
ABSTRACT 

TERÁN ZAVALA, JULIO ENRIQUE. Mechano-Chemical Studies of Amorphous Polyester 

Surface Abrasion. (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, the characterization has been perfunctory and typically relied on a cursory mechanical 

description and concomitant comparison between different polymer chemistries regardless of 

chemical features (degree of crystallinity, average molecular weight, glass transition temperature, 

chemical components). With a significant global increase in the usage of polymers, specifically 

thermoplastic polyester chemistries, it is now incumbent upon society to transition from a 

phenomenological understanding to a much more scientific and quantitative assessment of 

abrasion. More specifically, interrogating 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 

strategies 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 material removal in these types of 

polyester materials. 

The experimental framework of this dissertation is built on a combination of microscopy, 

spectroscopy, and mechanical evaluations that allowed to provide insightful observations towards 

the behavior of polyester surfaces when subjected to material removal. This work provided a new 

methodology through Precision Polymer Abrasion (PPA), which allows the controlled material 

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



experimental results obtained from abrasion testing on injection molded plaques 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 considers the 

mechanical and chemical modifications that result from the general phenomenon of abrasive wear. 

Additionally, it allows the quantitation of the effect of the polymer architectures and molecular 

modifications to mitigate material removal from polymer surfaces.  
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CHAPTER 1. INTRODUCTION  

1.1 FUNDAMENTAL CONCEPTS IN POLYMER SCIENCE 

The term ñpolymerò and ñpolymerizationò were introduced by Jöns Jacob Berzelius in 

1832, and the concept of polymers as macromolecules was empirically introduced by Hermann 

Staudinger in 1920 who was later awarded the Nobel Prize in 1953 for these discoveries. These 

scientists never imagined the impact of these concepts in the development of society. 1 

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

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

storage. 2 These materials result from the covalent bonding of defined groups of smaller molecules 

(monomers) through a series of well known chemical reactions known as step-growth (functional 

group consumption) or chain-growth (radical based reaction). 3 

Another classification for polymer relates to their processability. Polymers that can 

reversibly switch between solid or liquid phases with the application of heat are known as 

thermoplastics. Thermosets, on the other hand, cannot revert to a liquid phase after they have been 

solidified and as such, application of sufficient heat will  permanently degrade them. Thermoplastic 

polymers are commonly used on several applications due to their versatile processing and 

recycling capabilities.4 

Generally, thermoplastics do not fully crystallize easily upon cooling to the solid state 

because the process of alignment and distribution of the highly coiled and entangled polymer 

chains would be energetically unfavorable. Normally they have a combination of crystalline and 

amorphous regions. These thermoplastics are known as semi crystalline. Amorphous thermoplastic 

polymers do not crystallize when cooled to the solid state. 5ï7 
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Crystalline regions in polymers are characterized by their melting temperature (Tm), while 

amorphous regions and amorphous polymers are characterized by their glass transition temperature 

(Tg). These ranges of temperatures indicate the region where the polymer transforms abruptly from 

glassy state (hard) to rubbery state (soft). 3,7 

Most of the physical and chemical properties of polymers rely on a variety of attributes 

such as their chemical nature, their molecular weight, and their spatial conformations. For 

amorphous thermoplastics, there are several categories that are normally employed. Among them 

are poly methyl methacrylate (PMMA), polycarbonate (PC)8, and a variety of glycol modified 

polyesters such as Poly(ethylene-co-1,4-cyclohexylene -dimethylene terephthalate) (PETG), 

poly(1,4-cyclohexylene-di methylene-co-ethylene terephthalate) (PCTG), poly(1,4-

cyclohexylene-di methylene terephthalate-co-1,4-cyclohexylene-di methylene isophthalate) 

(PCTA), and poly (1,4-cyclohexylene-di methylene-co-2,2,4,4-tetramethyl-cyclobutane-diol 

terephthalate) (PCTT) (See Table 1 for a list of their chemical structures). 9  

After polymerization, these materials contain an array 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 considers the statistical average for the number of polymer chains that contain 

a variety of repeating units on a defined sample (Equation 1 and Figure 1.1). This property 

normally correlates with colligative properties of the polymer when it is in solution and their 

thermal properties. Mw (Equation 2 and Figure 1.1) considers the groups of polymer chains based 

on their size and their availability. This property normally correlates with bulk properties such as 

the viscosity.3,10 
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Table 1.1. Chemical structures, mechanical and chemical properties of selected amorphous 

thermoplastic polymers 

Acronym Chemical structure 

PMMA 

 

PC 

 

PETG/PCTG 

 

PCTA 

 

PCTT 

 

 

 
ὓ ὢὓ

Вὔὓ

Вὔ
 

( 1 ) 
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Figure 1.1. Theoretical Gaussian distribution of a polymerôs molecular weight distrubution. The 

abscissa axis goes from larger to smaller MW (left to right).  

The polydispersity index (PDI) (Equation 3) is the ratio between the weight average and 

the number average. This number is employed to roughly estimate the width of the polymer 

distribution curve (Figure 1.1). 3 The 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 of the abrasive wear 

a material can withstand. 11This conceptual framework will be expanded in section 1.3 and 1.4. 
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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 interaction among their terminal functional groups. This architecture normally is 

observed in thermoplastic amorphous polymers (Figure 1.2A). 10 Network or cross-linked 

polymers result from the interaction between more than two functional groups in a monomer or a 

chemical reaction that induces a connection among various linear chains. This architecture is 

characterized by ñcrosslink densityò, which is related to the number of junctions per volume unit. 

This type of architecture is observed in thermosets and elastomers (Figure 1.2B). 3 

Branched architectures present a broad range of possibilities based on the spatial 

arrangement. Star polymers correspond to an architecture consisting of central spherical branching 

point (known as ñthe coreò) that attaches linear chains as ñarmsò through its spatial arrangement. 

There are several polymerization techniques to create these structures including core-firstðwhere 

there is a multifunctional initiator that attaches monomers continuouslyð, and arms first e.g., 

macroinitiator. This type of branched structures is considered one of the simplest deviations from 

linear polymers (Figure 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 features.12 Bottlebrush polymers correspond to an architecture consisting of a 

linear backbone where several side chains that can be attached on the backbone monomers; this 

fact furnishes these molecules with a high side chain grafting density (Figure 1.2C2). 
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Figure 1.2. Comparisson of polymer architectures and their interrelationship in their transtion 

between the thermoplastic and the themoset classification. (Adapted from Tomalia13) 

This high side chain grafting density allows these types of molecules to avoid 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, grafting-to, and grafting 

from. Grafting through uses a reactive side chain called macromonomers. Grafting-to relates to the 

preparation of the backbone and side chains separately, and then a Grafting through approach is 

followed. Lastly, grafting-from relates to the generation of the backbone and the side chains are 

added. These macromonomers are then polymerized and their lengths depend on the amount of 

catalyst added. It has been demonstrated that bottlebrushes are partially or fully extended, and their 

sidechains are normally more extended than free linear polymer chains when the grafting density 

is high. This behavior grants unusual properties. The polymer melts resulting from this architecture 
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can have unusual rheological behavior compared with linear polymers. 14 In terms of flexibility, 

this architecture presents 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. 14 

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 as generations) and 3) terminal functional groups. There are two common strategies for 

the branch cell structure known as ódivergentô and óconvergentô. The óconvergentô strategy 

considers that reactive oligomers are grafted onto successive branched precursors to generate the 

structure. The ódivergentô approach involves the addition of branch cell construction (dendrons) in 

a controlled and stepwise manner. In terms of properties, it has been observed that the dendrimer 

architecture compared to the linear architecture for a polymer with the same composition showed 

smaller hydrodynamic volumes and higher amorphous character. Table 1.2 compares some of the 

properties between linear and dendrimer architectures. 15  

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

Frechet15) 

Linear architecture Dendritic architecture 

Random coil configuration Predictable shape that varies as a function of 

molecular weight.  

Low solubility  

(Decreases with Molecular Weight) 

Increased solubility  

(Increases with molecular weight) 

Intrinsic viscosity follows a logarithmic 

trend (Increases with molecular weight) 

Exhibits viscosity maximum and max plateau 

(Increases with molecular weight) 

Mobility by reptation and molecular 

mobility 

Mobility involving whole dendrimer as the 

kinetic flow unit. 
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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. This interaction depends on the materialôs mechanical and chemical properties as well as 

the contactôs nature. There are several classifications in the literature concerning wear 

mechanisms, however, the most employed divides the mechanisms into two main groups: 

interfacial/surface and bulk/cohesive. 16 (Figure 1.3 shows a pictorial representation) 

 

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

cohesive or bulk. 

Interfacial wear includes all mechanisms related to the dissipation of frictional work near 

the interface between surfaces. The surfaceôs chemistry, energetic interaction between the 

surfaces, and mechanical properties play an important role in these mechanisms. Adhesion and 

chemical wear are within this category. Cohesive wear includes all mechanisms that involve 

frictional work dissipation as plastic and viscoelastic responses in the polymerôs bulk material. 

These mechanisms have been stated to depend on the materialsô mechanical properties, where 

elongation to break (s), toughness, and hardness define the extent and rates of deformation. 

Abrasion and fatigue are within this category. 17,18 Although this classification provides a 

simplification to describe wear, these processes are normally interrelated, which presents a 

different level of complexity. 17 (Scheme 1.1 shows a graphical representation) 
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Scheme 1.1. Interelation between the mechanisms of material removal based on surface and bulk 

interactions in polymers (Adapted from Lancaster19)  

Abrasive wear relates to the material removal process that occurs due to plowing and 

cutting of the softer surface when there is a difference between the softer and harder materialsô 

roughness profiles. 20ï22 Chapter 2 provides an extensive evaluation of the abrasive wear on 

thermoplastic polymers and the development of the abrasion resistance field.  

1.4 SURFACE CHARACTERIZATION TECHNIQUES EMPLOYED IN POLYMER SCIENCE 

1.4.1 Microscopy evaluation of polymer surfaces 

The topology of a polymer surface is a result of processing 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 this topology, and the mechanical properties from the polymer. 23  
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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 and fractures in these systems using microscopy techniques. 24 

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, which 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 application or their environment. 

Another advantage from the microscope usage relates to the minimization of the damage and 

changes in the polymer surface when conditions are appropriate. 24ï26 Usually, the combination of 

several techniques provides complementary information which can provide the best understanding 

of the behavior.25 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 Atomic Force Microscopy (AFM). 27 In the next paragraphs, a summary 

of these techniques will be presented.  

CLSM is an optical technique that obtains 3D-reconstructions from surfaces. The principle 

behind the operation of this microscope relies on the reflected light 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 photomultiplier (Figure 

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 provides sharper images 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 depths. 28These reconstructions and measurements allow 

for the measurement of surface roughness, and extent of material damage.27 

 

Figure 1.4. Schematic diagram of the instrumental setup of (a) CLSM, (b) SEM, and (c) AFM. 

Adapted from Falsafi et al. 27 

SEM is an electron-based technique that allows the observation of features on the micro 

and nanoscale. The image is generated when a scanning focused 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).29 Field Emission SEMðwhich allows to obtain a lower electron beam diameter 

than with regular SEM due to the usage of a field-emission electron gun instead of a thermionic 

oneðis commonly employed for imaging polymer surfaces since it allows to employ low voltages. 

This capability minimizes surface damage and degradation that can occur due to exposure to high 

voltage imaging conditions. 29,30 Figure 1.4B shows a schematic of the components of this 

instrument.  

A scanning probe microscope (SPM) is an instrument that generates an image as a result 

from the close interaction between a surface and a probe with known properties. In 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 loop applied 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 consists of a cantilever 

arm and a small tip that can be from several materials such as silicon or diamond. The measured 

response relates to the force (normally <10 nN) that results from the interaction between the tipð

the cantilever works as a spring that allows precise deflection measurementðand the surface. This 

microscope can be employed in three different modes: contact, intermittent, and non-contact.  

The instrument requires a tip with cantilever, a motion (x, y, z) detecting system with a 

feedback loop, and a scanner to monitor the relative position of the surface and the tip.26 Figure 

1.4C shows a schematic of this instrumentation.  

These techniques will be employed in different chapters to provide characterization and 

further understanding of the behavior of these materials.  
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1.4.2 Chemical characterization of polymer surfaces 

An important component of the properties and behavior of polymers when they are used in 

applications 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 chemical links and elemental 

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 energy from these macromolecular systems. 

A desirable technique for surface analysis would possess the following attributes: variable 

sampling depth, insensitivity to surface roughness, and quantitative molecular speciation. 31 This 

section will explore two techniques that allow such evaluation: Fourier Transform Infrared 

Spectroscopyðspecifically the Attenuated Total Reflection (ATR) ðand X-ray Photoelectron 

Spectroscopy (XPS).  

Fourier transform infrared (FTIR) spectroscopy is a widely employed characterization 

technique due to its 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 provides specificity and structural 

information. 32  

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 sample. At 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 up to 2 mm. 32,33 

A typical FTIR-ATR instrumentation consists of an IR source, a Michelsen interferometer 

ðwhich consists of a set of stationary and movable mirrors and a beam splitter which allows to 

ñgenerateò a variety of wavenumbers based on the constructive or destructive interference 

behaviorsð, an ATR cell, detectors for the interferogram signal which will be transformed into a 

spectrum with Fourier Transforms, and the processing software and instrument control at the 

computer interface. 33,34 A schematic representation of this instrument is shown in Figure 1.5.  

 

Figure 1.5. Schematic diagram of a FTIR-ATR spectrometer 

The resulting spectra allows the evaluation of specific chemical functional groups that are 

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 the use of the emitted energy from an x-ray 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:  

 ὉὯ Ὤ’ Ὁ ɮ ( 4 ) 

Where Ek is the photoelectron kinetic energy; hn is the exciting photon energy; Eb is the 

electron binding energy in the surface; Phi is a work function that depends on the x-ray source and 

the instrumentation. 31,35  

An XPS spectrometer consists of a sample introduction system, a vacuum chamber, an X 

ray source, an electron energy analyzer, and the data acquisition system.  

Figure 1.6 shows a graphical representation.  

There are two main resulting spectra obtained from an XPS evaluation. The first spectrum 

is known as the ñSurveyò Scan, where it provides all the information regarding the elemental 

composition from the analyzed sample. The individual peaks can be identified due to a general 

database provided in a software suite known as CasaXPS.35,36 Quantitative information can be 

obtained from this measurement in terms of the abundance of each present element when adequate 

background fitting procedures have been applied. 35   
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Figure 1.6. Schematic diagram of a X-ray photoelectron spectrometer.  

The other type of spectrum is known as the high-resolution 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 normally cannot be resolved and 

additional fitting procedures and tables are required for the peak elucidation and further 

quantification. This technique allows evaluation of up to the first ten nanometers of the surface.35 

1.4.3 Mechanical characterization of polymer 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 break (e). Hardness relates to the materialôs ability to withstand indentation. 

Toughness relates to the material's ability to shatter (absorb impact energy). When a material 

shatters easily is known as brittle. Stiffness relates to the materialôs rigidity or softness when being 
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penetrated. Ductility relates to the materialôs ability to stretch and hold the deformation when a 

tensile load is applied. 11 

Normally these properties are obtained through tensile and indentation testing machines on 

the macroscale. Currently, due to the increase in the understanding of materialsô behavior, it is 

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 material 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 properties. For the case of chain volume and depth profile, Positron 

Annihilation Lifetime Spectroscopy (PALS) provides this information when analyzing polymer 

surfaces.37 This section will present an overview of these techniques and their principles.    

Nano indentation is a method in which the penetration of a known geometry 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 modulus and 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 

mechanical properties of materialsô surfaces. However, due to the lack of normalization on the 

testing values, there are not defined ranges that can be taken as a benchmark. In this work, we have 

defined the conditions to employ based on experimentation and literature review. 38 The conditions 

employed in this work are presented in Chapter 3.  
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Figure 1.7. (a) Load (L) vs displacement (h) 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 shown in Figure 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 mode is selected. 38 

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, positron 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 normally localized in 

existing defects, which includes the free volume and voids of a system. 39 Further 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 be 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 resistance 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 this dissertation. In conjunction with 

this initial information, the next section explores the different approaches that have been evaluated 

to increase the materialôs capability to reduce abrasive damage and improve the mechanical 

characteristics of it.  

1.5.2 Surface Mechanical Properties and Topological Characteristics of Thermoplastic 

Copolyesters after Precisely Controlled Abrasion 

This section presents an in-depth evaluation of the surface mechanical properties of three 

chemically similar copolyester materials based on Poly (1,4-cyclohexylene-dimethylene 

terephthalate) (PCT): a linear glycol modification (PCT-co-ethylene terephthalate) (PCTG), a 

stereoisomer modification of the phthalate moiety (PCT-co-1,4-cyclohexylene dimethylene 

isophthalate) (PCTA), and a cyclic glycol modification (PCT-co-2,2,4,4-tetramethyl cyclobutene-

diol terephthalate) (PCTT). These polymers were selected due to their relevance and current 
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market usage. In the first section, an evaluation on the nanoindentation conditions and the surface 

mechanical properties of PCTT was performed. The 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. Therefore, two tips (Berkovich and conospherical) 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 between the 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 volume observed at 

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 the values obtained from a modified 

surface by material removal. We achieved this material removal through Precision Polymer 

Abrasion (PPA) which is discussed further in the chapter. This allowed us to observe an increase 

in the mechanical properties that was facilitated by the material removal process. In addition to 

these observations, an evaluation of the number of cycles of PPA with respect to the amount of 

material removal was performed. This evaluation showed that the material removal behavior is 

intrinsic from each material and is related 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 to present 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 abrasion-based 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 (CaI) which can serve as an 

indicator of the abrasive damage that the surface sustained. The CaI has been used as a measure of 

degradation behavior in other polymers.40 This index was evaluated and contrasted with results 

from other studies that explored the relationship 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 polyolefin-based materials after they have been subjected to light and 

thermal degradation followed by mechanical disintegration.41 Finally, an evaluation of the 

selectivity of the information obtained through the CaI was evaluated when comparing the 

behavior of three chemically similar copolyesters with the results obtained by a conventional 

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 new semi empirical novel that looks to predict the amount 

of material removal from glassy polymer surfaces when subject to abrasion with PPA. This study 

considered different chemical varieties of amorphous polymers: polycarbonate (PC), poly 

(ethylene terephthalate-co- 1,4-cyclohexylene dimethylene terephthalate) (PETG), poly (1,4-
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cyclohexylene di methylene terephthalate-co-ethylene terephthalate (PCTG), poly (1,4-

cyclohexylene di methylene terephthalate-co-1,4-cyclohexylene di methylene isophthalate) 

(PCTA), and poly (1,4-cyclohexylene di methylene terephthalate-co-2,2,4,4 cyclobutane-diol 

terephthalate). The evaluation of the effect of the glass transition temperature (Tg) with molecular 

weight, mechanical properties, and material 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 surface was characterized through PPA for these 5 polymers. Two 

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 an 

empirical fit from the abrasive wear data. This new model considers a novel approach based on 

the observations presented in the previous chapters. 

1.5.5 Solvent induced crystallization of Poly (1,4-cyclohexylene di methylene-co-

2,2,4,4-tetramethyl-cyclobutane-diol terephthalate): proof of concept and model 

behavior 

The increased usage of Poly (1,4-cyclohexylene di methylene-co-2,2,4,4-tetramethyl-

cyclobutane-diol terephthalate) (PCTT) and its expansion to novel applications motivates to 

continue its evaluation and behavior exploration. The characterization of the behavior of polymers 

when they are subject to solvents provides an insight into their morphological, thermal, and 

mechanical property changes. These evaluations normally 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 solvent exposure 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 calorimetry (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 to present the importance of the understanding and 

development of practical knowledge in the field of polymer surfaces and material removal related 

to abrasive wear. This section will present related fundamental questions to address with the 

development of this work. Chapter 2 addressed the following questions: 

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

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

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

abrasive damage 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: 

¶ What are the instrumental conditions that allow the most adequate characterization 

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

similar amorphous copolyesters when evaluated at the surface level?  

¶ How do the mechanical properties of the surface change when the surface is 

subjected to Precision Polymer Abrasion? Do the trends also change after this 

process? 

¶ How do the surface mechanical properties and the progression of the material 

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: 

¶ What is the relationship between abrasive wear and chemical changes in the 

surface? Could these changes be tracked? 

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

material removal volume or wear volume? 

¶ Can these additional variables present better selectivity 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 Chapter 4 were included. 

Here the presented research questions were: 

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

glass transition temperature (Tg) for PCTT?  

¶ Is there a relationship between the mechanical surface properties and Tg?  
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¶ How does this relationship connect with the material removal behavior presented 

in these materials?  

¶ Is there a correlation between the material removal by precision polymer abrasion 

(PPA) and the mechanical and chemical properties of these materials? What 

parameters will increase the prediction power of the correlation?  

Chapter 6 introduces a behavior evaluation of PCTT when 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 model solvent (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 chapter is to present a 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, followed by a series 

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 the evaluation of polymer surfaces after 

mechanical degradation and 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 perspective, development and progress of eras is closely related to the 

processing of a material. For example, bones, stones, metals, ceramics, semiconductors 

represented commodity material sources for a variety of technological advancements. 1,2 More than 

a century ago, the great Staudinger went on a limb to present a groundbreaking revelation on the 

nature of ñmacromoleculesò (e.g., the concept of polymers versus molecular colloids) that led to a 

number of the innovative polymeric materials currently being deployed.3,4 In the timespan since 

the introduction of synthetic polymer manufacturing in the early 1900s, their production was ~ 

335 million tons in 20165, which continue to expand to a projected production of 505 in 2025. 6 

Presently, the polymer industry has expanded and created a panoply of consumer products, medical 

solutions, and applied sciences. 7 

Thermoplastic polymers fall within this class and have a large share of production and 

usage due to favorable heat processability for finely molded and formed final products. This 

feature imparts many degrees of versatility because these materials can be recycled and 

reprocessed (e.g., injection molding, extrusion etc.). 8 They display several advantages compared 

to other materials; for example, from a physical standpoint, they offer high physical impact 

resistance, low weight, and thermal and electrical resistance. From a chemical standpoint, they 

withstand exposure to a variety of fluids employed in engineering applications. 9 

When considering thermoplastics, further distinctions can be made based on their long-

range chemical order because thermoplastics may be classed as amorphous or crystalline. Table 

2.1 displays common polymers classified by crystallinity. The glass transition temperature (Tg) 
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may be determined by differential scanning calorimetry (DSC) or dynamic mechanical analysis 

(DMA), and plays a pivotal role in determining polymer ductility. Generally, below Tg, polymers 

are hardened and behave like glass (e.g., high brittleness and low impact strength). Above Tg, they 

are soft and ductile, exhibiting high impact strength.10 

Semi crystalline thermoplastic polymers tend to display greater mechanical properties, 

mold shrinkage, and higher thermal expansion coefficients compared to amorphous thermoplastic 

polymers. Generally, higher levels of crystallinity are accompanied by an increase in mechanical 

properties (i.e., modulus, tensile strength, and yield strength) related to increased stiffness; 

however, these polymers are prone to crack propagation and reduced(?) elongation due to lower 

ductility.9,10 Moreover, in the last 15 years new amorphous polymer chemistries have furnished 

glassy materials that can be reprocessed free from chemicals which may cause negative 

environmental loading. 11ï14 

A large proportion of these amorphous thermoplastic materials are commodity plastics 

(i.e., single use) in constant contact with a variety of external materials and environmental 

conditions. Based on these interactions, they can suffer ageing and material losses. 15In terms of 

material losses, wear is the study of the material removal mechanisms. There are multiple 

classifications for wear, however, the one most employed considers the depth of the interaction. 

Surface based wear mechanisms (e.g., adhesion, corrosion) cover interaction forces between 

materials that occur through contact. Bulk-or cohesive-mechanisms cover interactions between the 

surface layer (e.g., fatigue, abrasion). Abrasion wear deals with the plowing and cutting of the 

softer material through contact interaction with a harder material. Thus, abrasion is present in many 

applications even though some materials are not designed to withstand such mechanical 

interactions. 15,16 
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Table 2.1. Engineering thermoplastics classified by morphology. 

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 glycol-co-1,4 cyclohexylene-

dimethylene terephthalate) (PETG)* 

Poly (butylene terepththalate) (PBT) 

Poly (1,4 cyclohexylene-dimethylene-glycol-co-

ethylene terephthalate) (PCTG)* 

Poly (ether ether ketone) (PEEK) 

Poly (1,4 cyclohexylene-dimethylene-glycol-co-

2,2,4,4 tetramethyl cyclobutene-diol terephthalate) 

(PCTT)*  

Polyacetals 

 Thermoplastic polyurethanes (TPU) 

*Under typical processing conditions. These polymers can be semicrystalline as well.  

Our current review will  attempt for the first time to characterize salient factors contributing 

to abrasive damage and efforts to improve abrasive resistance of thermoplastic materials. This 

review intends to provide the scientific and engineering community with a coherent strategic 

approach to design materials for reduced consumption and which are able to withstand mechanical 

damage due to abrasion.  

2.2 ABRASION WEAR: DEFINITIONS AND CLASSIFICATION 

Abrasive wear refers to material removal by plowing and cutting of the softer material 

surface by mechanical forces as a result of the harder material roughness profile.16ï19 This process 

can be depicted as: 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 and continued deformation due to the constant contact and motion. 

18,20,21 The harder materialôs roughness profile functions as micro-blades, which results in micro-

machining, scratching, and plowing between them. Additionally, the softer material roughness 
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profile facilitates material detachment due to this interaction. 22,23 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 pass. Contact frequency refers to the number of sites where the materials interact (i.e., 

single or multiple). In terms of the contactôs nature, there are two types: two-body and three-body 

abrasion wear. Figure 2.1. provides a pictorial representation.  

When an abrasion process is single pass / single contact, it is known as scratch resistance 

(scratch test). 24ï26 The scratch behavior of different polymer materials has been evaluated in terms 

of the hardness, average surface roughness (Ra), root-mean-square roughness (Rq), scratch depth, 

scratch speed, scratching load, and tip shape. 24,27ï29 Other approaches have evaluated the damage 

progression behavior (fish scales, mar, crack, and material removal) or different polymeric 

materials. These behaviors have been related to the scratch load, scratch speed, and sensorial 

perceptions (color, texture).30,31 Additionally, the effect of the addition of fillers32, polymer 

substrates33, and blends34 have been evaluated in terms of the mechanical properties of the 

materials and the scratch process variables to discover new relationships in terms of scratch 

resistance from such modifications. The assessment of scratch resistance has been made through 

several adaptations and instrumentation.35ï37 
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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 contact polymer surface through 

viscoelastic and plastic responses. 3) As translational motion continues, there is material removal 

(A) (micro-cutting) and resultant plastic deformation as a result from viscoelastic behavior (B) 

(tearing, cracking, and plowing). 
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Scheme 2.1. 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 been one of the 

sources for most experiments to draw correlations and relationships between the abrasion 

phenomenon and polymersô mechanical features. These approaches will be covered in the next 

section. Regarding multi-body abrasion wear, two-body relates to the contact between two 

surfaces, whereas three-body relates to two surfaces with addition of a third element either 

embedded in one of the surfaces and becomes loose or from the abrasion itself. 20,38 (Figure 2.2 

shows a pictorial representation of the process) 
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Figure 2.2. A simple pictorial depiction of the physics of two-body and three-body abrasion wear 

processes.  

2.3  MULTIPLE CONTACT, SINGLE/MULTIPLE PASS ABRASION CHARACTERIZATION, AND 

FEATURED CORRELATIONS 

The abrasion testing of polymer materials with multiple contacts and single/multiple passes 

has received varying levels of attention over the last 50 years. The testing 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 material among which the common 

are pin-on ring and pin-on-disk. Evaluations are feasible upon considering 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 number of abrasion cycles the 

material is subject to.39ï41 

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 contain an 

abrading material.42 Martindale abrasion testing forms a Lissajous shape on the abraded surface 

by contact with the abrading material. 43,44 These testing procedures are cyclic and allow 

characterization of abrasion in terms of load, rotation speed, depth of damage, and wear rate.  

Material scientists and technicians characterize abrasion by amount of material removed 

from the surface using a variable known as wear rate, which can be expressed: 1) linearly, 2) 
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gravimetrically, or 3) energetically. The linear wear rate (wL) considers the ratio between the 

volume of material removed (Dv), and the sliding distance (d) (Equation 1). The gravimetric wear 

rate (wG) evaluates volume of material removed (Dv), area of contact (A), and sliding distance 

(Equation 2). The energetic wear rate (wR) considers volume of material removal (Dv), 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/N m.45,46 It is important to mention the 

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

obtained define magnitude.19,21,45  

ύ
Ў
                              (1) 

 ύ
Ў

                                          (2) 

 ύ
Ў

 
 
 

                                                    (3) 

Based on observations regarding testing and the variables involved, it has been assumed 

wear rate must depend on and be proportional to a combination of mechanical properties, process 

parameters, and initial surface roughness.47 J.K. Lancaster48 in 1969 provided a correlation model 

for abrasion of different polymers according to their mechanical properties. Lancaster confirmed 

observations by Ratner49 who presented a model that correlates wear rate to the friction coefficient 

(m), hardness of the material (H), breaking strength (S), and break elongation (e) to the ductility of 

the polymers. Additionally, a model was presented that relates only the inverse of the product Se 

(work required to detach a particle from the surface) to the wear rate for 18 chemically diverse 

polymers. This model is known as the Ratner-Lancaster model (Equation 4) and it has been cited 

as the most valid model for abrasion characterization. 48ï50 
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From generation of that model, several researchers attempted to correlate the wear rate and 

wear volume to a variety of process conditions, mechanical, and chemical properties. The models 

and relationships were proposed over the period of 1970 to 1995.47,51 This review will explore 

several works from 1997 to the present day which emphasize relationships between engineering 

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

Budinski52 presented an evaluation of 17 thermoplastics and 4 elastomers to quantify wear 

rate and behavior. He indicated the role of hardness in the characterization 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 frictional processes of the 

indentation.  

Cayer et al. 53 explored a relationship between force, displacement, and the molecular 

weight of polyamide 6 (PA6). A linear relationship was observed between these variables in the 

range of 19-31 kg/mol, which shows the effect of molecular weight increase on the wear rate.  

Harsha54 performed a thorough study considering three-body abrasion and its relationships 

to the wear rate and the tensile strength, elongation to break, and hardness for eight engineering 

thermoplastics including PA6, polyether sulfone (PES), poly (butylene terephthalate) (PBT), and 

poly(ether ether ketone) (PEEK). This latter study presented several correlations among these 

variables and their combinations including hardness. Harsha did not find a unique relationship 

among those variables and ones already reported.  

Morioka and collaborators55 evaluated PA6 in terms of abrasive wear, fatigue, and tensile 

properties. They found a relationship between the fracture probability and wear rate. Additionally, 
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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 collaborators56 tested nine different thermoplastics (PAI, PEI, PC, PET, 

UHMWPE, PVDF, PPS, PA6, and PPSU) to explore the effect of the degree of crystallinity with 

the polymer mechanical properties and wear rate. They found that the degree of crystallinity 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. This relationship refers to the reduction of toughness and 

ductility of the polymer material which impacts the surfaceôs ability to withstand damage and 

impacts. They defined that there are three variables that influence the material removal in 

semicrystalline 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 thermoplastics showed 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 Fechine57 explored the Ratner-Lancaster equation for 

different PE blends and elucidated an 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 approach considering mechanical properties at the surface level. Takahashi and 

coworkers tested the nano-scale wear of injection-molded dental implant thermoplastic materials 

against a heat-polymerized PMMA material by means of nanoindentation (NI) measurements. 

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 moduli in the thermoplastics, 

the authors found no correlation between material properties and wear resistance.58 It is important 

to note that the polycarbonate dentures performed best in terms of wear depth and surface 

roughness after abrasion compared to the other tested thermoplastics, exhibiting the lowest values. 

In a recent article, the abrasion behavior of three glycol modified polyesters derived from Poly 

(1,4-cyclohexylene-dimethylene terephthalate) (PCT) was evaluated through Precision Polymer 

Abrasion (PPA). The evaluated polymers (Poly (1,4-cyclohexylen-dimethylene-co-ethylene 

terephthalate) (PCTG), Poly (1,4-cyclohexylene-dimethylene terephthalate-co-1,4-cyclohexylene-

dimethylene-isophthalate) (PCTA), and Poly (1,4-cyclohexylene-dimethylene-co-2,2,4,4-

tetramethyl-cyclobutane-diol 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 

evaluation was undertaken on change in modulus as penetration of the tip increased on the surface. 

This evaluation explored the results from cross sectional NI and Positron Annihilation Lifetime 

Spectroscopy (PALS) to appraise the differences observed. This study showed two main 

observations: 1) the surface modulus changes 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 non-equilibrium 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 

resistance.16 These findings allowed to establish that the chemical nature of 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 properties with the wear 

rate, there was a different approach that considered the chemical changes on the polymer surfaces 

after abrasive damage. In 1965, Ratner and Lurôe59 presented a study where they observed 

mechano-chemical degradation characterized as a chain scission occurring by 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 not find any differences. Arkles and Schireson published a corresponding 

observation for PTFE.60 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). Here, they found a diffuse relationship between these two 

variables due to the confounding effects of molecular weight and degree of crystallinity. 

Additionally, cohesive energies are calculated from equilibrium states, which would not apply to 

an abrasion process because there is an interaction between the abrading material and the polymer 

surface in addition to the energy provided through the tangential and normal forces. 61 These 

studies reaffirmed the experiments done 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 not evolve because of these latter 

observations due to the emphasis placed on mechanical characterization.17,62,63 Over the last two 

decades, analyses and measurement techniques improved, and thus provided an opportunity to 

revisit these constructs and definitions to target the discovery of 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 
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subject to material removal. 64 Additionally, Terán and collaborators presented the usage of the 

carboxyl index (CaI) as a measure of abrasive damage independent of material removal conditions 

65,66 This approach is helpful for characterization of discarded consumer-based polymers which 

lead to generation of secondary microplastics.  

These contributions allude to an interrelation between mechanical and chemical properties 

of these materials which may potentially be exploited to obtain materials with better resistance. 

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

2.4 STRATEGIES FOR ABRASION MITIGATION IN THERMOPLASTICS 

As mentioned, material removal of thermoplastic polymers due to abrasive wear is 

contingent on their response to process conditions, intrinsic chemical and physical features, and 

their environment. A phenomenological evaluation of these interaction is critically dependent on 

these variables from which several strategies have been employed to reduce impact of abrasive 

wear. This section will explore a 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 of self-healing 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 enhanced by composite design in which the 

judicious inclusion of specific particulate and fibrous reinforcements is considered. 67,68 

Considerable enhancements to thermoplasticsô mechanical properties have been achieved with 

such use of reinforcements, typically fiberglass, carbon69 and aramid (aromatic polyamides) fibers 

or inorganic (nano)fillers.70ï73 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 of such composites. It is worth mentioning that 

introduction of certain reinforcements, for instance, carbon black (CB) or graphene oxide (GO), 

can also impart additional properties to the thermoplastics such as electrical and thermal 

conductivity in addition to modulating wear resistance,.74,75 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 highlighted further on.76ï80 

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 

reinforcements in thermoplastic matrices because the 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 strength of the interaction between 

the two components. It is important to note the surface of CF is nonpolar; thus, to achieve uniform 

dispersion and optimal interfacial adhesion between the CF reinforcement and the typically polar 

thermoplastic matrix, it is necessary to employ surface treatments to introduce polar surface 

functional groups. For a review on the topic, we refer the reader to a report by Park and 

colleagues.77  PTFE reinforced with surface-modified CNFs (through treatment with nitric acid) 

and further functionalized by organosilane surface treatment (KH-550 coupling agent) exhibited 

both lower coefficient of friction and material removal than the neat analogue. 78 The modification 

of CNF with KH-550 offered improved interfacial adhesion between the matrix 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 thermoplastic (Figure 2.3).  
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Figure 2.3. SEM micrographs of abraded PTFE composites comprise of A) untreated CNF, B) 

HNO3-treated CNF, C) HNO3-treated and KH-550- treated CNF. Cross-sectional SEM images of 

PTFE composites comprising D) untreated CNF, E) HNO3-treated CNF, F) HNO3-treated and KH-

550- treated CNF fillers. Adapted with permission from Ref.78 

Salah et al. have employed carbon nanotubes (CNTs) from oil fly ash to improve the 

mechanical properties of HDPE.79 The inclusion of 1-2% multi-walled CNTs into the HDPE 

matrix enhanced indentation hardness by approximately 63%. Additionally, tensile strength 

increased by ~ 20%, the nanocompositeôs Youngôs modulus increased by ~38%, and the stiffness 

and hardness also improved by 14 and 5%, respectively. The weight-percentage (wt-%) of CNT 

introduced is an important factor to consider for tensile stress and strain at the yield point; it was 

found that incorporation of higher CNT contents > 2 wt-% may lead to agglomeration and 

formation of clusters, which negatively impact yield stress likely due to crack initiation and 

propagation. When the same CNT reinforcement at 1 wt.-% 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, Youngôs modulus, load at break, stress at break and hardness all demonstrated 

marked increases with inclusion of CNT. Elongation at break was the only parameter displaying 

decreased performance after reinforcement. 79 (Figure 2.4) 

Lyukshin et al. carried out an experimental and detailed theoretical analysis of the wear 

resistance of ultra-high molecular weight (UHMW) PE modified by carbon fibers.80 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 than a 2-fold improvement in the amount of material removed. 

The carbon nanofibers at a loading of 0.5 wt.-% offered a solid lubricating effect and suppressed 

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

The addition of these particles, which are embedded in the polymer matrix, increases the 

wear resistance since they allow the load redistribution when the composite is being subject to 

material removal. Moreover, these particles provide a dampening effect that reduces friction and 

the material removed by abrasion and adhesion. It can be concluded that highly stiff and organized 

structures possessing a well-lubricated surface can exhibit less abrasive 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. Reprinted with 

permission from Ref. 79 
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Polyamide is a good choice for sliding bearings and aeronautic and automotive applications 

due to its optimal tribological properties, including self-lubrication because it can break down into 

microfibers upon abrasive stresses. In a study done by Mialski et al., thermoplastic polyamide 6 

was reinforced with glassy carbon (GC), biocarbon (BC) and graphene oxide (GO) through 

mechanical mixing and found to deliver suboptimal results, likely due to the mismatched chemical 

affinity of the fillers.81 Introduction of these reinforcements led to increased hardness, yet poor 

abrasion resistance in all instances. GO at 1 wt.-% led 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 formed between the sliding surfaces, 

the COF decreased for the GO and GC samples. Similarly, Venkataramareddy and co-workers 

found that nanoclay and short carbon-reinforced polyamide 66 and polypropylene blends did not 

improve wear resistance under 3-body abrasion testing conditions.82 

High performance polyamide-6 (PA6) nanocomposites were reported by Yan et al.; in their 

study, they leveraged the properties of rigid silicon carbide whiskers (SCWs) to enhance 

mechanical properties, thermal conductivity, and abrasion resistance. They found the loading 

content of SCWs had a dose-dependent effect on the coefficient of friction, whether it lead to an 

increase or decrease.83 Kumar and colleagues investigated the mechanical properties and sliding 

wear of PA6 or PP reinforced with short basalt fibers obtained through nail-screw 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 removal. 84 

Figure 2.5 shows relationships between the coefficient of friction and reinforcements. 

 

Figure 2.5. (a) The effect of basalt fiber content on coefficient of friction in Nylon 6 (Replotted 

from 84) (b) evaluation of the effect of the increase of carbon nanofibers (SCWS) in PA6 on the 

friction coefficient (Replotted from 83) 

Several studies have focused on PEEK due to its high toughness and fatigue resistance at 

elevated temperatures, making it appropriate for engineering applications. 85ï87  Hanchi and Eiss 

investigated the wear phenomena of short carbon fiber (SCF)/PEEK composites as a function of 

temperature. 88 Their results showed that SCF-reinforced PEEK is amorphous and presents a lower 

plowing behavior below Tg compared to unmodified species. The authors claimed that the reduced 

abrasive wear mechanism corresponded to a reduction on the effects of thermal softening. 

Additionally, they indicated that the debris generated from the testing adhered to the system thus 

reducing the effects of material accumulation (plowing) in the reinforced surface. Thermal 

softening at temperatures near the Tg 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 increased thermal stability and mechanical 

properties. 77 

 

Figure 2.6. Profilometry traces of wear tracks generated during wear testing (dry sliding test on 

pin-on-disk tribometer) for (a) neat PEEK and (b) short carbon fiber-reinforced PEEK. Replotted 

from Ref.88 

2.4.2 Polymer blending to modulate desired mechanical properties in composites 

The scratch and abrasion resistance of thermoplastics has also been modified through 

blending, which can bypass the need to create entirely new materials by compounding the desirable 

properties of two or more polymeric components.89,90 It has been reported that the blend 

composition plays a fundamental role in the obtention of the desired material removal 
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resistance.91,92 Polymer blends where the refractive index of the polymers closely matches each 

other will further result in clear optical properties and decreased phase separation, which is an 

important consideration when optical features are called into play. 91,92 

The blending of thermoplastic polyurethanes (TPU)ð exhibiting relatively high abrasion 

resistance due to their unique softness and elastic deformation capacitiesðhave been increasingly 

used with a variety of polymer materials.52,93 The addition of TPU on polyacetals was evaluated 

in terms of several mechanical properties such as the hardness, tensile strength, and Young 

Modulus, where a ratio between POM and TPU was observed and a stabilizer can obtain the 

highest mechanical properties, beneficial for several applications. 89 Similar observations were 

found by Panlanivelu et al when blending Polyacetal and TPU.90  

The blending between TPU and PMMA was done to evaluate impact on the combination 

of wear resistance and optical properties. This study found an increase in tensile properties when 

TPU is added up to 20%. The impact stress, and elongation to break were improved in a range up 

to 53%. Although TPU, by itself, shows a high wear resistance due to its elasticity, and ease of 

processing, the blending of these materials does not grant better abrasion resistance since the 

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 behavior of a blend.91,94 

Wang et al. reported the mechanical properties and abrasive performance of TPU and 

UHMWPE blends. Two TPUs were assessed, composed of 4,4ô-diphenylmethane and polyester, 

with a shore hardness D of 59 or 73. Incorporation of UHMWPE (6 MDa) through melt blending 

improved only the mechanical properties of the softer TPU. The authors ascribed the modest or 

counterproductive mechanical property variations to UHMPEôs extremely high melt viscosity and 
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extensive phase separation given polyethyleneôs nonpolar nature. Nevertheless, the UHMWPE 

blended at a concentration of 15% aided with abrasion resistance, especially under dry-sliding 

conditions where the self-lubricating properties of this polymer and adhesive behavior offered 

reductions in material removal.95 

Liu and colleagues investigated the tribological properties of oxy-fluorine-nitrogen and F2-

N2 surface-modified UHMWPE and polyester-based TPU composites. Their blends were obtained 

via solution-casting affording homogeneous solutions. Surface modification with oxy-fluorine 

resulted in maximum gains to interfacial adhesion as exhibited by an 89.6% increase in tensile 

strength and a marked improvement to abrasion resistance (Figure 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 polymer grafting and 

formation of hydrogen bonding, which aids improved adhesion between the two components for 

more efficient stress transfer. 96 

Another important group of materials reinforced/used as reinforcement through blending 

are polyesters such as PET and PBT. The blending of PBT and TPU showed an increase on impact 

strength and reduction on the tensile strength and the Tg, showing that there is a tradeoff between 

several properties in terms of mechanical and thermal resistance.92 

Blends of PP and PET have also been reported. In this case, two-phase morphology is 

observed after melt blending given that these two polymers are immiscible and have a large 

difference in Tm. The dispersion of 10-30 wt.-% PET within the polypropylene matrix resulted in 

discrete particle distribution of spherical morphology ranging in size from 5 to 50 µm, and 

improvement to sliding wear. The higher the amount of PET, the lower the wear rate that was 

observed by the authors, in accordance with the higher abrasion resistance. Overall, the 
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morphology and interfacial adhesion of the dispersed phase affects the mechanical properties and 

abrasion resistance of the composite.97 A further construct to highlight is formation of 

microfibrillar-reinforced composites from polymer blends.  To produce a fibrillar-shaped 

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 the 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 high- density polyethylene blends.98ï100  

 

Figure 2.7. The relative wear volume loss of theoretical calculations (theoretical calculations 

according to the equation: Volume loss = L1 × V1 + L2 × V2, i.e., Li, the volume loss for component 

i; Vi, the volume percent for component i), TPU/U-UHMWPE, TPU/F-UHMWPE, and TPU/FO-

UHMWPE composites under different mass ratios. Replotted from Ref. 96 

Pei et al. investigated PET/HDPE microfibrillar reinforced composites where PET 

contributed the fibrils and HDPE composed the matrix. The increased modulus of the 

microfibrillar composites compared to neat HDPE led to marked differences in the wear track of 



55 

 

the samples tested and particularly improved the anti-shear performance due to the unidirectional 

alignment of the fibers. 99 

Multicomponent blends have shown improved characteristics compared to their starting 

materials. Khaira et al. investigated PP/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 hardness. 101 In a study performed by Kuram and 

collaborators, they evaluated the effect on the mechanical properties of a ternary blend between 

polycarbonate (PC), Acrylonitrile-butadiene-styrene (ABS), and polyamide 6 (PA6) as these 

materials were reprocessed. It was observed that the tensile strength maintained while the strain at 

break decreased for the ternary blend, suggesting this material will be more prone to material 

removal and fracture as reprocessing of the material increases. 102 Figure 2.8 illustrates the critical 

delineated relationships. 
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Figure 2.8. Influence of the number of processing cycles on the tensile strength (squares) and 

strain at break (triangles) for PC/ABS binary and PA6/PC/ABS ternary blends (0 in horizontal axis 

represents the virgin sample). PC: polycarbonate; ABS: acrylonitrileïbutadieneïstyrene; PA6: 

polyamide 6. Replotted from 102 

For further data on this topic, we refer the reader to the referenced article.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 substrate. Another characteristic for this process to 

work relates to matching the componentsô stiffness to avoid cracking and delamination.104 The 

reader is directed to other comprehensive reviews to evaluate additional physical and chemical 

considerations regarding the suitability of sacrificial coatings. 105,106 

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 surfaces.107ï109 Bobzin and 



57 

 

collaborators evaluated mechanically and chemically two different commercial coating on a PEEK 

and PA6 surfaces. They observed that the material removal as the number of passes increased was 

reduced for the coated surfaces compared to the pristine surface for both materials with and without 

lubrication and temperature increase (Figure 2.9). They indicated reduction of delamination of the 

surfaces. 107   

Another approach that has been employed is combination of material sputtering followed 

by rapid thermal annealing (RTA) at higher temperatures. Hsieh et al. evaluated the addition of a 

Tantalum Nitride (TaN) with Ag and Cu nanoparticles on a PEEK surface. The addition of the Cu 

and Ag nanoparticles aimed to serve an antibacterial function while the TaN provided tribological 

advantages. The study showed that beside the reduction of material removal and friction 

coefficient, the addition of copper and silver proved to be effective killing E. coli and/or S. aureous 

(Figure 2.9) which can provide new opportunities for biomedical applications.110 

 

Figure 2.9. Wear volume and b coefficient of friction of PEEK/100Cr6 and aïC:H- 1/100Cr6 

under dry condition. Replotted from Ref.107 
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Organo-silicon coating have been employed on PC and PET surfaces to maintain 

transparency but reduce material removal and resistance.111ï114  This procedure relies on plasma 

enhanced chemical vapor deposition (PECVD). The application of a variety of antiwear 

organosilicas (SiOxCy) on a PET surface showed a reduction in the surface roughness, an increase 

in the surface hardness, and a reduction in the material removal.114 Similar observations were 

presented by a different chemistry (PC).  In this study they show that the organosilica layer show 

the transparency is higher (90-96%) 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 roughness, which is normally a factor for increased friction, decreased after the application 

of the film. 111 

 

Figure 2.10. Wear rate and friction coefficient for PEEK and its TaN (Ag, Cu) modifications and 

b) Time evolution of the antibacterial efficiency against E. coli. Adapted from 110 
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2.5 3.4. INTRODUCTION OF SELF-HEALING PROPERTIES TO RESTORE THERMOPLASTIC SURFACES 

UPON DAMAGE. 

Self-healing design introduced to thermoplastics is a very promising and underexplored 

avenue to obtain abrasion resistance and resilience toward wear. Self-healing polymers can be 

fabricated according to two general routes: (i) extrinsic healing agents (i.e., capsules) contained 

within the matrix and (ii) dynamic covalent or non-covalent chemistries that require external 

stimuli to stimulate healing. Most of the research undertaken in the area concerning thermoplastics 

has focused on thermoplastic polyurethanes (See Figure 2.11 for a pictorial representation).115ï118  

 

Figure 2.11. Self-healing mechanism of a damaged self-healing polyurethane (SHP). Replotted 

from Ref 119 
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Recently, Yang et al. have reported a series of polycaprolactone-based TPUs with 

remarkable toughness and self-healing ability (Figure 2.12) They leveraged the low bond 

dissociation energy of disulphide bonds to introduce a self-healing character along the polymer 

backbone (disulphide exchange) under mild conditions (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 (isophorone (IPDI), hexamethylene (HDI), 4,4ô-diphenylmethane (MDI) and 

dicyclohexylmethane-4,4ô-diisocyanate (HMDI)), asymmetrical isocyanates aided in disrupting 

the crystallinity of PCL, thus enhancing polymer chain mobility and ultimately, the healing ability. 

Complete healing with PCL-HM could be achieved in as little as 10 min at 60 °C. 120  

Hashimoto and co-workers investigated the tensile properties of polystyrene-b-

polyisoprene-b-polystyrene (SIS), wherein the soft segment (polyisoprene) was modified by an 

ene reaction with maleic anhydride followed by acylation with n-butylamine, and as an alternative, 

neutralization of the carboxy groups to yield the sodium carboxylate salt. This protocol yielded 

three kinds of thermoplastic elastomers: SIS, hydrogen-bonded SIS and hydrogen-bonded + ionic 

SIS. The block copolymers with reversible non-covalent bonding still exhibited thermoplastic 

behavior, yet the tensile strength and toughness were superior to those reported in previous studies 

(480 MJ/m3).121 The ionic aggregation and hydrogen bonding aided in stress and energy 

dissipation. Though this study did not examine the self-healing ability of these thermoplastics, it 

is expected that the dynamic character of these non-covalent interactions would allow the polymers 

to recover following large stresses/damage.120,122 
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Figure 2.12. Synthetic strategy undertaken to synthesize self-healing PCL-based TPUs which 

exploit the dynamic nature of disulphide covalent bonds. Adapted from Ref. 120.  

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 healing in the brittle PMMA; as a crack formed under bending 

strain, the well-dispersed capsules containing dibutyl phthalate (DBP) could rupture and release 

DBP solvent/healing agent within the crack, leading to solvent filling, PMMA swelling and 

diffusion, and chain 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% of initial value) and 

moderate mechanical properties. This study highlighted the importance of engineering interface 

properties carefully, as light transmissivity was greatly reduced when using polystyrene for 

instance due to refractive index mismatch and poor dispersion 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 thermoplastic 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 self-healing technologies is, by design, limited to 

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

thermoplastics. 123 

Zhang et al. provided proof-of-concept for the synthesis of multiwalled microcapsules of 

thermoplastic PMMA. Through a complicated 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 final layer of wax to 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 microcapsules can offer a degree 

of thermal insulation for the monomer (b.p. 189 °C, whereas degradation of the microreactors 

commences at 200 °C) and the multiwalled design should offer added rigidity for processing. 124 
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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 10 wt.-% 

1.4 µm diameter methacryl-functionalized silica coated DBP-filled urea-formaldehyde particles 

and c) PMMA with 6 wt.-% 75 µm diameter annealed capsules. The arrows point to cracks and 

healed damage. Reproduced with permission from Ref.123 

2.6 CONCLUDING REMARKS AND FUTURE PERSPECTIVES 

The fundamental concepts evaluated are intended to guide future efforts toward 

differentiating terminology, concepts, and evaluation with respect abrasive wear in thermoplastics 

by cultivating a polymer chemical perspective. With this regard, we encourage avoidance of 

oversimplification of the physical mechanisms of material removal and thus delimit the extent and 

conditions for material removal.  

We have demonstrated there are several established strategies for the enhancement of wear 

resistance in thermoplastics. The literature is replete with the use of reinforcements; however, it is 

imperative to carefully consider additive and matrix interfacial bonding to avoid increased abrasive 

losses in composites under testing/operating conditions. The use of polymer blends is also 

promising because it enables the fine tuning of mechanical properties without having to design 
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new polymer classes. Yet again, it is necessary to carefully consider the dispersion of the minority 

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

When considering the next generation of mechanically tough and abrasion-resistant 

thermoplastics, it is expected that consideration of polymer molecular 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, hyperbranched, and self-assembled materials as 

lubricants123ï126 and biomaterials.127 Whether these architectures are explored as part of the 

thermoplastic matrix or as additives may greatly influence the final properties of the 

thermoplastics, as well as dictate whether microphase separation occurs due to enthalpic or 

entropic forces. Additionally, the application of self-healing chemistries for thermoplastics may 

be of great interest to improve abrasion resistance of polymers under various stimuli. Although 

reports of self-healing thermoplastic materials are limited,128 harnessing reversible covalent bonds 

(with particular attention to Diels-Alder, disulphide exchange, and imine chemistry) as well as 

non-covalent interactions (hydrogen bonding, metal-ligand interactions, host-guest chemistry and 

ionomeric bonds) may open additional pathways to design functionally competent materials 

exhibiting competitive performance and unparalleled resistance to abrasion. 

Further attention and publication of compositional parameters (polymer identity, MW, 

polydispersity) is of paramount significance for materials scientists to draw conclusive trends from 

available publications and continue to advance this relevant field. In addition, a phenomenological 

understanding of the evolution of material removal through abrasion is also important to the 

development of new mitigation strategies. It is imperative to establish the multidisciplinary nature 

of the process by focusing on mechanical and chemical characterizations of polymer surfaces. It 
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is important to look for new approaches to mitigate the impact of polymer surface removal while 

maximizing efforts towards better understanding of the long-term impacts of material removal.  

Acknowledgments 

The Authors gratefully acknowledge the generous discussion and support from Dr. Emmett 

OôBrien, Dr. Peter Carver, Dr. Barclay Satterfield from the Eastman Chemical R&D Center; Dr. 

Richard Venditti, Dr. Jan Genzer, Dr. Kirill Efimenko, Dr. Reza Ghiladi from the Departments of 

Forest Biomaterials, Chemical & Biomolecular Engineering, and Chemistry at NC State 

University. We are also thankful for the technical support of Charles Mooney, Toby Tung, and Dr. 

M. Walters from AIF at NC State University and SMIF at Duke University.  

  



66 

 

2.7 REFERENCES 

1) Deanin, R. D. History of Engineering Thermoplastics. Journal of Macromolecular 

Science: Part A - Chemistry 1981, 15 (6), 1201ï1209. 

https://doi.org/10.1080/00222338108066461. 

(2) Libonati, F.; Buehler, M. J. Advanced Structural Materials by Bioinspiration . Adv Eng 

Mater 2017, 19 (5), 1600787. https://doi.org/10.1002/adem.201600787. 

(3) Feldman, D. Polymer History. Des Monomers Polym 2008, 11 (1), 1ï15. 

https://doi.org/10.1163/156855508X292383. 

(4) Percec, V.; Xiao, Q. The Legacy of Hermann Staudinger: Covalently Linked 

Macromolecules. Chem 2020, 6 (11), 2855ï2861. https://doi.org/10.1016/j.chempr.2020.10.007. 

(5) Getor, R. Y.; Mishra, N.; Ramudhin, A. The Role of Technological Innovation in Plastic 

Production within a Circular Economy Framework. Resour Conserv Recycl 2020, 163, 105094. 

https://doi.org/10.1016/j.resconrec.2020.105094. 

(6) Khan, A.; Ahmed, N.; Rabnawaz, M. Covalent Adaptable Network and Self-Healing 

Materials: Current Trends and Future Prospects in Sustainability. Polymers (Basel) 2020, 12 (9), 

2027. https://doi.org/10.3390/polym12092027. 

(7) Ali, U.; Karim, K. J. Bt. A.; Buang, N. A. A Review of the Properties and Applications of 

Poly (Methyl Methacrylate) (PMMA). Polymer Reviews 2015, 55 (4), 678ï705. 

https://doi.org/10.1080/15583724.2015.1031377. 



67 

 

(8) Dirauf, M.; Muljajew, I.; Weber, C.; Schubert, U. S. Recent Advances in Degradable 

Synthetic Polymers for Biomedical Applications  Beyond Polyesters. Prog Polym Sci 2022, 129, 

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

(9) Garbassi, F.; Po, R. Engineering Thermoplastics, Overview. In Encyclopedia of Polymer 

Science and Technology; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2001. 

https://doi.org/10.1002/0471440264.pst406. 

(10) Melton, G. H.; Peters, E. N.; Arisman, R. K. Engineering Thermoplastics. In Applied 

Plastics Engineering Handbook; Kutz, M., Ed.; Elsevier: Oxford, 2011; pp 7ï21. 

https://doi.org/10.1016/B978-1-4377-3514-7.10002-9. 

(11) Mankar, S. v.; Garcia Gonzalez, M. N.; Warlin, N.; Valsange, N. G.; Rehnberg, N.; 

Lundmark, S.; Jannasch, P.; Zhang, B. Synthesis, Life Cycle Assessment, and Polymerization of 

a Vanillin-Based Spirocyclic Diol toward Polyesters with Increased Glass-Transition 

Temperature. ACS Sustain Chem Eng 2019, 7 (23), 19090ï19103. 

https://doi.org/10.1021/acssuschemeng.9b04930. 

(12) Legrand, S.; Jacquel, N.; Amedro, H.; Saint-Loup, R.; Colella, M.; Pascault, J.-P.; 

Fenouillot, F.; Rousseau, A. Isosorbide and Tricyclodecanedimethanol for the Synthesis of 

Amorphous and High T g Partially Biobased Copolyesters. ACS Sustain Chem Eng 2020, 8 (40), 

15199ï15208. https://doi.org/10.1021/acssuschemeng.0c04679. 

(13) Wang, J.; Mahmud, S.; Zhang, X.; Zhu, J.; Shen, Z.; Liu, X. Biobased Amorphous 

Polyesters with High Tg : Trade-Off between Rigid and Flexible Cyclic Diols. ACS Sustain Chem 

Eng 2019, 7 (6), 6401ï6411. https://doi.org/10.1021/acssuschemeng.9b00285. 



68 

 

(14) Ajinjeru, C.; Kishore, V.; Liu, P.; Lindahl, J.; Hassen, A. A.; Kunc, V.; Post, B.; Love, L.; 

Duty, C. Determination of Melt Processing Conditions for High Performance Amorphous 

Thermoplastics for Large Format Additive Manufacturing. Addit Manuf 2018, 21, 125ï132. 

https://doi.org/10.1016/j.addma.2018.03.004. 

(15) Tewari, U. S.; Sharma, S. K.; Vasudevan, P. Polymer Tribology. Journal of 

Macromolecular Science, Part C: Polymer Reviews 1989, 29 (1), 1ï38. 

https://doi.org/10.1080/07366578908055162. 

(16) Terán, J. E.; Pal, L.; Spontak, R. J.; Lucia, L. Surface Mechanical Properties and 

Topological Characteristics of Thermoplastic Copolyesters after Precisely Controlled Abrasion. 

ACS Appl Mater Interfaces 2023, 15 (5), 7552ï7561. https://doi.org/10.1021/acsami.2c19377. 

(17) Lancaster, J. K. Material-Specific Wear Mechanisms: Relevance to Wear Modelling. Wear 

1990, 141 (1), 159ï183. https://doi.org/10.1016/0043-1648(90)90200-T. 

(18) Li, D. Abrasive Wear. In Friction, Lubrication, and Wear Technology; Toten, G. E., Ed.; 

ASM International, 2017; Vol. 18, pp 243ï251. https://doi.org/10.31399/asm.hb.v18.a0006382. 

(19) Moore, M. A. Abrasive Wear. International Journal of Materials in Engineering 

Applications 1978, 1 (2), 97ï111. https://doi.org/10.1016/S0141-5530(78)90054-7. 

(20) Abdelbary, A. Friction and Wear of Polymer and Polymer Composites. In Tribology of 

Polymer and Polymer Composites for Industry 4.0; Jena, H., Katiyar, J. K., Patnaik, A., Eds.; 

Springer Singapore: Singapore, 2021; pp 33ï54. https://doi.org/10.1007/978-981-16-3903-6_3. 

(21) Lancaster, J. K. Friction and Wear. In Polymer Science; Jenkins A.D., Ed.; Elsevier: New 

York, 1972; Vol. 2, pp 959ï1046. https://doi.org/10.1016/B978-0-7204-0247-6.50005-6. 



69 

 

(22) Myshkin, N. K.; Petrokovets, M. I.; Kovalev, A. V. Tribology of Polymers: Adhesion, 

Friction, Wear, and Mass-Transfer. Tribol Int 2005, 38 (11ï12), 910ï921. 

https://doi.org/10.1016/j.triboint.2005.07.016. 

(23) Wieleba, W. The Mechanism of Tribological Wear of Thermoplastic Materials. Archives 

of Civil and Mechanical Engineering 2007, 7 (4), 185ï199. https://doi.org/10.1016/S1644-

9665(12)60236-2. 

(24) Friedrich, K.; Sue, H. J.; Liu, P.; Almajid, A. A. Scratch Resistance of High Performance 

Polymers. Tribol Int 2011, 44 (9), 1032ï1046. https://doi.org/10.1016/j.triboint.2011.04.008. 

(25) Briscoe, B. J.; Sinha, S. K. Scratch Resistance and Localised Damage Characteristics of 

Polymer Surfacesï a Review. Materwiss Werksttech 2003, 34 (1011), 989ï1002. 

https://doi.org/10.1002/mawe.200300687. 

(26) Briscoe, B. J.; Sinha, S. K. Tribological Applications of Polymers and Their Composites ï 

Past, Present and Future Prospects. In Tribology of Polymeric Nanocomposites; Friedrich, K., 

Schlarab, A. K., Eds.; Elsevier: Waltham, MA, 2013; pp 1ï22. https://doi.org/10.1016/B978-0-

444-59455-6.00001-5. 

(27) van Breemen, L. C. A.; Govaert, L. E.; Meijer, H. E. H. Scratching Polycarbonate: A 

Quantitative Model. Wear 2012, 274ï275, 238ï247. https://doi.org/10.1016/j.wear.2011.09.002. 

(28) Gauthier, C.; Lafaye, S.; Schirrer, R. Elastic Recovery of a Scratch in a Polymeric Surface: 

Experiments and Analysis. Tribol Int 2001, 34 (7), 469ï479. https://doi.org/10.1016/S0301-

679X(01)00043-3. 



70 

 

(29) Liu, M.; Yan, F.; Gao, C. Influence of Sliding Velocity on Microscratch Response of 

Carbohydrate Polymers by Berkovich Indenter. Polym Test 2022, 109. 

https://doi.org/10.1016/j.polymertesting.2022.107542. 

(30) Jiang, H.; Browning, R.; Sue, H.-J. Understanding of Scratch-Induced Damage 

Mechanisms in Polymers. Polymer (Guildf) 2009, 50 (16), 4056ï4065. 

https://doi.org/10.1016/j.polymer.2009.06.061. 

(31) Hamdi, M.; Sue, H. J. Effect of Color, Gloss, and Surface Texture Perception on Scratch 

and Mar Visibility in Polymers. Mater Des 2015, 83, 528ï535. 

https://doi.org/10.1016/j.matdes.2015.06.073. 

(32) Kurkcu, P.; Andena, L.; Pavan, A. An Experimental Investigation of the Scratch Behaviour 

of Polymers ï 2: Influence of Hard or Soft Fillers. Wear 2014, 317 (1ï2), 277ï290. 

https://doi.org/10.1016/j.wear.2014.03.011. 

(33) Seeger, P.; Ratfisch, R.; Moneke, M.; Burkhart, T. Addition of Thermo-Plastic 

Polyurethane (TPU) to Poly(Methyl Methacrylate) (PMMA) to Improve Its Impact Strength and 

to Change Its Scratch Behavior. Wear 2018, 406ï407, 68ï74. 

https://doi.org/10.1016/j.wear.2017.11.024. 

(34) Motamedi, P.; Bagheri, R. Study of the Scratch Resistance Criteria and Their Relationship 

with Mechanical Properties and Microstructure in a Ternary Thermoplastic Blend. Wear 2017, 

386ï387, 118ï128. https://doi.org/10.1016/j.wear.2017.06.008. 

(35) Liu, P.; Lee Browning, R.; Sue, H.-J.; Li, J.; Jones, S. Quantitative Scratch Visibility 

Assessment of Polymers Based on Erichsen and ASTM/ISO Scratch Testing Methodologies. 

Polym Test 2011, 30 (6), 633ï640. https://doi.org/10.1016/j.polymertesting.2011.04.015. 



71 

 

(36) Wong, M.; Lim, G. T.; Moyse, A.; Reddy, J. N.; Sue, H.-J. A New Test Methodology for 

Evaluating Scratch Resistance of Polymers. Wear 2004, 256 (11ï12), 1214ï1227. 

https://doi.org/10.1016/j.wear.2003.10.027. 

(37) Briscoe, B. J.; Pelillo, E.; Sinha, S. K. Characterisation of the Scratch Deformation 

Mechanisms for Poly(Methylmethacrylate) Using Surface Optical Reflectivity. Polym Int 1997, 

43 (4), 359ï367. https://doi.org/10.1002/(SICI)1097-0126(199708)43:4<359::AID-

PI772>3.0.CO;2-C. 

(38) Malucelli, G.; Marino, F. Abrasion Resistance of Polymer Nanocomposites - A Review. In 

Abrasion Resistance of Materials; Adamiak, M., Ed.; InTech, 2012; pp 1ï19. 

https://doi.org/10.5772/27960. 

(39) Abdelbary, A. Methodology of Testing in Wear. In Wear of Polymers and Composites; 

Elsevier: Cambridge, 2014; pp 159ï183. https://doi.org/10.1533/9781782421788.159. 

(40) Abdelbary, A. Wear. In Extreme Tribology; CRC Press: Boca Raton, 2020; pp 72ï104. 

https://doi.org/10.1201/9780429448867-4. 

(41) Mittal, M. Wear Measuring Devices for Biomaterials. In Characterization, Testing, 

Measurement, and Metrology; CRC Press: First edition. | Boca Raton : CRC Press, 2020. |, 2020; 

pp 1ï14. https://doi.org/10.1201/9780429298073-1. 

(42) ASTM. Standard Test Method for Abrasion Resistance of Organic Coatings by the Taber 

Abraser; 2019. 

(43) ISO4586 High-Pressure Decorative Laminates (HPL, HPDL) ð Sheets Based on 

Thermosetting Resins (Usually Called Laminates); Vernier, 2018. 



72 

 

(44) EN16094-Microscratch for Laminate Flooring; Brussels, 2012. 

(45) Evans, D. C.; Lancaster, J. K. The Wear of Polymers. In Treatise on Materials Science & 

Technology; Scott, D., Ed.; Academic Press: New York, NY, 1979; Vol. 13, pp 85ï139. 

https://doi.org/10.1016/S0161-9160(13)70066-8. 

(46) Kraghelsky, I. v. Calculation of Wear Rate. Journal of Basic Engineering 1965, 87 (3), 

785ï790. https://doi.org/10.1115/1.3650690. 

(47) Sinha, S. K.; Briscoe, B. J. Surface Mechanical Damage and Wear of Polymers. In 

Encyclopedia of Polymer Science and Technology; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 

2006. https://doi.org/10.1002/0471440264.pst550. 

(48) Lancaster, J. K. Abrasive Wear of Polymers. Wear 1969, 14 (4), 223ï239. 

https://doi.org/10.1016/0043-1648(69)90047-7. 

(49) Ratner, S. B.; Farberova, I. I.; Radyukevich, O. V.; Lurôe, E. G. Conection between the 

Wear Resistance of Plastics and Other Mechanical Properties. Soviet Plastics 1964, 7, 37ï41. 

(50) Myshkin, N. K.; Kovalev, A. V. Friction and Wear of Polymers and Polymer Composites. 

In Friction, Lubrication, and Wear Technology; Totten, G. E., Ed.; ASM International, 2017; Vol. 

18, pp 559ï567. https://doi.org/10.31399/asm.hb.v18.a0006373. 

(51) Hakami, F.; Pramanik, A.; Basak, A. K.; Ridgway, N. Elastomersô Wear: Comparison of 

Theory with Experiment. Tribol Int 2019, 135, 46ï54. 

https://doi.org/10.1016/j.triboint.2019.02.035. 

(52) Budinski, K. G. Resistance to Particle Abrasion of Selected Plastics. Wear 1997, 203ï204, 

302ï309. https://doi.org/10.1016/S0043-1648(96)07346-2. 



73 

 

(53) Cayer-Barrioz, J.; Mazuyer, D.; Kapsa, Ph.; Chateauminois, A.; Robert, G.; Bouquerel, F. 

On the Correlation Abrasive Wear Resistance ï Molecular Weight: A Quantitative Wear Law for 

Polymeric Fibres. Wear 2006, 261 (3ï4), 460ï466. https://doi.org/10.1016/j.wear.2005.11.010. 

(54) Harsha, A. P. An Investigation on Low Stress Abrasive Wear Characteristics of High 

Performance Engineering Thermoplastic Polymers. Wear 2011, 271 (5ï6), 942ï951. 

https://doi.org/10.1016/j.wear.2011.03.019. 

(55) Morioka, Y.; Tsuchiya, Y.; Shioya, M. Correlations between the Abrasive Wear, Fatigue, 

and Tensile Properties of Filler-Dispersed Polyamide 6. Wear 2015, 338ï339, 297ï306. 

https://doi.org/10.1016/j.wear.2015.07.003. 

(56) Tóth, L. F.; Sukumaran, J.; Szebényi, G.; de Baets, P. Tribo-Mechanical Interpretation for 

Advanced Thermoplastics and the Effects of Wear-Induced Crystallization. Wear 2019, 440ï441, 

203083. https://doi.org/10.1016/j.wear.2019.203083. 

(57) Ferreira, E. H. C.; Fechine, G. J. M. High Abrasive Wear Resistance Polyethylene Blends: 

An Adapted RatnerïLancaster Correlation. Polymer Bulletin 2022, 79 (6), 3631ï3648. 

https://doi.org/10.1007/s00289-021-03680-3. 

(58) Hamanaka, I.; Iwamoto, M.; Lassila, L. V. J.; Vallittu, P. K.; Takahashi, Y. Wear 

Resistance of Injection-Molded Thermoplastic Denture Base Resins. Acta Biomater Odontol 

Scand 2016, 2 (1), 31ï37. https://doi.org/10.3109/23337931.2015.1135747. 

(59) Ratner, S. B.; Lurôie, Y. G. The Relation between Wear and the Thermochemical Stability 

of Polymers. Vysokomol. soyed 1966, 8, 93ï99. 



74 

 

(60) Arkles, B. C.; Schireson, M. J. The Molecular Weight of PTFE Wear Debris. Wear 1976, 

39 (1), 177ï180. https://doi.org/10.1016/0043-1648(76)90235-0. 

(61) Giltrow, J. P. A Relationship between Abrasive Wear and the Cohesive Energy of 

Materials. Wear 1970, 15 (1), 71ï78. https://doi.org/10.1016/0043-1648(70)90187-0. 

(62) Briscoe, B. J. Wear of Polymers: An Essay on Fundamental Aspects. Tribol Int 1981, 14 

(4), 231ï243. https://doi.org/10.1016/0301-679X(81)90050-5. 

(63) Lee, L.-H. Effect of Surface Energetics on Polymer Friction and Wear. In Advances in 

Polymer Friction and Wear; Lee, L. H., Ed.; Springer US: Boston, MA, 1974; Vol. 5, pp 31ï68. 

https://doi.org/10.1007/978-1-4613-9942-1_3. 

(64) Sidebottom, M. A.; Junk, C. P.; Salerno, H. L. S.; Burch, H. E.; Blackman, G. S.; Krick, 

B. A. Wear-Induced Microstructural and Chemical Changes in Poly[Tetrafluoroethylene- Co -

(Perfluoroalkyl Vinyl Ether)] (PFA). Macromolecules 2018, 51 (23), 9700ï9709. 

https://doi.org/10.1021/acs.macromol.8b01564. 

(65) Terán, J. E.; Pal, L.; Spontak, R. J.; Lucia, L. Abrasion beyond the Material Removed: 

How the Surface Chemical Can Characterize This Phenomenon. Material Horizons 2023, 

Submitted. 

(66) Terán, J. E.; Rasines Mazo, A.; Pal, L.; Lucia, L.; Spontak, R. J. Abrasion Resistance of 

Thermoplastics: Current State and Challenges Depicted under the Unique Lens of Polymer 

Chemistry. Polymer Reviews 2023, Submitted. 



75 

 

(67) Briscoe, B. J. The Tribology of Composite Materials: A Preface. In Advances in Composite 

Tribology; Friederich, K., Ed.; Elsevier: Amsterdam, 1993; Vol. 8, pp 3ï15. 

https://doi.org/10.1016/B978-0-444-89079-5.50005-2. 

(68) Crosby, A. J.; Lee, J. Polymer Nanocomposites: The ñNanoò Effect on Mechanical 

Properties. Polymer Reviews 2007, 47 (2), 217ï229. https://doi.org/10.1080/15583720701271278. 

(69) Narkis, M.; Lidor, G.; Vaxman, A.; Zuri, L. New Injection Moldable Electrostatic 

Dissipative (ESD) Composites Based on Very Low Carbon Black Loadings. J Electrostat 1999, 

47 (4), 201ï214. https://doi.org/10.1016/S0304-3886(99)00041-8. 

(70) Naderizadeh, S.; Athanassiou, A.; Bayer, I. S. Interfacing Superhydrophobic Silica 

Nanoparticle Films with Graphene and Thermoplastic Polyurethane for Wear/Abrasion 

Resistance. J Colloid Interface Sci 2018, 519, 285ï295. https://doi.org/10.1016/j.jcis.2018.02.065. 

(71) Lu, X.-C.; Wen, S.-Z.; Tong, J.; Chen, Y.-T.; Ren, L.-Q. Wettability, Soil Adhesion, 

Abrasion and Friction Wear of PTFE (+ PPS) + Al2O3 Composites. Wear 1996, 193 (1), 48ï55. 

https://doi.org/10.1016/0043-1648(95)06668-3. 

(72) Zhang, Z.; Yang, M.; Yuan, J.; Guo, F.; Men, X. Friction and Wear Behaviors of MoS2-

Multi -Walled-Carbonnanotube Hybrid Reinforced Polyurethane Composite Coating. Friction 

2019, 7 (4), 316ï326. https://doi.org/10.1007/s40544-018-0214-x. 

(73) Tang, G.; Zhang, J.; Liu, C.; Zhang, D.; Wang, Y.; Tang, H.; Li, C. Synthesis and 

Tribological Properties of Flower-like MoS2 Microspheres. Ceram Int 2014, 40 (8), 11575ï11580. 

https://doi.org/10.1016/j.ceramint.2014.03.115. 



76 

 

(74) Atawa, B.; Maneval, L.; Alcouffe, P.; Sudre, G.; David, L.; Sintes-Zydowicz, N.; Beyou, 

E.; Serghei, A. In-Situ Coupled Mechanical/Electrical Investigations on Conductive TPU/CB 

Composites: Impact of Thermo-Mechanically Induced Structural Reorganizations of Soft and 

Hard TPU Domains on the Coupled Electro-Mechanical Properties. Polymer (Guildf) 2022, 256, 

125147. https://doi.org/10.1016/j.polymer.2022.125147. 

(75) Dong, M.; Li, Q.; Liu, H.; Liu, C.; Wujcik, E. K.; Shao, Q.; Ding, T.; Mai, X.; Shen, C.; 

Guo, Z. Thermoplastic Polyurethane-Carbon Black Nanocomposite Coating: Fabrication and 

Solid Particle Erosion Resistance. Polymer (Guildf) 2018, 158, 381ï390. 

https://doi.org/10.1016/j.polymer.2018.11.003. 

(76) Yan, F.; Wang, W.; Xue, Q.; Wei, L. The Correlation of Wear Behaviors and 

Microstructures of Graphite-PTFE Composites Studied by Positron Annihilation. J Appl Polym 

Sci 1996, 61 (7), 1231ï1236. https://doi.org/10.1002/(SICI)1097-

4628(19960815)61:7<1231::AID-APP20>3.0.CO;2-Z. 

(77) Yao, S.-S.; Jin, F.-L.; Rhee, K. Y.; Hui, D.; Park, S.-J. Recent Advances in Carbon-Fiber-

Reinforced Thermoplastic Composites: A Review. Compos B Eng 2018, 142, 241ï250. 

https://doi.org/10.1016/j.compositesb.2017.12.007. 

(78) Shi, Y.; Feng, X.; Wang, H.; Lu, X. The Effect of Surface Modification on the Friction and 

Wear Behavior of Carbon Nanofiber-Filled PTFE Composites. Wear 2008, 264 (11ï12), 934ï939. 

https://doi.org/10.1016/j.wear.2007.06.014. 

(79) Salah, N.; Alfawzan, A. M.; Saeed, A.; Alshahrie, A.; Allafi, W. Effective Reinforcements 

for Thermoplastics Based on Carbon Nanotubes of Oil Fly Ash. Sci Rep 2019, 9 (1), 20288. 

https://doi.org/10.1038/s41598-019-56777-1. 



77 

 

(80) Panin, S. v.; Kornienko, L. A.; Alexenko, V. O.; Buslovich, D. G.; Bochkareva, S. A.; 

Lyukshin, B. A. Increasing Wear Resistance of UHMWPE by Loading Enforcing Carbon Fibers: 

Effect of Irreversible and Elastic Deformation, Friction Heating, and Filler Size. Materials 2020, 

13 (2), 338. https://doi.org/10.3390/ma13020338. 

(81) Myalski, J.; Godzierz, M.; Olesik, P. Effect of Carbon Fillers on the Wear Resistance of 

PA6 Thermoplastic Composites. Polymers (Basel) 2020, 12 (10), 2264. 

https://doi.org/10.3390/polym12102264. 

(82) Ravi Kumar, B. N.; Suresha, B.; Venkataramareddy, M. Effect of Particulate Fillers on 

Mechanical and Abrasive Wear Behaviour of Polyamide 66/Polypropylene Nanocomposites. 

Mater Des 2009, 30 (9), 3852ï3858. https://doi.org/10.1016/j.matdes.2009.01.034. 

(83) Qian, M.; Xu, X.; Qin, Z.; Yan, S. Silicon Carbide Whiskers Enhance Mechanical and 

Anti-Wear Properties of PA6 towards Potential Applications in Aerospace and Automobile Fields. 

Compos B Eng 2019, 175, 107096. https://doi.org/10.1016/j.compositesb.2019.107096. 

(84) Raajeshkrishna, C.; Pradeep, A.; Rishi Kumar, R. Influence of Fiber Content on 

Mechanical, Tribological Properties of Short Basalt Fiber-Reinforced Nylon 6 and Polypropylene 

Composites. Journal of Thermoplastic Composite Materials 2021, 34 (6), 765ï779. 

https://doi.org/10.1177/0892705719853613. 

(85) Friedrich, K.; Karger-Kocsis, J.; Lu, Z. Effects of Steel Counterface Roughness and 

Temperature on the Friction and Wear of PE(E)K Composites under Dry Sliding Conditions. Wear 

1991, 148 (2), 235ï247. https://doi.org/10.1016/0043-1648(91)90287-5. 

(86) Voss, H.; Friedrich, K. On the Wear Behaviour of Short-Fibre-Reinforced Peek 

Composites. Wear 1987, 116 (1), 1ï18. https://doi.org/10.1016/0043-1648(87)90262-6. 



78 

 

(87) Almajid, A.; Friedrich, K.; Floeck, J.; Burkhart, T. Surface Damage Characteristics and 

Specific Wear Rates of a New Continuous Carbon Fiber (CF) / Polyetheretherketone (PEEK) 

Composite under Sliding and Rolling Contact Conditions. Applied Composite Materials 2011, 18 

(3), 211ï230. https://doi.org/10.1007/s10443-010-9147-x. 

(88) Hanchi, J.; Eiss, N. S. Dry Sliding Friction and Wear of Short Carbon-Fiber-Reinforced 

Polyetheretherketone (PEEK) at Elevated Temperatures. Wear 1997, 203ï204, 380ï386. 

https://doi.org/10.1016/S0043-1648(96)07347-4. 

(89) Mehrabzadeh, M.; Rezaie, D. Impact Modification of Polyacetal by Thermoplastic 

Elastomer Polyurethane. J Appl Polym Sci 2002, 84 (14), 2573ï2582. 

https://doi.org/10.1002/app.10203. 

(90) Palanivelu, K.; Balakrishnan, S.; Rengasamy, P. Thermoplastic Polyurethane Toughened 

Polyacetal Blends. Polym Test 2000, 19 (1), 75ï83. https://doi.org/10.1016/S0142-

9418(98)00072-5. 

(91) Poomalai, P.; Siddaramaiah. Studies on Poly(Methyl Methacrylate) (PMMA) and 

Thermoplastic Polyurethane (TPU) Blends. Journal of Macromolecular Science, Part A 2005, 42 

(10), 1399ï1407. https://doi.org/10.1080/10601320500205764. 

(92) Huang, J.; Lu, X.; Zhang, G.; Qu, J. Study on the Rheological, Thermal and Mechanical 

Properties of Thermoplastic Polyurethane/Poly (Butylene Terephthalate) Blends. Polym Test 

2014, 36, 69ï74. https://doi.org/10.1016/j.polymertesting.2014.03.006. 

(93) Li, B.; Li, M.; Fan, C.; Ren, M.; Wu, P.; Luo, L.; Wang, X.; Liu, X. The Wear-Resistance 

of Composite Depending on the Interfacial Interaction between Thermoplastic Polyurethane and 



79 

 

Fluorinated UHMWPE Particles with or without Oxygen. Compos Sci Technol 2015, 106, 68ï75. 

https://doi.org/10.1016/j.compscitech.2014.11.005. 

(94) Poomali; Siddaramaiah; Suresha, B.; Lee, J.-H. Mechanical and Three-Body Abrasive 

Wear Behaviour of PMMA/TPU Blends. Materials Science and Engineering: A 2008, 492 (1ï2), 

486ï490. https://doi.org/10.1016/j.msea.2008.03.018. 

(95) Wang, X.; Mu, B.; Wang, H. Preparation and Properties of Thermoplastic 

Polyurethane/Ultra High Molecular Weight Polyethylene Blends. Polym Compos 2015, 36 (5), 

897ï906. https://doi.org/10.1002/pc.23009. 

(96) Li, B.; Li, M.; Fan, C.; Ren, M.; Wu, P.; Luo, L.; Wang, X.; Liu, X. The Wear-Resistance 

of Composite Depending on the Interfacial Interaction between Thermoplastic Polyurethane and 

Fluorinated UHMWPE Particles with or without Oxygen. Compos Sci Technol 2015, 106, 68ï75. 

https://doi.org/10.1016/j.compscitech.2014.11.005. 

(97) Neogi, S.; Hashmi, S.; Chand, N. Role of PET in Improving Wear Properties of PP in Dry 

Sliding Condition. Bulletin of Materials Science 2003, 26 (6), 579ï583. 

https://doi.org/10.1007/BF02704319. 

(98) Evstatiev, O.; Oster, F.; Friedrich, K.; Fakirov, S. On the Tribological Behavior of Micro-

Fibrillar Reinforce Composites from Polycondensation/Polyolefin-Blends. Int J Polym Mater 

2004, 53 (12), 1071ï1083. https://doi.org/10.1080/00914030390245820. 

(99) Pei, X.; Evstatiev, M.; Friedrich, K. Mechanical and Tribological Properties of PET/HDPE 

MFCs. Int J Polym Mater 2012, 61 (12), 963ï977. 

https://doi.org/10.1080/00914037.2011.610065. 



80 

 

(100) Evstatiev, M.; Fakirov, S.; Friedrich, K. Manufacturing and Characterization of 

Microfibrillar Reinforced Composites from Polymer Blends. In Polymer Composites; Friederich, 

K., Fakirov, S., Zhang, Z., Eds.; Springer-Verlag: New York, 2005; pp 149ï167. 

https://doi.org/10.1007/0-387-26213-X_9. 

(101) Chand, N.; Naik, A. M.; Khaira, H. K. Development of UHMWPE Modified PP/PET 

Blends and Their Mechanical and Abrasive Wear Behavior. Polym Compos 2007, 28 (2), 267ï

272. https://doi.org/10.1002/pc.20302. 

(102) Kuram, E.; Ozcelik, B.; Yilmaz, F. The Effects of Recycling Process on Thermal, 

Chemical, Rheological, and Mechanical Properties of PC/ABS Binary and PA6/PC/ABS Ternary 

Blends. Journal of Elastomers & Plastics 2016, 48 (2), 164ï181. 

https://doi.org/10.1177/0095244315576239. 

(103) Avalle, M.; Romanello, E. Tribological Characterization of Modified Polymeric Blends. 

Procedia Structural Integrity 2018, 8, 239ï255. https://doi.org/10.1016/j.prostr.2017.12.026. 

(104) Lugscheider, E.; Bobzin, K.; Maes, M.; Krämer, A. On the Coating of Polymers ï Basic 

Investigations. Thin Solid Films 2004, 459 (1ï2), 313ï317. 

https://doi.org/10.1016/j.tsf.2003.12.134. 

(105) Barroso, G.; Li, Q.; Bordia, R. K.; Motz, G. Polymeric and Ceramic Silicon-Based 

Coatings ï a Review. J Mater Chem A Mater 2019, 7 (5), 1936ï1963. 

https://doi.org/10.1039/C8TA09054H. 

(106) Das, S.; Kumar, S.; Samal, S. K.; Mohanty, S.; Nayak, S. K. A Review on 

Superhydrophobic Polymer Nanocoatings: Recent Development and Applications. Ind Eng Chem 

Res 2018, 57 (8), 2727ï2745. https://doi.org/10.1021/acs.iecr.7b04887. 



81 

 

(107) Bobzin, K.; Kalscheuer, C.; Thiex, M.; Sperka, P.; Hartl, M.; Reitschuster, S.; Maier, E.; 

Lohner, T.; Stahl, K. DLC-Coated Thermoplastics: Tribological Analyses Under Dry and 

Lubricated Sliding Conditions. Tribol Lett 2023, 71 (1), 2. https://doi.org/10.1007/s11249-022-

01663-7. 

(108) Lugscheider, E.; Bärwulf, S.; Riester, M.; Hilgers, H. Magnetron Sputtered Titanium 

Nitride Thin Films on Thermoplastic Polymers. Surf Coat Technol 1999, 116ï119, 1172ï1178. 

https://doi.org/10.1016/S0257-8972(99)00157-7. 

(109) Bobzin, K.; Brögelmann, T.; Kruppe, N. C. Enhanced PVD Process Control by Online 

Substrate Temperature Measurement. Surf Coat Technol 2018, 354, 383ï389. 

https://doi.org/10.1016/j.surfcoat.2018.07.096. 

(110) Hsieh, J. H.; Li, C.; Lin, Y. C.; Chiu, C. H.; Hu, C. C.; Chang, Y. H. Antibacteria and Anti-

Wear TaNï(Ag,Cu) Nanocomposite Thin Films Deposited on Polyether Ether Ketone. Thin Solid 

Films 2015, 584, 277ï282. https://doi.org/10.1016/j.tsf.2015.02.063. 

(111) Lin, Y.-S.; Weng, M.-S.; Chung, T.-W.; Huang, C. Enhanced Surface Hardness of Flexible 

Polycarbonate Substrates Using Plasma-Polymerized Organosilicon Oxynitride Films by Air 

Plasma Jet under Atmospheric Pressure. Surf Coat Technol 2011, 205 (13ï14), 3856ï3864. 

https://doi.org/10.1016/j.surfcoat.2011.01.060. 

(112) Lin, Y.; Lai, Y.; Chen, J. Scratch Resistance of Flexible Carbon Fiber Reinforced Polymer 

Composites Improved by Atmospheric Pressure Plasma Polymerized Organosilicon Oxide Films. 

Polym Compos 2019, 40 (S2), E1893ïE1902. https://doi.org/10.1002/pc.25189. 



82 

 

(113) Low, K. O.; El-Tayeb, N. S. M.; Brevern, P. v.; Chong, F. M. Study on the Scratch 

Hardness and Indentation Hardness of Burnished Poly(Oxymethylene) Surfaces. Tribology 

Transactions 2009, 52 (2), 197ï203. https://doi.org/10.1080/10402000802302490. 

(114) Lin, Y.-S.; Chen, C.-L. Wear Resistance of Low-Temperature Plasma-Polymerized 

Organosilica Deposited on Poly(Ethylene Terephthalate): The Effect of Discharge Powers. J Appl 

Polym Sci 2008, 110 (5), 2704ï2710. https://doi.org/10.1002/app.28598. 

(115) Aiswarya, S.; Awasthi, P.; Banerjee, S. S. Self-Healing Thermoplastic Elastomeric 

Materials: Challenges, Opportunities and New Approaches. Eur Polym J 2022, 181, 111658. 

https://doi.org/10.1016/j.eurpolymj.2022.111658. 

(116) Yao, Y.; Xiao, M.; Liu, W. A Short Review on Self Healing Thermoplastic Polyurethanes. 

Macromol Chem Phys 2021, 222 (8), 2100002. https://doi.org/10.1002/macp.202100002. 

(117) Wang, Y.; Zhou, Z.; Zhang, J.; Tang, J.; Wu, P. Environmental Material Research of 

Infrared Light Responsive Self-Healing Graphene-Based Thermoplastic Polyurethane. IOP Conf 

Ser Earth Environ Sci 2021, 661 (1), 012007. https://doi.org/10.1088/1755-1315/661/1/012007. 

(118) Hia, I. L.; Vahedi, V.; Pasbakhsh, P. Self-Healing Polymer Composites: Prospects, 

Challenges, and Applications. Polymer Reviews 2016, 56 (2), 225ï261. 

https://doi.org/10.1080/15583724.2015.1106555. 

(119) Xie, H.; Sheng, D.; Zhou, Y.; Xu, S.; Wu, H.; Tian, X.; Sun, Y.; Liu, X.; Yang, Y. 

Thermally Healable Polyurethane with Tailored Mechanical Performance Using Dynamic 

Crosslinking Motifs. New Journal of Chemistry 2020, 44 (32), 13584ï13590. 

https://doi.org/10.1039/D0NJ02671A. 



83 

 

(120) Wu, H.; Xie, H.; Tian, X.; Sun, Y.; Shi, B.; Zhou, Y.; Sheng, D.; Liu, X.; Yang, Y. Hard, 

Tough and Fast Self-Healing Thermoplastic Polyurethane. Prog Org Coat 2021, 159, 106409. 

https://doi.org/10.1016/j.porgcoat.2021.106409. 

(121) Yan, M.; Cao, L.; Xu, C.; Chen, Y. Fabrication of ñZn2+ Salt-Bondingsò Cross-Linked 

SBS-g-COOH/ZnO Composites: ThiolïEne Reaction Modification of SBS, Structure, High 

Modulus, and Shape Memory Properties. Macromolecules 2019, 52 (11), 4329ï4340. 

https://doi.org/10.1021/acs.macromol.9b00483. 

(122) Kajita, T.; Tanaka, H.; Noro, A.; Matsushita, Y.; Nozawa, A.; Isobe, K.; Oda, R.; 

Hashimoto, S. Extremely Tough Block Polymer-Based Thermoplastic Elastomers with Strongly 

Associated but Dynamically Responsive Noncovalent Cross-Links. Polymer (Guildf) 2021, 217, 

123419. https://doi.org/10.1016/j.polymer.2021.123419. 

(123) Jackson, A. C.; Bartelt, J. A.; Braun, P. v. Transparent Self-Healing Polymers Based on 

Encapsulated Plasticizers in a Thermoplastic Matrix. Adv Funct Mater 2011, 21 (24), 4705ï4711. 

https://doi.org/10.1002/adfm.201101574. 

(124) Zhu, D. Y.; Rong, M. Z.; Zhang, M. Q. Preparation and Characterization of Multilayered 

Microcapsule-like Microreactor for Self-Healing Polymers. Polymer (Guildf) 2013, 54 (16), 4227ï

4236. https://doi.org/10.1016/j.polymer.2013.06.014. 

(125) van Ravensteijn, B. G. P.; Bou Zerdan, R.; Seo, D.; Cadirov, N.; Watanabe, T.; Gerbec, J. 

A.; Hawker, C. J.; Israelachvili, J. N.; Helgeson, M. E. Triple Function Lubricant Additives Based 

on OrganicïInorganic Hybrid Star Polymers: Friction Reduction, Wear Protection, and Viscosity 

Modification. ACS Appl Mater Interfaces 2019, 11 (1), 1363ï1375. 

https://doi.org/10.1021/acsami.8b16849. 



84 

 

(126) Faivre, J.; Shrestha, B. R.; Burdynska, J.; Xie, G.; Moldovan, F.; Delair, T.; Benayoun, S.; 

David, L.; Matyjaszewski, K.; Banquy, X. Wear Protection without Surface Modification Using a 

Synergistic Mixture of Molecular Brushes and Linear Polymers. ACS Nano 2017, 11 (2), 1762ï

1769. https://doi.org/10.1021/acsnano.6b07678. 

(127) Adibnia, V.; Mirbagheri, M.; Faivre, J.; Robert, J.; Lee, J.; Matyjaszewski, K.; Lee, D. W.; 

Banquy, X. Bioinspired Polymers for Lubrication and Wear Resistance. Prog Polym Sci 2020, 

110, 101298. https://doi.org/10.1016/j.progpolymsci.2020.101298. 

(128) Aiswarya, S.; Awasthi, P.; Banerjee, S. S. Self-Healing Thermoplastic Elastomeric 

Materials: Challenges, Opportunities and New Approaches. Eur Polym J 2022, 181, 111658. 

https://doi.org/10.1016/j.eurpolymj.2022.111658. 

  



85 

 

CHAPTER 3. SURFACE MECHANICAL PROPERTIES AND TOPOLOGICAL 

CHARACTERISTICS OF THERMOPLASTIC COPOLYESTERS AFTER 

PRECISELY CONTROLLED ABRASION  

(Ter§n, J. E., Pal, L., Spontak, R.J., Lucia, L. ñSurface Mechanical Properties and Topological Characteristics of 

Thermoplastic Copolyesters after Precisely Controlled Abrasionò, ACS Applied Materials and Interfaces, 15 (5), 

7552-7561 (2023). DOI: https://pubs.acs.org/doi/full/10.1021/acsami.2c19377) 

3.1 INTRODUCTION 

Synthetic polymeric materials have been increasingly employed for a wide array of 

industrial and consumer applications for more than 100 years.1,2 This trend continues to expand 

due to the significant versatility, property tunability, and relatively low cost that various polymer 

chemistries afford each application.2ï4 However, a challenge that continues to plague the polymer 

industry relates to wear. Wear relates to mechanisms associated with the removal of material 

caused by two or more bodies that come into contact.5ï7 These mechanisms can be generally 

categorized according to the depth of damage as either bulk or surface.5,6 Bulk mechanisms 

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 such as these are useful, an important 

consideration nonetheless is that more than a single wear mechanism can occur simultaneously.5 

In this study, we specifically focus on abrasion and demonstrate that, while relatively 

straightforward to measure, resulting metrics 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 contact.6,8 An abrasive process can be described by a 3-step 

sequence: (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, material displacement and/or detachment 

ensues.8ï10 To lessen the extent of abrasion, polymeric materials capable of elastically absorbing 

https://pubs.acs.org/doi/full/10.1021/acsami.2c19377
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mechanical energy without deforming typically possess high tensile modulus and yield strength 

and are normally preferred in high-contact applications.11ï14 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 enhancement. 15ï19 When a polymer is selected for a consumer application, it 

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 reduce post-application solid 

waste.20,21 Thermoplastic polymers are routinely utilized in these situations due to their 

processability in the melt at elevated temperatures.22,23 For this reason, some polyester-based 

thermoplastics enjoy a considerable share of the plastics market (~ $92 billion in 2020 and 

projected24 to increase to over $165 billion by 2027) due to their relatively low cost and variable 

processing methods (e.g., film extrusion, blow-molding or fiber-spinning). Examples of 

commercialized (co)polyesters used in the manufacture of, for instance, textiles, packaging and 

3D-printed objects, include poly(ethylene terephthalate) (PET), 1,4-cyclohexylene-di-methylene 

(CHDM) glycol-modified PET (PETG), poly(1,4-cyclohexylene-di-methylene terephthalate) 

(PCT), and acid-modified PCT (PCTA).25,26 All these polyesters are semicrystalline with normal 

melting temperatures typically > 240 °C, but glass transition temperature (Tg) values that are low 

(~ 80 °C) compared to other common thermoplastics that remain amorphous (glassy) during 

application: poly(methyl methacrylate) (Tg å 105 °C) and polycarbonate (Tg å 150 ÁC).
14,27ï30 To 

increase the Tg in a new family of glassy copolyesters, the rigid 2,2,4,4-tetramethyl-1,3-

cyclobutane diol (TMCD) monomer31 has been chemically introduced into a glycol-modified PCT 

to yield poly(1,4-cyclohexylene-dimethylene-co-TMCD terephthalate) (PCTT).27 These polymers 

possess similar advantages as other copolyesters, but with a higher Tg (~107 °C) and without the 
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incorporation of bisphenol-A and -S (BPA and BPS) monomers required in the synthesis of 

polycarbonates.27,32-34  

Several studies 35ï38 have successfully applied nanoindentation (NI) to examine nanoscale 

wear (ñnanowearò) regarding a variety of thermoplastics, including PC and PET.37,39ï43 Surface 

mechanical characterization routinely includes metrics such as the reduced/surface modulus, 

surface hardness, and contact stiffness. While prior studies have elucidated the quasi-static surface 

mechanics of several commercial polymers, none as of yet have evaluated these glassy 

copolyesters.35,44ï46 Before investigating the surface properties of PCTT, however, we hasten to 

point out that several studies report39ï41,47 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 analysis of chemically 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 three glycol-modified copolyesters, (2) 

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 

Injection-molded plaques of PCTG, PCTA, 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. Reagent-grade isopropanol 

(IP) was acquired from Sigma-Aldrich (St. Louis, MO, USA). 
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3.2.2 Methods 

The transparent plaques were cut into pieces measuring approximately 1 cm x 1 cm and 

wiped with IP before analysis at ambient temperature. The surface mechanical properties were 

measured by NI with a Bruker Hysitron 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 5-s loading, 2-s holding and 5-s unloading at a rate of 0.24 mN/s. Measurements were 

performed with a diamond Berkovich tip (150 nm radius of curvature) and a conospherical tip (1 

µm 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 PCTT plaque after it was 

subjected to focused ion-beam (FIB) milling at an accelerating voltage of 30 kV. Post-abrasion 

indentation experiments were conducted using the same conditions as above with the 

conospherical tip. All data were analyzed with the Triboscan software 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 response of a polymer surface after several cycles. 

In addition, the precise and repeatable conditions of PPA afford semi-quantitative measurement of 

surface mechanical properties after the surface is subjected to controlled abrasion caused by the 

lateral motion of an indentation probe. This process is facilitated through the Scanning Probe 

Microscopy (SPM) system available on the Bruker Hysitron TI980 Triboindenter. The surface is 

first imaged before the PPA process, after which the plowing force, frequency and abrasion area 

are all set. The process terminates with an image collected from the post-PPA surface. In all cases, 

the PPA tests reported here were executed over a 100 µm2 area and performed under the following 

operating conditions: 0.1 mN load, 0.8 Hz scanning frequency, 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 passes) under the same operating conditions as above.  

Optical microscopy images and profiles were acquired by confocal laser-scanning 

microscopy (CLSM) conducted on a Keyence VK-X 1100 Series instrument (Osaka, Japan) with 

a 150x magnification lens over a scanned area of 73 µm x 97 µm. 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 of approximately 11, 500, 1000, and 1500 nm from the surface. The number 

of annihilation events in each run was ~2 x 106. The time-dependent intensity, I(t), of gamma 

radiation emitted upon annihilation of ortho-positronium (o-Ps) was collected and subsequently 

fitted to a series of exponentials according to  
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to determine the third intensity coefficient (I3) and characteristic time (Ű3), which are 

indicative of o-Ps annihilation within soft matter such as polymers.48 Analysis of t3 in the context 

of the Tau-Eldrup model,49,50 given by 
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provided the free-volume pore radius (r) with the assumptions of spherical pores and an 

electron layer thickness (Dr) of 0.166 nm.51 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 the Tg of each copolyester. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Analysis of Pristine Copolyesters 

The chemical structures of the three copolyesters examined in this study, displayed for 

comparison in Figure 3.1a, are most noticeably differentiated by their diol units, although the 

PCTA consists of isophthalic and terephthalic acids whereas PCTG and PCTT solely contain 

terephthalic acid. Most importantly, the PCTT possesses the molecularly rigid TMCD moiety, 

which effectively stiffens the chain.31 This manifestation is evident from DSC analysis, which 

yields the following Tg values (in °C): 85.6 (PCTG), 84.4 (PCTA), and 109.6 (PCTT). As 

anticipated, the Tg of PCTT is the highest and deviates the most in the series. Similar deviation is 

clearly visible in their corresponding load-displacement curves measured by NI with a 

conospherical tip in Figure 3.1b. In this case, the curves for PCTG and PCTA are virtually 

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 that mostly depends on the contact stiffness (S) 

calculated from the initial slope of the unloading curve just after the maximum load (Lmax) is 

removed, and the contact area (A), calculated from the indenter tip shape and surface response to 

indentation (plastic vs. elastic). In their seminal study, Oliver and Parr52 have proposed to express 

the unloading curve as a power-law function that could be readily differentiated to facilitate 

evaluation of E* from 
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Here, b considers the shape of the indenting tip and is assigned53 values of 1.07 for a 

Berkovich tip and 1.00 for a conospherical tip. The surface modulus (Es), a material property, is 

related to E* according to 

 ρ
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where n denotes the Poisson ratio. For a diamond indenter, Etip = 1140 GPa and ntip = 

0.07.35,54 Poisson ratios supplied by the manufacturer for PCTG, PCTA, and PCTT are 0.38, 0.38 

and 0.45, respectively. Although values of Es can be overestimated35,55 from NI measurements due 

to pile-up effects and time-dependent viscoelastic properties, those reported herein are acquired 

under identical measurement conditions and are therefore expected to be sufficiently consistent to 

permit comparison. 

Throughout numerous 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 properties.56ï58 The most common indenter tips employed in polymer nanomechanical 

characterization are the Berkovich and conospherical tips already mentioned.37,39,57,58 Because 

surface topology changes during abrasion, the choice of indenter tip must generate a consistent 

material-removal response throughout the process to ensure accurate comparisons are made. For 

this reason, we have evaluated the surface response of PCTT to NI using both tips and 

quantitatively compared the results to choose the one affording consistent measurements. A series 

of load-displacement curves collected with a Berkovich tip is presented over a load range from 0.1 

to 1.2 mN in Figure 3.2a. Values of Es determined from these curves are provided as functions of 

load and depth in Figure 3.2b and 2.2c, respectively. The large variability in Es evident at loads 

below 0.3 mN and penetration depths below 0.3 µm is attributed to the signal/noise limits for the 
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piezoelectric system of the instrument under the experimental conditions selected. Beyond these 

levels, however, the results indicate that Es is nearly constant at ~2.1 GPa at depths up to about 0.6 

µm.  

 

Figure 3.1. The chemical structures of the PCTG, PCTA, and PCTT copolyesters are provided in 

(a), and their representative load-displacement curves measured by nanoindentation (NI) are 

presented in (b). Surface properties extracted from these data according to the Oliver-Parr 

analysis method47 are included in Table 3.1. 

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

measured59,60 to be 1.50 GPa on average. Corresponding results obtained under identical testing 
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conditions with the conospherical indenter tip are included in Figure 3.3. It is immediately 

apparent that the load-displacement curves displayed in Figure 3.3a are considerably different, as 

evidenced by the greater penetration depth relative to those measured with the Berkovich tip in 

Figure 3.2a, even though the maximum load levels are the same. The dependence of Es on load in 

Figure 3.3b and depth in Figure 3.3c confirm that (i) large measurement variability is restricted 

to a load of < 0.2 mN or a depth of < 0.2 µm, (ii ) Es is independent of load or depth up to ~0.5 mN 

or 0.7 mm, respectively (in agreement with the Berkovich measurements), and (iii ) Es increases 

with increasing load or depth at higher load levels or greater indentation depths. At low load and 

depth levels, Es is ~1.9 GPa, which is closer to the bulk tensile modulus59,60 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 the variations in Es with respect to specimen depth in Figure 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 milling of a 

plaque yields a cross-section without exposing the polymer to the mechanical (shearing) action 

associated with sectioning. Values of Es extracted from NI load-displacement curves collected at 

different depths and analyzed according to Eqs. ( 7 ) and ( 1 ) are provided as a function of the 

distance from the plaque surface in Figure 3.4a and suggest that the modulus increases slightly as 

the testing depth is increased, a finding in qualitative agreement with the results in Figure 3.3c. It 

is important to recognize, however, that the depth range in Figure 3.3c is less than 1.5 µm, whereas 

it extends to 300 µm in Figure 3.4a. Included in Figure 3.4a is the corresponding hardness (H = 

Lmax/A), which is a measure of local deformation resistance39 and is relatively independent of 

specimen depth. 
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Figure 3.2. In (a), load-displacement curves acquired from the PCTT copolyester with a 

Berkovich indenter tip at different maximum load levels (color-coded). Values of the surface 

modulus (Es) determined from these data according to the Oliver-Parr analysis method52 are 

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

(c), respectively. The dashed lines in (b) and (c) identify the mean value of Es excluding 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), load-displacement curves acquired from the PCTT copolyester with a 

conospherical indenter tip at different maximum load levels (color-coded). Values of Es 

discerned from these data according to the Oliver-Parr analysis method52 are displayed as 

functions of the maximum load and corresponding depth of penetration in (b) and (c), 

respectively. The dashed lines in (b) signify the mean value of Es excluding the measurement 

with the greatest variability at 0.1 mN up to the maximum depth achieved with the Berkovich 

indenter tip in Figure 2, and the error bars correspond to the standard error. 
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Figure 3.4. In (a), dependence of Es (left ordinate) and hardness (H, right ordinate), measured by 

NI with a conospherical indenter tip, on distance from the specimen surface in a carefully FIB-

milled cross-section 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 

measurement are 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 the free-volume 

characteristics of the PCTT copolyester. Because the PALS profiles displaying the time 

dependence of o-Ps annihilation (as measured from the emission of gamma radiation) appear 

identical, they are not included here. Rather, the free-volume pore radius calculated from Ű3 

according to Eq. ( 6 ) is presented as a function of average implantation depth in Figure 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 and Tg, is obtained by 

multiplying the intensity (I3), which reflects the population of pores, by the volume of a single 
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pore, assuming a conventional spherical volume of 4r3/3. These values, normalized with respect 

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

the FV decreases as the specimen depth is increased. In other words, these results from PALS 

qualitatively corroborate the cross-sectional NI tests by implying that Es increases with increasing 

depth. A similar inverse relationship between FV and modulus has been recently reported by 

Gaydarov et al.61 for a series of substituted cellulose esters. A depth-related change in Es most 

likely reflects the thermal processing of the PCTT, which is injection molded in the melt at 

temperatures above its Tg (109.6 °C) and subsequently cooled to ambient temperature. During the 

cooling process, thick PCTT extrudates experience a thermal gradient and thus dissipate the heat 

more quickly at the plaque surface, thereby freezing-in nonequilibrium conformations (residual 

stress and volumetric shrinkage62) that might result in lowering Es at the extrudate surface, as 

observed in Figure 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 listed in Table 3.1 for direct comparison. In 

addition to tabulating values of E*, Es, H, and S, we include the recovery depth (hr), the maximum 

depth (hmax), and the H/E* ratio, the latter of which provides a relative measure of abrasion 

resistance and is commonly referred to as the indentation recovery. While the measures of material 

stiffness (E*, Es and S) consistently indicate that PCTG exhibits the stiffest response, followed by 

PCTA and lastly by PCTT, all the copolyesters possess comparable H values (~280 MPa), which 

are also quantitatively similar to the cross-sectional NI results presented in Figure 3.4a. Since H 

= Lmax/A and Lmax is held constant at 1.2 mN, these results signify that the contact area likewise 

remains nearly constant, which, in agreement with previous studies,39,63 evinces that 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 by NI with a conospherical 

indenter tip.a 

 

 Polymer E* Es H S hr hmax H/E* 

  (GPa) (GPa) (MPa) (mN/nm) (nm) (nm)  

PCTG 3.65±0.01 3.13±0.01 278±0 8.55±0.03 832±8 1232±3 0.076 

PCTA 3.19±0.01 2.73±0.01 279±0 7.45±0.03 893±4 1234±3 0.087 

PCTT 2.89±0.01 2.32±0.00 275±0 6.83±0.02 818±9 1271±2 0.095 

 

a Errors correspond to the standard error in the data 

In contrast, however, measured values of hmax in Table 3.1 confirm that PCTT affords the 

greatest indentation depth at constant load, whereas the lowest value of hr for PCTT corresponds 

to the highest elastic recovery, of the three copolyesters investigated in this work.64 This 

observation is in favorable agreement with the tabulated moduli and stiffness results, which 

together indicate that PCTG and PCTA are more likely to dissipate more energy relative to PCTT 

as they undergo greater plastic deformation. Moreover, the H/E* ratio 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 abrasion cycles examined.65, 66 These results are also consistent with the glycol 

modified polyestersô Poisson ratios, which are a measure of the elastic recovery on the bulk. For 

this reason, the next sections focus exclusively on the response of PCTT to controlled surface 

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 material.6,8 Within the context of this definition, we 

have selected the PPA conditions to fulfill two criteria: (1) controlled extent of pile-up generated 

after material removal to avoid stochastic contributions to the analysis, and (2) material removal 

at depth and roughness levels that permit post-abrasion 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 displayed in Figure 3.5. In Figure 3.5a and 

5b, height profiles acquired from the same instrument under identical operating conditions are 

compared for the copolyesters before and after PPA, respectively, and reveal that the abraded 

surface topologies are copolyester-dependent. The profiles acquired prior to PPA in Figure 3.5a 

confirm that all the polymer surfaces are featureless. After PPA, however, each abraded region 

pictured in Figure 3.5b exhibits a unique, but uniformly symmetric profile with a depletion region 

adjacent to pile-up.  

According to the height profiles in Figure 3.5b and the 3D SPM images in Figure 3.5c, 

the PCTT specimen provides the most uniform response to PPA with a root-mean-square (rms) 

roughness of 38 nm over the analysis area (100 µm2). Corresponding 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 profiles 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 µm x 20 µm scan size are provided 

in (c), and nanowear metrics are listed in Table 2. 

Although roughness is often considered5,67  a surface metric that correlates with abrasion 

resistance, the topological results shown in Figure 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 adopted6,9,13,47 to describe 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 discussed in Figure 3.5. Values 

of the wear volume, calculated because of the difference between the average heights of the pristine 

and PPA areas, are included in Table 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 higher elastic 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.34 have reported a comparable relationship between Es and 

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 series, plasticity calculated from a conventional NI load-displacement curve can be used 

to deduce the relative Es ranking, along with the expected levels of surface abrasion. 

Table 3.2. Nanowear metrics obtained from a single PPA pass of three copolyesters.a 

 

 Polymer Wear height Wear scan size Wear volume  

  (nm) (µm) (µm3)   

PCTG 56±3 10 5.6±0.3  

PCTA 56±6 10 5.6±0.6  

PCTT 26±6 10 2.7±0.6  

 

a Errors correspond to the standard error in the data. 

After PPA, the controllably abraded surfaces can be further subjected to analysis by NI.68,69 

To begin, we consider NI tests conducted on specimens after a single abrasion pass, such as those 

examined regarding nanowear in Figure 3.5. Resultant SPM height profiles and CLSM images of 

the regions exposed to PPA and subsequently investigated by NI are provided in Figure 3.6a 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 extracted from the NI tests are listed in Table 3.3. Comparison of the NI results acquired 

from pristine and PPA-modified specimens under identical measurement conditions in Table 3.2 

and 2.3, respectively, yields a particularly noteworthy observation: E*, Es, H, 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 > PCTT. Measured increases in Es are 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 normal force and corresponding hydrostatic pressure introduced during PPA,37 

implying that the mechanical characterization of polymer surfaces after abrasion must consider 

depth-related property changes of the polymer being tested (cf. Figure 3.4a) and abrasion-induced 

property changes in the same spirit as the Boltzmann superpositioning principle.70 

 

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 data according to the Oliver-Parr analysis method47 are 

included in Table 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 pass.a 

 

Polymer E* Es H S hmax H/E* 

(GPa) (GPa) (MPa) (mN/nm)  (nm) 

PCTG 3.99±0.03 3.43±0.03 292±3 9.03±0.19 1165±20 0.073 

PCTA 3.89±0.01 3.32±0.01 287±0 8.93±0.03 1165±1 0.074 

PCTT 3.10±0.02 2.47±0.01 284±2 7.17±0.03 1196±7 0.092 
 

a Errors correspond to the standard error in the data. 

As mentioned earlier, the H/E* ratio furnishes 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 

(post-abrasion) but remains substantially higher than the other two values. This outcome suggests 

that, even after surface abrasion, PCTT remains the most abrasion-resistant of this copolyester 

series, in favorable agreement with the nanowear results provided in Figure 3.5and 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 from a single 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 height profiles (note the difference in height scale compared to those supplied 

in Figure 3.6). The characteristic features that become increasingly pronounced as the number of 

passes is increased are the depletion and adjacent pile-up regions, the latter of which start to 

approach heights measuring on the order of 1 µm. Quantitation of the volume of surface material 

removed after each PPA pass provides a systematic measure of nanowear in this polymer series 
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and yields the wear volume results displayed in Figure 3.8. Here, the wear volume initially 

increases nearly linearly with an increasing number 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 

PPA cycles 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 comparative purposes yield the solid 

lines in Figure 3.8. 

 

Figure 3.7. Height profiles measured by SPM of the PCTT copolyester 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 as a function of the number of PPA passes for 

the three copolyesters under investigation (color-coded). The solid lines represent regressions of 

an empirical exponential rise model to the data, whereas the dotted lines are extrapolations of the 

regressed model fits. 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 > PCTG). 

Due to instrument access, only the PCTT has been evaluated 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) µm3. The dramatically different wear response for PCTG observed 

under identical process and measurement conditions points to a material-related phenomenon that 

affects the mechanism of PCTG abrasion resistance. To address other abrasion-related 

considerations, a mechano-chemical interpretation of abrasion is forthcoming but is beyond the 

scope of the present work.  

3.4 CONCLUSIONS 

The objectives of this study are to (i) interrogate experimental approaches by which to 

systematically measure surface abrasion of polymers and (ii ) use these approaches to compare the 

mechanical properties of three glycol-modified copolyester surfaces. Direct comparison of 

indenter tips has established that the conospherical tip yields lower surface modulus values and 
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greater penetration depths 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 with NI measurements 

performed on FIB-milled cross-sectional specimens, as well as PALS profiles generated upon 

differential-energy depth-profiling of PCTT (which reveal that the total polymer free volume 

decreases from the specimen surface to its interior). To develop a 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 single-pass PPA consistently 

promotes increases in modulus, hardness, and stiffness due to the introduction of a normal surface 

force, resulting in hydrostatic pressure, during PPA. The PPA protocol likewise furnishes a 

quantitative analysis of wear volume and potentially wear rate of the polymers, and our 

interpretations compare favorably with those previously reported elsewhere.40ï42,47 While deter-

mination of wear resistance based exclusively on NI metrics without considering topological and 

measurement-induced alterations can be misleading,16,65 our findings demonstrate that PCTT not 

only possesses a higher Tg 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) governing surface abrasion is warranted to provide a complete 

picture of thermoplastic wear resistance and its impact on microplastic management. 
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CHAPTER 4. ABRASION BEYOND THE MATERIAL REMOVED: HOW THE 

SURFACE CHEMICAL CHANGES C AN CHARACTERIZE THIS PHENOMENON  

4.1 INTRODUCTION 

The estimated ratio between disposed/produced plastics from 1950 until 2022 is ~ 75.9% 

of 8300 MT overall total with most of this waste disposed of in landfills, which is the most common 

disposal method. 1 It is estimated that 12,000 MT 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), which further complicates 

management efforts. 3  

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 resistance 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 load). 4,5 Wear 

rate provides a qualitative and indirect measurement of abrasive wear phenomenon as revealed by 

several standardized testing protocols such as the pin-on-ring, pin-on-disk, Taber, and Martindale 

abrasion tests. 6ï11 Regardless of the abrasion test performed on a polymer sample, its wear rate is 

conventionally correlated with the polymerôs mechanical properties as given by the Ratner-

Lancaster model, the benchmark for behavior comparison. 12,13 Although, up to this moment, there 

is no experimental data and evidence that this relationship holds for all types of polymers besides 

thermoplastic semicrystalline materials. 13 

Evaluation and enhancement of polymer surfaces against abrasive wear have been 

normally considered for new materials to extend the lifetime of the polymer product. For this 
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reason, several evaluations considering mechanical properties such as tensile modulus, hardness, 

and the H/E (Hardness/Modulus) ratio, are employed to predict wear resistance of materials in a 

defined application. 14ï17 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 explored. 1 Furthermore, even if the mechanical characterization 

of abrasion was performed, it would not describe any cumulative changes that the polymer surface 

sustained.18,19 

The chemical changes associated with abrasive wear of polymers surfaces were first 

introduced by Ratner and Lurôe, who indicated a reduction in the molecular weight (MW).20 A 

similar observation was discovered by Arkles and Schireson on PTFE. 21 Recently, 

characterization of chemical changes occurring on a polymer abraded surface was reported through 

techniques such as DSC and FTIR.22  These findings correlate 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 degradation as indicated by chain scission resulting in molecular weight reduction, 

or a host of physico-chemical features.23,24  

Currently, consumer plastics employed for general usage (e.g., food storage, packaging) 

are made of a variety of glassy polymers that provide physical barriers and resistance to mechanical 

and thermal damage, in addition to transparency. 18,25As examples we have a variety of homo and 

copolymers such as poly (methyl methacrylate) (PMMA), polystyrene (PS), polypropylene (PP), 

polycarbonate (PC), and a variety of glycol modified polyesters such as polyethylene glycol-co-

1,4 cyclohexylene terephthalate (PETG) and (poly (1,4-cyclohexylen-dimethylene terephthalate-
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co-2,2,4,4 tetra methyl-cyclobutane-1,3 diol terephthalate) (PCTT) (See Figure 4.1 for a graphical 

representation of the chemical structures). 25,26 

 

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 of be reprocessed and its synthesis 

without Bisphenol A (BPA) make this material one of the most suitable options for consumer 

polymers for the present and the future.26,27 Current research has suggested BPA  can potentially 

mimic  the hormone estrogen and it can leach out from the employed polymers. 2,25,28 We are 

interested in the 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 the first-time evidence of a mechano-

chemical degradation phenomenon occurring when thermoplastics are subject to abrasive damage 
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without prior thermal or light degradation exposure. Additionally, we offer carboxyl index (CaI), 

which has been used as a measure of polymer degradation, 29 as a metric to gauge material removal 

in polymers. This quantity can be used as an alternative to wear rate measurements due to its 

complete independence from testing 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 measuring 10 cm x 10 cm and 3.2 mm thick were 

kindly provided by Eastman Chemical Company (Kingsport, TN, USA), and used without further 

purification or modification prior to testing. The abrading materials employed were generic 

aluminum oxide sandpaper sheets, and diamond sandpapers. The average particle sizes for the 

abrading material employed were on average 95, 182, 199, and 378 mm. Reagent grade isopropanol 

(IP) was acquired from Sigma-Aldrich (Sigma-Aldrich, MO, USA). 

4.2.2 Microscopy characterization 

Optical microscopy images and profiles were acquired by confocal laser-scanning 

microscopy (CLSM) conducted on a Keyence VK-X 1100 Series instrument (Osaka, Japan) with 

a 5x, and 20x magnification lens over a scanned area of 2062 µm x 2750 µm, and 527 µm x 702 

µm. Low-voltage scanning electron microscopy (SEM) images of the abraded surfaces were 

acquired on an ultrahigh-resolution FEI Verios 460L field emission electron microscope at an 

accelerating voltage of 0.5 kV 
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4.2.3 Chemical characterization 

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 scans were conducted at a resolution of 8 

cm-1 in the range from 4000 to 600 cm-1 with an accumulation of 10 scans. The peak area was 

normalized in every measured spectrum based on the 1410 cm-1 peak since it is assigned to the 

benzene ring associated with the terephthalic acid (TPA).27 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 

employed for the chemical measurement of the composition on the surface. The instrument 

employs a monochromatic Al Ka X-ray source. The survey and the high-resolution scans for 

Carbon and Oxygen were performed at 160 eV pass energy with 1 eV step and 20 eV pass energy 

and 0.1 eV step, respectively. 28 The peak position calibration was performed to Carbon 1s at 284.5 

eV. The collected data were processed with CasaXPS software.29 

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. The abrasion process took 

from 2, 5, 10, 20, 40, 80, and 120 seconds, respectively. The process temperature was tracked 

employing a FLIR ONE pro-series thermal imaging camera (Teledyne FLIR, Sweden).  
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4.3 RESULTS AND DISCUSSION 

4.3.1 Microscopy evaluation of mechanically abraded surfaces and their possible 

relationship with chemical changes at the surface level  

Regardless of the application, any polymeric material may meet other surfaces regardless 

of the proposed application or testing conditions. These interactions can result in material removal 

from the softer material due to abrasion, fatigue, erosion, or a combination of thereof.13 The 

material removal associated with abrasive damage refers to plowing and cutting of the softer 

surface arising from transversal contact with a harder impinging abrading surface. 12 

Figure 4.2 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 from characterization. It can be observed that as the abrasion cycles increase, the 

plastic deformation of the surfaceðexpressed as a change in roughnessðwill continue to be 

modified until the roughness profile between the abrading material and the polymer surface is 

similar.  33ï37 

Most on the research regarding abrasion through material removal has been focused on the 

resistance of the surface to penetration which is measured through mechanical properties (e.g., 

Hardness, Toughness, Stiffness), and there have been several attempts to correlate these variables 

with the volume of material removal13 However, recent research on polymer surfaces indicates 

those variables like the surface hardness, and the surface modulus correlate with the behavior of 

the material removal based on the process (or test(?)) conditions. This observation leads toward 

finding new insights on causation for the material removal and how this relates to the existing 

understanding regarding mechanical properties and material removal. 27 
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This evidence shows the importance of the understanding and characterizing the chemical 

changes in polymer surfaces due to abrasive damage in polymer surfaces, which has not been to 

date addressed. 

 

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 passes, c) 32 passes, and d) 64 passes and their 

surface profiles, respectively.  

 

4.3.2 Abrasive damage and surface characterization: mechano-chemical degradation 

Several techniques can be employed for characterization of polymer surfaces and their 

changes when subject to degradative conditions. 18,38,39 FTIR-ATR provides a fast functional 
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description of the polymer surface. There are several characteristic bands that allow the positive 

identification of a variety of polymer materials39,40. The goal of our study, as mentioned, is to 

search for new insights on the causation for material removal as a direct result of abrasive wear. 

To assess any changes in the chemical composition of PCTT as it sustains abrasion, several IR 

bands were monitored. This evaluation will allow the 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 presented in Table 4.1.  

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

Peak Wavenumber (cm
-1
) Bond vibration mode Bond type 

1 2950 Asymmetric stretch C-H 

2 2850 Symmetric stretch C-H 

3 1721 Stretch C=O 

4 1410 Bend CH
2
 bend (aromatic) 

5 1248 Stretch C-C-O 

6 1097 Stretch O-C-C 

7 725 Bend C-H (aromatic) 

8 2650 Stretch O=C-O 

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 scale. Figure 4.3 (a) shows PCTTôs pristine surface. 

In this image we can glean that there are defects and features that are inherent from the processing 

and handling of these polymer surfaces. Figure 4.3 (b) shows the resulting surface after being 

subject to abrasive damage. The deformation and change of roughness observed at a higher 

magnification (Figure 4.2) are consistent with the features observed at this smaller scale. 
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Complementing these qualitative observations, Figure 4.3(c) shows a region from the FTIR-ATR 

spectrum from that surface before and after abrasion. This signal corresponds to the carbonyl 

stretch (~1724 cm-1); it can be observed that under the same measurement and normalization 

conditions, this band suffered from a shift and a broadening. This behavior indicates a change in 

the chemical environment of the bond which we suspect was due to a reduction in the chain length 

of the polymer due to mechanical stress. This type of behavior has been readily seen and reported 

in several light- and thermal-induced degradation studies of polymers. 41,42 In the same manner, 

the other ester bands (~ 1270 cm-1 and ~1100 cm-1) presented a consistent change and an increase 

in normalized abundance, suggesting that these terminal ends on the polymer chains are increasing 

as result from a hypothesized chain scission (Figure 4.3D).  

To further contest this chemical change observed on the surface, a critical evaluation was 

performed considering: 1) the increase of cycles maintaining the same abrading material and 

particle size, 2) the modification of the abrading materialôs surface roughness while maintaining 

the same number of cycles and abrasion conditions, and 3) the same experimental conditions 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 abrasion. (a) and (b) are the PCTT surface before and after abrasive damage. 

(c) are the chemical changes observed through the Carbonyl bond (~1732 cm-1) band after the 

surface was subject to mechanical abrasion for 64 cycles. (d) Chemical changes presented to the 

ester bond related bands (~1238 cm-1, ~1158 cm-1) after the surface has been subject to abrasion.  

 

Figure 4.4 (a) and (b) shows changes in the shape of the carboxyl and ester peaks as the 

number of cycles increase; the behavior resembles the changes presented in Figure 4.3 for over the 

1800-1300 cm-1 range. It can be observed that the peak shape in Figure 4.4 (a) and (b) and the 
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corresponding normalized area appears to plateau as the cycles increase; we hypothesize this 

behavior relates to the stabilization 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 evaluation. Figure 4.4 (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 abundance present at those samples. The abundance of the ester bond (~288 eV) and 

C-O bond (~296 eV) increases as the number of passes increases, while the C-C and C=C bond 

abundance (~285 eV) decreases initially, after which it starts to stabilize when reaching the upper 

abrasion cycle limit. These signal increases (carboxyl bond and Carbon-Oxygen bond) and 

decreases (C-C bonds) are consistent with our hypothesis of an increase in the terminal chains due 

to mechanical degradation (chain scission) occurring at the surface. 
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Figure 4.4. a) Evaluation of the changes observed on the carbonyl peak (~1721 cm-1) from PCTT 

surface obtained through FTIR-ATR as the abrasion cycles increase. b) Evaluation of the changes 

observed on the ester bond related peaks (~1248, and 1047 cm-1) from PCTT surface obtained 

through FTIR-ATR as the abrasion cycles increase. The peak shape and their width vary and 

stabilize as the abrasion process continues. Corresponding evaluation of the changes 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 information when 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.  

Figure 4.5 shows the results from the change in the abrading materialôs particle size and 

chemistry when evaluated with FTIR-ATR and XPS, respectively. The spectra presented in Figure 

4(a) and (b) evaluates the change as the particle size of the abrading material decreases. These 
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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 change largely 

in magnitude due to the abrading materialôs chemistry or size. Figure 4 (c) and (e) are the XPS 

high resolution spectra obtained from an abraded surface with a higher particle size (378 mm) from 

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

surface with a smaller particle size (96 mm) from aluminum oxide and diamond. The intensity and 

the peaks areas are similar for both materials regardless of the abrading material employed if the 

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

These presented observations from the FTIR-ATR and XPS are consistent and 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 damage. This 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 (~1721 cm-1), and 

ester bond related peaks (~1248, and 1047 cm-1) from PCTT surface obtained through FTIR-

ATR as the particle size of the abrading 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 96 mm, respectively (e) and (f) correspond to the high resolution 

XPS scans when the PCTT surface is abraded with diamond sandpaper of 378 and 96 mm, 

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, they are subject to various chain scission and oxidation mechanisms. 19,43ï46 The 

Carbonyl index is the preferred measured for degradative quantitation in polymers47; normally, 

when the material does not contain ester bonds or carbonyl related structures in its structure. 
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Whenever a polymer material has these functional groups, the measurement/ changes in these 

materials are challenging because the surface changes will not reflect an obvious increase or 

decrease as it is the case for polyolefin or non-ester based bonding materials41,42,48 Considering the 

nature of the chain scission, an increase on the terminal functional groups is expected as the 

degradative processes continues. Therefore, the consideration of terminal chain moieties in the 

surface measurement can help evaluate these changes in these types of materials. There have been 

studies where the Carboxyl Index (CaI) (Equation ( 1 )) has been introduced as a measure of 

degradative behavior for systems that contain this carbonyl based chemical features. 29 

 
ὅὥὶὦέὼώὰ ὭὲὨὩὼ ὅὥὍ

ὃὶὩὥ ὕ ὅ ὕ

ὃὶὩὥ Ὥὲ ὴὰὥὲὩ ὅ Ὄ
 

( 9 ) 

The first part of Figure 4.6 shows the surface profiles corresponding to no abrasion, 16 

cycles, and 48 cycles. Figure 4.6B and 5C shows the correspondence of the profiles with the 

response of the CaI and the ester bond abundance in XPS, respectively. As presented earlier, as 

the polymer surface increases its roughness, the change in CaI increases exponentially; however, 

once the increase in roughness profile in the abraded surface ðfrom 42 to 64 cyclesðdoes not 

significantly increase; we observe the same behavior on the XPS measurements. These results 

shows that the CaI can be employed as a measure of abrasive damage since 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 change in the abrading materialôs roughness and their 

chemistry, it can be observed that there is not significant variation among the results obtained from 

CaI when using two different abrading materials under the same abrasive conditions; however, the 

results from XPS show no pronounced variations between these measurements. This deviation on 
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the values can be explained due to the variability of the sampling sites due to the disparity of the 

abrasion process and abraded surface until a high number of cycles is achieved. These 

measurements consolidate the observations presented earlier 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 meaning 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. Figure 4(a) shows the changes in the depth profile as the 

abrasion cycles progress. 1, 2, 3 shows the profiles of the surface prior, after 16, 48 cycles, and 64 

cycles, respectively. Figure 4(b) and (c) show the relationship between the stages of the abrasion 

process on the surface and the chemical response of the surface quantified through the Carboxyl 

Index (CaI) quantified through FTIR-ATR, and the carboxyl bond abundance quantified through 

XPS. Figure 4(d) and (e) show the results from the CaI obtained when the particle size and the 

abrading material chemistry were modified. The number of cycles for (c) and (e) were 64.  
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Based on the premises in effect within our study, Figure 4.7 presents the dual informational 

nature of the CaI in this context. Figure 4.7A shows three 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 PCTT. 27,49,50. The abrasion responses 

included the wear volume and the CaI. It can be observed that the CaI follows the same trend with 

respect to the other abrasion responses, allowing this chemical measure to have an associated 

physical meaning other than material removal from a surface. This change in perspective 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 

properties.13,51,52 In addition to this observation, Figure 4.7B shows that the degradation behavior 

related by means of ageing or light as a function of time correspond to a similar behavior relative 

to the CaI even if the polymers have different chemistries. Therefore, these finding prove the dual 

nature of CaI, which can serve to evaluate abrasive wear and surface degradation in polymer 

surfaces regardless of their chemistry (since CaI is a direct measure on 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 as the CaI. In both cases, it can be observed that the 

CaI follow the same trend than the wear rate for metals 49,50 and in the surface of a polymer subject 

to Precision Polymer Abrasion (PPA) 27. B) Relationship between the degradation response 

(carboxyl index) and the response obtained from this work as the CI for different types of polymers 

subject to UV light ageing and the proposed mechanochemical degradation of the surface.41,42  
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4.3.4 Benchmark characterization for the carboxyl index vs wear rate.  

As shown in previous sections, the CaI represents phenomenological and degradative 

information about a sample surface. However, 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 measures. Figure 4.8 shows the structures and FTIR-ATR spectra of 3 different 

polyesters substrates (PCTG, PCTA, and PCTT, respectively). Although their functionalities are 

similar, they do have characteristic peak shapes that can be identified. As discussed, the limitations 

in terms of characterization of abrasion processes normally point to the identification of polyester-

based polyesters as PET due to the similar chemistry among these materials. In this section, we 

will address the characterization of three different polyester surfaces after subjection to abrasion 

and the possible impact on their postprocessing chemical nature. All 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 in Table 3.1.  

 

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 overlap under the same 

abrasion conditions. 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 testing, they are not discernable from each other. 24,38,53ï57  

 

Figure 4.9. A) Specific wear rate values obtained from a collection of abrasion cycles on the 

surface of three glycol modified polyesters. B) CI values obtained from a collection of abrasion 

cycles on the same three glycol modified polyesters. In this case, it can be observed that every 

polymer has a distinct trend and selectivity compared to the specific wear rate.  

 

When evaluating the results from Figure 4.9B, it can be observed that every polymer has a 

series of distinctive CaI that relates to their different surface-mechanical properties differences 

despite similarities in chemistry. As observed, this variable represents differences on the resulting 

mechano-degradation of the surface as well as the level of damage and material removed from 

abrasion. This again shows the feasibility of using the CaI as a measure of abrasive damage and 

degradation behavior for mechanically abraded surfaces.  
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4.4 CONCLUSIONS 

This study has presented the first documented and substantiated evidence of chemical 

changes associated with abrasive damage on polymer surfaces without any prior thermal or light 

degradative process.  

We suggest CaI can be used as a measure of surface and chemical changes due to abrasion 

testing. In addition, CaI can be employed to differentiate chemically similar materials when they 

are subject to material removal through abrasion. This 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 the environment.  

4.5 ACKNOWLEDGMENTS 

JET would like to thank Dr. M. Walters, Mr. C. Mooney, and Mr. P. Strader for technical 

assistance. The Authors would like to thank Dr. E. OôBrien, Dr. P. Carver, Dr. B. Satterfield for 

stimulating discussions and manuscript suggestions. This work was performed in part at the 

Analytical Instrumentation Facility (AIF) at North Carolina State University, which is supported 

by the State of North Carolina and the National Science Foundation (award number ECCS-

2025064). The AIF is a member of the North Carolina Research Triangle Nanotechnology 

Network (RTNN), a site in the National Nanotechnology Coordinated Infrastructure (NNCI). This 

work was performed in part at the Duke University Shared Materials Instrumentation Facility 

(SMIF), a member of the North Carolina Research Triangle Nanotechnology Network (RTNN), 

which is supported by the National Science Foundation (award number ECCS-2025064) as part of 

the National Nanotechnology Coordinated Infrastructure (NNCI). 



141 

 

4.6 REFERENCES 

(1) Jung, H.; Shin, G.; Kwak, H.; Hao, L. T.; Jegal, J.; Kim, H. J.; Jeon, H.; Park, J.; Oh, D. X. 

Review of Polymer Technologies for Improving the Recycling and Upcycling Efficiency of Plastic 

Waste. Chemosphere 2023, 320, 138089. https://doi.org/10.1016/j.chemosphere.2023.138089. 

(2) Smith, R. L.; Takkellapati, S.; Riegerix, R. C. Recycling of Plastics in the United States: 

Plastic Material Flows and Polyethylene Terephthalate (PET) Recycling Processes. ACS Sustain 

Chem Eng 2022, 10 (6), 2084ï2096. https://doi.org/10.1021/acssuschemeng.1c06845. 

(3) Geyer, R.; Jambeck, J. R.; Law, K. L. Production, Use, and Fate of All Plastics Ever Made. 

Sci Adv 2017, 3 (7). https://doi.org/10.1126/sciadv.1700782. 

(4) Lancaster, J. K. Friction and Wear. In Polymer Science; Jenkins A.D., Ed.; Elsevier: New 

York, 1972; Vol. 2, pp 959ï1046. https://doi.org/10.1016/B978-0-7204-0247-6.50005-6. 

(5) Evans, D. C.; Lancaster, J. K. The Wear of Polymers. In Treatise on Materials Science & 

Technology; Scott, D., Ed.; Academic Press: New York, NY, 1979; Vol. 13, pp 85ï139. 

https://doi.org/10.1016/S0161-9160(13)70066-8. 

(6) Hakami, F.; Pramanik, A.; Basak, A. K.; Ridgway, N. Elastomersô Wear: Comparison of 

Theory with Experiment. Tribol Int 2019, 135, 46ï54. 

https://doi.org/10.1016/j.triboint.2019.02.035. 

(7) Gbadeyan, O. J.; Mohan, T. P.; Kanny, K. Tribological Properties of 3D Printed Polymer 

Composites-Based Friction Materials. In Tribology of Polymer and Polymer Composites for 

Industry 4.0; Jena H., Katiyar J.K., Patnaik A., Eds.; Springer: Singapore, 2021; pp 161ï191. 

https://doi.org/10.1007/978-981-16-3903-6_9. 



142 

 

(8) Wong, J. C.; Ngoi, K. H.; Chia, C. H.; Jeon, T.; Kim, H.; Kim, H. J.; Kim, H. C.; Ree, M. 

Surface Hardness and Abrasion Resistance Natures of Thermoplastic Polymer Covers and 

Windows and Their Enhancements with Curable Tetraacrylate Coating. Polymer (Guildf) 2022, 

239. https://doi.org/10.1016/j.polymer.2021.124419. 

(9) Zhou, H.; Wang, H.; Niu, H.; Zhao, Y.; Xu, Z.; Lin, T. A Waterborne Coating System for 

Preparing Robust, Self healing, Superamphiphobic Surfaces. Adv Funct Mater 2017, 27 (14), 

1604261. https://doi.org/10.1002/adfm.201604261. 

(10) Abdelbary, A. Friction and Wear of Polymer and Polymer Composites. In Tribology of 

Polymer and Polymer Composites for Industry 4.0; Jena, H., Katiyar, J. K., Patnaik, A., Eds.; 

Springer Singapore: Singapore, 2021; pp 33ï54. https://doi.org/10.1007/978-981-16-3903-6_3. 

(11) Mittal, M. Wear Measuring Devices for Biomaterials. In Characterization, Testing, 

Measurement, and Metrology; CRC Press: First edition. | Boca Raton : CRC Press, 2020. |, 2020; 

pp 1ï14. https://doi.org/10.1201/9780429298073-1. 

(12) Myshkin, N. K.; Kovalev, A. v. Friction and Wear of Polymers and Polymer Composites. 

In Friction, Lubrication, and Wear Technology; ASM International, 2017; Vol. 33, pp 559ï567. 

https://doi.org/10.31399/asm.hb.v18.a0006373. 

(13) Briscoe, B. J.; Sinha, S. K. Tribological Applications of Polymers and Their Composites ï 

Past, Present and Future Prospects. In Tribology of Polymeric Nanocomposites; Friedrich, K., 

Schlarab, A. K., Eds.; Elsevier: Waltham, MA, 2013; pp 1ï22. https://doi.org/10.1016/B978-0-

444-59455-6.00001-5. 



143 

 

(14) Harsha, A. P. An Investigation on Low Stress Abrasive Wear Characteristics of High 

Performance Engineering Thermoplastic Polymers. Wear 2011, 271 (5ï6), 942ï951. 

https://doi.org/10.1016/j.wear.2011.03.019. 

(15) Budinski, K. G. Resistance to Particle Abrasion of Selected Plastics. Wear 1997, 203ï204, 

302ï309. https://doi.org/10.1016/S0043-1648(96)07346-2. 

(16) Budinski, K. G.; Budinski, S. T. The Mechanisms and Manifestations of Friction. In 

Tribomaterials; ASM International, 2021; pp 13ï46. 

https://doi.org/10.31399/asm.tb.tpsfwea.t59300013. 

(17) Briscoe, B. J.; Tabor, D. Friction and Wear of Polymers: The Role of Mechanical 

Properties. British Polymer Journal 1978, 10 (1), 74ï78. https://doi.org/10.1002/pi.4980100114. 

(18) Jadhav, E. B.; Sankhla, M. S.; Bhat, R. A.; Bhagat, D. S. Microplastics from Food 

Packaging: An Overview of Human Consumption, Health Threats, and Alternative Solutions. 

Environ Nanotechnol Monit Manag 2021, 16, 100608. 

https://doi.org/10.1016/j.enmm.2021.100608. 

(19) Sipe, J. M.; Bossa, N.; Berger, W.; von Windheim, N.; Gall, K.; Wiesner, M. R. From 

Bottle to Microplastics: Can We Estimate How Our Plastic Products Are Breaking Down? Science 

of The Total Environment 2022, 814, 152460. https://doi.org/10.1016/j.scitotenv.2021.152460. 

(20) Ratner, S. B.; Lurôie, Y. G. The Relation between Wear and the Thermochemical Stability 

of Polymers. Vysokomol. soyed 1966, 8, 93ï99. 



144 

 

(21) Arkles, B. C.; Schireson, M. J. The Molecular Weight of PTFE Wear Debris. Wear 1976, 

39 (1), 177ï180. https://doi.org/10.1016/0043-1648(76)90235-0. 

(22) Sidebottom, M. A.; Junk, C. P.; Salerno, H. L. S.; Burch, H. E.; Blackman, G. S.; Krick, 

B. A. Wear-Induced Microstructural and Chemical Changes in Poly[Tetrafluoroethylene- Co -

(Perfluoroalkyl Vinyl Ether)] (PFA). Macromolecules 2018, 51 (23), 9700ï9709. 

https://doi.org/10.1021/acs.macromol.8b01564. 

(23) Bai, C.; Spontak, R. J.; Koch, C. C.; Saw, C. K.; Balik. C.M. Structural Changes in 

Poly(Ethylene Terephthalate) Induced by Mechanical Milling. Polymer (Guildf) 2000, 41 (19), 

7147ï7157. https://doi.org/10.1016/S0032-3861(00)00048-3. 

(24) Smith, A. P.; Spontak, R. J.; Ade, H. On the Similarity of Macromolecular Responses to 

High-Energy Processes: Mechanical Milling vs. Irradiation. Polym Degrad Stab 2001, 72 (3), 519ï

524. https://doi.org/10.1016/S0141-3910(01)00055-6. 

(25) Lisiecki, M.; Moreau, E.; Reutenauer, P. From Single Use to Endless Use: Enhancing 

Service Life and Recyclability of Polymers through Dynamic Chemistry; 2022. 

https://doi.org/10.1021/bk-2022-1412.ch015. 

(26) Bhagia, S.; Bornani, K.; Ozcan, S.; Ragauskas, A. J. Terephthalic Acid Copolyesters 

Containing Tetramethylcyclobutanediol for High-Performance Plastics. ChemistryOpen. John 

Wiley and Sons Inc August 1, 2021, pp 830ï841. https://doi.org/10.1002/open.202100171. 

(27) Terán, J. E.; Pal, L.; Spontak, R. J.; Lucia, L. Surface Mechanical Properties and 

Topological Characteristics of Thermoplastic Copolyesters after Precisely Controlled Abrasion. 

ACS Appl Mater Interfaces 2023, 15 (5), 7552ï7561. https://doi.org/10.1021/acsami.2c19377. 



145 

 

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

Bisphenol-A Replacement. Polym Int 2012, 61 (10), 1485ï1491. 

https://doi.org/https://doi.org/10.1002/pi.4323. 

(29) Chen, T.; Zhang, J.; You, H. Photodegradation Behavior and Mechanism of Poly(Ethylene 

Glycol-Co-1,4-Cyclohexanedimethanol Terephthalate) (PETG) Random Copolymers: Correlation 

with Copolymer Composition. RSC Adv 2016, 6 (104), 102778ï102790. 

https://doi.org/10.1039/c6ra21985c. 

(30) Nguyen-Tri, P.; Prudôhomme, R. E. Nanoscale Analysis of the Photodegradation of 

Polyester Fibers by AFM-IR. J Photochem Photobiol A Chem 2019, 371, 196ï204. 

https://doi.org/10.1016/j.jphotochem.2018.11.017. 

(31) Stevie, F. A.; Donley, C. L. Introduction to X-Ray Photoelectron Spectroscopy. Journal of 

Vacuum Science & Technology A 2020, 38 (6), 063204. https://doi.org/10.1116/6.0000412. 

(32) Fairley, N.; Fernandez, V.; Richard Plouet, M.; Guillot-Deudon, C.; Walton, J.; Smith, E.; 

Flahaut, D.; Greiner, M.; Biesinger, M.; Tougaard, S.; Morgan, D.; Baltrusaitis, J. Systematic and 

Collaborative Approach to Problem Solving Using X-Ray Photoelectron Spectroscopy. Applied 

Surface Science Advances 2021, 5, 100112. https://doi.org/10.1016/j.apsadv.2021.100112. 

(33) Lancaster, J. K. Abrasive Wear of Polymers. Wear 1969, 14 (4), 223ï239. 

https://doi.org/10.1016/0043-1648(69)90047-7. 



146 

 

(34) Yamaguchi, K.; Sasaki, C.; Tsuboi, R.; Atherton, M.; Stolarski, T.; Sasaki, S. Effect of 

Surface Roughness on Friction Behaviour of Steel under Boundary Lubrication. Proceedings of 

the Institution of Mechanical Engineers, Part J: Journal of Engineering Tribology 2014, 228 (9), 

1015ï1019. https://doi.org/10.1177/1350650114540624. 

(35) Li, D. Abrasive Wear. In Friction, Lubrication, and Wear Technology; Totten, G. E., Ed.; 

ASM International, 2017; pp 243ï251. https://doi.org/10.31399/asm.hb.v18.a0006382. 

(36) da Silva, C. H.; Sinatora, A. Development of Severity Parameter for Wear Study of 

Thermoplastics. Wear 2007, 263 (7ï12), 957ï964. https://doi.org/10.1016/j.wear.2007.01.110. 

(37) Abdelbary, A. Wear. In Extreme Tribology; CRC Press: Boca Raton, 2020; pp 72ï104. 

https://doi.org/10.1201/9780429448867-4. 

(38) Li, W.; Luo, Y.; Pan, X. Identification and Characterization Methods for Microplastics 

Basing on Spatial Imaging in Micro-/Nanoscales. In Handbook of Environmental Chemistry; 

Springer Science and Business Media Deutschland GmbH, 2020; Vol. 95, pp 25ï37. 

https://doi.org/10.1007/698_2020_446. 

(39) Jung, S.; Cho, S.-H.; Kim, K.-H.; Kwon, E. E. Progress in Quantitative Analysis of 

Microplastics in the Environment: A Review. Chemical Engineering Journal 2021, 422, 130154. 

https://doi.org/10.1016/j.cej.2021.130154. 

(40) Pfohl, P.; Wagner, M.; Meyer, L.; Domercq, P.; Praetorius, A.; Hüffer, T.; Hofmann, T.; 

Wohlleben, W. Environmental Degradation of Microplastics: How to Measure Fragmentation 

Rates to Secondary Micro- and Nanoplastic Fragments and Dissociation into Dissolved Organics. 

Environ Sci Technol 2022, 56 (16), 11323ï11334. https://doi.org/10.1021/acs.est.2c01228. 



147 

 

(41) Liu, P.; Qian, L.; Wang, H.; Zhan, X.; Lu, K.; Gu, C.; Gao, S. New Insights into the Aging 

Behavior of Microplastics Accelerated by Advanced Oxidation Processes. Environ Sci Technol 

2019, 53 (7), 3579ï3588. https://doi.org/10.1021/acs.est.9b00493. 

(42) Wu, X.; Liu, P.; Gong, Z.; Wang, H.; Huang, H.; Shi, Y.; Zhao, X.; Gao, S. Humic Acid 

and Fulvic Acid Hinder Long-Term Weathering of Microplastics in Lake Water. Environ Sci 

Technol 2021, 55 (23), 15810ï15820. https://doi.org/10.1021/acs.est.1c04501. 

(43) Kim, S.; Sin, A.; Nam, H.; Park, Y.; Lee, H.; Han, C. Advanced Oxidation Processes for 

Microplastics Degradation: A Recent Trend. Chemical Engineering Journal Advances 2022, 9, 

100213. https://doi.org/10.1016/j.ceja.2021.100213. 

(44) Bacha, A.-U.-R.; Nabi, I.; Zhang, L. Mechanisms and the Engineering Approaches for the 

Degradation of Microplastics. ACS ES&T Engineering 2021, 1 (11), 1481ï1501. 

https://doi.org/10.1021/acsestengg.1c00216. 

(45) Liu, P.; Qian, L.; Wang, H.; Zhan, X.; Lu, K.; Gu, C.; Gao, S. New Insights into the Aging 

Behavior of Microplastics Accelerated by Advanced Oxidation Processes. Environ Sci Technol 

2019, 53 (7), 3579ï3588. https://doi.org/10.1021/acs.est.9b00493. 

(46) Schymanski, D.; Goldbeck, C.; Humpf, H.-U.; Fürst, P. Analysis of Microplastics in Water 

by Micro-Raman Spectroscopy: Release of Plastic Particles from Different Packaging into Mineral 

Water. Water Res 2018, 129, 154ï162. https://doi.org/10.1016/j.watres.2017.11.011. 

(47) Celina, M. C.; Linde, E.; Martinez, E. Carbonyl Identification and Quantification 

Uncertainties for Oxidative Polymer Degradation. Polym Degrad Stab 2021, 188. 

https://doi.org/10.1016/j.polymdegradstab.2021.109550. 



148 

 

(48) Tian, R.; Li, K.; Lin, Y.; Lu, C.; Duan, X. Characterization Techniques of Polymer Aging: 

From Beginning to End. Chem Rev 2023. https://doi.org/10.1021/acs.chemrev.2c00750. 

(49) Date, S. W.; Malkin, S. Effects of Grit Size on Abrasion with Coated Abrasives. Wear 

1976, 40 (2), 223ï235. https://doi.org/10.1016/0043-1648(76)90100-9. 

(50) Mulhearn, T. O.; Samuels, L. E. The Abrasion of Metals: A Model of the Process. Wear 

1962, 5 (6), 478ï498. https://doi.org/10.1016/0043-1648(62)90064-9. 

(51) Lancaster, J. K. Material-Specific Wear Mechanisms: Relevance to Wear Modelling. Wear 

1990, 141 (1), 159ï183. https://doi.org/10.1016/0043-1648(90)90200-T. 

(52) Terán, J. E.; Rasines Mazo, A.; Pal, L.; Lucia, L.; Spontak, R. J. Abrasion Resistance of 

Thermoplastics: Current State and Challenges Depicted under the Unique Lens of Polymer 

Chemistry. Polymer Reviews 2023, Submitted. 

(53) Souza Machado, A. A.; Kloas, W.; Zarfl, C.; Hempel, S.; Rillig, M. C. Microplastics as an 

Emerging Threat to Terrestrial Ecosystems. Glob Chang Biol 2018, 24 (4), 1405ï1416. 

https://doi.org/10.1111/gcb.14020. 

(54) Liu, M.; Lu, S.; Chen, Y.; Cao, C.; Bigalke, M.; He, D. Analytical Methods for 

Microplastics in Environments: Current Advances and Challenges. In Handbook of Environmental 

Chemistry; Springer Science and Business Media Deutschland GmbH, 2020; Vol. 95, pp 3ï24. 

https://doi.org/10.1007/698_2019_436. 



149 

 

(55) Xu, X.; Jian, Y.; Xue, Y.; Hou, Q.; Wang, L. Microplastics in the Wastewater Treatment 

Plants (WWTPs): Occurrence and Removal. Chemosphere 2019, 235, 1089ï1096. 

https://doi.org/10.1016/j.chemosphere.2019.06.197. 

(56) Hidalgo-Ruz, V.; Gutow, L.; Thompson, R. C.; Thiel, M. Microplastics in the Marine 

Environment: A Review of the Methods Used for Identification and Quantification. Environ Sci 

Technol 2012, 46 (6), 3060ï3075. https://doi.org/10.1021/es2031505. 

(57) Elkhatib, D.; Oyanedel-Craver, V. A Critical Review of Extraction and Identification 

Methods of Microplastics in Wastewater and Drinking Water. Environ Sci Technol 2020, 54 (12), 

7037ï7049. https://doi.org/10.1021/acs.est.9b06672. 

 

(44) Celina, M. C.; Linde, E.; Martinez, E. Carbonyl Identification and Quantification 

Uncertainties for Oxidative Polymer Degradation. Polym Degrad Stab 2021, 188. 

https://doi.org/10.1016/j.polymdegradstab.2021.109550. 

(45) Tian, R.; Li, K.; Lin, Y.; Lu, C.; Duan, X. Characterization Techniques of Polymer Aging: 

From Beginning to End. Chem Rev 2023. https://doi.org/10.1021/acs.chemrev.2c00750. 

(46) Chen, T.; Zhang, J.; You, H. Photodegradation Behavior and Mechanism of Poly(Ethylene 

Glycol-Co-1,4-Cyclohexanedimethanol Terephthalate) (PETG) Random Copolymers: Correlation 

with Copolymer Composition. RSC Adv 2016, 6 (104), 102778ï102790. 

https://doi.org/10.1039/c6ra21985c. 



150 

 

(47) Date, S. W.; Malkin, S. Effects of Grit Size on Abrasion with Coated Abrasives. Wear 

1976, 40 (2), 223ï235. https://doi.org/10.1016/0043-1648(76)90100-9. 

(48) Mulhearn, T. O.; Samuels, L. E. The Abrasion of Metals: A Model of the Process. Wear 

1962, 5 (6), 478ï498. https://doi.org/10.1016/0043-1648(62)90064-9. 

(49) Souza Machado, A. A.; Kloas, W.; Zarfl, C.; Hempel, S.; Rillig, M. C. Microplastics as an 

Emerging Threat to Terrestrial Ecosystems. Glob Chang Biol 2018, 24 (4), 1405ï1416. 

https://doi.org/10.1111/gcb.14020. 

(50) Liu, M.; Lu, S.; Chen, Y.; Cao, C.; Bigalke, M.; He, D. Analytical Methods for 

Microplastics in Environments: Current Advances and Challenges. In Handbook of Environmental 

Chemistry; Springer Science and Business Media Deutschland GmbH, 2020; Vol. 95, pp 3ï24. 

https://doi.org/10.1007/698_2019_436. 

(51) Xu, X.; Jian, Y.; Xue, Y.; Hou, Q.; Wang, L. Microplastics in the Wastewater Treatment 

Plants (WWTPs): Occurrence and Removal. Chemosphere 2019, 235, 1089ï1096. 

https://doi.org/10.1016/j.chemosphere.2019.06.197. 

(52) Hidalgo-Ruz, V.; Gutow, L.; Thompson, R. C.; Thiel, M. Microplastics in the Marine 

Environment: A Review of the Methods Used for Identification and Quantification. Environ Sci 

Technol 2012, 46 (6), 3060ï3075. https://doi.org/10.1021/es2031505. 

(53) Elkhatib, D.; Oyanedel-Craver, V. A Critical Review of Extraction and Identification 

Methods of Microplastics in Wastewater and Drinking Water. Environ Sci Technol 2020, 54 (12), 

7037ï7049. https://doi.org/10.1021/acs.est.9b06672. 



151 

 

CHAPTER 5. CHARACTERIZATION OF SURFACE MATERIAL REMOVAL FOR 

AMORPHOUS GLASSY POLYMERS: INSIGHTS ON WHAT VARIABLES TO 

CONSIDER 

5.1 INTRODUCTION 

Abrasion is defined as a material removal mechanism that results from the plowing and/or 

cutting of a surface using a material with a different roughness profile and higher or equal hardness. 

1ï3 Hardness is a mechanical property that relates the materialôs ability to withstand indentation. 

There are an array of scales that can measure either the depth or the dimension of an indentation 

under certain standardized conditions. 4,5 

For polymers, the desire to improve durability, processability, and recyclability, are current 

topics that are covered to reduce the environmental impact and their disposal. 6ï9 Thus, abrasion 

mitigation along with other material removal mechanisms is a constant research topic that interests 

industry and academia alike.10  

Currently, much of the efforts regarding increasing the abrasion resistance of polymers and 

their surfaces are related to understanding processability, and reusage through the reinforcement 

of those surfaces with sacrificial coatings, blending, self-healing chemistries, among other 

strategies.1,11 Classically, the evaluation of abrasion and material surfaces has been done in terms 

of their mechanical properties and their response to the mechanical stress.12 Lately, 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 characteristic to address. These 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 non-desired behavior; once we have that knowledge, we can use it to 

predict and anticipate and potentially even halt the resulting adverse effects.15 There have been 

multiple evaluations that attempted the prediction and understanding of abrasive wear in polymer 

materials. In most of these studies, the relationships between abrasion and process conditions (e.g., 

load, displacement, roughness profile), 16ï20 mechanical properties (elongation to break, tensile 

strength, hardness), 21,22 and chemical properties (degree of crystallinity, molecular weight) 23,24 

have been evaluated. However, most of these efforts have considered these variables as 

independent from each other. In addition, several recent studies have shown that the mechanical 

properties of the polymer surfaces do not suffice to describe the material removal 

behavior.1,2,13,14,25 Unfortunately for the field, these observations have not been evaluated further, 

as gleaned by the reduced availability of these efforts in the current literature. 1 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 causation and further exploration of the phenomenological nature of this 

process. 1ï3,21 

Due to the current public opinion of Bisphenol A (BPA) and its potential effects on the 

endocrine system26, the development of novel recent polymer chemistries such as Poly (1,4 

cyclohexylene-dimethylene-co-2,2,4,4 tetramethyl cyclobutene-diol terephthalate) (PCTT) 26 have 

allowed the market to walk towards more sustainable materials that have adequate durability, 

chemical and heat resistance. Terán and coworkers have evaluated these polymer chemistries as a 

model to understand and explore abrasive damage as an effort to continue their development and 

usage. 2,25  
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Based on all these observations and literature exploration, 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, the current 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 

Injection-molded plaques of Poly (ethylene-co-1,4 cyclohexylene-dimethylene 

terephthalate) (PETG), Poly (1,4 cyclohexylene-dimethylene -co ethylene terephthalate) (PCTG), 

Poly (1,4 cyclohexylene-dimethylene-co-1,3 cyclohexylene-dimethylene 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. Reagent-grade isopropanol (IP) was acquired from Sigma-Aldrich (St. 

Louis, MO, USA).  

5.2.2 Methods 

All the plaques were cut with generic aviation snips into approximately 1 cm x 1 cm pieces 

and cleaned with IP before their evaluation at ambient temperature. The surface mechanical 

properties were obtained through Nanoindentation (NI) and the Precision Polymer Abrasion (PPA) 

wear volumes were obtained using the same conditions presented in our previous methodology. 2 
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The molecular weight distributions and the average 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 mm) 5-micron 

guard and (7.5mm X 300 mm) 5 micron Mixed C Column set in series (Agilent, Santa Clara, CA, 

USA), and an Agilent series 1260 UV-vis detector set at 255 nm. Dichloromethane (MeCl2) and 

1,1,1,3,3,3,3-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 3 x 106 amu. 

The glass 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 TriosÊ software 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 temperature (Tg) is ubiquitously used because it is an intrinsic physical 

parameter characteristic of the behavior and properties of polymer materials. If the temperature is 

below Tg, the material is stiff, brittle, and impact resistant; on the other hand, if the material is 

above Tg, it is rubbery, elastic, and more energy absorbing. 27,28 In 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 physical properties. 26,29 There have 
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been several comprehensive studies that have determined the relationship between mechanical 

properties, molecular weight and Tg. 
30ï36 However, despite the increased consumption and usage 

of PCTT, such studies have not yet been evaluated. This section looks to evaluate the effect of 

molecular weight and mechanical properties with the change of Tg for a variety of molecular 

weight PCTT samples. Table 5.1 presents the resulting measurements from this evaluation.  

Table 5.1. Number and weight average molecular weights, polydispersity, and surface mechanical 

properties obtained by Nanoindentation (NI) for the PCTT molecular weight variation samples.  

Polymer Mn Mw PD 
Tg 

(ÁC) 

Es 

(GPa) 

S 

(µN/nm

) 

hf 

(nm) 

hmax 

(nm) 

PCTT-MW-1 9841 20088 2.041 108.4 1.81  7.11  844  1252 

PCTT-MW-2 9336 19334 2.071 106.7 1.81  7.15  882 1289  

PCTT-MW-4 8885 17674 1.989 106.6 1.86  7.38 867 1297 

PCTT-MW-6 8019 16410 2.046 105.3 1.99  7.37  859  1310 

 

The samples were processed under the same injection molding conditions. The molecular 

weight gradients were obtained by maintaining the polymer sample longer in the extruded before 

it was molded. Since the number average molecular weight (Mn) is normally related to the 

polymersô thermal properties27,28, we will use it for this evalaution. Table 5.1 shows that there is 

around a DMn of ~ 607 for each sample, while the polydispersity is relatively the same. Figure 5.1 

(a) shows the relationship between the inverse of Mn and the Tg. 
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In accordance with the relationship presented by Fox and Flory for homopolymers35, we 

established that PCTT follows the same relationship; K and the infinite Tg value are presented in 

Equation 1. 

 
Ὕ ρρψȢω  

ρπχȢψ ὼ ρπ

ὓ
 

( 10 ) 

Comparing this model to the results obtained for PMMA and PC (Figure 5.1(b)) the 

dependence on MW and Tg of PCTT is higher than the dependence presented for PMMA and PC, 

where the DMn to observe changes in Tg is higher for PMMA and PC, respectively, than for PCTT.   

In terms of mechanical properties, Figure 5.1(c) shows the results from the load vs 

displacement curves obtained for these set of PCTT polymers. Table 5.1 presents the summary 

surface mechanical properties of these materials as well. From Figure 5.1 (c), it can be observed 

that there is not a significant increase in the 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 and Tg for 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 between Tg and the maximum surface 

indentation (as it is shown on Figure 5.2(a)). This relationship resembles the one observed 

between the inverse of the Mw and Tg (Eq. 1); therefore, we suggest that this mechanical property 

can describe the changes in Tg observed for PCTT, 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 temperature (Tg) and number average 

molecular weight (Mn) for PCTT. (b) Comparison between the response of Tg vs Mn for 

polycarbonate33, PMMA34, and PCTT, respectively. (c) Load vs depth curves for the different 

molecular weight PCTT. These curves allowed the calculation of the surface mechanical 

properties.2 
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Based on this found relationship, and the findings presented on our previous work1,2,25, the 

wear volume obtained from the PPA procedure, and the maximum penetration depth were 

evaluated. Figure 5.2 (b) shows the found relationship between the wear volume and the maximum 

penetration. Additionally, Figure 5.2(c)-(f) show the SPM images obtained after the PPA process. 

These figures confirm that depth of penetration has a positive increasing relationship with the wear 

volume generated at the surface level of PCTT. These findings and relationships will be taken into 

consideration to generate a semi-empirical mathematical model for prediction of material removal 

in amorphous 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) SPM image from PCTT-

MW-1 to 6 after the PPA procedure, respectively. 
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5.3.2 Mechanical characterization of amorphous ester-based thermoplastics and their 

bulk related properties  

As an initiative to generate quantitative prediction tools to reduce the abrasive wear in 

polyester surfaces, we evaluated four terephthalate-based 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 considered desirable 29,32,33and its 

chemical similarity to the ester bond. Figure 5.3 shows the load vs depth response of these 

materials from the NI evaluation. 

 

Figure 5.3. Load vs depth curves resulting from each species evaluated. The surface mechanical 

properties were estimated using the procedure outlined in Terán et al. 2 

The polyesters that contain ethylene glycol (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 of Tg, 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.  



161 

 

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 the controlled abrasive 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 observed and reported in our previous articles2,25, the 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 mechanochemical degradation of 

the surface as abrasion occurs.  

Although abrasive wear starts as a surface-based phenomenon, it continues and ends as a 

bulk based phenomenon. Several models and correlations were based on the bulk behavior of 

abrasive damage16,19,21,37, while other approaches considered the surface-based response to this 

process 38. Most abrasive wear tests have defined conditions that are employed to characterize the 

processing and wear rate of these materials. The molecular weight and Tg effects have been 

considered fundamental properties in terms of mechanical and thermal behavior. 16,19,37 Some of 

those properties have been measured, collected, and presented in Table 5.3. Based on these 

observations, we will introduce a semi-empirical model that encompasses all these features and 

allows prediction of the topological wear rate for these polyester-based 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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Polymer 

Surface 

modulus, 

Es, (GPa) 

Hardness, 

H, (MPa) 

Contact 

Stiffness, 

S, 

(mN/nm)  

Maximum 

depth, 

hmax, (nm) 

Wear 

volume 

(mm3)  

(1 pass) 

Wear 

volume 

(mm3)  

(8 pass) 

Wear 

volume 

(mm3)  

(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. 

Polymer 
Poisson's 

ratio, n 

Elongation 

to break, 

e, (%) 

Tensile 

strength 

at break, 

s, (MPa)  

Tg, (̄ C) 

Number 

average 

MW, Mn  

Weight 

average 

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 

conditions, and the chemical behavior. These variables are presented in equations (2)-(3) 

 
Ä
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The parameter d is related to the bulk behavior of the material, it relates the surface 

hardness, the elongation and strain to break, which were presented in the classic Ratner-Lancaster 

model21, which after addition of the Poisson ratio, gives a two-dimensional factor for deformation.  

The parameter Te is related to the surface response and the chemical identity of every 

species. As shown in the previous section, the maximum depth of indentation (hmax) is related to 

the Tg of the material, while Load gives the information from the process conditions, and Stiffness 

gives information on the material surface response. These three variables produce a dimensionless 

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

Following the mathematical fitting presented in our previous work2, we tested that 

regression shape to the results obtained for these polymers after PPA. Equation 4 shows the 

mathematical expression employed for the empirical fitting: 

 ύ ὓρ ὓςρ ÅØÐὓσὼ  ( 13 

) 

Where wr is the wear rate in mm3, 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 polyester-based 

materials when applying the PPA methodology. Equation 5 shows the structure for the model.  

 ύ Ὠ ὓςρ ÅØÐὝὩὼ  ( 14 ) 
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Where q values are chosen depending on the Tg value measured for the polymer. If Tg is 

less than 100 oC, q takes the values of z-0.03. If Tg is higher than 100 oC, the value for q is z-

0.0112.  

Table 5.4 shows the correlation parameters obtained. Figure 5.4 shows the measured data 

points and the corresponding semi-empirical fitting presented.  

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

polymer chemistry evaluated.  

 

Empirical fitting Semi-empirical fitting 

Polymer M1 M2 M3 (d) M2 q 

PCTA 0.4108 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 semi-empirical model takes into consideration the surface mechanical 

response and the bulk response in addition to taking into consideration the chemical features of 

the material such as Tg. In addition, this model follows the saturation behavior that is observed as 

the number of cycles of abrasive damage increases. This provides a physical meaning 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 for the 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 most during the experimental evaluation which can 
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be caused by processing roughness profiles and uneven testing surfaces. Additionally, as observed 

in previous studies, the PPA behavior for PCTT presents more pronounced elastic behavior than 

the other glycol modified polyesters. 2 Another 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 

evaluation of additional parameters that relate chemical measurements at the surface level while 

performing indentation is a topic for further exploration.  

5.4  CONCLUSIONS AND FUTURE 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 of penetration, 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 understanding of 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-2,2,4,4-TETRAMETHYL -

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. 1,2One of their most prominent features is a reversible solid to melt 

transition achieved when the glass transition temperature is reached. This allows these materials 

to have a wide processability, which is reflected in a growing variety of consumer applications. 

3,4Additionally, in terms of morphology, these materials can be classified as semi-crystalline and 

amorphous. Amorphous thermoplastic polymers are generally knowns for their optical 

transparency, which is valuable in food transport and management. 1,2,5 Historically, acrylate-based 

(e.g., Poly Methyl Metha Acrylate (PMMA)), aliphatic (e.g., Polypropylene (PP)) or Bisphenol-A 

(BPA)-based (e.g., Polycarbonate (PC)) chemistries were commonly employed due to their 

thermal resistance (over 100°C), which is fundamental to these applications. 5,6 However, due to 

current research, BPA-based chemistries have been found to be potentially harmful and their use 

has been discouraged through various regulations; additionally, recyclability of polymer materials 

is a priority from the sustainability point of view. 5ï7 

Polyester based chemistries (e.g., Polyethylene-co-1,4-cyclochexylene-dimethylene 

terephthalate (PETG) have been used extensively in the food packaging industry due to their 

chemical and physical resistance as well as their potential for recyclability; yet they presented 

lower glass transition temperatures (around 80°C), which limited their usage in other higher 

temperature applications. 3,5,7 Recently, poly (1,4-cyclohexylen-dimethylene terephthalate-co-

2,2,4,4 tetra methyl-cyclobutane-1,3 diol terephthalate (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 chemistries. 5,8,9 This new material opens the possibility to expand 

the responsible usage 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 polymer chemistries including PET, and PC. 10ï12 

Historically, there have been several studies that have focused on the understanding of the 

thermal13,14, light, 15,16 and mechanochemical8,9 degradation of this material. However, an 

evaluation on the PCTT behavior when it is subject to solvent induced crystallization has not been 

reported. Hence, this work aims to present a thermo-kinetic 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 Sigma-Aldrich (Sigma-Aldrich, 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/min considering a 40-300 ̄ C for the first and second heat. The 

thermographs were processed using the TA TriosÊ software (TA, New Castle, DE, USA). 

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

Fourier Transform Infrared Spectrometer (FTIR) coupled with an Attenuated Total Reflectance 
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(ATR) sampling mode (Perkin Elmer, Shelton, CT, USA). The scans were conducted at a 

resolution of 8 cm-1 in the range from 4000 to 600 cm-1 with an accumulation of 10 scans. The 

peak area was normalized in every measured spectrum based on the 1410 cm-1 peak since it is 

assigned to the benzene ring associated with the terephthalic acid (TPA).9,17 The collected data 

were processed with CasaXPS software.18 

Optical microscopy images and profiles were acquired by confocal laser-scanning 

microscopy (CLSM) conducted on a Keyence VK-X 1100 Series instrument (Osaka, Japan) with 

a 5x magnification lens over a scanned area of 2062 µm x 2750 µm. Low-voltage scanning electron 

microscopy (SEM) images of the abraded surfaces were acquired on an ultrahigh-resolution FEI 

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

6.2.3 Kinetic and thermal evaluation 

The kinetic evaluation for 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 exposed at 20, 30, 40, and 50 ̄C.  

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 arrangement.5 When exposed to the model solvent 

(chloroform), this transparency shifts into a white opacity ( 
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Figure 6.1a and 6-1b). When looking at these SIC surfaces from a higher magnification, 

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

Figure 6.1c and 6-1d).  

 

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

after the SIC (c and d) SEM images from the PCTT surface after SIC 

The chemical evaluation of these materials similarly presented differences that allowed 

their identification after testing. The FTIR-ATR spectrum of amorphous PCTT contains distinctive 

bands that correspond to the ester, carbonyl, and phthalate moieties vibration as seen in Figure 

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
































