://doi.org/10.1002/smll.202005834.

3) Massy, J. The Burgeoning of Modern PlasticsA Inittle Book about BIG Chemistry: The
Story of ManMade Polymers Massy, J., Ed.; Springer: Cham, 2017; p. 27.

https://doi.org/10.1007/978-319-548319 6.

(4) Xiao, R.; Yu, G.; Xu, B. bin; Wang, N.; Liu, X. Fiber Surface/Interfacial Engineering on

Wearable ElectronicS&mall2021, 17, 2102903. https://doi.org/10.1002/smll.202102903.

(5) Sinha, S. K.; Briscoe, B. J. Surface Mechanical Damage and Wear yhd?®sl In
Encyclopedia of Polymer Science and Technqglogfley: Hoboken, NJ, 2006; pp.i25.

https://doi.org/10.1002/0471440264.pst550.

(6) Briscoe, B. J.; Sinha, S. K. Tribological Applications of Polymers and Their Compeosites
Past, Present and Futu?eospects. Iiribology of Polymeric Nanocomposites: Friction and Wear
of Bulk Materials and Coating<Friedrich, K., and Schlarb, A.K., Ed&" Ed. Butterworth

Heinemann: Kidlington, 2013; ppi 22. https://doi.org/10.1016/B97®444-594556.000015.

(7)  Myshkin, N. K.; Kovalev, A. v. Friction and Wear of Polymers and Polymer Composites.
In Friction, Lubrication, and Wear TechnologYotten, G.E., Ed., ASM International: Materials

Park, OH, 2017; Vol. 33, pp. 56967. https://doi.org/10.31399/asm.hiBvd0006373.



109

(8) Lim, S. C.; Batchelor, A. W.; Lim, C. Y. H. Introduction and Basic Theory of Wear. In
Friction, Lubrication, and Wear Technolagiotten, G.E., Ed, ASM International: Materials Park,

OH, 2017; pp 22R24. https://doi.org/10.31399/asm.hiBvd0006357.

(9) Evans, D. C.; Lancaster, J. K. The Wear of Polymer3réatise on Materials Science &
Technology Scott, D., Ed., Academic Press: New York, NY, 1979; pp.i188S.

https://doi.org/10.1016/S0164160(13)700648.

(10) Lancaster, J. K. Frimin and Wear. IiPolymer Sciengelenkins A.D., Ed.; Elsevier: New

York, NY, 1972; Vol. 2, pp. 959.046. https://doi.org/10.1016/B91B720402476.500056.

(11) Abdelbary, A. Friction and Wear of Polymer and Polymer Compositesritmmlogy of
Polymer aml Polymer Composites for Industry 4Ikena, H., Katiyar, J. K., Patnaik, A., Eds.;

Springer: Singapore, 2021; pp.i%3. https://doi.org/10.1007/97881-16-39036_3.

(12) Ramesh, V.; van Kuilenburg, J.; Wits, W. W. Experimental Analysis and Wear Poedicti
Model for Unfilled PolymeirPolymer Sliding ContactsTribol. Trans. 2019 62, 176 188.

https://doi.org/10.1080/10402004.2018.1504153.

13 Zzhai, W.; Bai, L.; Zhou, R.; Fan, X.; Kang,
Resistant Materials: Designs, Properties, and Applicatidxths. Sci. 2021, 8, 20037309.

https://doi.org/10.1002/advs.202003739.

(14) Fujita, R., Furudate, K., and Kuaki, J. Atomic force microscopy of a single polymer chain
on a substrate at temperatures above the bulk glass transition tempePRzlyeer2019 168

21-28. https://doi.org/10.1016/j.polymer.2019.02.014.



110

(15) Grigore, M. Methods of Recycling, Progies and Applications of Recycled Thermoplastic

PolymersRecycling2017, 2, 24. https://doi.org/10.3390/recycling2040024.

(16) Xu, Q.F.; Mondal, B.; Lyons, A.M. Fabricating Superhydrophobic Polymer Surfaces with
Excellent Abrasion Resistance by a Simp&mnination Templating Method. ACS. Appl. Mater.

Interface2011, 3, 35083514. https://doi.org/10.1021/am200741f

(17) Yokoi, N.; Manabe, K.; Tenjimbayashi, M.; Shiratori, S. Optically Transparent
Superhydrophobic Surfaces with Enhanced Mechanical Abrddgsstance Enabled by Mesh

Structure. ACS. Appl. Mater. Interfac2815 7, 48094816. https://doi.org/10.1021/am508726k

(18) Bai, X.; Xue, C.H.; Jia, S.T. Surfaces with Sustainable Superhydrophobicity upon
Mechanical Abrasion. ACS. Appl. Mater. Interésc 2016 8, 2817128179.

https://doi.org/10.1021/acsami.6b08672

(19) Yamauchi, Y.; Tenjimbayashi, M.; Samitsu, S.; Naito, M. Durable and Flexible
Superhydrophobic Materials: Abrasion/Scratching/Slicing/Droplet Impacting/Bending/Twisting
Tolerant Compositevith PorcupinefiskLike Structure. ACS. Appl. Mater. Interfac2619 11,

3238132389. https://doi.org/10.1021/acsami.9b09524

(200 Wang, Z.; Yao, D.; He, Z.; Liu, Y; Wang, H.; Zheng, Y. Fabrication of Durable,
Chemically Stable, Selealing Superhydropdbic Fabrics Utilizing Gellable Fluorinated Block
Copolymer for Multifunctional Applications. ACS. Appl. Mater. Interfacd¥®2 14, 48106

48122. https://doi.org/10.1021/acsami.2c12895

(21) Sipe, J. M.; Bossa, N.; Berger, W.; von Windheim, N.; Gall, Kiesiler, M. R. From
Bottle to Microplastics: Can We Estimate How Our Plastic Products Are Breaking D®evn?

Total Environ.2022 814, 152460. https://doi.org/10.1016/j.scitotenv.2021.152460.



111

(22) Massy, J. Thermoplastic and Thermosetting PolymersA lhittle Book about BIG
Chemistry: The Story of Maklade PolymersMassy, J., Ed.; Springer: Cham, 2017; pp269

https://doi.org/10.1007/978-319-548319 5.

(23) Dirauf, M.; Muljajew, I.; Weber, C.; Schubert, U. S. Recent Advances in Degradable
SyntheticPo |l ymer s for Biomedi cal ARrqu.| Polgma $ci2028 s B e

129 101547. https://doi.org/10.1016/j.progpolymsci.2022.101547.

(24) Pulidindi, K.; Bhalerao, SPolyester Fiber Market Size, By Grade (PET, PCDT), By
Product(Solid, Hollow), By Application (Carpets & Rugs, N@foven Fiber, Fiberfill, Apparel,
Home Textile, Others), Industry Analysis Report, Regional Outlook, Growth Potential, Price
Trend, Competitive Landscape & Forecast, 2021 - 2027, 2021.

https://www.gminsi@its.com/industryanalysis/polyestefiber-market.

(25) Lim, H. C. A. Thermoplastic Polyesters.Bir ydson o6 s Pl a%BEd;Gitert, Mat er i
M. Ed.; Elsevier: Cambridge, MA, 2017; pp. 5343. https://doi.org/10.1016/B9{B323

358248.000207.

(26) de llarduya, A. M.; Guerra, S. M. Polyesters Based on Cyclohexanedimethanol. In
Handbook of Engineering and Speciality Thermoplasfidsomas, S. and Visakh, P.M. Eds.;

Wiley: Hoboken, NJ, 2011; pp. 18220. https://doi.org/10.1002/9781118104729.ch6.

(27) Bhagia, S.; Bornani, K.; Ozcan, S.; Ragauskas, A. J. Terephthalic Acid Copolyesters
Containing Tetramethyl cycl ob uC@hamsaydpen2021,10or Hi gl

830 841. https://doi.org/10.1002/0pen.202100171.



112

(28) Turner, S. R. Developent of Amorphous Copolyesters Based on -1,4
Cyclohexanedimethanol.J. Polym. Sci. A: Polym. Chem2004 42, 58475852.

https://doi.org/10.1002/pola.20460.

(29) Turner, S. R.; Seymour, R. W.; Dombroski, J. R. Amorphous and Crystalline Polyesters
Based on M#-Cyclohexanedimethanol. IModern Polyesters: Chemistry and Technology of
Polyesters and Copolyestefcheirs, J., Long, T. E., Eds.; John Wiley: Chichester, UK, 2004; pp.

2671 292. https://doi.org/10.1002/0470090685.ch7.

(30) Kelsey, D. R.; Scardino, .B\.; Grebowicz, J. S.; Chuah, H. H. High Impact, Amorphous
Terephthalate Copolyesters of Rigid 2,2;&gtramethyi1,3 Cyclobutanediol with Flexible Diols.

Macromolecule200Q 33, 5810 5818. https://doi.org/10.1021/ma000223.

(31) Andersen, E.; MikkelserR.; Kristiansen, S.; Hinge, M. Re@ime Ageing of Polyesters
with Varying Diols. Mater. Chem. Phys. 2021, 261, 124240.

https://doi.org/10.1016/j].matchemphys.2021.124240.

(32) Nelson, A. M.; Long, T. E. A Perspective on Emerging Polymer Technologies for

BisphenolA Replacement?olym. Int.2012 61, 1485 1491. https://doi.org/10.1002/pi.4323.

(33) Burke, D. J.; Kawauchi, T.; Kade, M. J.; Leibfarth, F. A.; McDearmon, B.; Wolffs, M.;
Kierstead, P. H.; Moon, B.; Hawker, C. J. KetdBmsed Route to Rigid Clobutanediol
Monomers for the Replacement of BPA in High Performance PolyesSi€é& Macro Lett2012

1, 1228 1232. https://doi.org/10.1021/mz300497m.

(34) Tilly, J. C.; Pervaje, A. K.; Inglefield, D. L.; Detwiler, A. T.; Santiso, E. E.; Khan, S. A;

Spontak, R. J. Thermomechanical and Fwx@ume Properties of Polyest@olyol Films for



113

Coatings Applications: Role of Diol CompositiohCS Appl. Polym. Mate2019 1, 2398 2406.

https://doi.org/10.1021/acsapm.9b00502.

(35) Bano, S.; Igbal, T.; Ramzan,;NFarooq, U. Study of Surface Mechanical Characteristics
of  Abs/Pc Blends Using Nanoindentation. Processes 2021, 9, 637.

https://doi.org/10.3390/pr9040637.

(36) Qian, Z.; McKenna, G. B. On the Extreme Depth Dependence of the Hardness of PDMS
Rubber: A Poblem of False Surface Detectiah.Polym. Sci. B: Polym. Phy2017 55, 30/ 38.

https://doi.org/10.1002/polb.24147.

(37) Mokhtari, A.; Talal ghi | |, N. ; Masmoudi , Y. A. Nanoi nc
Modulus for Thermoplastic Polymersl. Mater. Eng Perform. 2022 31, 27152722.

https://doi.org/10.1007/s1166%1-063869.

(38) Briscoe, B. J.; Fiori, L.; Pelillo, E. NaAmdentation of Polymeric Surfaces. Phys. D:

Appl. Phys1998 31, 2395 2405. https://doi.org/10.1088/00:8727/31/19/006.

(39) Jing, J.; Henriksen, P. N.; Wang, H.; Marteny, P. An Atomic Force Microscopy Study of

Polyester Surfaced. Mater. Sci1995 30, 5700 5704. https://doi.org/10.1007/BF00356708.

(40) Cho, D. H.; Bhushan, B. Nanofriction and Nanowear of Polypropylene, Polyethylene
Terephthalate, and Higbensity Polyethylene during Sliding/Vear 2016 352 353 18 23.

https://doi.org/10.1016/j.wear.2016.01.018.

(41) Berger, R.; Cheng, Y.; Forch, R.; Gotsmann, B.; Gutmann, J. S.; Pakula, T.; Rietzler, U.;
Schartl, W.; Schmidt, M.; Strack, A.; Windeln, J.; Butt, H. J. Nanowear on Polymer Films of

Different ArchitectureLangmuir2007, 23, 3150 3156. https://doi.org/100R1/1a0620399.



114

(42) Mohamed Sani, R. B.; Sinha, S. K.; Ying Tan, J. P.; Zeng, K. Y. Wear Debris Generation
Mechanism for Polymers Studied by NanoscratchiRbil. Mag. A 2005 85, 2101 2122.

https://doi.org/10.1080/14786430412331332005.

(43) Bennewitz, R, Dickinson, J. T. Fundamental Studies of Nanom8tmle Wear

MechanismsMRS Bull.2008 33, 1174 1180. https://doi.org/10.1557/mrs2008.248.

(44) Christofl, P.; Czibula, C.; Berer, M.; Oreski, G.; Teichert, C.; Pinter, G. Comprehensive
Investigation othe Viscoelastic Properties of PMMA by Nanoindentatolym. Test2021, 93,

106978. https://doi.org/10.1016/j.polymertesting.2020.106978.

(45) Pertin, T.; Minatchy, G.; Adoue, M.; Flory, A.; Romana, L. Investigation of
Nanoindentation as a Fast Chdeaization Tool for Polymer Degradation Studdolym. Test.

202Q 81, 106194. https://doi.org/10.1016/j.polymertesting.2019.106194.

(46) David, J.; Hayes, R.; Hui, J.; Nay, R. Nanoindentation as an Alternative to Mechanical
Abrasion for Assessing Wear Bblymeric Automotive Coatingd. Coat. Technol. Re2016 13,

677 690. https://doi.org/10.1007/s119986-97828.

(47) Bhushan, B. Nanotribology and Nanomechani®ear 2005 259 150711531.

https://doi.org/10.1016/j.wear.2005.01.010.

(48) Jean, Y. C.van Horn, J. D., Hung, W5., & Lee, K:R. Perspective of Positron
Annihilation Spectroscopy in PolymersMacromolecules 2013 46(18), 71337145.

https://doi.org/10.1021/ma401309x

(49) Tao, S. J. Positronium Annihilation in Molecular Substande€hemPhys.1972 56,

5499 5510. https://doi.org/10.1063/1.1677067.



115

(50) Eldrup, M.; Lightbody, D.; Sherwood, J. N. The Temperature Dependence of Positron
Lifetimes in Solid Pivalic Acid.Chem. Phys1981, 63, 51 58. https://doi.org/10.1016/0301

0104(81)80302.

51) Gowor ek, T. ; Jasi EBska, B. ; Wawryszczuk,
Deviations of Experimental PALS Data from Positronium FagkModel EstimatesChem. Phys.

2002 280, 295 307. https://doi.org/10.1016/S030104(02)00493.

(52) Oliver, W. C.; Parr, G. M. Measurement of Hardness and Elastic Modulus by Instrumented
Indentation: Advances in Understanding and Refinements to Methoddlollater. Res2004

19, 3/ 20. https://doi.org/10.1557/jmr.2004.19.1.3.

(53) FischerCripps, A. C. Analysis of Nanoindentation Test Data. Manoindentation

Springer: New York, NY, 2011; pp. B%5. https://doi.org/10.1007/97B4419398729 3.

(54) Chowdhury, S.; de Barra, E.; Laugier, M. T. Hardness Measurement of CVD Diamond
Coatings on SiC  Substrate Surf. Coat. Technol. 2005 193 200 205.

https://doi.org/10.1016/j.surfcoat.2004.08.131.

(55) Hardiman, M.; Vaughan, T. J.; McCarthy, C. T. The Effects of&geViscoelasticity and
Hydrostatic Stress on Polymer Matrix Nanoindentati®olym. Test.2016 52, 157 166.

https://doi.org/10.1016/j.polymertesting.2016.04.003.

(56) FischerCripps, A. C. Factors Affecting Nanoindentation Test DatdN&amoindentation

Springer: New York, NY, 2011; pp. ¥I04.https://doi.org/10.1007/978-441998729 4.

(57) Hu, Z. Characterization of Materials, Nanomaterials, and Thin Films by Nanoindentation.

In Microscopy Methods in Nanomaterials Characterizatibhomas, S., Thomas, R., Zachariah,

[V



116

A.K., and Kumar Mishra, R Eds.; Elsevier. Cambridge, MA, 2017; pp. 1BS9.

https://doi.org/10.1016/b978-323-461412.000067.

(58) Baker, S. P.; Liu, J. Nanoindentation TechniquesR&ference Module in Materials
Science and Materials Engineeringlsevier, 2016, pp.-8. htps://doi.org/10.1016/b978-12-

8035818.025868.

(59) Eastman Chemical Company. Eastman THfa€opolyester TX1001 Technical Data
Sheet. Kingsport, 2022.
https://productcatalog.eastman.com/tds/ProdDatasheet.aspx?product=71068024&pn=Tritan+Cop

olyester+TXL000.

(60) Andersen, E.; Mikkelsen, R.; Kristiansen, S.; Hinge, M. Accelerated Physical Ageing of
Poly(1,4Cyclohexylenedimethylene Co -2,2,4,4Tetramethyll,3-Cyclobutanediol

TerephthalateRSC Adv2019 9, 14209 14219. https://doi.org/10.1039/cOr& A5 f.

(61) Gaydarov, V.; Chen, Z.; Zamfirova, G.; Séylemez, M. A.; Zhang, J.; Djourelov, N.; Zhang,
J. Micromechanical and positron annihilation lifetime study of new cellulose esters with different

topological structuresCarbohydr. Polym2019 219 56-62.

(62) Kwok, C.S., Tong, L., and White, J.R. Generation of large residual stresses in injection

moldings. Polym. Eng. & Scll996 651-657. https://doi.org/10.1002/10.1002/pen.10453.

(63) Turri, S.; Torlaj, L.; Piccinini, F.; Levi, M. Abrasion and Naweoatch in Nanostructured

Epoxy CoatingsJ. Appl. Polym. Sck01Q 118 1720 1727. https://doi.org/10.1002/app.32309.

(64) Sakai, M. Elastic Recovery in the Unloading Process of Pyramidal Microindentation.

Mater. Res2003 18, 1631 1640. https://doorg/10.1557/JMR.2003.0224.



117

(65) Kumar, A.; Li, D. Y. Canthe H/E Ratio Be Generalized as an Index for the Wear Resistance
of Materials? Mater. Chem. Phys. 2022 275 125245.

https://doi.org/10.1016/j.matchemphys.2021.125245.

(66) Song, J.; Shi, H.; LiaoZ.; Wang, S.; Liu, Y.; Liu, W.; Peng, Z. Study on the
Nanomechanical and Nanotribological Behaviors of PEEK and CFRPEEK for Biomedical

Applications.Polymers2018 10, 142. https://doi.org/10.3390/polym10020142.

(67) Lancaster, J. K. Abrasive Wear of fRolers. Wear 1969 14, 223 239.

https://doi.org/10.1016/004B648(69)90047.

(68) Bouzakis, K. D.; Michailidis, N.; Hadjiyiannis, S.; Skordaris, G.; Erkens, G. The Effect of
Specimen Roughness and Indenter Tip Geometry on the Determination Accuracy efardi
Coatings StresStrain Laws by NanoindentatiorMater. Character. 2002 49, 149 156.

https://doi.org/10.1016/S104803(02)003613.

69 Charvsg§tovs§ Campbell, A. Burg2kovs§g, V. ;
Influence of Roughness on Nanoindentation Data Using Finite Element Anhiy.sis Mech. Sci.

2019 161 162, 105015. https://doi.org/10.1016/j.ijmecsci.2019.105015.

(70) Ward. I.M.; Sweeney, J. Linear Viscoelastic Behaviddechanical Properties of Solid

PolymersWiley: Chichester, UK, 2012; pp. BZ17. https://doi.org/10.1002/9781119967125.ch5.



118

CHAPTER 4. ABRASION BEYOND THE MATERIAL REMOVED: HOW THE
SURFACE CHEMICAL CHANGES C AN CHARACTERIZE THIS PHENOMENON

4.1INTRODUCTION
The estimated ratio between disposed/produced plastics fromub®50022is ~ 75.9%
of 8300MT overalltotalwith most of this waste disposed of in landfilighich is the most common
disposal methad It is estimated that 12,00@T will be present in landfills and the environment
by 2050.2 Unfortunately, plastic waste generation depends on application, failure mechanisms,
and disposal methods (incineration, landfill, mechanical disintegration), fhibler complicates

management efforts.

A strategy to minimize plastic waste is to utilize reusable, durable plastics. Abrasion
resistance is among one of the many important mechanical properties related to durability.
Conventionally, abrasion resastce of materials has been measured in terms of either wear volume
(how much material is removed from a surface considering sliding distance) or wear rate (how
much material is removed from a surface considering sliding distance and applied&seir
rate provides a qualitative and indirect measurement of abrasive wear phenomenon as revealed by
severaltandardizedesting protocols such as the @n-ring, pin-on-disk, Taber, and Martindale
abrasion test$' ! Regardless of the abrasion testfpamed on a polymer sample, its wear rate is
conventionally correlated with the polymerds
Lancaster model, the benchmark for behavior compartéétAlthough, up to this moment, there
is no experimental datand evidence that this relationship holds for all types of polymers besides

thermoplastic semicrystalline materiafs.

Evaluation and enhancement of polymer surfaces against abrasive wear have been

normally considered for new materials to extehd Ifetime of the polymer productor this
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reason, several evaluations considering mechanical properties such as tensile modulus, hardness,
and the H/HHardness/Modulusiatio, are employed to predict wear resistance of materials in a
defined application’* 1" However, once products containing polymer materials are used in their
respective applications, any understanding of potential chemical changes from the exposure to
abrasive materials has not been explotéairthermore, even if the mechanichlaacterization

of abrasion was performed, it would mgscribeany cumulativeehanges that the polymer surface

sustained?®1?

The chemical changes associated with abrasive wear of polymers surfaces were first
introduced by Rat neda raluctbn ih the nfokecularwhightW). A i c at e
similar observation was discovered by Arkles and Schireson on P#FHRecently,
characterization of chemical changes occurring on a polymer abraded surface was reported through
techniques such as DSC aR@IR.??> These findingscorrelate well with the observation that
surfaces under abrasive induction indeed withstand high shear stresses and repeated contact with
asperities from a foreign surface. It is well known that highly energetic processes or stresses can
induce polymer dgradation as indicated by chain scisgiesulting in molecular weight reduction

or a host of physicehemical feature€?*

Currently, consumer plastics employed for general usage (e.g., food storage, packaging)
are made of a variety of glassy polymméhat providghysicalbarriers and resistance to mechanical
and thermal damage, in addition to transparetfcd/As examples we have a variety of homo and
copolymers such as poly (methyl methacrylate) (PMMi)ystyrene (PS)polypropylene (PP),
polycarbonate (PCand a variety of glycol modified polyesters such as polyethylene gtyeol

1,4 cyclohexylene terephthalate (PET&d oly (1,4-cyclohexylendimethylene terephthalate
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co-2,2,4,4 tetra methydyclobutanel,3 diol terephthalate) (PCT{$eeFigure 4.1 for a graphical

representation of the chemical structurésj®

Beaeh |

Figure 4.1. Chemical structures of PC, PCTG, PCTA, and PCTT, respectively.

In recent years, PCTT has brought important research and development due to its
mechanical and chemical properties; however, its capability oéfp®cessednd its synthesis
without Bisphewol A (BPA) make this material one of the most suitable options for consumer
polymers for the present and the futéfté’ Current research hasiggeste@PA can ptentially
mimic the hormone estrogeand it can leach out from the employed polymérs?® We are
interested irthe behavior of this material when it is subject to material removal, and to look for
further ways to characterize this phenomenon. For the rest of this work, PCTT will be the model

polymer we will employ to present our findings

Therefore, the objective of our report is to present for thetfirst evidence of a mechano

chemical degradatiophenomenomccurring wherthermoplastis aresubject to abrasive damage
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without prior thermal or light degradation exposukdditionally, we offer carboxyl indexCal),
which has been used as a measure of polymer degradatism, metric to gauge material removal

in polymers This quantity can be usext an alternative to wear rate measurements due to its
complete independence from tieg conditions and its universal capability to effectively

differentiate polymers substrates after they have been subject to material removal.

4.2 METHODS

4.2.1 Materials

Copolyester injection molded plaques measudfigcm x 10 cm and 3.2 mm thigkere
kindly provided by Eastman Chemical Company (Kingsport, TN, USA), and used without further
purification or modification priorto testing. The abrading materials employed wegemeric
aluminum oxide sandpaper sheets, and diamond sandpapers. The average particetbzes
abrading materig@mployed were on average 95, 182, 199, ancdh@r.&Reagent grade isopropanol

(IP) was acquired from Sigmaldrich (SigmaAldrich, MO, USA).

4.2.2 Microscopy characterization

Optical microscopy images and profiles were acquired by confocal-daaening
microscopy (CLSM) conducted on a Keyence-XKL100 Series instrument (Osaka, Japan) with
a 5x, and 20x magnification lens over a scanned are@6# gm x 2750 um, and 527 pum x 702
pm. Low-voltage scanning electron microscopy (SEM) images of the abraded surfaces were
acquired on an ultrahigresolution FEI Verios 460L field emission electron microscope at an

accelerating voltage of 0.5 kV
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4.2.3 Chemical baracterization

The chemical characterization of the surface was performed using a Perkin Elmer Fourier
Transform Infrared Spectrometer (FTIR) coupled with an Attenuated Total Reflectance (ATR)
sampling mode (Perkin Elmer, Shelton, CT, USA). The scanseoaicucted at a resolution of 8
cm?t in the range from 4000 to 600 cmwith an accumulation of 10 scans. The peak area was
normalized in every measured spectrum based on the 14i@eak since it is assigned to the
benzene ring associated with the tértbyalic acid (TPAY’ The collected data were processed with
Spectrum software analysis (Perkin Elmer, Shelton, CT, USA). Additionally, a Kratos Analytical
Axis Ultra X-ray Photoemission Spectrometer (XPS) (Kratos Analytical, USA) instrument was
employedfor the chemical measurement of the composition on the surface. The instrument
employs a monochromatic Al&X-ray source. The survey and the higisolution scans for
Carbon and Oxygen were performed at 160 eV pass energy with 1 eV step and 20 e¥rggss en
and 0.1 eV step, respective§f The peak position calibration was performed to Carbon 1s at 284.5

eV. The collected data were processed with CasaXPS softtvare.

4.2.4 Abrasion experiments

The abrasion experiments were performed using a James Heal Martindale abrasion
machine (James Heal, Halifax, UK). The conditions employed were 4 N of normal load, 47.3 RPM
of linear velocity, linear motion, and 2, 4, 8, 16, 32, 64, and 96 cycles. Théoalpascess took
from 2, 5, 10, 20, 40, 80, and 120 seconds, respectively. The process temperature was tracked

employing a FLIR ONE prseries thermal imaging camera (Teledyne FLIR, Sweden).
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4.3 RESULTS ANDDISCUSSION

4.3.1 Microscopy evaluation of mechanically abled surfaces and their possible
relationship with chemical changes at the surface level
Regardless of the applicaticamy polymeric materiainay meebther surfaces regardless
of the proposed application or testing conditions. These interactomsallt in material removal
from the softer materiaflue to abrasion, fatigue, erosion, or a combination of thétddfe
material removal associatedttviabrasive damage refers to plowing and cutting ofstifeer

surface arising from transversal contadtva harder impinging abrading surfaée.

Figure4.2 shows the progression of the abrasive damage on a PCTT surface with confocal
microscopy as the number of passes increase. These images have a corresponding transversal
profile resulting froncharacterizationt can be observed that as the abrasion cycles increase, the
plastic deformation of the surfateexpressed as a change in roughdesgl continue to be
modified until the roughness profile between the abrading material and the polynaeessrf

similar. 3337

Most on the research regardialgrasiorthrough material removal has been focused on the
resistance of the surface to penetration which is measured through mechanical propgsties (e
Hardness, Toughness, Stiffness), and there baen several attempts to correlate tvasables
with the volume of material removVdHowever, recent research on polymer surfaces indicates
those variables like the surface hardness, and the surface modulus correlate with the behavior of
the materl removal based on the procées test(?))conditions. This observation leads toward
finding new insights on causan for the material removal and how this relates to the existing

understanding regarding mechanical properties and material rerffoval.
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This evidence shows the importance of the understanding and characterizihgthieal

changes in polymer surfaces due boasive damage in polymer surfaces, which has not teeen

dateaddressed.

1

{ X § 0
0 250 500 750
Scale bar =100 nm Distance (um)

Figure 4.2. Progression on the damage occurring on a PCTT surface after being subject to
abrasive wear recorded through Confocal Scanning Laser Microscopy (CSLM). The progression
starts with a) Surface without damage, b) 8 passe& passes, and d) 64 passes and their

surface profiles, respectively.

4.3.2 Abrasive damage and surface characterization: mectadmemical degradation
Several techniquesan beemployedfor characterization of polymer surfacasd their

changes when subject ttegradative conditions83839FTIR-ATR provides a fast functional



125

descriptionof the polymer surface. There are several characteristic bands that allow the positive
identification of a variety of polymer materi2lé®. The goal ofour study, as metioned, is to

search for new insights on the causation for material renasvaldirect result aibrasive wear.

To assess any changes in the chemical compositi®CofT as it sustains abrasion, several IR
bands were monitored. This evaluation will alldve identification of molecular changes
associated with the material removal process. A further characterization of the FTIR spectra and

the peak identification on the structure of PCTT is present&dble4.1.

Table 4.1. Identification of the observed bands on the PCTT surface.

Peak Wavenumber (Cr'rl]) Bond vibration mode Bond type
1 2950 Asymmetric stretch C-H
2 2850 Symmetric stretch C-H
3 1721 Stretch C=0
4 1410 Bend CH, bend (aromatic)
5 1248 Stretch C-C-O
6 1097 Stretch O-C-C
7 725 Bend C-H (aromatic)
8 2650 Stretch 0=CO

The macroscopic changes in the surface after abrasion are presented in Figure 1; however,
to complement the chemical evaluation, we performed electron microscopy of these surfaces to
relate the chemical evaluation to a relatable séatpire 4.3(aQ)s hows PCTTO6s pri st
In this image we can glean that there are defects and features that are inherent from the processing
and handling of these polymer surfacégure 4.3 (b) shows the resulting surface after being
subject to abrasive damage. The deformation and change of roughness observed at a higher

magnification (Figure4.2) are consistent with the features observed at this smaller scale.
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Complementing theequalitative observatia)Figure 4.3(c) shows a region from the FTARTR
spectrum from that surface before and after abrasion. This signal corresponds to the carbonyl
stretch (~1724 cmf; it can be observed that under the samsasurement and normalization
conditions, this band suffered from a shift and a broadeiiinig behaviorindicates a change in

the chemical environment of the bond which we suspect was due to a reduthi®chain length

of the polymer due to mechanictress This type of behavior has been readily seen and reported

in several light and thermainduced degradation studies of polyméts'? In the same manner,

the other ester bands {270 cm! and ~1100 cn) presented a consistent change and arease

in normalized abundance, suggesting thad¢berminal ends on the polymer chains are increasing

as result froma hypothesizeahain scissionKigure4.3D).

To further contest this chemical change observed on the surfageca evaluation was
performedconsidering 1) the increase of cycles maintaining the same abrading material and
particle size2)themo di fi cati on of the abr adi magntamag er i al
the same number of cycles and abrasion conditemms 3he same experimeadtconditions as 2)

simply changing the chemistry of the abrading material
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Figure 4.3. Relationship between chemical and topological changes in the polymer surface after

it has been subject to abrasi¢a) and (b) are the PCTT surface before and after abrasive damage.
(c) are the chemical changes obsertladugh the Carbonyl bond (~1732 ¢rband after the

surface was subject to mechanical abrasion for 64 cycles. (d) Chemical changes presented to the
ester bond related bands (~1238%cm1158 crt) after the surface has been subject to abrasion.

Figure4.4 (a) and (b) shows changes in the shape of the carboxyl and ester peaks as the
number of cycles increase; the behavior resembles the changedqutesEigure4.3 for overthe

18001300 cm' range. It can be observed that the peak shapégime4.4 (a) and (b) and the
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corresponding normalized area appears to plateau as the cycles increasgothesizethis

behavior relates to theadtilization on the material removal since the change in roughness of the
surface does not change when both materials have been prolonged in contact. The extent of FTIR
ATR evaluation depth covers approximately two microns due to our instrumental conditions
Therefore, as a complementary evaluation to validate these observations, we performed an XPS
evaluation on the same surfaces to measure the changes in elemental composition and chemical

environment from these samples before and after the material removal

This evaluation will consider approximately the first 10 nanometers from the surface,
which will give another scale for this evaluatidfigure4.4 (c), (d), (e), and (f) shows the high
resolution spectra from the surfaces before abrasion, and when they were subject to the 16, 48, and
64 abrasion cycles. The fitting of the curves allows us to identify the chemical environment and
the bonding abundangeesent at those samples. The abundance of the ester bond (~288 eV) and
C-O bond (~296 eV) increases as the number of passes increases, whi€ ted=C bond
abundance (~285 eV) decreases initialyer whichit starts to stabilize when reaching thygper
abrasion cycle limit. These signal increases (carboxyl bond and C@sbaen bond) and
decreases (€€ bonds) are consistent wiblur hypothesis ofanincrease in the terminal chains due

to mechanical degradatigohain scissionpccurring athe suface.
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Figure 4.4. a) Evaluation of the changes observed on the carbonyl peak (~1722from PCTT

surface obtained through FTARTR as the abrasion cycles increase. b) Evaluation of the changes
observed on the ester bond related peaks (~1248, and 1037rom PCTT surface obtained
through FTIRATR as the abrasion cycles increase. The peak shape and their width vary and
stabilize as the abrasion process continues. Corresponding evaluatiercbétiges observed on

the bonding configuration from PCTT surface obtained through high resolution XPS scans as the
abrasion cycles increase. (c) shows the peaks and their intensity of the pristine surface, and (d),
(e), and (f) show the bonding informatiovhen the surface was subject to 16, 48, and 64 abrasion
cycles. The peak shape and width vary as the process continues. The abrading material and the
process conditions were maintained.

Figured5s hows the results from the change in
chemistry when evaluated with FTURTR and XPS, respectively. The spectra presented in Figure

4(a) and (b) evaluates the charagethe particle size of the abrading material decreaseseTh
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results present similar changes that were observed with the abrasive damage conditions in Figure

3. Nevertheless, the area, the peak shape and intensity of the prominent bands do not ghbnge lar

in magnitude due to the abrading material 6s ¢
high resolution spectra obtained from an abraded surface with a higher particle sima)3it8n

aluminum oxide and diamond, respectively. Figure 4(d) @hare obtained from an abraded

surface with a smaller particle size ({@®) from aluminum oxide and diamond. The intensity and

the peaks areas are similar for both materials regardless albthdingmaterial employed if the

conditions are maintained@he peak shape and intensity do not vary either way.

These presented observations from the FTIFATR and XPS are consistentand lends
significant credibility to the hypothesis there are molecular changes associated with
mechanical deformation of polyester surfaces and provides a further perspective on how to
analyze further these changes observed under abrasive damagéis will be analyzed in the

next section.
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Figure 4.5. a) and b) Evaluation of the changes observed on the carbonyl peak (~1%2amth
ester bond related peaks (~1248, and 1047 drom PCTT surface obtained through FTIR

ATR as the particle size of tladrading material increases when using aluminum oxide. (c) and
(d) corresponds to the high resolution XPS scans when the PCTT surface is abraded with
aluminum oxide of 378 and 96in, respectively (e) and (f) correspond to the high resolution
XPS scans whethe PCTT surface is abraded with diamond sandpaper of 378 amal, 96
respectively.

4.3.3 Carboxyl index: a measure for abrasive damage and surface degradation

Extensive literature has shown that when polymer materials are subject to degradative
conditions, tley are subject to various chain scissamd oxidationmechanisms!®434¢ The
Carbonyl indexs the preferred measured for degradative quantitation in pol§fnecsmally,

when thematerial does not contaiester bonds or carbonyl relatstfucturesin its structure
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Whenever a polymer material has these functional groups, the measurement/ chdahgss in
materials are challenging because the surface changes will not reflect an obvious increase or
decrease as it is the case for polyolefimonester based bonding materfat&*&Considering the

nature of the chain scission, an increase on the terminal functional groups is exsethed
degradative processes continu€kerefore, the consideration of terminal chain moieties in the
suface measurement can help evaluate these changes in these types of nfdter&atsave been
studies where th€arboxyl Index (CalEquation( 1)) has been introded as a measure of

degradative behavidor systems that contain this carbonyl based chemical feattires

N N 0i Q@ o6 0 9
0Nl WERIUEO D0 —————————— (9)
01 QO a v 30

The first part ofFigure 4.6 shows the surface profiles corresponding to no abrasion, 16
cycles,and 48 cycles.Figure 4.6B and5C shows the correspondence of the profiles with the
response of th€al and the ester bond abundance in XPS, respectivelprésented earlieas
the polymersurface increases its roughness, the chan@alimcreases exponentially; howay
once the increase in roughness prafiléhe abraded surfa@ from 42 to 64 cycle® does not
significantly increasewe observe the same behavior on XS measurementshese results
shows that th€al can be employed as a measure of abrasive dasiacge it directly relates to
the surface damage (roughness change), independently of the conditions in which the abrasive

damage was performed.

When evaluating the results from the chang:¢
chemistry, it can bebserved that there mot significantvariationamongthe results obtained from
Cal when using two differertbradingmaterials under the sarabrasiveconditions however, the

results from XPS show no pronounced variaibetweerthesemeasurements. Thdeviation on
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the values can be explained due to the variability of the samplingdsitet® the disparity of the
abrasion processnd abraded surfacentil a high number of cycles is achievetihese
measurements consolidate the observations preseaest and indicate that the Carboxyl index
measurement is independent of the abrading material, their size; in addition, the saturation
behavior observed as the abrasion cycles increases provide an opportunity to evaluate the

degradative and mechanical améng of this variable.
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Figure 4.6. Interrelation between chemical and mechanical response from the surface damage due
to abrasive wear on the polyester surface. Fig(agshows the changes in the depth pradigethe
abrasion cycles progress. 1, 2, 3 shows the profiles of the surfaceafieo 16, 48 cycles, and 64
cycles, respectively. Figue&b) and (c) showvthe relationship between the stages of the abrasion
process on the surface and the chemical response of the surface quantified through the Carboxyl
Index (Cal) quantified througRTIR-ATR, and the carboxyl bond abundance quantified through
XPS. Figure4(d) and (e) show the results from the Cal obtained when the particle size and the
abrading material chemistry were modifi@dhe number of cycles for (c) and (e) were 64.
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Based orthe premisem effect within our studyFigure4.7 presents the dual informational
nature of theCalin this contextFigure4.7A showsthree different works that related the material
removal behavior in metals and in polymers. Additionally, it includes the results performed from
a recent evaluation of the wear volume of the surface of PET¥*® The abrasion responses
included thenvear volume and th€al. It can be observed that t@al follows the same trend with
respect to the other abrasion responses, allowirsgchemical measure to have an associated
physical meaning other than material removal from a surface. This changspegtive presents
an opportunity to evaluate material removal from a chemical standpoint which has physical and
mechanical implications, which differs from the classical treatment focused on mechanical
propertiest3°1°2|n addition to this observatip Figure4.7B showsthat thedegradation behavior
relatedby means of ageing or light as a function of time correspond to a similar behavior relative
to theCal even if the polymers have different chemistrifiserefore, these finding prove the dual
nature of Cal, which can serve to evaluate abrasive wear and surface degradation in polymer

surfaces regardless of their chemistry (since Cal is a direxdureon terminal group increase).
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Figure 4.7. A) Relationship between the measure of abrasive damage (wear volume) and the
response obtained from this work measured a€#ieln both cases, it can be observed that the
Cal follow the same trend than the wear rate for métafand in the surface of a polymer subject

to Precision Polymer Abrasion (PPA}. B) Relationship between the degradation response
(carboxyl index) and the response obtained from this work &3l tfee different types of polymers
subject to UV light ageig and the proposed mechanochemical degradation of the stirface.
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4.3.4 Benchmark characterization for the carboxyl index vs wear rate.

As shown in previous sections, ti@al represents phenomenological and degradative
information about a sample surfaétmwever, to present itself as an alternative to characterize and
perform effectively for a variety of applications, it must provide similar or higher information
versus other measuresigure 4.8 shows the structures and FFARR spectra of 3 different
polyesters substrates (PCTG, PCTA, and PCTT, respectively). Although their functionalities are
similar, they do have characteristic peak shapes thdtecatentified. As discussed, the limitations
in terms of characterization abrasion processesrmally point to the identification of polyester
based polyesters as PET due te similar chemistry among these materiafsthis section, we
will addressthe characterization of three different polyester surfaces after subjection to abrasion
and the possible impact dheir postprocessing chemical natutdl the data was collected by

using the methodology above and it is original from this manuscript.
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Figure 4.8. a) Evaluation of the vibrational peaks identified before abrasion for a) PCTT, b) PCTG,
and c) PCTA. Then peak labels are associated with the values presented Bi\Ilable

Figure 4.9 shows the results from the obtention of the specific wear rate for these three
polyesters, where it can be observed that many of the points present overlaphensi@me

abrasiorconditions. Additionally, the data points do not present any relationship with the number
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of cycles which can impact in terms of material resistance and behavior development. In terms of

characterization after abrasion testitiiey arenotdiscernable from each othéf-38:5357

Normalized abrasion cycles
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Figure 4.9. A) Specific wear rate values obtained from a collection of abrasion cycles on the
surface of three glycol modified polyesters. B) Cl values obtained from a collection of abrasion
cycles on the same three glycol modified polyesters. In this case, it céasdrwed that every
polymer has a distinct trend and selectivity compared to the specific wear rate.

When evaluating the results frdagure4.9B, it can be observed that every polymer has a

series of distinctiveCal that relates to theidifferent surfaceanechanical propertiedifferences

despite similaritiesn chemistry As observd, this variable represents differences on the resulting

mechanedegradation of the surface as well as the level of damage and material removed from

abrasion. This again shows the feasibility of usingGaéas a measure of abrasive damage and

degradatiorbehavior for mechanically abraded surfaces.
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4.4 CONCLUSIONS
This study has presentdle first documented and substantiaedidence of chemical
changes associated with abrasive damage on polymer surfaces without any prior thermal or light

degradative proes.

We suggesCal can be used as a measurswfface and chemical changes due to abrasion
testing. In additionCal can be employed tdifferentiatechemicallysimilar materials when they
are subject to material removal through abrasidns technique has value in testing the abrasion
resistance of different polymer materials which could enable the development of new technologies
(monomers, additives, processes, etc). to improve the lifetime of plastics and minimize their impact

on theenvironment.
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CHAPTER 5.CHARACTERIZATION OF SURFACE MATERIAL REMOVAL FOR
AMORPHOUS GLASSY POLYMERS: INSIGHTS ON WHAT VARIABLES TO
CONSIDER

5.1INTRODUCTION
Abrasion is defined as a material removal mechanism that results from the plowing and/or
cutting of asurface using a material with a different roughness profile and higher or equal hardness.
"“Hardness is a mechanical property that relat
There are an array of scales thahmeasure either the depth or the dimensioanahdentation

under certain standardized conditioh3.

For polymersthedesire to improve durability, processability, and recyclability, are current
topics that are covered to reduce the environmental impact and their di§poBalis,abrasion
mitigation along with other material removal mechanisms is a constant resgaccthat interests

industry and academia alike.

Currently, much of the efforts regardimgreasing the abrasion resistanceaimers and
their surfaces are related to understanding processability, and reusage through the reinforcement
of those arfaces with sacrificial coatings, blending, sedaling chemistries, among other
strategies:*!Classically, the evaluation of abrasion and material surfaces has been done in terms
of their mechanical properties and their response to the mechamnésa%st ately, there have
been several studies that have manifested the importance of fundamentally understanding the
abrasive wear mechanism outside the classical evaluation that considers the polymer mechanical
properties as the main characteristiatinressThese approaches consider the mechanochemical

degradation nature of the process and the environmental and material implications related to it

2,13,14
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A phenomenological comprehension lies in the ability to identify the variables that cause
the response within the nedesired behavior; once we have that knowledge, we can use it to
predict and anticipatand potentially even halt the resultingverseeffects'® There have been
multiple evaluations that attempted the prediction and understantiabrasive wear in polymer
materials. In most of these studies, the relationships between abrasion and process conditions (e.qg.,
load, displacement, roughness profi¥)2° mechanical properties (elongation to break, tensile
strength, hardness)'?? and chemical properties (degree of crystallinity, molecular wefghf)
have been evaluated. However, most of these efforts have considered these variables as
independent from each othém. addition, several recent studies have shown that thbanaal
properties of the polymer surfaces do not suffice to describe the material removal
behaviort2131425Unfortunately for the field, these observations have not been evaluated further,
as gleaned by the reduced availability of these efforthéncurrent literaturet Furthermore,
despite generalization, most approaches have considered the comparison of different polymer
chemistries without considering their differences in regard of application or properties, which does
not provide a clear caation and further exploration of the phenomenological nature of this

processt’ 32t

Due to the currenpublic opinionof Bisphenol A (BPA) and itpotentialeffects onthe
endocrinesysteni®, the development of novel recent polymer chemistries such as Poly (1,4
cyclohexylenedimethyleneco-2,2,4,4 tetramethyl cyclobutetatol terephthalate) (PCTEfhave
allowed the market to walk towards more sustainable materials that have adequatetydurabili
chemical and heat resistance. Teran and coworkers have evaluated these polymer chemistries as a
model to understand and explore abrasive daraagm effort to continue their development and

usage??®
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Based on all these observations and literagxploration, this study focuses on the
development of a semiempirical expression that aims to develop a predictive model for the wear
volume generated through abrasion in polyester related chemistries and polycarbonate (PC) as a
benchmark. In addition, éhcurrent effort intends to evaluate the effect of the molecular weight
and the glass transition temperature on the mechanical properties of PCTT as a model to
understand better the mechanochemical degradation extent on these surfaces as causation of the

material removal.

5.2 METHODOLOGY

5.2.1 Materials

Injectionrmolded plaques of Poly (ethylewe-1,4 cyclohexylenalimethylene
terephthalate) (PETG), Poly (1,4 cyclohexylatimethylene-co ethylene terephthalate) (PCTG),
Poly (1,4 cyclohexylendimethyleneco-1,3 cyclohexylenedimethylene terephthalate) (PCTA),
PC, and PCTT measuring 10 cm x 10 cm laterally and 3.2 mm thick were kindly provided by
Eastman Chemical Company (Kingsport, TN, USA) and used without further modification or
purification prior to testing. Rggntgrade isopropanol (IP) was acquired from Sightdrich (St.

Louis, MO, USA).

5.2.2 Methods

All the plaques were cutith generic aviation snigato approximately 1 cm x 1 cm pieces
and cleaned with IP before their evaluation at ambient temperature. Tfaeesmechanical
propertiesvere obtained through Nanoindentation (& the Precision Polymer Abrasion (PPA)

wear volumes were obtained using the same conditions presented in our previous methdology.
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The molecular weight distributions and theerage molecular weights of all the polymers were
measured by gel permeation chromatography (GPC). The GPC is an Agilent 1260 series HPLC
(Agilent, Santa Clara, CA, USA), equipped with an Agilent PLgel (7.5 mm X 50 ramic£on
guard and (7.5mm X 300 mrB)micron Mixed C Column set in series (Agilent, Santa Clara, CA,
USA), and an Agilent series 1260 bNs detector set at 255 nm. Dichloromethane (Mg&hd
1,1,1,3,3,3,Hexafluoroisopropanol (HFIP) (95:5) were used as mobile phase with a flow rate of
1.0 mL/min. The average molar masses, as well as the polydispersity were determined and
calculated using a calibration made with narrow molecular weight distribution polystyrene
standards in the molecular weight range of 104 (styrene) to 3anii@

The glas transition temperatures were acquired using differential scanning calorimetry (DSC).
The experiments were conducted at a heating rate of 10 °C/min on a TA DSC Q250 instrument
(New Castle, DE, USA). The thermographs were evaluated using the TA Tsofware from
TA (New Castle, DE, USA).

5.3 RESULTS AND DISCUSSION

5.3.1 Effect of glass transition temperature and molecular weight in the material
removal
The glass transition temperaturg)(iB ubiquitously used because it is an intrinsic physical
parameter charaaistic of the behavior and properties of polymer materials. If the temperature is
below Ty, the material is stiff, brittle, and impact resistant; on the other hand, if the material is
above T, it is rubbery, elastic, and more energy absorbihéfIn amorphous glassy polymers,

the glass transition temperature determines their end use applications.

Polycarbonate and acrylic polymers (e.g., PMMA) have been widely employed for

consumer applications due to their transparency and desirable physicaligsofiéPThere have
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been several comprehensive studies that have determined the relationship between mechanical
properties, molecular weight ang. %3¢ However, despite the increased consumption and usage

of PCTT, such studies have not yet beeal@ated. This section looks to evaluate the effect of
molecular weight and mechanical properties with the change, &rTa variety of molecular

weight PCTT sample3.able 5.1 presents the resulting measurements from this evaluation.

Table 5.1. Number and weight average molecular weights, polydispersity, and sudabamnical
properties obtained by Nanoindentation (NI) for the PCTT molecular weight variation samples.

T E S hy h
o] S max
Pol ymeMn Mw PD ( A<(GPa)(“N)/nm (m)  (nm)

PCTFMW1 9 8.200882 . C10€ 181 7.11 844 1252

PCTFMW2 93:193342. (10¢€181 7.15 882 1289

PCTFMW4 88176741 . €1 0¢€ 186 7.38 867 1297

PCTMW6 80 :1641C2. (105199 7.37 859 1310

The samples were processed under the same injection molding conditions. The molecular
weight gradients werebtained by maintaining the polymer sample longer in the extruded before
it was molded. Since the number average molecular weight i@vinormally related to the
pol ymer so t h%?% weanill usp it for phis evalautod.able 5.1 shows that there is
around &M, of ~ 607 for each sample, while the polydispersity is relatively the deiqae 5.1

(a) shows the relationship between the inverse pahd the T,
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In accordance with the relationship presented by Fox and Flory for homopolyjmess
established that PCTT follows the same relationgKipnd the infinite | value are presented in
Equation 1.

. p Top T (10)
Y ppEp 0

Comparing this model to the results obtained for PMMA and Fg@ute 5.1(b)) the
dependence on MW ang ®f PCTT is higher than the dependence presented for PMMA and PC,

where theDM,, to observe changes iy iB higher for PMMA and PC, respectively, than for PCTT.

In terms of mechanical propertieBigure 5.1(c) shows the results from the load vs
displacement curves obtained for these set of PCTT polymabde 5.1 presents the summary
surface mechanical properties of these materials as well. Fgume 5.1 (c), it can be observed
that there is not a significant increasehe modulus and the stiffness of these polymers, however,
there is a noticeable change in the maximum and residual penetration. Therefore, the dependance
on the modulus and stiffness anglfdr these materials is not significant and cannot be considered
as a causation for the decrease in mechanical performance. Additionally, based on this observation,
we determined that, for PCTT, there is a relationship betwgeand the maximum surface
indentation (as it is shown oRigure 5.2(a)). This relationship resembles the one observed
between the inverse of thesNnd Ty (Eq. 1); therefore, we suggest that this mechanical property
can describe the changes ipdbserved folPCTT, serving as a bridge between the mechanical

and chemical nature of these polymers.
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Figure 5.1. (a) Relationship between Glass transition temperatuge §id number average
molecular weight (M) for PCTT. (b) Comparison between the response p¥sI M, for
polycarbonat®, PMMA34 and PCTT, respectively. (c) Load vs depth curves for the ditfere
molecular weight PCTT. These curves allowed the calculation of the surface mechanical
properties’
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Based on this found relationship, and the findings presented on our previot$®Rdhe
wear volume obtained from the PPA procedure, and the maximum penetration depth were
evaluatedFigure 5.2 (b) shows the found relationship between the wear velanad the maximum
penetration. Additionallyfrigure 5.2(c)-(f) show the SPM images obtained after the PPA process.
These figures confirm that depth of penetrationahpgsitive increasing relationship with tear
volumegenerated at the surface level of PCTT. These findings and relationships will be taken into
consideration to generate a seempirical mathematical model for prediction of material removal

in amorphos polyester materials in the next section.
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Figure 5.2. (a) Relationship between the wear volume obtained from PPA and the maximum
indentation depth for each PCTT sample. (b) Relationship between the glass transition temperature
(Tg) and the maximum indentation depth for each PCTT sample. (c) to (f) SPMfioageCTT-

MW-1 to 6 after the PPA procedure, respectively.
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5.3.2 Mechanical characterization of amorphous edbased thermoplastics and their
bulk related properties
As an initiative to generate quantitative prediction tools to reduce the abrasive wear in
polyester surfaces, we evaluatidir terephthalatdased materials (PETG, PCTG, PCTA, and
PCTT). 26 Polycarbonate, which has the carbonate linkage in its structure, was added to this
comparison since its mechanical and thermal properties are considenabldésf>3and its
chemical similarity to the ester banBigure 5.3 shows the load vs depth response of these

materials from the NI evaluation.

o«
~
—————

o
N
——

0 025 05 075 1 125
Displacement (um)

Figure 5.3. Load vs depth curves resulting from each species evaluated. The surface mechanical
properties were estimated using the procedure outlined in Terar et al.

The polyesters that contain ethyleglycol (PETG, PCTG), and the acid modification
(PCTA) present very similar behavior in terms of their response to penetration, while PC and
PCTT, which have the higher values @f are standing at the extremes of the curves, respectively.
Table 5.2 presents the estimated values of the surface properties as well as their wear volumes up

to 16 cycles.
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It can be observed that despite the difference in the load vs displacement curve, the wear
volumes of PC and PCTT are similar for one pass. As thedll@utrabrasive process continues,
the differences become more notorious and significant. The behavior of the other glycol modified
polyester after PPA is similar for these three species; however, each chemistry has a distinctive
behavior. As we have obsew and reported in our previous artiéi€sthe mechanical properties
of the surface cannot be used solely as a factor for prediction; additionally, there is a chemical
component related to the abrasive damage that is expressed as a mechanocheadediotegf

the surface as abrasion occurs.

Although abrasive wear starts as a sudiaased phenomenon, it continues and ends as a
bulk based phenomenon. Several models and correlations were based on the bulk behavior of
abrasive damagd@!®23! while other approaches considered the surfased response to this
process®. Most abrasive wear tests have defined conditions that are employed to characterize the
processing and wear rate of these materials. The molecular weightgaeftedis have bee
considered fundamental properties in terms of mechanical and thermal belavidSome of
those properties have been measured, collected, and preserfiadlen5.3. Based on these
observations, we will introduce a seempirical model that encompasses all these features and

allows prediction of the topological wear rate for these polydsieed materials and PC.

Table 5.2. Summary of summary mechanical properties and wear volume obtained from PPA for
the polymer materials evaluated.
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Surface Contact Maximum Wear Wear Wear

Hardness, Stiffness, volume volume volume

Polymer modulus, depth, 3 3 3
E, (GPa) 1 (MP) S, pae(my (M) (mmd) - (mmd)

’ (mN/nm) ’ (1pass) (8pass) (16 pass)

PCTA 2.05 279 7.45 1234 2.9 4 17.6
PCTG 2.34 278 8.55 1232 5.2 8.4 19.1
PETG 2.44 284 9.14 1171 5.6 31.4 58.9
PCTT 1.74 275 6.83 1271 5.6 26.9 54.3
PC 2.54 322 8.49 995 2.7 7.89 33

Table 5.3. Bulk mechanical and chemical properties from the evaluated polymer chemistries.

- Tensile ,
Polymer Pr(;it?so:s EtlcgJ rk])gr]::lll?,n :ttrgrr;ggi? Tg, (C) g\ljg:ggg aVY/zL%gL
’ &%) 5 MPa) MW, Mn MW, Mw
PCTA 0.38 270 43 84.4 9124 18228
PCTG 0.38 230 52 85.6 12095 30579
PETG 0.42 130 28 80.2 12829 36350
PCTT 0.45 210 53 109.6 8065 20684
PC 0.37 130 70 145 9057 26492

5.3.3 Predictive model for surface wear rate evaluation
Based on the information collected and presented in the last section, we propose three new
parameters that will take into consideration the bulk response, the surface response, the process

condtions, and the chemical behavior. These variables are presented in equat({@s (2)

i M (11)
A &
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& (12)
4R

The parameter d is related to the bulk behavior of the material, it relatesirfaee
hardness, the elongation and strain to break, which were presented in the classicdatnster

modef?, which after addition of the Poisson ratio, gives a-tiraensional factor for deformation.

The parametefe is related to the surface pmnse and the chemical identity of every
species. As shown in the previous section, the maximum depth of indentatigri{inelated to
the Ty of the material, while Load gives the information from the process conditions, and Stiffness
gives informatioron the material surface response. These three variables produce a dimensionless

guantity that provides a combination between surface, chemical nature, and process conditions.

Following the mathematical fitting presented in our previous towe tested Hat
regression shape to the results obtained for these polymers after PPA. Equation 4 shows the

mathematical expression employed for the empirical fitting:

O Op Oc¢cp A@B)ow (13

Where wis the wear rate inm?, and x is the number of PPA passes.

These components (experimental fit and material based measured parameters) allow us to
obtain a mathematical expression that allows the prediction of the wear volume of pdigssier

materialswhen applying the PPA methodology. Equation 5 shows the structure for the model.

0 Q Ocp ADDYQ (14)
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Where q values are chosen depending on theallie measured for the polymer. If Tg is
less than 100C, q takes theralues of 2z0.03. If Ty is higher than 100C, the value for q is-z

0.0112.

Table 5.4 shows the correlation parameters obtaikéglure 5.4 shows the measured data

points and the corresponding seempirical fitting presented.

Table 5.4. Coefficients obtained from the empirical and semi empirical fittings obtained for each
polymer chemistry evaluated.

Empirical fitting Semtempirical fitting

Polymer M1 M2 M3 (d) M2 q

PCTA 04108 191.1 0.0205 0.0091 191.1 0.041

PCTG -7.570 72.83 0.1979 0.0088 72.83 0.039

PETG 3.843 36.52 0.0325 0.0328 36.52 0.039

PCTT -5.861 25299 0.0001 0.0111 8592.7 0.0003

PC 0.4719 1359 0.0007 0.0131 1359 0.0006
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Figure 5.4. Empirical curve shape and predicted values for each of the polymer chemistries
evaluated in this study.

The proposed sergimpirical model takes into consideration the surface mechanical
response and theulk response in addition to taking into consideration the chemical features of
the material such as;Tin addition, this model follows the saturation behavior that is observed as
the number of cycles of abrasive damage increases. This provides a Ipmgacéng to the
mathematical expression and intends to increase the understanding of the abrasion phenomenon

and the surface behavior.

As observed in Figure 5, the model fits the trends closely for PCTA, PCTT, PC, and PET.
The initial predicted values fdhe case of PCTT and PCTG do not match the experimental trend.
This discrepancy can be caused by an underestimation in the parameters d and z. The values of

PCTG and PCTT for penetration fluctuated the ndasing the experimental evaluation which can
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becaused by processing roughness profiles and uneven testing sukiidigenally, as observed

in previous studies, the PPA behavior for PCTT presents more pronounced elastic behavior than
the other glycol modified polyestefsAnother interesting trend is presented for PETG, where the
calculation shows an overestimation. In the same manner, these changes are related to the stiffness
measurement which can be severely affected by the topology of the testing surface. Further
evaludion of additional parameters that relate chemical measurements at the surface level while

performing indentation is a topic for further exploration.

5.4 CONCLUSIONS ANDFUTURE WORK
The estimation of the infinite molecular weight glass transition temperature and its
respective K value can allow the further evaluation of other PCTT studies regarding its thermal

and processing behavior.

The observed relationship between the depth akpation, weight average molecular
weight, and glass transition temperature allows us to have a quantity that relates to these aspects.

This property can allow the characterization of the polyester surfaces.

This model will allow the increased understargdof the variables that impact the material
removal by abrasion and help the scientific community on producing and studying materials before

and after the material removal to test performance.
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CHAPTER 6.SOLVENT INDUCED CRYSTALLIZATION OF POLY (1,4 -
CYCLOHEXYLENE DI METHYLENE -CO-2,2,44TETRAMETHYL -
CYCLOBUTANE -DIOL TEREPHTHALATE): PROOF OF CONCEPT AND
MODEL BEHAVIOR

6.1 INTRODUCTION

Thermoplastic polymer chemistries represent more than 80% of the current polymer
production worldwide.>?0One of their most prominent feaés is a reversible solid to melt
transition achieved when the glass transition temperature is reached. This allowsdtessds
to have a wide prossability, which is reflected in a growing variety of consumer applications.
34additionally, in termsof morphology, these materials can be classified as-egysiialline and
amorphous. Amorphous thermoplastic polymers generally knownsfor their optical
transparency, which is valuable in food transport and managermeéHistorically, acrylatebased
(e.g., Poly Methyl Metha Acrylate (PMMA)), aliphatic (e.g., Polypropylene (PP)) or Bispi#enol
(BPA)-based (e.g., Polycarbonate (PC)) chemistries were commonly employed due to their
thermal resistance (over 100°C), which is fundamental to these ajopi&ca®However, due to
current research, BRBased chemistries have been found t@dtentiallyharmful and their use
has beenliscouragedhrough various regulationadditionally, recyclability of polymer materials

is a priority from the sustainaity point of view. >’

Polyester based chemistries (e.g., Polyethytamg,4-cyclochexylenedimethylene
terephthalate (PETG) have been used extensively in the food packaging industry due to their
chemical and physical resistance as well as their potential for recyclabilittheyepresented
lower glass transition temperatures (around 80°C), which limited their usage in other higher
temperature applications:®>’ Recently, poly (1,&yclohexylendimethylene terephthalats-
2,2,4,4 tetra methytyclobutanel,3 diol terephthiate (PCTT) has been introduced as an

alternative that possesses high thermal resistance (around 110°C) in addition to all the advantages
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presented on similar polyester chemistri€s This new material opens the possibility to expand

the responsiblesage in these markets.

Solvent induced crystallization has been evaluated in polymers to understand morphology
and property changes when amorphous materials crystallize. Kinetics, morphology, and thermal

characterization have been done for several polymemistries including PET, and P& 12

Historically, there have been several studies that have focused on the understanding of the
thermat®'4 light, > and mechanochemiédl degradation of this material. However, an
evaluation on the PCThehavior when it is subject to solvent induced crystallization has not been
reported. Hence, this work aims to present a theétmetic study of PCTT when subject to

chloroform to describe its behavior and response to these conditions.

6.2 METHODOLOGY
6.2.1 Materials
Commercial pellets of PCTT were kindly provided by Eastman Chemical Company
(Kingsport, TN, USA) and used without further modification or purification prior to testing.

Anhydrous Chloroform was purchased from Sigfidrich (SigmaAldrich, MO, USA).

6.2.2 Instrumental methods
The glass transition temperatures were acquired using differential scanning calorimetry (DSC).
on a TA DSC Q250 instrument (TA, New Castle, DE, USA). The experiments were conducted at
a heating rate of 10 °C/muonsidering a 4800 C for the first and second hedthe

thermographs wengrocessedising the TA TrioE software (TA, New Castle, DE, USA).

The chemical functionality characterization of the surface was performed using a Perkin Elmer

Fourier Transform Infrared Spectrometer (FYt®upled with an Attenuated Total Reflectance



176

(ATR) sampling mode (Perkin Elmer, Shelton, CT, USA). The scans were conducted at a
resolution of 8 ci in the range from 4000 to 600 &rwith an accumulation of 10 scans. The
peak area was normalized in every measured spectrum based on the 14Eakmsince it is
assigned to the benzene ring associated with the terephthalic acid®HAR collected data

were processed with CasaZRBoftware?®

Optical microscopy images and profiles were acquired by confocal-daaening
microscopy (CLSM) conducted on a Keyence-XKL100 Series instrument (Osaka, Japan) with
a S5xmagnification lens over a scanned area of 2062 pm x 2750 pmyvbtiage scanning electron
microscopy (SEM) images of the abraded surfaces were acquired on an utesaigition FEI

Verios 460L field emission electron microscope at an accelerating voltage of 0.5 kV.

6.2.3 Kinetic and thermal evaluation

The kinetic evaluatiofor the SIC was done by exposing a pellet (~20 mg) into a vial with
10 mL of chloroform at room temperature. The exposure times were 10, 30, 60, 180, 300, 600,
1200, 1800, and 3600 seconds. The pellets were then removed from the solution and dried on an
absorbent medium. The procedure was repeated three times with different pellets. These samples
were evaluated using the procedures described above. The thermal evaluation considered the same

time intervals presented above, where samples were exposedat 20, and 50C.

6.3 RESULTS AND DISCUSSION

6.3.1 PCTT characterization after Solvent induced crystallization
PCTT is its transparency below its glass transition temperature is one of the features that
indicates its amorphous molecular arrangemeklithen exposedto the model solvent

(chloroform), this transparency shifts into a white opacity (
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Figure 6.1a and6-1b). When looking at these SIC surfaces from d&ignagnification,

the amorphous surfaces from PCTT start to show different visible ordered arrangements (

Figure 6.1c and6-1d).

Figure 6.1. (a) Optical image from PCTT pellet before SIC (b) Optical image from PCTT

after the SIC (c and d) SEM images frora tPICTT surface after SIC

The chemical evaluation of these materials similarly presented differences that allowed
their identification after testing. The FTARTR spectrum of amorphous PCTT contains distinctive
bands that correspond to the ester, carbamnd, phthalate moieties vibration as seeffkrigure

6.2a. For the case of the SIC polymer, most of these bands are maintained, and the resolution from
















































