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(ABSTRACT) 

Composite durability can be influenced by varying the properties of the fiber/matrix 

interphase region. One method to modify the properties of this interphase is through the 

application of a sizing to the carbon fiber. Recent work at Virginia Tech has shown that 

polymer-modified interphases can lead to increases by as much as two orders of magnitude 

in notched fatigue lifetime. In the present work, an apparatus was constructed to 

uniformly coat carbon fiber tow with water-soluble and dispersible polymers. Few such 

devices have been developed for use in academic settings because of the processing 

complexities presented by the aqueous coating system. Due to the high surface tensions 

of the aqueous solutions, fiber clumping and heterogeneous sizing deposition were major 

bottlenecks. Our novel process utilizes high tensions, high spreading, and low line speeds 

to accomplish the sizing step. Each processing independent variable can be continuously 

monitored and controlled which allowed for statistical correlation to the sizing level and 

uniformity. The sizing process was shown to satisfy three criteria for quality.



1. The average sizing level or weight percent on the final fiber can be readily 
controlled to achieve typical target values. 
2. Filament clumping as a result of cohesion between corresponding filaments is 

kept to a minimum. 

3. The sizing process must produce fiber with a consistent level of polymer sizing. 

In addition, characterization techniques for the sized fiber were developed. 

Pyrolysis in a high temperature nitrogen furnace was developed as a precise technique to 

ascertain the quantitative sizing level on the carbon fiber. SEM and ESCA were utilized 

to determine fiber clumping and sizing homogeneity. 

The sizing process along with the statistical process model and the characterization 

techniques allow for the precise development of optimal interphase materials that are 

tailored to meet the performance requirements of the composite consumer.
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Chapter 1 

Introduction 

1.0 Introduction 

This chapter is organized according to the following sections. 

e 1.1 Overview 

e 1.1.1 The Reinforcing Fiber 

e 1.1.1.1 The Production of Carbon Fiber 

e 1.1.2 The Matrix Materials 

e 1.1.2.1 Thermoset Matrix Materials 

e 1.1.2.2 Thermoplastic Matrix Materials 

e 1.1.3 The Interphase Constituent 

e 1.2 Objective for the Current Work 

e 1.3 References 

1.1 Overview 

A composite is a material that consists of two or more constituents whose 

individual properties are synergistically affected by the presence of the others. 

resulting composite has properties far superior to those of the individual constituents. The 

advantage in utilizing a composite material over a homogeneous material is the 

composite’s high strength and low weight properties (Table 1.01). 

Traditionally, a modern composite consists of two materials; (1) a reinforcing high 

strength-low weight fiber and (2) a matrix material. Recent research has identified a third 
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Table 1.01 Comparison of mechanical properties of composites and metals [1]. 

  

  

    

Material Density Tensile Strength Young’s modulus o/p_ E/p 
9 (g/cm’) o (GN/m’) E (GN/m’) 

Composite 
E glass 2.1 1.1 45 0.5 20 

HS carbon 2.0 1.5 140 1.0 90 

HM carbon 1.5 1.1 220 0.7 130 

Aramid 1.4 1.4 75 1.0 50 

Metal 

Steel 7.8 1.3 200 0.2 26 

Aluminum 2.8 0.3 73 0.1 26 

Titanium 4.0 0.4 100 0.1 25 
“60% volume unidirectional 
reinforcement 
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constituent, the (3) interphase, that also drastically effects the performance of the final 

composite [2]. These three constituents are discussed in more detail in the following 

sections. 

1.1.1 The Reinforcing Fiber 

The purpose of the high strength - low weight reinforcing fiber is to carry the bulk 

of the load applied to the composite [3]. There are six main reinforcing fiber types 

presently utilized for composite production; (1) carbon fiber, (2) glass fiber, (3) Kevlar 

fiber, (4) Spectra fiber, (5) liquid crystalline in-situ fiber, and (6) PVA. For military 

applications, the carbon fiber is the dominant material utilized for the reinforcing fiber. At 

present, the costs associated with carbon fiber composites prevent the application of this 

composite in automobile and most civilian applications. However, carbon fiber reinforced 

composites are the only realistic alternatives to the metal currently utilized in the 

automobile industry [4]. The processing method utilized to produce carbon fiber is 

presented in the next section. The glass reinforcing fiber is a cheaper alternative to carbon 

fiber. However, the mechanical properties associated with this fiber are much inferior to 

the ones available from carbon fiber composites (Table 1.01). The liquid crystalline 

polymer reinforcing fiber is generated in-situ which means the reinforcement is generated 

during the processing step [5]. This offers the advantage of recyclability and ease of 

recovering the reinforcing material for reprocessing. The other fiber types are difficult to 
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recycle because of the difficulties in recovering the fiber intact from the matrix materials. 

In the section 1.1.2, the various matrix types are discussed. 

1.1.1.1 The Production of Carbon Fiber 

Carbon fiber is processed in the form of tow. The combination of numerous 

microscopic filaments into a single bundle of fiber is called a tow. Carbon fiber is usually 

given the designation 12K, 48K,.. etc which corresponds to 12000, 48000, ... etc filaments 

per tow bundle. 

The carbon fiber process consists of four main steps [6] (Figure 1.01): (1) Low 

temperature oxidation, (2) high temperature carbonization, (3) surface treatment, and (4) 

sizing. Polyacrylonitrile (PAN) tow is oxidized in a low temperature oxidation step. The 

tow enters this step as a white fiber and leaves as an expanded black tow. The fiber then 

enters a high temperature nitrogen oven where carbonization occurs. The tow contracts 

and is graphitized. The tow is then washed and surface treated in an aqueous electrolyte 

bath. The surface treatment etches the carbon fiber and places acid and base 

functionalities on the surface which results in a somewhat hydrophilic tow surface 

chemistry. Finally, a sizing is applied to the carbon fiber surface. The polymer sizing can 

be dissolved in either water or an organic solvent. It is generally accepted that all future 

industrial sizing operations will be performed with aqueous sizing solutions for 

environmental reasons. The wet fiber tow is then dried and the sizing is left on the fiber 

surface in amounts from 0.5 to 2.0 wt%. The purpose of the sizing is multifold: (1) the 
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Figure 1.01 Schematic of carbon fiber production line [6]. 
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sizing protects the brittle carbon fiber from future processing steps and (2) the sizing 

modifies the fiber/matrix interphase region as will be discussed later. The resulting fiber 

is usually 7 um and diameter and consists of approximately 95% carbon [6]. 

1.1.2 The Matrix Materials 

The purpose of the matrix is to protect the brittle reinforcing fiber and to transfer 

the load to the fiber. The matrix is usually a polymer but can be other materials such as 

ceramic, metal, and carbon [7]. The polymer matrices can be divided into two categories: 

(1) thermosets and (2) thermoplastics. 

1.1.2.1 Thermoset Matrix Materials 

The thermoset matrix is the most commonly used type of polymer matrix [8]. The 

relatively easy processability of these systems has led to their popularity as the matrix of 

choice for the composites industry. Prepregging techniques or the combination of matrix 

and reinforcing fiber are well known for these materials. A thermoset is a polymer with 

reactive functionalities that allows the material to cure and form a three dimensional 

network. The common thermoset matrix materials are epoxies, unsaturated polyesters, 

and polyimides [8]. There are several limitations associated with the use of thermosetting 

matrix materials. (1) These materials are generally brittle and lack toughness. This is a 

result of the crosslinked three-dimensional network discussed previously. (2) These 
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materials have a limited shelf-life. Since these materials are reactive, even at low 

temperatures the crosslinking reaction will take place and thus make the polymer 

unprocessable after a period of time. (3) These materials are not recyclable. Since these 

materials crosslink, they cannot be reprocessed or recovered. (4) These materials are 

susceptible to moisture [8]. Because of these limitations, research has focused on another 

class of polymers, thermoplastics, that eliminate some of the problems associated with 

thermosets. These are discussed in the next section. 

1.1.2.2 Thermoplastic Matrix Materials 

Thermoplastic materials can be divided into two categories: (1) amorphous and (2) 

semicrystalline. An amorphous material is characterized by a glass transition temperature. 

Semicrystalline materials are characterized by both a glass transition temperature and a 

melting temperature. Crystallinity usually imparts solvent resistance. Common 

thermoplastic matrix materials are PPS (thermoplastic), PEEK (thermoplastic), and PEKK 

(thermoplastic). Thermoplastic matrix materials offer several advantages over 

thermosetting matrix materials: (1) higher toughness, (2) recyclability, (3) infinite shelf 

life. However, several disadvantages are also associated with the use of thermoplastic 

materials: (1) lower strength and modulus (2) prepregging difficulties (3) generally 

greater expense. The prepregging difficulties arise from the fact that the melt viscosities 

of the thermoplastic matrices are very high leading to fiber breakage and incomplete fiber 

wetting. 
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1.1.3. The Interphase Constituent 

The fiber/matrix interface is defined as the boundary between the reinforcing fiber 

and the matrix material. This boundary contains no mass and represents a point of 

discontinuity in physical properties. The fiber/matrix interface has long been known to 

be an important factor in determining the final composite’s mechanical properties [9,10]. 

Stress concentrations at the fiber/matrix interface initiate micro cracks that lead to 

premature composite failure. These stress concentrations are created at the interface due 

to a mismatch in coefficients of thermal expansion and mismatches in mechanical 

properties of the fiber and the matrix [11]. The fiber/matrix interface has been shown to 

determine off-axis composite mechanical properties. These off-axis properties include 

flexural/torsional fatigue lifetime, interlaminar shear strength, and transverse strength. It 

has been postulated that the fiber/matrix interface nomenclature discussed above should be 

replaced with a more appropriate descriptor of the cause for the phenomena. This new 

nomenclature is the fiber/matrix interphase. 

In addition to the fiber and the matrix, a composite material has a third constituent 

called the interphase (Figure 1.02) that is fundamentally different than the interface. This 

interphase layer has a finite thickness and contains a finite amount of mass. The 

interphase has gradients in mechanical and physical properties across its thickness that 

drastically effect the performance of the composite. A modification of the fiber/matrix 

interface directly results in changes in the fiber/matrix interphase region and vice-versa. 

Because of the importance of this interphase region, much research has focused on 
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Figure 1.02 Schematic of carbon fiber, matrix, and the interphase [12] 
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identifying, defining, altering, modeling, and optimizing this interphase region. 

One method to modify the fiber/matrix interphase is through the application of a 

sizing to the fiber surface. A sizing is usually a polymer that couples with the fiber either 

by covalent bonds or by physical adsorption and is placed on the surface of the fiber in 

amounts from 0.5 to 2.0 wt%. Traditionally, sizings have been olaced on carbon fibers to 

protect them and prevent damage in subsequent processing steps. Recently, sizings have 

been shown to dramatically effect the final composite mechanical properties [13]. In 

particular, increases in fatigue lifetime have been demonstrated for certain thermoplastic 

sizings such as polyvinylpyrollidone, PVP. The sizing chemistry can be tailored to be 

either reactive, unreactive, miscible, or immiscible with the polymer matrix and an optimal 

interphase material for a particular composite application realized. As will be discussed in 

Chapter 2, no such study to obtain an optimal interphase has ever been conducted for 

water-soluble sizing materials. 

1.2 Objectives for the Current Work 

Before optimal interphase materials can be developed, a process to coat carbon 

fibers with these sizing agents needs to be developed. Since these sizing agents must be 

tailored for eventual application in industry, the process must be environmentally friendly. 

As such, the process to coat carbon fibers with these sizing agents must be completed 

using aqueous solutions. As will be discussed in Chapter 2, the literature was found to be 
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void of any past work in the processing of carbon fiber tow with polymer sizing agents via 

aqueous solutions. 

After the fiber has been produced by the sizing apparatus, the fiber then must be 

evaluated to determine the sizing amount on the surface. As will be discovered in Chapter 

2, no step by step procedure for the determination of sizing level on carbon fibers was 

discovered in the academically published literature. 

After the fiber sizing process and the sizing level determination technique have 

been developed, a quantitative relationship relating sizing level to the process variables 

needs to be developed. This will allow the optimization of the sizing amount in addition 

to the actual sizing material and hence a truly optimal interphase. 

In addition, the fiber needs to be characterized for sizing homogeneity and fiber 

clumping. Fiber clumping results when the sizing deposits in a manner that creates 

bridging of multiple filaments together. The clumped fiber lowers the permeability of the 

fiber and prevents efficient prepregging at a later stage. 

With this knowledge the objectives for this project can be clearly stated. 

1. Develop a sizing process for coating carbon fiber tow with aqueous water dispersible 
polymer interphase agents, focusing on PVP as a test system. 

2. Develop an analytical technique to precisely measure the sizing level present on the 
carbon fiber. 

3. Develop a quantitative process model, based on a statistical design technique, that 

shows the effects of critical process variables on the sizing level. 

4. Prove that the sizing apparatus produces fiber of equal to or greater quality than the 

fiber sized with PVP: produced by Zoltek or Courtaulds Incorporated. 
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The completion of these objectives is discussed in the following Chapters. In the next 

Chapter, a literature review on the general area of interphase modification is presented. 
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�o�f� �t�h�e� �i�n�t�e�r�p�h�a�s�e�.� �T�h�i�s� �c�o�a�t�i�n�g� �h�a�s� �b�e�e�n� �c�a�l�l�e�d� �a� �s�i�z�i�n�g� �o�r� �a� �c�o�u�p�l�i�n�g� �a�g�e�n�t�.� �T�h�e� �p�r�o�c�e�s�s� 

�b�y� �w�h�i�c�h� �a� �s�i�z�i�n�g� �o�r� �c�o�u�p�l�i�n�g� �a�g�e�n�t� �i�s� �a�p�p�l�i�e�d� �t�o� �a� �c�a�r�b�o�n� �f�i�b�e�r� �i�s� �r�e�f�e�r�r�e�d� �t�o� �a�s� �s�i�z�i�n�g�.� 

�T�h�e� �f�o�r�m�e�r� �m�e�t�h�o�d� �w�i�l�l� �b�e� �b�r�i�e�f�l�y� �r�e�v�i�e�w�e�d� �f�i�r�s�t� �f�o�l�l�o�w�e�d� �b�y� �a� �r�e�v�i�e�w� �o�f� �t�h�e� �l�a�t�t�e�r� �m�e�t�h�o�d�.� 
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�T�h�e� �d�i�r�e�c�t� �m�o�d�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �s�u�r�f�a�c�e� �c�h�e�m�i�s�t�r�y� �o�f� �c�a�r�b�o�n� �f�i�b�e�r�s� �i�s� �c�a�l�l�e�d� �s�u�r�f�a�c�e� 

�t�r�e�a�t�m�e�n�t�.� �B�y� �c�h�a�n�g�i�n�g� �t�h�i�s� �s�u�r�f�a�c�e� �c�h�e�m�i�s�t�r�y�,� �t�h�e� �f�i�b�e�r�/�m�a�t�r�i�x� �a�d�h�e�s�i�o�n� �c�a�n� �b�e� �a�l�t�e�r�e�d� 

�d�e�p�e�n�d�i�n�g� �u�p�o�n� �t�h�e� �t�r�e�a�t�m�e�n�t� �[�2�]�.� �I�n� �t�h�i�s� �s�e�c�t�i�o�n�,� �a� �b�r�i�e�f� �r�e�v�i�e�w� �o�f� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �i�n�v�o�l�v�i�n�g� 

�t�h�e� �s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t� �o�f� �c�a�r�b�o�n� �f�i�b�e�r�s� �i�s� �p�r�e�s�e�n�t�e�d�.� �A� �m�o�r�e� �c�o�m�p�r�e�h�e�n�s�i�v�e� �r�e�v�i�e�w� �c�a�n� �b�e� 

�f�o�u�n�d� �e�l�s�e�w�h�e�r�e� �[�3�,�4�,�5�]�.� 

�B�u�c�h�e�r� �a�n�d� �c�o�-�w�o�r�k�e�r�s� �a�t� �V�P�I� �u�s�e�d� �c�o�n�t�i�n�u�o�u�s� �p�l�a�s�m�a� �t�r�e�a�t�m�e�n�t� �o�f� �c�a�r�b�o�n� �f�i�b�e�r�s� 

�t�o� �e�l�u�c�i�d�a�t�e� �i�t�s� �e�f�f�e�c�t�s� �o�n� �t�h�e� �f�i�b�e�r�/�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�e� �a�n�d� �t�h�e� �f�i�n�a�l� �c�o�m�p�o�s�i�t�e� �m�e�c�h�a�n�i�c�a�l� 

�p�r�o�p�e�r�t�i�e�s� �[�6�]�.� �T�h�e�s�e� �r�e�s�e�a�r�c�h�e�r�s� �d�i�s�c�o�v�e�r�e�d� �t�h�a�t� �a�d�d�i�t�i�o�n�a�l� �p�l�a�s�m�a� �t�r�e�a�t�m�e�n�t� �i�n�c�r�e�a�s�e�d� 

�t�h�e� �s�u�r�f�a�c�e� �o�x�y�g�e�n� �c�o�n�t�e�n�t� �o�f� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r�s� �w�h�i�c�h� �r�e�s�u�l�t�e�d� �i�n� �c�o�r�r�e�s�p�o�n�d�i�n�g� �i�n�c�r�e�a�s�e�s� 

�i�n� �I�o�s�i�p�e�s�c�u� �s�h�e�a�r� �a�n�d� �t�r�a�n�s�v�e�r�s�e� �f�l�e�x�u�r�a�l� �s�t�r�e�n�g�t�h�s� �o�f� �t�h�e� �f�i�n�a�l� �P�E�K�K� �t�h�e�r�m�o�p�l�a�s�t�i�c� 

�c�o�m�p�o�s�i�t�e�s�.� �H�o�w�e�v�e�r�,� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �m�o�d�u�l�i� �d�e�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �o�x�y�g�e�n� 

�c�o�n�t�e�n�t� �o�r� �s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t� �l�e�v�e�l�.� 

�D�r�z�a�l� �a�n�d� �c�o�-�w�o�r�k�e�r� �u�s�e�d� �h�e�a�t� �t�r�e�a�t�m�e�n�t� �t�o� �l�o�w�e�r� �t�h�e� �s�u�r�f�a�c�e� �o�x�y�g�e�n� �c�o�n�t�e�n�t� �f�o�r� 

�H�e�r�c�u�l�e�s� �A�S�-�4� �c�a�r�b�o�n� �f�i�b�e�r� �a�n�d� �d�e�t�e�r�m�i�n�e� �i�t�s� �e�f�f�e�c�t� �o�n� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �[�7�]�.� 

�D�e�p�e�n�d�i�n�g� �u�p�o�n� �t�h�e� �d�e�g�r�e�e� �o�f� �h�e�a�t� �t�r�e�a�t�m�e�n�t�,� �t�h�e� �a�m�o�u�n�t� �o�f� �r�e�m�a�i�n�i�n�g� �s�u�r�f�a�c�e� �o�x�y�g�e�n� 

�v�a�r�i�e�d�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �i�n�t�e�r�f�a�c�i�a�l� �s�h�e�a�r� �s�t�r�e�n�g�t�h�s� �o�f� �t�h�e� �h�e�a�t� �t�r�e�a�t�e�d� �f�i�b�e�r� �w�e�r�e� �l�o�w�e�r� �t�h�a�n� 

�t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �u�n�t�r�e�a�t�e�d� �A�S�-�4�.� �T�h�e� �i�n�t�e�r�f�a�c�i�a�l� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �f�i�b�e�r� �w�a�s� �f�o�u�n�d� �t�o� 

�d�e�c�r�e�a�s�e� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �h�e�a�t� �t�r�e�a�t�m�e�n�t� �o�r� �d�e�c�r�e�a�s�i�n�g� �s�u�r�f�a�c�e� �o�x�y�g�e�n� 

�c�o�n�t�e�n�t�.� �A�f�t�e�r� �a� �7�5�0� �°�C� �h�e�a�t� �t�r�e�a�t�m�e�n�t�,� �t�h�e� �s�u�r�f�a�c�e� �o�x�y�g�e�n� �c�o�n�t�e�n�t� �o�f� �t�h�e� �H�e�r�c�u�l�e�s� �A�S�-�4� 

�w�a�s� �f�o�u�n�d� �t�o� �b�e� �s�i�m�i�l�a�r� �t�o� �t�h�e� �H�e�r�c�u�l�e�s� �A�U�-�4�,� �t�h�e� �u�n�s�u�r�f�a�c�e� �t�r�e�a�t�e�d� �e�q�u�i�v�a�l�e�n�t� �t�o� 

�H�e�r�c�u�l�e�s� �A�S�-�4�.� �H�o�w�e�v�e�r�,� �t�h�e� �i�n�t�e�r�f�a�c�i�a�l� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �t�r�e�a�t�e�d� �H�e�r�c�u�l�e�s� �A�S�-�4� �(�h�e�a�t� 
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�t�r�e�a�t�e�d� �a�t� �7�5�0� �°�C�)� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �H�e�r�c�u�l�e�s� �A�U�-�4� �w�h�i�c�h� 

�c�o�n�t�a�i�n�e�d� �t�h�e� �s�a�m�e� �a�m�o�u�n�t� �o�f� �s�u�r�f�a�c�e� �o�x�y�g�e�n�.� �T�h�e� �r�e�s�e�a�r�c�h�e�r�s� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �s�u�r�f�a�c�e� 

�t�r�e�a�t�m�e�n�t� �s�t�e�p� �n�o�t� �o�n�l�y� �a�l�t�e�r�e�d� �t�h�e� �s�u�r�f�a�c�e� �c�h�e�m�i�s�t�r�y� �o�f� �t�h�e� �f�i�b�e�r� �b�u�t� �a�l�s�o� �r�e�m�o�v�e�d� �a� �w�e�a�k� 

�o�u�t�e�r� �l�a�y�e�r� �o�f� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r�.� 

�B�l�a�c�k�k�e�t�t�e�r� �a�n�d� �c�o�-�w�o�r�k�e�r�s� �s�t�u�d�i�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �i�n�d�u�s�t�r�i�a�l�l�y� �a�v�a�i�l�a�b�l�e� �s�u�r�f�a�c�e� 

�t�r�e�a�t�e�d� �f�i�b�e�r� �o�n� �t�h�e� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �a� �c�o�m�b�i�n�e�d� �E�p�o�n� �8�2�8� �e�p�o�x�y� �a�n�d� �a� �L�C�P� 

�c�o�m�p�o�s�i�t�e� �[�8�]�.� �T�w�o� �f�i�b�e�r� �t�y�p�e�s� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� �s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t� �w�e�r�e� �c�o�m�p�a�r�e�d�.� 

�G�r�a�f�i�l� �X�A� �a�n�d� �H�e�r�c�u�l�e�s� �A�S�-�4� �w�i�t�h� �a�n�d� �w�i�t�h�o�u�t� �s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t� �w�e�r�e� �t�e�s�t�e�d� �f�o�r� �t�h�e� 

�e�f�f�e�c�t� �o�f� �s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t� �o�n� �c�o�m�p�o�s�i�t�e� �p�e�r�f�o�r�m�a�n�c�e�.� �T�h�e� �s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t� �i�n� �b�o�t�h� 

�c�a�s�e�s� �w�a�s� �f�o�u�n�d� �t�o� �i�n�c�r�e�a�s�e� �l�o�n�g�i�t�u�d�i�n�a�l� �a�n�d� �t�r�a�n�s�v�e�r�s�e� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h�.� �T�h�e� �s�h�o�r�t� �b�e�a�m� 

�s�h�e�a�r� �s�t�r�e�n�g�t�h� �a�n�d� �t�r�a�n�s�v�e�r�s�e� �f�l�e�x�u�r�a�l� �s�t�r�e�n�g�t�h� �w�e�r�e� �a�l�s�o� �i�n�c�r�e�a�s�e�d�.� 

�2�.�2� �M�e�t�h�o�d�s� �f�o�r� �S�i�z�i�n�g� �C�a�r�b�o�n� �F�i�b�e�r�s� �w�i�t�h� �C�o�u�p�l�i�n�g� 
�A�g�e�n�t�s� 

�I�n� �a� �s�i�z�i�n�g� �o�p�e�r�a�t�i�o�n�,� �a� �s�i�z�i�n�g� �o�r� �c�o�u�p�l�i�n�g� �a�g�e�n�t� �i�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� 

�c�a�r�b�o�n� �f�i�b�e�r�.� �A�s� �w�a�s� �d�i�s�c�u�s�s�e�d� �i�n� �C�h�a�p�t�e�r� �1�,� �t�h�e� �s�i�z�i�n�g� �a�g�e�n�t� �c�a�n� �d�r�a�s�t�i�c�a�l�l�y� �e�f�f�e�c�t� �t�h�e� 

�p�e�r�f�o�r�m�a�n�c�e� �o�f� �a� �c�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l�.� 

�I�n� �i�n�d�u�s�t�r�i�a�l� �p�r�a�c�t�i�c�e�,� �s�i�z�i�n�g� �a�g�e�n�t�s� �a�r�e� �a�p�p�l�i�e�d� �a�f�t�e�r� �t�h�e� �s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t� �s�t�e�p�s�.� 

�T�h�e� �s�i�z�i�n�g� �a�g�e�n�t�,� �u�s�u�a�l�l�y� �a� �p�o�l�y�m�e�r�,� �i�s� �d�i�s�s�o�l�v�e�d� �i�n� �a�n� �a�p�p�r�o�p�r�i�a�t�e� �s�o�l�v�e�n�t� �a�n�d� �t�h�e� �f�i�b�e�r�s� 

�a�r�e� �s�u�b�s�e�q�u�e�n�t�l�y� �d�i�p�p�e�d� �i�n� �t�h�e� �s�o�l�u�t�i�o�n�.� �T�h�e� �f�i�b�e�r�s� �a�r�e� �t�h�e�n� �d�r�i�e�d� �a�n�d� �t�h�e� �p�o�l�y�m�e�r� �i�s� 

�d�e�p�o�s�i�t�e�d� �o�n� �t�h�e� �f�i�b�e�r� �s�u�r�f�a�c�e� �i�n� �a�m�o�u�n�t�s� �u�s�u�a�l�l�y� �f�r�o�m� �0�.�5� �t�o� �2�.�0� �w�t�%�.� �T�h�e� �l�i�t�e�r�a�t�u�r�e� �o�n� 
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�p�r�o�c�e�s�s�i�n�g� �o�f� �s�i�z�i�n�g�s� �c�a�n� �b�e� �d�i�v�i�d�e�d� �i�n�t�o� �t�w�o� �c�a�t�e�g�o�r�i�e�s� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �t�h�e� �p�r�o�c�e�s�s�i�n�g� 

�s�o�l�v�e�n�t�:� �(�1�)� �s�o�l�v�e�n�t� �b�a�s�e�d� �s�i�z�i�n�g� �s�y�s�t�e�m�s� �a�n�d� �(�2�)� �a�q�u�e�o�u�s� �b�a�s�e�d� �s�i�z�i�n�g� �s�y�s�t�e�m�s�.� 

�2�.�2�.�1� �S�o�l�v�e�n�t� �B�a�s�e�d� �S�i�z�i�n�g� �S�y�s�t�e�m�s� 

�J�e�n�k�i�n�s� �a�n�d� �c�o�-�w�o�r�k�e�r�s� �d�e�v�e�l�o�p�e�d� �a� �s�o�l�v�e�n�t� �b�a�s�e�d� �s�i�z�i�n�g� �a�p�p�a�r�a�t�u�s� �f�o�r� �1�2�K� �c�a�r�b�o�n� 

�f�i�b�e�r� �t�o�w�s� �[�9�]�.� �T�h�e� �s�i�z�i�n�g� �s�y�s�t�e�m� �c�o�n�s�i�s�t�e�d� �o�f� �a�n� �u�n�w�i�n�d� �s�p�o�o�l�,� �a� �d�i�p� �b�a�t�h�,� �a� �d�r�y�i�n�g� 

�t�u�n�n�e�l�,� �a�n�d� �a� �w�i�n�d�-�u�p� �d�e�v�i�c�e�.� �T�h�e� �s�y�s�t�e�m� �u�t�i�l�i�z�e�d� �r�o�l�l�e�r�s� �b�u�t� �n�o� �i�n�f�o�r�m�a�t�i�o�n� �a�b�o�u�t� 

�n�u�m�b�e�r� �o�r� �s�i�z�e� �w�a�s� �g�i�v�e�n�.� �T�h�e� �t�y�p�i�c�a�l� �l�i�n�e� �s�p�e�e�d�s� �u�t�i�l�i�z�e�d� �b�y� �t�h�i�s� �s�y�s�t�e�m� �w�e�r�e� �5�.�3� �f�t�/�m�i�n�.� 

�T�h�e�s�e� �r�e�s�u�l�t�e�d� �i�n� �a� �d�r�y�i�n�g� �u�n�i�t� �r�e�s�i�d�e�n�c�e� �t�i�m�e� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �3�0� �s�e�c�o�n�d�s�.� �T�h�e� �d�r�y�i�n�g� 

�t�u�n�n�e�l� �w�a�s� �c�a�p�a�b�l�e� �o�f� �a�t�t�a�i�n�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�s� �i�n� �e�x�c�e�s�s� �o�f� �2�0�0� �°�C�.� �T�h�e�s�e� �h�i�g�h� 

�t�e�m�p�e�r�a�t�u�r�e�s� �w�e�r�e� �n�e�e�d�e�d� �s�i�n�c�e� �t�h�e�s�e� �r�e�s�e�a�r�c�h�e�r�s� �w�e�r�e� �u�t�i�l�i�z�i�n�g� �N�M�P� �a�s� �t�h�e� �s�o�l�v�e�n�t� 

�(�B�o�i�l�i�n�g� �P�o�i�n�t� �=� �2�0�2� �°�C�)�.� �T�h�e� �d�r�y�i�n�g� �t�u�n�n�e�l� �u�t�i�l�i�z�e�d� �a� �h�o�t� �a�i�r� �g�u�n� �f�o�r� �t�h�e� �n�e�e�d�e�d� �h�e�a�t�i�n�g� 

�a�n�d� �f�o�r�c�e�d� �c�o�n�v�e�c�t�i�o�n�.� �T�h�e� �r�e�s�e�a�r�c�h�e�r�s� �c�o�m�m�e�n�t�e�d� �t�h�a�t� �t�h�e�i�r� �a�p�p�a�r�a�t�u�s� �p�r�o�d�u�c�e�d� �h�i�g�h� 

�q�u�a�l�i�t�y� �s�i�z�e�d� �f�i�b�e�r� �w�i�t�h� �t�h�e� �s�i�z�e� �u�n�i�f�o�r�m�l�y� �d�i�s�t�r�i�b�u�t�e�d� �o�n� �t�h�e� �i�n�d�i�v�i�d�u�a�l� �f�i�l�a�m�e�n�t�s� �a�s� 

�o�p�p�o�s�e�d� �t�o� �d�e�p�o�s�i�t�i�o�n� �a�r�o�u�n�d� �t�h�e� �e�x�t�e�r�i�o�r� �f�i�b�e�r�s�.� �T�h�e� �r�e�s�e�a�r�c�h�e�r�s� �d�i�d� �n�o�t� �s�p�e�c�i�f�y� �t�h�e� 

�a�m�o�u�n�t� �o�f� �f�i�b�e�r� �s�p�r�e�a�d� �a�t�t�a�i�n�a�b�l�e� �f�r�o�m� �t�h�e�i�r� �s�y�s�t�e�m�.� �T�h�e�y� �a�l�s�o� �f�a�i�l�e�d� �t�o� �m�e�n�t�i�o�n� �t�h�e� 

�a�m�o�u�n�t� �o�f� �l�i�n�e� �t�e�n�s�i�o�n� �u�t�i�l�i�z�e�d� �o�r� �i�f� �t�h�i�s� �p�r�o�c�e�s�s� �v�a�r�i�a�b�l�e� �w�a�s� �c�o�n�t�r�o�l�l�a�b�l�e�.� �I�t� �i�s� �d�o�u�b�t�f�u�l� 

�w�h�e�t�h�e�r� �t�h�e�i�r� �s�y�s�t�e�m� �c�o�u�l�d� �s�u�c�c�e�s�s�f�u�l�l�y� �s�i�z�e� �c�a�r�b�o�n� �f�i�b�e�r�s� �v�i�a� �a�n� �a�q�u�e�o�u�s� �p�r�o�c�e�s�s� �b�e�c�a�u�s�e� 

�o�f� �t�h�e�i�r� �i�n�a�b�i�l�i�t�y� �t�o� �c�o�n�t�r�o�l� �f�i�b�e�r� �t�e�n�s�i�o�n� �a�n�d� �f�i�b�e�r� �s�p�r�e�a�d�i�n�g�.� �T�h�e�s�e� �v�a�r�i�a�b�l�e�s� �h�a�v�e� �b�e�e�n� 

�i�d�e�n�t�i�f�i�e�d� �i�n� �t�h�e� �p�r�e�s�e�n�t� �w�o�r�k� �a�s� �i�m�p�o�r�t�a�n�t� �p�r�o�c�e�s�s�i�n�g� �p�a�r�a�m�e�t�e�r�s� �f�o�r� �a�n�y� �a�q�u�e�o�u�s� �s�i�z�i�n�g� 

�C�h�a�p�t�e�r� �2�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �1�9



�s�y�s�t�e�m�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �r�e�s�e�a�r�c�h�e�r�s� �u�s�e�d� �v�e�r�y� �d�i�l�u�t�e� �s�i�z�i�n�g� �b�a�t�h� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �(�0�.�0�6�3�-� 

�0�.�1�3� �%� �w�t�/�v�o�l�)� �s�h�o�u�l�d� �c�o�r�r�e�s�p�o�n�d� �t�o� �a� �v�e�r�y� �l�i�g�h�t� �f�i�n�a�l� �s�i�z�i�n�g� �l�e�v�e�l� �(�<�O�.�1� �w�t�%�)�.� �T�h�e� 

�r�e�s�e�a�r�c�h�e�r�s� �d�i�d� �n�o�t� �r�e�p�o�r�t� �a� �f�i�n�a�l� �s�i�z�i�n�g� �l�e�v�e�l�.� �T�h�e� �s�i�z�i�n�g� �a�g�e�n�t�s� �u�t�i�l�i�z�e�d� �a�r�e� �d�i�s�c�u�s�s�e�d� 

�f�u�r�t�h�e�r� �i�n� �s�e�c�t�i�o�n� �2�.�3�.�2�.� 

�T�h�o�m�a�s� �a�n�d� �c�o�w�o�r�k�e�r�s� �d�e�v�e�l�o�p�e�d� �a� �s�i�z�i�n�g� �a�p�p�a�r�a�t�u�s� �f�o�r� �c�o�a�t�i�n�g� �c�a�r�b�o�n� �f�i�b�e�r�s� 

�f�r�o�m� �s�o�l�v�e�n�t�s� �[�1�0�]�.� �T�h�e� �s�i�z�i�n�g� �p�r�o�c�e�s�s� �c�o�n�s�i�s�t�e�d� �o�f� �a�n� �u�n�w�i�n�d� �r�o�l�l�e�r�,� �a� �d�i�p� �b�a�t�h�,� �a� �d�r�y�i�n�g� 

�s�e�c�t�i�o�n�,� �a�n�d� �a� �w�i�n�d�e�r�.� �T�h�e� �s�y�s�t�e�m� �t�y�p�i�c�a�l�l�y� �o�p�e�r�a�t�e�d� �u�s�i�n�g� �m�e�t�h�y�l�e�n�e� �d�i�c�h�l�o�r�i�d�e� �a�s� �t�h�e� 

�s�o�l�v�e�n�t� �a�n�d� �t�h�e� �s�i�z�i�n�g� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �t�y�p�i�c�a�l�l�y� �0�.�7�5� �w�t�%�.� �T�h�e� �d�r�y�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� 

�5�0� �°�C� �a�n�d� �t�h�e� �d�r�y�i�n�g� �t�i�m�e� �w�a�s� �1�7�.�5� �s�e�c�o�n�d�s�.� �T�h�e�s�e� �r�e�s�e�a�r�c�h�e�r�s� �s�t�u�d�i�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� 

�d�r�y�e�r� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �t�h�e� �i�n�t�e�r�l�a�m�i�n�a�r� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �(�I�L�S�S�)� �a�n�d� �f�o�u�n�d� �t�h�a�t� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� 

�d�r�y�e�r� �t�e�m�p�e�r�a�t�u�r�e� �t�h�e� �I�L�S�S� �i�n�c�r�e�a�s�e�d� �b�y� �2�0�%�.� �T�h�e� �s�i�z�i�n�g�s� �u�t�i�l�i�z�e�d� �b�y� �t�h�e�s�e� �r�e�s�e�a�r�c�h�e�r�s� 

�a�r�e� �d�i�s�c�u�s�s�e�d� �f�u�r�t�h�e�r� �i�n� �s�e�c�t�i�o�n� �2�.�3�.�2�.� 

�2�.�2�.�2� �A�q�u�e�o�u�s� �B�a�s�e�d� �S�i�z�i�n�g� �S�y�s�t�e�m�s� 

�T�r�y�s�o�n� �a�n�d� �K�a�r�d�o�s� �d�e�v�e�l�o�p�e�d� �a�n� �a�q�u�e�o�u�s� �s�i�z�i�n�g� �a�p�p�a�r�a�t�u�s� �t�o� �c�o�a�t� �f�i�b�e�r� �g�l�a�s�s� �w�i�t�h� 

�v�a�r�i�o�u�s� �c�o�u�p�l�i�n�g� �a�g�e�n�t�s� �[�1�1�]�.� �T�h�e�s�e� �r�e�s�e�a�r�c�h�e�r�s� �u�t�i�l�i�z�e�d� �b�o�t�h� �5�-�m�i�l� �m�o�n�o�f�i�l�a�m�e�n�t�s� �a�n�d� 

�o�n�e�-�m�i�l� �2�2�-�f�i�l�a�m�e�n�t� �f�i�b�e�r� �g�l�a�s�s� �f�i�b�e�r�s� �i�n� �t�h�e�i�r� �s�y�s�t�e�m�.� �B�o�t�h� �o�f� �t�h�e�s�e� �s�y�s�t�e�m�s� �w�e�r�e� 

�s�u�c�c�e�s�s�f�u�l�l�y� �s�i�z�e�d� �w�i�t�h� �v�a�r�i�o�u�s� �c�o�u�p�l�i�n�g� �a�g�e�n�t�s�.� �T�h�e�i�r� �s�y�s�t�e�m� �c�o�n�s�i�s�t�e�d� �o�f� �t�h�e� �f�o�l�l�o�w�i�n�g� 

�s�e�c�t�i�o�n�s�.� �F�i�r�s�t�,� �a�n� �u�n�w�i�n�d� �s�e�c�t�i�o�n� �a�l�l�o�w�e�d� �f�i�b�e�r� �t�o� �b�e� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �s�p�o�o�l�.� �T�h�i�s� 

�u�n�w�i�n�d� �r�o�l�l�e�r� �h�a�d� �a� �s�e�r�v�o� �m�o�t�o�r� �t�h�a�t� �s�e�t� �t�h�e� �t�e�n�s�i�o�n� �i�n� �t�h�e� �s�y�s�t�e�m�.� �S�e�c�o�n�d�,� �a� �r�o�l�l�e�r� �s�y�s�t�e�m� 

�C�h�a�p�t�e�r� �2�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �2�0



�w�i�t�h� �a� �s�p�e�c�i�f�i�c� �g�e�o�m�e�t�r�y� �w�a�s� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �l�i�n�e� �t�e�n�s�i�o�n�.� �T�h�i�r�d�,� �t�h�e� �f�i�b�e�r�s� �w�e�r�e� 

�p�r�e�h�e�a�t�e�d� �t�o� �r�e�m�o�v�e� �e�x�c�e�s�s� �m�o�i�s�t�u�r�e�.� �F�o�u�r�t�h�,� �t�h�e� �f�i�b�e�r� �w�a�s� �p�u�l�l�e�d� �o�v�e�r� �a� �r�o�l�l�e�r� �w�i�t�h� �a� 

�s�m�a�l�l� �g�r�o�o�v�e�.� �T�h�e� �a�q�u�e�o�u�s� �s�o�l�u�t�i�o�n� �w�a�s� �a�l�l�o�w�e�d� �t�o� �f�l�o�w� �o�v�e�r� �t�h�i�s� �r�o�l�l�e�r� �a�n�d� �i�n� �t�h�e� 

�g�r�o�o�v�e�.� �T�h�e� �e�x�c�e�s�s� �s�o�l�u�t�i�o�n� �w�a�s� �t�r�a�p�p�e�d� �i�n� �a� �c�o�n�t�a�i�n�e�r� �s�i�t�u�a�t�e�d� �b�e�l�o�w� �t�h�e� �g�r�o�o�v�e�d� �r�o�l�l�e�r�.� 

�F�i�f�t�h�,� �t�h�e� �w�e�t� �f�i�b�e�r�s� �w�e�r�e� �p�u�l�l�e�d� �t�h�r�o�u�g�h� �f�o�u�r� �s�i�x� �f�o�o�t� �d�r�y�i�n�g� �s�e�c�t�i�o�n�s� �t�h�a�t� �w�e�r�e� �h�e�a�t�e�d� �b�y� 

�h�o�t� �a�i�r� �b�l�o�w�e�r�s�.� �T�h�e� �t�y�p�i�c�a�l� �t�e�m�p�e�r�a�t�u�r�e�s� �u�s�e�d� �i�n� �t�h�e�s�e� �d�r�y�i�n�g� �s�e�c�t�i�o�n�s� �w�e�r�e� �f�r�o�m� �1�5�0� �t�o� 

�2�6�4� �°�C�.� �F�i�n�a�l�l�y�,� �t�h�e� �f�i�b�e�r� �w�a�s� �p�l�a�c�e�d� �o�n� �a� �s�p�o�o�l� �u�t�i�l�i�z�e�d� �a� �m�o�t�o�r�i�z�e�d� �r�o�l�l�e�r� �w�i�t�h� �a� �r�o�v�i�n�g� 

�a�r�m�.� �T�h�i�s� �m�o�t�o�r�i�z�e�d� �r�o�l�l�e�r� �w�a�s� �u�s�e�d� �t�o� �c�o�n�t�r�o�l� �l�i�n�e� �s�p�e�e�d�.� �T�h�i�s� �s�y�s�t�e�m� �o�p�e�r�a�t�e�d� �a�t� �l�i�n�e� 

�s�p�e�e�d�s� �o�f� �3�2� �f�t�/�m�i�n� �a�n�d� �l�i�n�e� �t�e�n�s�i�o�n� �o�f� �2�5� �g�r�a�m�s�.� �T�h�e� �r�e�s�e�a�r�c�h�e�r�s� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e�i�r� 

�s�y�s�t�e�m� �c�o�u�l�d� �s�u�c�c�e�s�s�f�u�l�l�y� �c�o�n�t�r�o�l� �c�o�a�t�i�n�g� �t�h�i�c�k�n�e�s�s �� �o�f� �1� �t�o� �2� �m�i�c�r�o�n�s� �w�i�t�h� �a� �s�t�a�n�d�a�r�d� 

�e�r�r�o�r� �o�f� �5�%�.� �W�h�i�l�e� �t�h�i�s� �s�y�s�t�e�m� �u�t�i�l�i�z�e�d� �a�q�u�e�o�u�s� �s�o�l�u�t�i�o�n�s� �t�o� �s�u�c�c�e�s�s�f�u�l�l�y� �c�o�a�t� �f�i�b�e�r� �g�l�a�s�s� 

�w�i�t�h� �c�o�u�p�l�i�n�g� �a�g�e�n�t�s�,� �i�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� �n�o�t�e� �t�h�a�t� �t�h�e�s�e� �r�e�s�e�a�r�c�h�e�r�s� �w�e�r�e� �u�s�i�n�g� �l�a�r�g�e� 

�d�i�a�m�e�t�e�r� �a�n�d� �s�m�a�l�l� �f�i�l�a�m�e�n�t� �n�u�m�b�e�r� �t�o�w�s�.� �I�t� �i�s� �d�o�u�b�t�f�u�l� �t�h�a�t� �t�h�e�i�r� �s�y�s�t�e�m� �c�o�u�l�d� 

�s�u�c�c�e�s�s�f�u�l�l�y� �s�i�z�e� �c�a�r�b�o�n� �f�i�b�e�r� �t�o�w� �w�i�t�h� �n�o�m�i�n�a�l� �d�i�a�m�e�t�e�r�s� �o�f� �7� �m�i�c�r�o�n�s� �a�n�d� �f�i�l�a�m�e�n�t� 

�n�u�m�b�e�r�s� �i�n� �e�x�c�e�s�s� �o�f� �1�2�,�0�0�0�.� �T�h�e� �r�e�a�s�o�n� �f�o�r� �t�h�i�s� �c�o�n�c�l�u�s�i�o�n� �i�s� �t�h�a�t� �t�h�e�i�r� �s�y�s�t�e�m� �h�a�s� �n�o� 

�e�q�u�i�p�m�e�n�t� �t�o� �s�p�r�e�a�d� �t�h�e� �f�i�b�e�r�s�.� �W�h�e�n� �d�e�a�l�i�n�g� �w�i�t�h� �l�a�r�g�e� �f�i�l�a�m�e�n�t�s� �s�p�r�e�a�d�i�n�g� �i�s� 

�u�n�i�m�p�o�r�t�a�n�t�,� �b�u�t� �s�p�r�e�a�d�i�n�g� �b�e�c�o�m�e�s� �i�n�c�r�e�a�s�i�n�g�l�y� �i�m�p�o�r�t�a�n�t� �a�s� �f�i�l�a�m�e�n�t� �r�a�d�i�u�s� �d�e�c�r�e�a�s�e�s� 

�a�n�d� �f�i�l�a�m�e�n�t� �n�u�m�b�e�r� �i�n�c�r�e�a�s�e�s�.� �T�h�e� �s�i�z�i�n�g�s� �u�t�i�l�i�z�e�d� �b�y� �t�h�e�s�e� �r�e�s�e�a�r�c�h�e�r�s� �a�r�e� �d�i�s�c�u�s�s�e�d� 

�l�a�t�e�r� �i�n� �s�e�c�t�i�o�n� �2�.�3�.�2�.� 

�C�h�a�p�t�e�r� �2�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �2�1



�2�.�2�.�3�.� �E�l�e�c�t�r�o�d�e�p�o�s�i�t�i�o�n� �o�f� �S�i�z�i�n�g� �A�g�e�n�t�s� �o�n� �C�a�r�b�o�n� 
�F�i�b�e�r�s� 

�S�i�n�c�e� �c�a�r�b�o�n� �f�i�b�e�r�s� �a�r�e� �e�l�e�c�t�r�i�c�a�l�l�y� �c�o�n�d�u�c�t�i�v�e�,� �e�l�e�c�t�r�o�d�e�p�o�s�i�t�i�o�n� �o�f� �s�i�z�i�n�g� �a�g�e�n�t�s� 

�o�n� �c�a�r�b�o�n� �f�i�b�e�r� �i�s� �p�o�s�s�i�b�l�e� �[�1�2�]�.� �T�h�e�r�e� �a�r�e� �t�w�o� �c�l�a�s�s�e�s� �o�f� �e�l�e�c�t�r�o�d�e�p�o�s�i�t�i�o�n�:� �(�1�)� �a�n�o�d�i�c� 

�a�n�d� �(�2�)� �c�a�t�h�o�d�i�c�.� �I�n� �a�n�o�d�i�c�,� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r�s� �a�r�e� �t�h�e� �a�n�o�d�e� �w�h�i�l�e� �t�h�e� �a�q�u�e�o�u�s� �s�i�z�i�n�g� 

�s�o�l�u�t�i�o�n�s� �a�r�e� �t�h�e� �c�a�t�h�o�d�e�.� �T�h�e� �s�i�z�i�n�g� �a�g�e�n�t�s� �u�s�u�a�l�l�y� �c�o�n�t�a�i�n� �a�c�i�d� �o�r� �a�c�i�d� �a�n�h�y�d�r�i�d�e� 

�f�u�n�c�t�i�o�n�a�l�i�t�i�e�s� �t�h�a�t� �a�r�e� �p�a�r�t�i�a�l�l�y� �n�e�u�t�r�a�l�i�z�e�d� �w�i�t�h� �a� �b�a�s�e� �t�o� �f�o�r�m� �a� �s�o�l�u�b�l�e� �s�a�l�t�.� �T�h�e� 

�e�l�e�c�t�r�i�c�a�l� �c�u�r�r�e�n�t� �i�o�n�i�z�e�s� �t�h�e�s�e� �s�a�l�t�s� �a�n�d� �a�l�l�o�w�s� �t�h�e� �m�i�g�r�a�t�i�o�n� �o�f� �t�h�e� �p�o�l�y�m�e�r� �a�n�i�o�n�s� �t�o� �t�h�e� 

�p�o�s�i�t�i�v�e�l�y� �c�h�a�r�g�e�d� �c�a�r�b�o�n� �f�i�b�e�r� �s�u�r�f�a�c�e�.� �T�h�i�s� �c�o�a�t�i�n�g� �m�e�t�h�o�d� �s�h�o�u�l�d� �p�r�o�d�u�c�e� �h�i�g�h� �d�e�g�r�e�e�s� 

�o�f� �u�n�i�f�o�r�m�i�t�y� �s�i�n�c�e� �u�n�c�o�a�t�e�d� �a�r�e�a�s� �o�f� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �s�u�r�f�a�c�e� �s�h�o�u�l�d� �b�e� �m�o�r�e� �h�i�g�h�l�y� 

�c�h�a�r�g�e�d� �t�h�a�n� �t�h�e� �s�i�z�e�d� �a�r�e�a�s� �t�h�u�s� �f�a�v�o�r�i�n�g� �c�o�a�t�i�n�g� �o�f� �t�h�e� �u�n�c�o�a�t�e�d� �a�r�e�a�s�.� 

�S�u�b�r�a�m�a�n�i�a�n� �a�n�d� �c�o�-�w�o�r�k�e�r�s� �[�1�2�]� �d�e�p�o�s�i�t�e�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �3� �w�t�%� �p�o�l�y�(�b�u�t�a�d�i�e�n�e�-� 

�c�o�-�m�a�l�e�i�c� �a�n�h�y�d�r�i�d�e�)� �(�B�M�A�)� �o�n� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �s�u�r�f�a�c�e�.� �T�h�e� �c�o�a�t�e�d� �f�i�b�e�r� �s�h�o�w�e�d� �a� �l�a�r�g�e� 

�a�m�o�u�n�t� �o�f� �h�e�t�e�r�o�g�e�n�e�o�u�s� �c�o�a�t�i�n�g� �b�e�i�n�g� �a�p�p�l�i�e�d� �t�o� �t�h�e� �f�i�b�e�r� �s�u�r�f�a�c�e�.� �T�h�e� �e�f�f�e�c�t�s� �o�f� 

�c�u�r�r�e�n�t�,� �s�o�l�u�t�i�o�n� �p�H�,� �a�n�d� �t�i�m�e� �w�e�r�e� �o�n� �s�i�z�i�n�g� �d�e�p�o�s�i�t�i�o�n� �w�e�r�e� �s�t�u�d�i�e�d�.� �I�n� �a�d�d�i�t�i�o�n�,� 

�c�o�m�p�o�s�i�t�e� �p�a�n�e�l�s� �p�r�o�d�u�c�e�d� �f�r�o�m� �t�h�e�s�e� �e�l�e�c�t�r�o�d�e�p�o�s�i�t�e�d� �f�i�b�e�r�s� �w�e�r�e� �s�h�o�w�n� �t�o� �h�a�v�e� �i�n�f�e�r�i�o�r� 

�p�r�o�p�e�r�t�i�e�s� �t�o� �t�h�e� �s�a�m�e� �f�i�b�e�r� �a�n�d� �s�i�z�i�n�g� �c�o�m�m�e�r�c�i�a�l�l�y� �a�v�a�i�l�a�b�l�e�.� �T�h�e� �r�e�s�e�a�r�c�h�e�r�s� �e�x�p�l�a�i�n�e�d� 

�t�h�e�s�e� �i�n�f�e�r�i�o�r� �p�r�o�p�e�r�t�i�e�s� �t�o� �c�h�a�n�g�e�s� �i�n� �s�i�z�i�n�g� �a�n�d� �i�n�t�e�r�p�h�a�s�e� �c�h�e�m�i�s�t�r�y� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� 

�e�l�e�c�t�r�o�d�e�p�o�s�i�t�i�o�n� �s�t�e�p�.� 

�C�h�a�p�t�e�r� �2�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �2�2



�2�.�2�.�4� �I�n�-�s�i�t�u� �S�i�z�i�n�g� �o�f� �C�a�r�b�o�n� �F�i�b�e�r�s� 

�G�o�n�z�a�l�e�z� �a�n�d� �c�o�-�w�o�r�k�e�r�s� �[�1�3�]� �u�s�e�d� �s�i�z�i�n�g� �a�g�e�n�t�s� �a�s� �a� �b�i�n�d�e�r� �d�i�s�p�e�r�s�a�n�t� �f�o�r� �v�a�r�i�o�u�s� 

�t�h�e�r�m�o�p�l�a�s�t�i�c� �m�a�t�r�i�c�e�s� �i�n� �a� �s�u�s�p�e�n�s�i�o�n� �p�r�e�p�r�e�g�g�i�n�g� �o�p�e�r�a�t�i�o�n�.� �T�h�e� �s�i�z�i�n�g� �w�a�s� �g�e�n�e�r�a�t�e�d� 

�i�n�-�s�i�t�u� �o�r� �d�u�r�i�n�g� �t�h�e� �p�r�o�c�e�s�s�i�n�g�/�p�r�e�p�r�e�g�g�i�n�g� �s�t�e�p�.� �T�h�e� �p�r�e�p�r�e�g�g�i�n�g� �a�q�u�e�o�u�s� �s�o�l�u�t�i�o�n� 

�c�o�n�s�i�s�t�e�d� �o�f� �t�h�e� �t�h�e�r�m�o�p�l�a�s�t�i�c� �m�a�t�r�i�x� �m�a�t�e�r�i�a�l� �s�t�a�b�i�l�i�z�e�d� �w�i�t�h� �t�h�e� �s�i�z�i�n�g� �a�g�e�n�t�.� �U�p�o�n� 

�d�r�y�i�n�g� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �w�e�t�t�e�d� �w�i�t�h� �t�h�i�s� �s�o�l�u�t�i�o�n�,� �t�h�e� �s�i�z�i�n�g� �a�g�e�n�t� �i�s� �l�e�f�t� �a�s� �a�n� �i�n�t�e�r�p�h�a�s�e� 

�m�a�t�e�r�i�a�l�.� �I�t� �i�s� �s�t�i�l�l� �u�n�c�l�e�a�r� �w�h�a�t� �p�e�r�c�e�n�t�a�g�e� �o�f� �t�h�e� �s�i�z�i�n�g� �a�g�e�n�t� �a�c�t�u�a�l� �e�n�d�s� �u�p� �o�n� �t�h�e� 

�s�u�r�f�a�c�e� �a�n�d� �n�o�t� �d�i�s�t�r�i�b�u�t�e�d� �i�n� �t�h�e� �b�u�l�k� �t�h�e�r�m�o�p�l�a�s�t�i�c� �m�a�t�r�i�x�.� 

�2�.�3� �S�i�z�i�n�g� �A�g�e�n�t�s� �a�n�d� �T�h�e�i�r� �E�f�f�e�c�t�s� �o�n� �M�e�c�h�a�n�i�c�a�l� 
�P�r�o�p�e�r�t�i�e�s� 

�2�.�3�.�1� �I�n�o�r�g�a�n�i�c� �S�i�z�i�n�g� �A�g�e�n�t�s� 

�D�r�z�a�l� �a�n�d� �D�r�o�w�n� �i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �s�i�l�a�n�e� �c�o�u�p�l�i�n�g� �a�g�e�n�t�s� �o�n� �t�h�e� 

�m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �E�-�g�l�a�s�s� �r�e�i�n�f�o�r�c�e�d� �e�p�o�x�y� �m�a�t�r�i�x� �c�o�m�p�o�s�i�t�e�s� �[�1�4�]�.� �T�h�e�y� �n�o�t�e�d� 

�t�h�a�t� �t�h�e� �r�e�a�c�t�i�v�i�t�y� �o�f� �t�h�e� �s�i�l�a�n�e� �c�o�u�p�l�i�n�g� �w�i�t�h� �t�h�e� �e�p�o�x�y� �c�r�e�a�t�e�d� �a� �b�r�i�t�t�l�e� �f�i�b�e�r�/�m�a�t�r�i�x� 

�i�n�t�e�r�f�a�c�e� �t�h�a�t� �i�n�c�r�e�a�s�e�d� �i�n�t�e�r�f�a�c�i�a�l� �s�h�e�a�r� �s�t�r�e�n�g�t�h�.� �T�h�i�s� �t�r�a�n�s�l�a�t�e�d� �i�n�t�o� �a� �f�i�n�a�l� �c�o�m�p�o�s�i�t�e� 

�w�i�t�h� �a� �1�2�.�4�%� �h�i�g�h�e�r� �i�n�t�e�r�l�a�m�i�n�a�r� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �a�n�d� �a� �3�5�%� �i�n�c�r�e�a�s�e� �i�n� �9�0� �d�e�g�r�e�e� �f�l�e�x�u�r�a�l� 

�s�t�r�e�n�g�t�h�.� �H�o�w�e�v�e�r�,� �t�h�e� �b�r�i�t�t�l�e� �i�n�t�e�r�f�a�c�e� �h�a�d� �t�h�e� �d�e�t�r�i�m�e�n�t�a�l� �e�f�f�e�c�t� �o�f� �l�o�w�e�r�i�n�g� �c�o�m�p�o�s�i�t�e� 

�t�o�u�g�h�n�e�s�s�.� �W�h�i�l�e� �n�o� �m�e�c�h�a�n�i�c�a�l� �t�e�s�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �t�o� �a�s�c�e�r�t�a�i�n� �t�h�e� �l�i�f�e�t�i�m�e� 

�C�h�a�p�t�e�r� �2�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �2�3



�p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e�s�e� �s�i�z�i�n�g� �a�g�e�n�t�s�,� �t�h�e� �b�r�i�t�t�l�e� �i�n�t�e�r�f�a�c�e� �w�o�u�l�d� �a�l�m�o�s�t� �c�e�r�t�a�i�n�l�y� �l�e�a�d� �t�o� �a� 

�l�o�w�e�r� �l�i�f�e�t�i�m�e� �f�a�t�i�g�u�e�.� 

�2�.�3�.�2� �O�r�g�a�n�i�c� �S�i�z�i�n�g� �A�g�e�n�t�s� 

�2�.�3�.�2�.�1� �T�h�e�r�m�o�s�e�t� �A�g�e�n�t�s� 

�T�r�y�s�o�n� �a�n�d� �K�a�r�d�o�s� �u�t�i�l�i�z�e�d� �t�h�e�i�r� �a�q�u�e�o�u�s� �s�i�z�i�n�g� �s�y�s�t�e�m� �t�o� �c�o�a�t� �f�i�b�e�r� �g�l�a�s�s� 

�m�o�n�o�f�i�l�a�m�e�n�t�s� �w�i�t�h� �d�u�c�t�i�l�e� �u�n�r�e�a�c�t�e�d� �e�p�o�x�i�e�s� �[�1�1�]�.� �T�h�e�s�e� �r�e�s�e�a�r�c�h�e�r�s� �u�s�e�d� �t�w�o� �d�i�f�f�e�r�e�n�t� 

�s�i�z�i�n�g� �m�a�t�e�r�i�a�l�s� �b�u�t� �d�i�d� �n�o�t� �s�p�e�c�i�f�i�c�a�l�l�y� �i�d�e�n�t�i�f�y� �t�h�e� �t�w�o� �m�a�t�e�r�i�a�l�s� �u�s�e�d�.� �T�h�e�i�r� �r�e�s�u�l�t�s� 

�i�n�d�i�c�a�t�e� �t�h�a�t� �b�o�t�h� �d�u�c�t�i�l�e� �e�p�o�x�y� �s�i�z�e�s� �h�a�d� �t�h�e� �f�o�l�l�o�w�i�n�g� �e�f�f�e�c�t�s� �o�n� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� 

�t�h�e� �f�i�n�a�l� �c�o�m�p�o�s�i�t�e�.� �F�i�r�s�t�,� �t�h�e� �t�r�a�n�s�v�e�r�s�e� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �s�h�o�w�e�d� �a� �6�7�%� �i�n�c�r�e�a�s�e� �o�v�e�r� �t�h�e� 

�u�n�s�i�z�e�d� �m�a�t�e�r�i�a�l�.� �S�e�c�o�n�d�,� �t�h�e� �t�o�r�s�i�o�n�a�l� �f�a�t�i�g�u�e� �l�i�f�e� �i�n�c�r�e�a�s�e�d� �b�y� �1�0�0�0�%�.� �T�h�i�r�d�,� �t�h�e� 

�i�n�t�e�r�l�a�m�i�n�a�r� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �i�n�c�r�e�a�s�e�d� �b�y� �4�0�%� �f�o�r� �t�h�e� �d�u�c�t�i�l�e� �e�p�o�x�y� �s�i�z�e�d� �m�a�t�e�r�i�a�l�.� �F�i�n�a�l�l�y�,� 

�t�h�e� �s�i�z�e�d� �m�a�t�e�r�i�a�l� �a�l�s�o� �i�n�c�r�e�a�s�e�d� �t�h�e� �c�o�m�p�o�s�i�t�e�s� �r�e�s�i�s�t�a�n�c�e� �t�o� �m�o�i�s�t�u�r�e� �i�n�i�t�i�a�t�e�d� 

�d�e�g�r�a�d�a�t�i�o�n�.� �T�h�e�s�e� �r�e�s�e�a�r�c�h�e�r�s� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �s�i�z�i�n�g� �h�a�d� �t�h�e� �f�o�l�l�o�w�i�n�g� �e�f�f�e�c�t�s�.� 

�1�.� �T�h�e� �s�i�z�i�n�g� �p�r�o�v�i�d�e�d� �a�  ��r�u�b�b�e�r� �b�u�m�p�e�r �� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e� �t�o� �m�u�f�f�l�e� �s�t�r�e�s�s� 
�c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� 

�2�.� �T�h�e� �s�i�z�i�n�g� �a�c�t�s� �a� �s�p�a�c�e�r� �w�h�i�c�h� �e�l�i�m�i�n�a�t�e�s� �t�h�e� �n�e�a�r� �i�n�f�i�n�i�t�e� �s�t�r�e�s�s� �c�r�e�a�t�e�d� �b�y� 
�f�i�b�e�r�/�f�i�b�e�r� �c�o�n�t�a�c�t�.� 

�3�.� �T�h�e� �s�i�z�i�n�g� �h�e�a�l�s� �c�r�i�t�i�c�a�l� �f�l�a�w�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� �v�i�r�g�i�n� �f�i�b�e�r�.� 

�C�h�a�n�g� �a�n�d� �c�o�-�w�o�r�k�e�r�s� �a�t� �V�P�I� �e�x�p�e�r�i�m�e�n�t�e�d� �w�i�t�h� �t�h�e� �e�f�f�e�c�t�s� �o�f� �u�n�r�e�a�c�t�e�d� �e�p�o�x�y� 

�s�i�z�e�s� �o�n� �t�h�e� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �a�m�o�r�p�h�o�u�s� �t�h�e�r�m�o�p�l�a�s�t�i�c� �c�o�m�p�o�s�i�t�e�s� �u�s�i�n�g� �c�a�r�b�o�n� 

�f�i�b�e�r� �r�e�i�n�f�o�r�c�e�m�e�n�t� �[�1�5�]�.� �T�h�e�s�e� �r�e�s�e�a�r�c�h�e�r�s� �c�o�m�p�a�r�e�d� �v�a�r�i�o�u�s� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �J�2� 
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�t�h�e�r�m�o�p�l�a�s�t�i�c� �m�a�t�r�i�x� �c�o�m�p�o�s�i�t�e�s� �u�s�i�n�g� �u�n�s�i�z�e�d�/�n�o�n�-�s�u�r�f�a�c�e� �t�r�e�a�t�e�d�,� �u�n�s�i�z�e�d�/�s�u�r�f�a�c�e� 

�t�r�e�a�t�e�d�,� �a�n�d� �s�i�z�e�d�/�s�u�r�f�a�c�e� �t�r�e�a�t�e�d� �f�i�b�e�r�s� �f�o�r� �r�e�i�n�f�o�r�c�e�m�e�n�t�.� �T�h�e� �s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t� �m�e�t�h�o�d� 

�w�a�s� �p�r�o�p�r�i�e�t�a�r�y� �t�o� �t�h�e� �m�a�n�u�f�a�c�t�u�r�e�r� �a�n�d� �t�h�e� �s�i�z�i�n�g� �m�a�t�e�r�i�a�l� �w�a�s� �k�n�o�w�n� �t�o� �b�e� �a�n� �u�n�r�e�a�c�t�e�d� 

�e�p�o�x�y�.� �T�h�e� �i�n�t�e�r�f�a�c�e� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �w�a�s� �2�3�%� �g�r�e�a�t�e�r� �f�o�r� �t�h�e� �t�w�o� �s�y�s�t�e�m�s� �w�i�t�h� �i�n�t�e�r�f�a�c�e� 

�m�o�d�i�f�i�c�a�t�i�o�n�.� �H�o�w�e�v�e�r�,� �t�h�e� �t�w�o� �s�t�r�e�n�g�t�h�s� �f�o�r� �t�h�e� �u�n�s�i�z�e�d�/�s�u�r�f�a�c�e� �t�r�e�a�t�e�d� �a�n�d� �t�h�e� 

�s�i�z�e�d�/�s�u�r�f�a�c�e� �t�r�e�a�t�e�d� �w�e�r�e� �i�d�e�n�t�i�c�a�l�.� �T�h�e� �l�o�n�g�i�t�u�d�i�n�a�l� �s�t�i�f�f�n�e�s�s� �a�n�d� �f�a�i�l�u�r�e� �p�r�o�p�e�r�t�i�e�s� �w�e�r�e� 

�f�o�u�n�d� �t�o� �b�e� �i�n�s�e�n�s�i�t�i�v�e� �t�o� �t�h�e� �i�n�t�e�r�f�a�c�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �E�v�e�n� �t�h�o�u�g�h� �t�h�e� �l�o�n�g�i�t�u�d�i�n�a�l� 

�p�r�o�p�e�r�t�i�e�s� �w�e�r�e� �s�h�o�w�n� �t�o� �b�e� �i�n�s�e�n�s�i�t�i�v�e� �t�o� �f�i�b�e�r�/�m�a�t�r�i�x� �i�n�t�e�r�f�a�c�e� �m�o�d�i�f�i�c�a�t�i�o�n�,� �t�h�e� 

�p�h�o�t�o�m�i�c�r�o�g�r�a�p�h�s� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �f�a�i�l�u�r�e� �m�o�d�e�s� �w�e�r�e� �d�i�f�f�e�r�e�n�t� �i�n� �t�h�e� �u�n�s�i�z�e�d�/�n�o�n�-�s�u�r�f�a�c�e� 

�t�r�e�a�t�e�d� �a�n�d� �t�h�e� �i�n�t�e�r�f�a�c�e� �m�o�d�i�f�i�e�d� �s�y�s�t�e�m�.� 

�T�h�e� �t�r�a�n�s�v�e�r�s�e� �p�r�o�p�e�r�t�i�e�s� �w�e�r�e� �a�l�s�o� �t�e�s�t�e�d�.� �T�h�e� �s�t�r�a�i�n� �t�o� �f�a�i�l�u�r�e� �i�n� �t�h�e� 

�u�n�s�i�z�e�d�/�s�u�r�f�a�c�e� �t�r�e�a�t�e�d� �s�y�s�t�e�m� �s�h�o�w�e�d� �a� �1�0�0�%� �i�n�c�r�e�a�s�e� �w�h�i�l�e� �t�h�e� �s�i�z�e�d�/�s�u�r�f�a�c�e� �t�r�e�a�t�e�d� 

�s�y�s�t�e�m� �s�h�o�w�e�d� �n�o� �i�n�c�r�e�a�s�e� �i�n� �s�t�r�a�i�n� �t�o� �f�a�i�l�u�r�e�.� �T�h�e� �f�l�e�x�u�r�a�l� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �t�w�o� �i�n�t�e�r�f�a�c�e� 

�m�o�d�i�f�i�e�d� �s�y�s�t�e�m�s� �w�e�r�e� �e�q�u�i�v�a�l�e�n�t� �b�u�t� �w�e�r�e� �n�o�t�a�b�l�y� �h�i�g�h�e�r� �t�h�a�n� �t�h�e�i�r� �u�n�s�i�z�e�d�/�n�o�n�-�s�u�r�f�a�c�e� 

�t�r�e�a�t�e�d� �c�o�u�n�t�e�r�p�a�r�t�.� �T�h�e� �m�i�c�r�o�-�g�r�a�p�h�s� �o�f� �f�a�i�l�e�d� �s�u�r�f�a�c�e�s� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �u�n�s�i�z�e�d�/�n�o�n�-� 

�s�u�r�f�a�c�e� �t�r�e�a�t�e�d� �s�y�s�t�e�m� �s�h�o�w�e�d� �d�e�l�a�m�i�n�a�t�i�o�n� �a�t� �t�h�e� �f�i�b�e�r� �m�a�t�r�i�x� �i�n�t�e�r�f�a�c�e� �w�h�i�l�e� �t�h�e� �i�n�t�e�r�f�a�c�e� 

�m�o�d�i�f�i�e�d� �s�y�s�t�e�m�s� �s�h�o�w�e�d� �r�a�n�d�o�m� �d�e�l�a�m�i�n�a�t�i�o�n�.� �T�h�e� �t�r�a�n�s�v�e�r�s�e� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h�s� �o�f� �t�h�e� 

�i�n�t�e�r�f�a�c�e� �m�o�d�i�f�i�e�d� �s�y�s�t�e�m�s� �w�e�r�e� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e�i�r� �u�n�t�r�e�a�t�e�d� �c�o�u�n�t�e�r�p�a�r�t� �b�u�t� �t�h�e� 

�m�a�g�n�i�t�u�d�e� �w�a�s� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �t�h�e� �s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t� �p�r�e�s�e�n�t�.� �T�h�e� �u�n�s�i�z�e�d�/�s�u�r�f�a�c�e� �t�r�e�a�t�e�d� 

�t�r�a�n�s�v�e�r�s�e� �s�t�r�e�n�g�t�h� �w�a�s� �s�h�o�w�n� �t�o� �b�e� �1�.�6�/�1�.�3� �t�i�m�e�s� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �t�r�a�n�s�v�e�r�s�e� �s�t�r�e�n�g�t�h� �o�f� 

�t�h�e� �s�i�z�e�d�/�s�u�r�f�a�c�e� �t�r�e�a�t�e�d� �f�i�b�e�r�s�.� 
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�T�h�e� �s�h�e�a�r� �p�r�o�p�e�r�t�i�e�s� �w�e�r�e� �a�l�s�o� �i�n�v�e�s�t�i�g�a�t�e�d�.� �W�h�i�l�e� �t�h�e� �m�o�d�u�l�i� �f�o�r� �a�l�l� �s�y�s�t�e�m�s� 

�w�e�r�e� �e�q�u�i�v�a�l�e�n�t�,� �t�h�e� �t�e�n�s�i�l�e� �i�n�-�p�l�a�n�e� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �w�a�s� �6�8�%� �g�r�e�a�t�e�r� �a�n�d� �t�h�e� �l�o�s�i�p�e�s�c�u� 

�s�h�e�a�r� �s�t�r�e�n�g�t�h� �w�a�s� �8�3�%� �g�r�e�a�t�e�r� �f�o�r� �t�h�e� �t�w�o� �s�y�s�t�e�m�s� �w�i�t�h� �i�n�t�e�r�p�h�a�s�e� �m�o�d�i�f�i�c�a�t�i�o�n�.� �T�h�e� 

�s�i�z�e�d�-�s�u�r�f�a�c�e� �t�r�e�a�t�e�d� �f�i�b�e�r�s� �a�n�d� �t�h�e� �u�n�s�i�z�e�d�-�s�u�r�f�a�c�e� �t�r�e�a�t�e�d� �f�i�b�e�r�s� �s�h�o�w�e�d� �n�o� �d�i�f�f�e�r�e�n�c�e�s� 

�w�i�t�h� �r�e�s�p�e�c�t� �t�o� �p�r�o�p�e�r�t�i�e�s� �i�n� �s�h�e�a�r�.� 

�F�i�n�a�l�l�y�,� �[�+�-�4�5�/�9�0�2�]�,� �l�a�m�i�n�a�t�e�s� �i�n� �t�e�n�s�i�o�n� �w�e�r�e� �t�e�s�t�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �i�n�t�e�r�p�h�a�s�e� 

�e�f�f�e�c�t�.� �I�t� �w�a�s� �n�o�t�e�d� �t�h�a�t� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �t�w�o� �i�n�t�e�r�f�a�c�e� �m�o�d�i�f�i�e�d� �s�y�s�t�e�m�s� �w�e�r�e� 

�e�q�u�i�v�a�l�e�n�t�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� �n�o� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �o�n� �t�h�e� �l�i�f�e�t�i�m�e� �f�a�t�i�g�u�e� �o�r� 

�t�o�u�g�h�n�e�s�s� �o�f� �t�h�e� �f�i�n�a�l� �c�o�m�p�o�s�i�t�e�.� �T�h�e� �r�e�s�e�a�r�c�h�e�r�s� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �u�n�r�e�a�c�t�e�d� �e�p�o�x�y� 

�s�i�z�e� �h�a�d� �l�i�t�t�l�e� �e�f�f�e�c�t� �o�n� �t�h�e� �o�v�e�r�a�l�l� �c�o�m�p�o�s�i�t�e� �m�e�c�h�a�n�i�c�a�l� �s�t�a�t�i�c� �p�r�o�p�e�r�t�i�e�s� �f�o�r� �t�h�e� 

�t�h�e�r�m�o�p�l�a�s�t�i�c� �m�a�t�r�i�x�.� �H�o�w�e�v�e�r�,� �t�h�e� �r�e�s�e�a�r�c�h�e�r�s� �c�o�r�r�e�c�t�l�y� �n�o�t�e�d� �t�h�a�t� �t�h�i�s� �s�i�z�i�n�g� �s�y�s�t�e�m� �a�n�d� 

�s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t� �w�e�r�e� �d�e�v�e�l�o�p�e�d� �f�o�r� �e�p�o�x�y� �m�a�t�r�i�c�e�s� �a�n�d� �n�o�t� �t�h�e�r�m�o�p�l�a�s�t�i�c�s�.� �W�i�t�h� �a�n� 

�e�p�o�x�y� �m�a�t�r�i�x�,� �t�h�i�s� �s�i�z�i�n�g� �s�y�s�t�e�m� �a�n�d� �s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t� �l�e�a�d� �t�o� �m�o�r�e� �p�r�o�n�o�u�n�c�e�d� �i�n�c�r�e�a�s�e�s� 

�i�n� �i�n�t�e�r�l�a�m�i�n�a�r� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �w�h�i�c�h� �t�r�a�n�s�l�a�t�e�d� �i�n�t�o� �a� �m�o�r�e� �s�i�g�n�i�f�i�c�a�n�t� �i�m�p�r�o�v�e�m�e�n�t� �i�n� 

�c�o�m�p�o�s�i�t�e� �s�t�a�t�i�c� �p�e�r�f�o�r�m�a�n�c�e�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �c�a�n� �b�e� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �i�n�t�e�r�f�a�c�e� �m�o�d�i�f�i�c�a�t�i�o�n� 

�m�u�s�t� �b�e� �s�p�e�c�i�f�i�c�a�l�l�y� �t�a�i�l�o�r�e�d� �f�o�r� �t�h�e� �p�a�r�t�i�c�u�l�a�r� �m�a�t�r�i�x� �m�a�t�e�r�i�a�l� �u�t�i�l�i�z�e�d�.� �T�h�e� �s�a�m�e� �c�a�n� �b�e� 

�s�a�i�d� �a�b�o�u�t� �t�a�i�l�o�r�i�n�g� �t�h�e� �i�n�t�e�r�f�a�c�e� �m�o�d�i�f�i�c�a�t�i�o�n� �f�o�r� �t�h�e� �p�a�r�t�i�c�u�l�a�r� �f�i�b�e�r� �r�e�i�n�f�o�r�c�e�m�e�n�t� �u�s�e�d� �i�n� 

�t�h�e� �c�o�m�p�o�s�i�t�e� �s�y�s�t�e�m�.� 
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�2�.�3�.�2�.�2� �T�h�e�r�m�o�p�l�a�s�t�i�c� �A�g�e�n�t�s� 

�A�s� �d�i�s�c�u�s�s�e�d� �p�r�e�v�i�o�u�s�l�y�,� �t�h�e� �m�a�i�n� �s�o�u�r�c�e� �o�f� �f�a�i�l�u�r�e� �i�n� �c�o�m�p�o�s�i�t�e� �s�y�s�t�e�m�s� �w�i�t�h� 

�t�h�e�r�m�o�s�e�t� �s�i�z�e�s� �i�s� �t�h�e� �b�r�i�t�t�l�e� �i�n�t�e�r�f�a�c�e�.� �I�t� �h�a�s� �b�e�e�n� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� �u�s�e� �o�f� �a� �m�o�r�e� �d�u�c�t�i�l�e� 

�o�r� �r�u�b�b�e�r�y� �i�n�t�e�r�p�h�a�s�e� �c�o�u�l�d� �i�n�c�r�e�a�s�e� �t�h�e� �t�o�u�g�h�n�e�s�s� �o�f� �t�h�e� �f�i�n�a�l� �c�o�m�p�o�s�i�t�e� �[�1�6�,�1�1�]�.� 

�T�h�e�r�m�o�p�l�a�s�t�i�c� �s�i�z�e�s� �h�a�v�e� �t�h�u�s� �b�e�e�n� �i�d�e�n�t�i�f�i�e�d� �a�s� �p�o�s�s�i�b�l�e� �r�e�m�e�d�i�e�s� �t�o� �a� �b�r�i�t�t�l�e� �i�n�t�e�r�f�a�c�e� 

�b�e�c�a�u�s�e� �o�f� �t�h�e�i�r� �d�u�c�t�i�l�e� �n�a�t�u�r�e�.� �T�h�e�s�e� �t�h�e�r�m�o�p�l�a�s�t�i�c� �s�i�z�e�s� �s�h�o�u�l�d� �h�a�v�e� �t�h�e� �a�d�v�a�n�t�a�g�e� �o�f� 

�i�n�c�r�e�a�s�i�n�g� �i�n�t�e�r�f�a�c�e� �t�o�u�g�h�n�e�s�s� �b�u�t� �a�d�v�e�r�s�e�l�y� �l�o�w�e�r� �c�o�m�p�o�s�i�t�e� �s�t�r�e�n�g�t�h� �d�u�e� �t�o� �a� �l�o�w�e�r� 

�i�n�t�e�r�p�h�a�s�e� �s�h�e�a�r� �m�o�d�u�l�u�s�.� 

�J�e�n�k�i�n�s� �a�n�d� �c�o�-�w�o�r�k�e�r�s� �a�t� �I�C�I� �e�x�p�e�r�i�m�e�n�t�e�d� �w�i�t�h� �t�h�r�e�e� �t�h�e�r�m�o�p�l�a�s�t�i�c� �s�i�z�i�n�g� �a�g�e�n�t�s� 

�t�h�a�t� �p�o�s�s�e�s�s�e�d� �e�n�d� �g�r�o�u�p�s� �t�h�a�t� �w�e�r�e� �r�e�a�c�t�i�v�e� �w�i�t�h� �t�h�e� �t�h�e�r�m�o�s�e�t�t�i�n�g� �m�a�t�r�i�x� �P�M�R�-�1�5� �[�9�]�.� 

�T�h�e� �r�e�i�n�f�o�r�c�i�n�g� �f�i�b�e�r� �u�t�i�l�i�z�e�d� �i�n� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �c�a�r�b�o�n� �f�i�b�e�r�s� �o�b�t�a�i�n�e�d� �f�r�o�m� 

�v�a�r�i�o�u�s� �m�a�n�u�f�a�c�t�u�r�e�r�s�.� �T�h�e� �t�h�r�e�e� �s�i�z�i�n�g� �a�g�e�n�t�s� �w�e�r�e� �a� �p�o�l�y�i�s�o�i�m�i�d�e�,� �a� �p�o�l�y�a�r�y�l�s�u�l�p�h�o�n�e�,� 

�a�n�d� �a�n� �i�m�i�d�i�z�e�d� �p�o�l�y�a�r�y�l�s�u�l�p�h�o�n�e�.� �A�l�l� �t�h�r�e�e� �s�i�z�i�n�g� �a�g�e�n�t�s� �w�e�r�e� �s�y�n�t�h�e�s�i�z�e�d� �w�i�t�h� �e�n�d� 

�g�r�o�u�p�s� �t�h�a�t� �w�e�r�e� �r�e�a�c�t�i�v�e� �w�i�t�h� �t�h�e� �P�M�R�-�1�5�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� �t�h�e�s�e� �r�e�s�e�a�r�c�h�e�r ��s� �d�a�t�a� �w�e�r�e� 

�d�i�f�f�i�c�u�l�t� �t�o� �i�n�t�e�r�p�r�e�t� �b�e�c�a�u�s�e� �o�f� �t�h�e�i�r� �i�n�a�b�i�l�i�t�y� �t�o� �o�b�t�a�i�n� �u�n�s�i�z�e�d� �f�i�b�e�r� �f�r�o�m� �t�h�e� 

�m�a�n�u�f�a�c�t�u�r�e�r�s�.� �T�h�e�y� �u�s�e�d� �t�h�i�s� �p�r�e�v�i�o�u�s�l�y� �s�i�z�e�d� �m�a�t�e�r�i�a�l� �i�n� �t�h�e�i�r� �s�i�z�i�n�g� �o�p�e�r�a�t�i�o�n� �a�n�d� �t�h�u�s� 

�c�o�a�t�e�d� �t�h�e� �f�i�b�e�r�s� �w�i�t�h� �t�w�o� �d�i�s�t�i�n�c�t� �i�n�t�e�r�l�a�y�e�r�s�.� �I�t� �w�a�s� �d�i�f�f�i�c�u�l�t� �t�o� �e�l�u�c�i�d�a�t�e� �t�h�e� �e�f�f�e�c�t�s� �o�f� 

�t�h�e� �t�h�e�r�m�o�p�l�a�s�t�i�c� �s�i�z�e� �b�e�c�a�u�s�e� �o�f� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� �c�o�m�m�e�r�c�i�a�l� �s�i�z�e�.� �T�h�e� �o�n�l�y� �j�u�s�t�i�f�i�a�b�l�e� 

�c�o�n�c�l�u�s�i�o�n� �w�a�s� �t�h�a�t� �t�h�e�s�e� �s�i�z�i�n�g� �a�g�e�n�t�s� �d�i�d� �h�a�v�e� �a�n� �e�f�f�e�c�t� �o�n� �t�h�e� �c�a�r�b�o�n�/�f�i�b�e�r� �i�n�t�e�r�f�a�c�e�.� 

�T�h�e�r�e� �w�a�s� �a�l�s�o� �e�v�i�d�e�n�c�e� �t�h�a�t� �t�h�e�s�e� �s�i�z�i�n�g�s� �i�m�p�r�o�v�e�d� �t�h�e� �t�r�a�n�s�v�e�r�s�e� �f�l�e�x�u�r�a�l� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� 

�c�o�m�p�o�s�i�t�e�.� 
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�L�e�s�k�o� �e�t� �a�l�.� �c�o�m�p�a�r�e�d� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �c�o�m�p�o�s�i�t�e�s� �c�o�n�s�t�r�u�c�t�e�d� �f�r�o�m� �a�n� 

�e�p�o�x�y� �m�a�t�r�i�x� �a�n�d� �c�a�r�b�o�n� �f�i�b�e�r� �s�i�z�e�d� �w�i�t�h� �t�w�o� �d�i�f�f�e�r�e�n�t� �a�g�e�n�t�s� �[�1�7�]�.� �T�h�e� �f�i�r�s�t� �s�i�z�i�n�g� �a�g�e�n�t� 

�w�a�s� �a� �B�i�s�p�h�e�n�o�l�-�A� �e�p�o�x�y�.� �T�h�e� �s�e�c�o�n�d� �w�a�s� �K�1�7� �P�V�P�,� �a� �t�h�e�r�m�o�p�l�a�s�t�i�c� �s�i�z�i�n�g�.� �T�h�e�y� 

�c�o�m�p�a�r�e�d� �a� �m�u�l�t�i�t�u�d�e� �o�f� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �a�t� �t�w�o� �d�i�f�f�e�r�e�n�t� �s�i�z�i�n�g� �l�e�v�e�l�s�.� �T�h�e� �f�i�r�s�t� 

�m�e�c�h�a�n�i�c�a�l� �t�e�s�t� �c�o�m�p�l�e�t�e�d� �w�a�s� �a� �m�e�s�o�-�i�n�d�e�n�t�a�t�i�o�n� �t�e�s�t� �t�h�a�t� �i�d�e�n�t�i�f�i�e�s� �i�n�t�e�r�p�h�a�s�e� �s�t�r�e�n�g�t�h� 

�i�n� �c�o�m�p�r�e�s�s�i�o�n� �a�n�d� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �s�t�r�a�i�n� �t�o� �f�a�i�l�u�r�e� �i�n� �s�h�e�a�r�.� �T�h�e�i�r� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e� �t�h�a�t� 

�t�h�e�r�e� �w�a�s� �n�e�g�l�i�g�i�b�l�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �s�t�r�e�n�g�t�h� �b�e�t�w�e�e�n� �t�h�e� �B�i�s�p�h�e�n�o�l�-�A� �a�n�d� �K�1�7� �P�V�P� �s�i�z�e�d� 

�f�i�b�e�r�s� �a�t� �t�h�e� �l�o�w�e�r� �l�e�v�e�l� �o�f� �s�i�z�i�n�g�.� �H�o�w�e�v�e�r�,� �t�h�e� �K�1�7� �P�V�P� �s�i�z�e�d� �f�i�b�e�r�s� �s�h�o�w�e�d� �a� �1�5�%� 

�g�r�e�a�t�e�r� �s�t�r�a�i�n� �t�o� �f�a�i�l�u�r�e�.� �T�h�i�s� �s�e�e�m�e�d� �t�o� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �K�1�7� �P�V�P� �i�n�t�e�r�p�h�a�s�e� �w�a�s� �m�o�r�e� 

�d�u�c�t�i�l�e� �t�h�a�n� �t�h�e� �c�r�o�s�s�-�l�i�n�k�i�n�g� �e�p�o�x�y�.� �I�n� �c�o�m�p�r�e�s�s�i�o�n�,� �t�h�e� �K�1�7� �P�V�P� �s�i�z�e�d� �f�i�b�e�r� �s�h�o�w�e�d� �a� 

�d�r�a�s�t�i�c� �5�1�%� �i�n�c�r�e�a�s�e� �i�n� �s�t�r�e�n�g�t�h� �o�v�e�r� �t�h�e� �B�i�s�p�h�e�n�o�l�-�A� �s�i�z�e�d� �f�i�b�e�r�.� �A� �6�2�%� �i�n�c�r�e�a�s�e� �i�n� 

�f�a�i�l�u�r�e� �s�t�r�a�i�n� �w�a�s� �a�l�s�o� �s�e�e�n� �w�i�t�h� �t�h�e� �K�1�7� �P�V�P� �s�i�z�i�n�g� �a�t� �t�h�e� �l�o�w�e�r� �l�e�v�e�l� �o�f� �s�i�z�i�n�g�.� �M�o�s�t� 

�i�m�p�o�r�t�a�n�t�l�y�,� �t�h�e�s�e� �r�e�s�e�a�r�c�h�e�r�s� �e�v�a�l�u�a�t�e�d� �t�h�e�s�e� �s�y�s�t�e�m�s� �d�y�n�a�m�i�c� �p�e�r�f�o�r�m�a�n�c�e�.� �T�h�e� �K�1�7� 

�P�V�P� �s�i�z�e�d� �f�i�b�e�r� �s�h�o�w�e�d� �a�n� �i�n�c�r�e�a�s�e� �i�n� �f�a�t�i�g�u�e� �l�i�f�e� �b�y� �a� �f�a�c�t�o�r� �o�f� �1�0�0� �o�v�e�r� �t�h�e� �B�i�s�p�h�e�n�o�l�-�A� 

�s�i�z�e�d� �f�i�b�e�r�.� �T�h�e�s�e� �r�e�s�e�a�r�c�h�e�r�s� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �a� �r�e�s�i�s�t�a�n�c�e� �t�o�  ��m�i�c�r�o�-�b�u�c�k�l�i�n�g �� �r�e�s�u�l�t�e�d� �i�n� 

�a�n� �i�n�c�r�e�a�s�e� �i�n� �f�a�t�i�g�u�e� �l�i�f�e�.� 

�T�h�o�m�a�s� �a�n�d� �c�o�-�w�o�r�k�e�r�s� �u�t�i�l�i�z�e�d� �d�i�f�f�e�r�e�n�t� �d�i�f�u�n�c�t�i�o�n�a�l� �c�h�e�m�i�c�a�l� �c�o�u�p�l�i�n�g� �a�g�e�n�t�s� �i�n� 

�a�c�r�y�l�i�c� �m�a�t�r�i�x� �c�o�m�p�o�s�i�t�e�s� �c�u�r�e�d� �b�y� �e�l�e�c�t�r�o�n� �b�e�a�m� �i�r�r�a�d�i�a�t�i�o�n� �[�1�0�]�.� �T�h�e�s�e� �r�e�s�e�a�r�c�h�e�r�s� 

�v�a�r�i�e�d� �t�h�e� �c�h�e�m�i�s�t�r�y� �o�f� �t�h�e� �c�o�u�p�l�i�n�g� �a�g�e�n�t� �t�o� �h�a�v�e� �d�i�f�f�e�r�e�n�t� �a�f�f�i�n�i�t�i�e�s� �f�o�r� �t�h�e� �f�i�b�e�r�.� �T�h�e� 

�c�o�u�p�l�i�n�g� �a�g�e�n�t�s� �w�e�r�e� �r�e�a�c�t�i�v�e� �w�i�t�h� �t�h�e� �a�c�r�y�l�i�c� �m�a�t�r�i�x�.� �T�h�e�i�r� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �a�l�l� �t�h�e� 

�s�i�z�i�n�g� �a�g�e�n�t�s� �t�e�s�t�e�d� �i�m�p�r�o�v�e�d� �t�h�e� �f�i�b�e�r�/�m�a�t�r�i�x� �a�d�h�e�s�i�o�n� �b�e�y�o�n�d� �t�h�a�t� �o�b�s�e�r�v�e�d� �f�o�r� �t�h�e� 
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�u�n�s�i�z�e�d� �o�r� �c�o�m�m�e�r�c�i�a�l�l�y� �s�i�z�e�d� �m�a�t�e�r�i�a�l�s�.� �W�h�e�n� �t�h�e� �s�i�z�i�n�g� �a�g�e�n�t� �w�a�s� �s�y�n�t�h�e�s�i�z�e�d� �t�o� �n�o�t� �b�e� 

�r�e�a�c�t�i�v�e� �w�i�t�h� �t�h�e� �f�i�b�e�r�,� �t�h�e� �r�e�s�u�l�t�i�n�g� �I�F�S�S� �w�a�s� �5�0�%� �l�o�w�e�r� �t�h�a�n� �t�h�e� �r�e�a�c�t�i�v�e� �s�i�z�i�n�g�.� 

�G�o�n�z�a�l�e�z� �a�n�d� �c�o�-�w�o�r�k�e�r�s� �a�t� �V�P�I� �[�1�3�]� �s�t�u�d�i�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �p�o�l�y�i�m�i�d�e� �i�n�t�e�r�p�h�a�s�e�s� 

�g�e�n�e�r�a�t�e�d� �i�n�-�s�i�t�u� �o�n� �t�h�e� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e�r�m�o�p�l�a�s�t�i�c� �m�a�t�r�i�x� �c�o�m�p�o�s�i�t�e�s� �[�1�3�]�.� 

�I�n� �i�m�p�a�c�t� �t�e�s�t� �o�n� �s�a�m�e� �c�o�m�p�o�s�i�t�e� �s�y�s�t�e�m�s�,� �P�E�E�K�-�P�o�l�y�i�m�i�d�e� �c�a�s�e� �s�h�o�w�s� �a� �3�0�%� �r�e�d�u�c�t�i�o�n� 

�i�n� �d�a�m�a�g�e� �a�r�e�a� �g�r�o�w�t�h� �r�a�t�e� �c�o�m�p�a�r�e�d� �t�o� �A�P�C�-�2�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �w�e�r�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �a� 

�p�o�l�y�i�m�i�d�e� �r�i�c�h� �i�n�t�e�r�p�h�a�s�e� �d�e�p�o�s�i�t�e�d� �i�n�-�s�i�t�u� �o�r� �d�u�r�i�n�g� �t�h�e� �p�r�e�p�r�e�g�g�i�n�g� �s�t�e�p�.� 

�2�.�4� �S�i�z�i�n�g� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �M�e�t�h�o�d�s� 

�T�h�e� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �t�h�e� �s�i�z�i�n�g� �i�n�v�o�l�v�e�s� �t�h�e� �q�u�a�n�t�i�t�a�t�i�v�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� 

�s�i�z�i�n�g� �l�e�v�e�l� �a�n�d� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �s�i�z�i�n�g� �u�n�i�f�o�r�m�i�t�y�.� �T�r�y�s�o�n� �a�n�d� �c�o�-�w�o�r�k�e�r�s� �a�n�a�l�y�z�e�d� 

�t�h�e�i�r� �s�i�z�e�d� �f�i�b�e�r� �t�h�r�o�u�g�h� �a� �s�t�a�i�n�i�n�g� �t�e�c�h�n�i�q�u�e� �a�n�d� �s�u�b�s�e�q�u�e�n�t�l�y� �v�i�e�w�i�n�g� �t�h�i�s� �s�t�a�i�n�i�n�g� �u�n�d�e�r� 

�S�E�M� �[�1�1�]�.� �T�h�i�s� �a�n�a�l�y�s�i�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �E�-�g�l�a�s�s� �f�i�b�e�r�s� �w�i�t�h� �s�i�z�i�n�g� �l�a�y�e�r�s� �h�a�v�i�n�g� 

�t�h�i�c�k�n�e�s�s�e�s� �o�f� �1� �t�o� �2� �m�i�c�r�o�n�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �i�s� �a�p�p�a�r�e�n�t� �t�h�a�t� �t�h�i�s� �t�e�c�h�n�i�q�u�e� �c�o�u�l�d� �n�o�t� �b�e� 

�u�s�e�d� �f�o�r� �o�u�r� �1�0� �n�a�n�o�m�e�t�e�r� �s�i�z�i�n�g� �t�h�i�c�k�n�e�s�s�e�s�.� 

�T�h�o�m�a�s� �a�n�d� �c�o�-�w�o�r�k�e�r�s� �a�n�a�l�y�z�e�d� �t�h�e� �s�i�z�i�n�g� �l�e�v�e�l� �o�f� �t�h�e�i�r� �d�i�f�u�n�c�t�i�o�n�a�l� �c�o�u�p�l�i�n�g� 

�a�g�e�n�t�s� �v�i�a� �S�o�x�h�l�e�t� �e�x�t�r�a�c�t�i�o�n� �f�o�r� �2�4� �h�o�u�r�s� �i�n� �m�e�t�h�y�l�e�t�h�y�l�k�e�t�o�n�e� �[�1�0�]�.� �T�h�e� �r�e�s�e�a�r�c�h�e�r�s� �d�i�d� 

�n�o�t� �c�o�m�m�e�n�t� �o�n� �t�h�e� �a�c�c�u�r�a�c�y� �o�f� �t�h�i�s� �t�e�c�h�n�i�q�u�e�.� 

�T�h�o�m�a�s� �a�n�d� �c�o�-�w�o�r�k�e�r�s� �i�n� �a� �d�i�f�f�e�r�e�n�t� �p�a�p�e�r� �a�n�a�l�y�z�e�d� �t�h�e�i�r� �a�c�r�y�l�i�c�-�i�s�o�c�y�a�n�a�t�e� 

�c�o�m�p�o�u�n�d� �s�i�z�i�n�g� �a�g�e�n�t�s� �w�i�t�h� �b�o�t�h� �S�o�x�h�l�e�t� �e�x�t�r�a�c�t�i�o�n� �a�n�d� �p�y�r�o�l�y�s�i�s� �i�n� �a� �n�i�t�r�o�g�e�n� 

�C�h�a�p�t�e�r� �2�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �2�9



�a�t�m�o�s�p�h�e�r�e� �[�1�8�]�.� �T�h�e�y� �m�a�d�e� �n�o� �s�t�a�t�e�m�e�n�t� �o�f� �t�h�e� �q�u�a�l�i�t�y� �o�f� �t�h�e� �t�w�o� �m�e�t�h�o�d�s� �a�n�d� �g�a�v�e� �n�o� 

�r�e�a�s�o�n� �f�o�r� �w�h�y� �t�h�e� �t�w�o� �m�e�t�h�o�d�s� �w�e�r�e� �u�t�i�l�i�z�e�d�.� 

�I�n� �c�o�n�c�l�u�s�i�o�n�,� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �s�h�o�w�e�d� �a� �l�a�c�k� �o�f� �r�e�s�e�a�r�c�h� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �a�r�e�a�s�.� 

�1�.� �P�r�o�c�e�s�s�i�n�g� �o�f� �c�a�r�b�o�n� �f�i�b�e�r� �t�o�w� �w�i�t�h� �a�q�u�e�o�u�s� �b�a�s�e�d� �s�i�z�i�n�g� �a�g�e�n�t�s�.� 
�2�.� �T�h�e� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �t�h�e� �p�o�l�y�m�e�r� �s�i�z�i�n�g� �o�n� �t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �s�u�r�f�a�c�e�.� 

�T�h�e�r�e�f�o�r�e�,� �r�e�s�e�a�r�c�h� �w�i�l�l� �b�e� �c�o�n�d�u�c�t�e�d� �i�n� �t�h�e�s�e� �a�r�e�a�s� �a�s� �s�t�a�t�e�d� �i�n� �C�h�a�p�t�e�r� �1�.� �I�n� �t�h�e� �n�e�x�t� 

�C�h�a�p�t�e�r�,� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �t�h�e� �s�i�z�i�n�g� �p�r�o�c�e�s�s� �i�s� �p�r�e�s�e�n�t�e�d�.� 

�C�h�a�p�t�e�r� �2�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �3�0



�2�.�5� �R�e�f�e�r�e�n�c�e�s� 

�1�.� �B�.� �O�k�h�u�y�s�e�n�,� �R�.� �C�.� �C�o�c�h�r�a�n�,� �R�.� �E�.� �A�l�l�r�e�d�,� �R�.� �S�p�o�s�i�l�i�,� �a�n�d� �T�.� �M�.� �D�o�n�n�e�l�l�a�n�,� 
 ��I�n�t�e�r�f�a�c�e�/�I�n�t�e�r�p�h�a�s�e� �S�t�u�d�i�e�s� �i�n� �E�p�o�x�y� �M�a�t�i�x� �C�o�m�p�o�s�i�t�e�s ��,� �J�o�u�r�n�a�l� �o�f� �A�d�h�e�s�i�o�n�,� 
�4�5�,� �3�,� �(�1�9�9�4�)�.� 

�2�.� �W�.�D�.� �B�a�s�c�o�m�,� �a�n�d� �W�.� �J�.� �C�h�e�n�,�  ��E�f�f�e�c�t� �o�f� �P�l�a�s�m�a� �T�r�e�a�t�m�e�n�t� �o�n� �t�h�e� �A�d�h�e�s�i�o�n� �o�f� 
�C�a�r�b�o�n� �F�i�b�e�r�s� �t�o� �T�h�e�r�m�o�p�l�a�s�t�i�c� �P�o�l�y�m�e�r�s ��,� �J�o�u�r�n�a�l� �o�f� �A�d�h�e�s�i�o�n�,� �3�4�,� �9�9�,� �(�1�9�9�1�)�.� 
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�.� �W�.� �W�.� �W�r�i�g�h�t�,�  ��T�h�e� �C�a�r�b�o�n� �F�i�b�e�r�/�E�p�o�x�y� �R�e�s�i�n� �I�n�t�e�r�p�h�a�s�e�-� �A� �R�e�v�i�e�w� �-� �P�a�r�t� �1 ��,� 
�C�o�m�p�o�s�i�t�e� �P�o�l�y�m�e�r�s�,� �3�,� �4�,� �2�3�1�,� �(�1�9�9�0�)�.� 

�f
� �.� �J�.�D�.� �H�u�g�h�e�s�,�  ��T�h�e� �C�a�r�b�o�n� �F�i�b�e�r�/�E�p�o�x�y� �I�n�t�e�r�f�a�c�e�-�A� �R�e�v�i�e�w ��,� �C�o�m�p�o�s�i�t�e�s� �S�c�i�e�n�c�e� 

�a�n�d� �T�e�c�h�n�o�l�o�g�y�,� �4�1�,� �1�3�,� �(�1�9�9�1�)�.� 

�5�.� �E�.� �F�i�t�z�e�r�,� �a�n�d� �R�.� �W�e�i�s�s�,�  ��E�f�f�e�c�t� �o�f� �S�u�r�f�a�c�e� �T�r�e�a�t�m�e�n�t� �a�n�d� �S�i�z�i�n�g� �o�f� �C�-�F�i�b�e�r�s� �o�n� �t�h�e� 
�M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� �o�f� �C�F�R� �T�h�e�r�m�o�s�e�t�t�i�n�g� �a�n�d� �T�h�e�r�m�o�p�l�a�s�t�i�c� �P�o�l�y�m�e�r�s ��,� 
�C�a�r�b�o�n�,� �2�5�,� �4�,� �4�5�5�,� �(�1�9�8�7�)�.� 

�O
�n

� 

�.� �R�i�c�h�a�r�d� �B�u�c�h�e�r�,�  ��H�i�g�h� �P�e�r�f�o�r�m�a�n�c�e� �T�h�e�r�m�o�p�l�a�s�t�i�c� �M�a�t�r�i�x� �C�o�m�p�o�s�i�t�e� �P�r�o�c�e�s�s�i�n�g�:� �D�r�y� 
�P�o�w�d�e�r� �P�r�e�p�r�e�g�g�i�n�g�,� �P�l�a�s�m�a� �T�r�e�a�t�m�e�n�t�,� �C�o�n�s�o�l�i�d�a�t�i�o�n�/�C�r�y�s�t�a�l�l�i�z�a�t�i�o�n� �A�n�a�l�y�s�i�s ��,� 
�P�h�.�D�.� �d�i�s�s�e�r�t�a�t�i�o�n�,� �V�P�I�&�S�U�,� �(�1�9�9�4�)�.� 

�7�.� �L�.� �T�.� �D�r�z�a�l�,� �M�.� �J�.� �R�i�c�h�,� �a�n�d� �P�.� �F�.� �L�l�o�y�d�,�  ��A�d�h�e�s�i�o�n� �o�f� �G�r�a�p�h�i�t�e� �F�i�b�e�r�s� �t�o� �E�p�o�x�y� 
�M�a�t�r�i�c�e�s�:� �I�.� �T�h�e� �R�o�l�e� �o�f� �F�i�b�e�r� �S�u�r�f�a�c�e� �T�r�e�a�t�m�e�n�t ��,� �J�o�u�r�n�a�l� �o�f� �A�d�h�e�s�i�o�n�,� �1�6�,� �1�,� 
�(�1�9�8�2�)�.� 

�o
�o

� 

�.� �D�.� �M�.� �B�l�a�c�k�k�e�t�t�e�r�,� �D�.� �U�p�a�d�h�y�a�y�a�,� �T�.� �R�.� �K�i�n�g�,� �a�n�d� �J�.� �A�.� �K�i�n�g�,�  ��E�v�a�l�u�a�t�i�o�n� �o�f� �F�i�b�e�r� 
�S�u�r�f�a�c�e� �T�r�e�a�t�m�e�n�t� �a�n�d� �S�i�z�i�n�g� �o�n� �t�h�e� �S�h�e�a�r� �a�n�d� �T�r�a�n�s�v�e�r�s�e� �T�e�n�s�i�l�e� �S�t�r�e�n�g�t�h�s� �o�f� 
�C�a�r�b�o�n� �F�i�b�e�r�-�R�e�i�n�f�o�r�c�e�d� �T�h�e�r�m�o�s�e�t� �a�n�d� �T�h�e�r�m�o�p�l�a�s�t�i�c� �M�a�t�r�i�x� �C�o�m�p�o�s�i�t�e�s ��,� 
�P�o�l�y�m�e�r� �C�o�m�p�o�s�i�t�e�s�,� �1�4�,� �5�,� �4�3�0�,� �(�O�c�t�o�b�e�r� �1�9�9�3�)�.� 

�9�.� �S�.� �D�.� �J�e�n�k�i�n�s�,� �P�.� �T�.� �E�m�m�e�r�s�o�n�,� �P�.� �T�.� �M�c�G�r�a�i�l�,� �a�n�d� �R�.� �M�.� �R�o�b�i�n�s�o�n�,�  ��T�h�e�r�m�o�p�l�a�s�t�i�c� 
�S�i�z�i�n�g� �o�f� �C�a�r�b�o�n� �F�i�b�e�r�s� �i�n� �H�i�g�h� �T�e�m�p�e�r�a�t�u�r�e� �P�o�l�y�i�m�i�d�e� �C�o�m�p�o�s�i�t�e�s ��,� �J�o�u�r�n�a�l� �o�f� 
�A�d�h�e�s�i�o�n�,� �4�5�,� �1�5�,� �(�1�9�9�4�)�.� 

�1�0�.� �Y�.� �T�h�o�m�a�s�,� �J�.� �P�.� �P�a�r�i�t�s�i�,� �B�.� �B�o�u�t�e�v�i�n�,� �D�.� �B�e�z�i�e�r�s�,� �E�.� �C�h�a�t�a�i�g�n�i�e�r�,� �a�n�d� �G�.� �D�e�s�a�r�m�o�t�,� 
 ��I�m�p�r�o�v�e�m�e�n�t� �o�f� �F�i�b�e�r�/�M�a�t�r�i�x� �B�o�n�d�i�n�g� �i�n� �C�a�r�b�o�n�-�F�i�b�r�e�/�A�c�r�y�l�i�c� �C�o�m�p�o�s�i�t�e�s� �b�y� 
�E�l�e�c�t�r�o�n�-�I�r�r�a�d�i�a�t�i�o�n�:� �C�o�n�c�e�p�t� �o�f� �D�i�f�u�n�t�i�o�n�a�l� �C�h�e�m�i�c�a�l� �C�o�u�p�l�i�n�g� �A�g�e�n�t ��,� 
�C�o�m�p�o�s�i�t�e�s� �S�c�i�e�n�c�e� �a�n�d� �T�e�c�h�n�o�l�o�g�y�,� �5�2�,� �2�9�9�,� �(�1�9�9�4�)�.� 

�C�h�a�p�t�e�r� �2�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �3�1



�1�1� 

�1�2�.� 

�1�3�.� 

�1�4�.� 

�1�5�.� 

�1�6�.� 

�1�7�,� 

�1�8�.� 

�L�.� �D�.� �T�r�y�s�o�n�,� �a�n�d� �J�.� �L�.� �K�a�r�d�o�s�,�  ��T�h�e� �U�s�e� �o�f� �D�u�c�t�i�l�e� �I�n�n�e�r�l�a�y�e�r�s� �i�n� �G�l�a�s�s� �F�i�b�e�r� 
�R�e�i�n�f�o�r�c�e�d� �E�p�o�x�i�e�s ��,� �3�6�t�h� �A�n�n�u�a�l� �C�o�n�f�e�r�e�n�c�e�,� �R�e�i�n�f�o�r�c�e�d� �P�l�a�s�t�i�c�s�/�C�o�m�p�o�s�i�t�e�s� 
�I�n�s�t�i�t�u�t�e�.� �F�e�b�r�u�a�r�y� �1�6�-�2�0�,� �(�1�9�8�1�)�.� 

�R�.� �V�.� �S�u�b�r�a�m�a�n�i�a�n�,� �a�n�d� �A�.� �S�.� �C�r�a�s�t�o�,�  ��E�l�e�c�t�r�o�d�e�p�o�s�i�t�i�o�n� �o�f� �a� �P�o�l�y�m�e�r� �I�n�t�e�r�p�h�a�s�e� �i�n� 
�C�a�r�b�o�n�-�F�i�b�e�r� �C�o�m�p�o�s�i�t�e�s ��,� �P�o�l�y�m�e�r� �C�o�m�p�o�s�i�t�e�s�,� �7�,� �4�,�2�0�1�,� �(�A�u�g�u�s�t� �1�9�8�6�)�.� 

�A�.� �G�o�n�z�a�l�e�z�-�I�b�a�r�r�a�,�  ��T�h�e� �E�f�f�e�c�t�s� �o�f� �P�o�l�y�m�e�r�i�c� �B�i�n�d�e�r�s� �o�n� �t�h�e� �P�r�o�c�e�s�s�a�b�i�l�i�t�y� �a�n�d� 
�P�r�o�p�e�r�t�i�e�s� �o�f� �C�o�m�p�o�s�i�t�e�s� �m�a�d�e� �b�y� �S�u�s�p�e�n�s�i�o�n� �P�r�e�p�r�e�g�g�i�n�g ��,� �M�.�S�.� �T�h�e�s�i�s�,� 
�D�e�p�a�r�t�m�e�n�t� �o�f� �C�h�e�m�i�c�a�l� �E�n�g�i�n�e�e�r�i�n�g�,� �V�i�r�g�i�n�i�a� �P�o�l�y�t�e�c�h�n�i�c� �I�n�s�t�i�t�u�t�e� �a�n�d� �S�t�a�t�e� 
�U�n�i�v�e�r�s�i�t�y�,� �B�l�a�c�k�s�b�u�r�g�,� �V�A�.� 

�E�.� �K�.� �D�r�o�w�n�,� �a�n�d� �L�.� �T�.� �D�r�z�a�l�,�  ��C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �t�h�e� �S�i�z�i�n�g� �I�n�t�e�r�p�h�a�s�e� �a�n�d� �I�t�s� 
�I�n�f�l�u�e�n�c�e� �o�n� �t�h�e� �B�e�h�a�v�i�o�r� �o�f� �G�l�a�s�s�-�F�i�b�e�r� �R�e�i�n�f�o�r�c�e�d� �E�p�o�x�y� �C�o�m�p�o�s�i�t�e�s ��,� 
�A�N�T�E�C�  ��9�2�,� �2�3�9�.� 

�Y�.�S�.� �C�h�a�n�g�,� �J�.�J�.� �L�e�s�k�o�,� �S�.� �W�.� �C�a�s�e�,� �D�.� �A�.� �D�i�l�l�a�r�d�,� �a�n�d� �K�.� �L�.� �R�e�i�f�s�n�i�d�e�r�,�  ��T�h�e� 
�E�f�f�e�c�t� �o�f� �F�i�b�e�r�-�M�a�t�r�i�x� �I�n�t�e�r�p�h�a�s�e� �P�r�o�p�e�r�t�i�e�s� �o�n� �t�h�e� �Q�u�a�s�i�-�S�t�a�t�i�c� �P�e�r�f�o�r�m�a�n�c�e� �o�f� 
�T�h�e�r�m�o�p�l�a�s�t�i�c� �C�o�m�p�o�s�i�t�e�s ��,� �J�o�u�r�n�a�l� �o�f� �T�h�e�r�m�o�p�l�a�s�t�i�c� �C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s�,� �7�,� 
�3�1�1�,� �(�O�c�t�o�b�e�r� �1�9�9�4�)�.� 

�M�.� �R�.� �P�i�g�g�o�t�t�,�  ��T�a�i�l�o�r�e�d� �I�n�t�e�r�p�h�a�s�e�s� �i�n� �F�i�b�r�e� �R�e�i�n�f�o�r�c�e�d� �P�o�l�y�m�e�r�s ��,� �M�a�t�e�r�i�a�l�s� �R�e�s�.� 
�S�o�c�.� �S�y�m�p�.� �P�r�o�c�.�,� �1�7�0�,� �2�6�5�,� �(�1�9�9�0�)�.� 

�J�.� �J�.� �L�e�s�k�o�,� �R�.� �E�.� �S�w�a�i�n�,� �J�.� �M�.� �C�a�r�t�w�r�i�g�h�t�,� �J�.� �W�.� �C�h�e�n�,� �K�.� �L�.� �R�e�i�f�s�n�i�d�e�r�,� �D�.� �A�.� 
�D�i�l�l�a�r�d�,� �a�n�d� �J�.� �P�.� �W�i�g�h�t�m�a�n�,�  ��I�n�t�e�r�p�h�a�s�e�s� �D�e�v�e�l�o�p�e�d� �f�r�o�m� �F�i�b�e�r� �S�i�z�i�n�g�s� �a�n�d� �T�h�e�i�r� 
�C�h�e�m�i�c�a�l�-�S�t�r�u�c�t�u�r�a�l� �R�e�l�a�t�i�o�n�s�h�i�p� �t�o� �C�o�m�p�o�s�i�t�e� �P�e�r�f�o�r�m�a�n�c�e ��,� �J�o�u�r�n�a�l� �o�f� 
�A�d�h�e�s�i�o�n�,� �4�5�,� �4�3�,� �(�1�9�9�4�)�.� 

�Y�.� �T�h�o�m�a�s�,� �J�.� �P�.� �P�a�r�i�s�l�,� �B�.� �B�o�u�t�e�v�i�n�,� �D�.� �B�e�z�i�e�r�s�,� �E�.� �C�h�a�t�a�l�g�n�i�e�r�,�  ��S�y�n�t�h�e�s�i�s� �o�f� �(�6�-� 
�i�s�o�c�y�a�n�a�t�o� �n�-�h�e�x�y�l�)�c�a�r�b�a�m�o�y�l�o�x�y�e�t�h�y�l�m�e�t�h�a�c�r�y�l�a�t�e� �a�n�d� �i�t�s� �u�s�e�s� �a�s� �s�i�z�i�n�g�-�a�g�e�n�t� �f�o�r� 
�c�a�r�b�o�n� �f�i�b�e�r� �c�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l�s� �c�u�r�e�d� �b�y� �e�l�e�c�t�r�o�n� �b�e�a�m ��,� �P�o�l�y�m�e�r� �B�u�l�l�e�t�i�n�,� �2�9�,� 
�2�5�9�,� �(�1�9�9�2�)�.� 

�C�h�a�p�t�e�r� �2�:� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �3�2



�C�h�a�p�t�e�r� �3� 
�D�e�s�i�g�n� �o�f� �t�h�e� �S�i�z�i�n�g� �A�p�p�a�r�a�t�u�s� 

�3�.�0� �I�n�t�r�o�d�u�c�t�i�o�n� 

�T�h�e� �m�a�j�o�r� �o�b�j�e�c�t�i�v�e� �e�n�u�m�e�r�a�t�e�d� �i�n� �t�h�e� �p�r�e�v�i�o�u�s� �c�h�a�p�t�e�r� �w�a�s� �t�o� �d�e�s�i�g�n� �a�n�d� 

�c�o�n�s�t�r�u�c�t� �a�n� �a�p�p�a�r�a�t�u�s� �t�o� �c�o�a�t� �c�a�r�b�o�n� �f�i�b�e�r� �t�o�w� �w�i�t�h� �w�a�t�e�r�-�s�o�l�u�b�l�e� �t�h�e�r�m�o�p�l�a�s�t�i�c� �s�i�z�i�n�g�s�.� 

�T�h�i�s� �o�b�j�e�c�t�i�v�e� �c�a�n� �b�e� �c�o�n�s�i�d�e�r�e�d� �a�c�c�o�m�p�l�i�s�h�e�d� �w�h�e�n� �t�h�e� �q�u�a�l�i�t�y� �o�f� �t�h�e� �s�i�z�e�d� �f�i�b�e�r� �i�s� 

�e�q�u�i�v�a�l�e�n�t� �o�r� �s�u�p�e�r�i�o�r� �t�o� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �s�i�z�e�d� �f�i�b�e�r� �f�r�o�m� �Z�o�l�t�e�k� �I�n�c�o�r�p�o�r�a�t�e�d�.� �Q�u�a�l�i�t�y� 

�o�f� �s�i�z�i�n�g� �i�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� �f�o�l�l�o�w�i�n�g�.� 

�1�.� �T�h�e� �a�v�e�r�a�g�e� �s�i�z�i�n�g� �l�e�v�e�l� �o�r� �w�e�i�g�h�t� �p�e�r�c�e�n�t� �o�n� �t�h�e� �f�i�n�a�l� �f�i�b�e�r� �c�a�n� �b�e� �r�e�a�d�i�l�y� 
�c�o�n�t�r�o�l�l�e�d� �t�o� �a�c�h�i�e�v�e� �t�y�p�i�c�a�l� �t�a�r�g�e�t� �v�a�l�u�e�s�.� 
�2�.� �F�i�l�a�m�e�n�t� �c�l�u�m�p�i�n�g� �a�s� �a� �r�e�s�u�l�t� �o�f� �c�o�h�e�s�i�o�n� �b�e�t�w�e�e�n� �c�o�r�r�e�s�p�o�n�d�i�n�g� �f�i�l�a�m�e�n�t�s� �i�s� 
�k�e�p�t� �t�o� �a� �m�i�n�i�m�u�m�.� 
�3�.� �T�h�e� �s�i�z�i�n�g� �p�r�o�c�e�s�s� �m�u�s�t� �p�r�o�d�u�c�e� �f�i�b�e�r� �w�i�t�h� �a� �s�u�f�f�i�c�i�e�n�t�l�y� �c�o�n�s�i�s�t�e�n�t� �o�r� �u�n�i�f�o�r�m� 
�l�e�v�e�l� �o�f� �p�o�l�y�m�e�r� �s�i�z�i�n�g�.� 

�T�h�i�s� �d�e�f�i�n�i�t�i�o�n� �o�f�  ��q�u�a�l�i�t�y �� �a�l�l�o�w�s� �o�n�e� �t�o� �b�e�t�t�e�r� �u�n�d�e�r�s�t�a�n�d� �t�h�e� �o�u�t�c�o�m�e� �d�e�s�i�r�e�d� �f�o�r� �f�i�b�e�r� 

�p�r�o�d�u�c�e�d� �b�y� �t�h�e� �s�i�z�i�n�g� �a�p�p�a�r�a�t�u�s� �a�n�d� �a�l�s�o� �m�o�t�i�v�a�t�e�s� �t�h�e� �d�e�s�i�g�n� �p�r�e�s�e�n�t�e�d� �i�n� �t�h�i�s� �c�h�a�p�t�e�r�.� 

�e� �3�.�1� �P�r�e�l�i�m�i�n�a�r�y� �S�i�z�i�n�g� �S�t�u�d�y� 
�-� �T�h�i�s� �s�e�c�t�i�o�n� �d�i�s�c�u�s�s�e�s� �t�h�e� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �a� �p�r�e�l�i�m�i�n�a�r�y� �s�i�z�i�n�g� 
�a�p�p�a�r�a�t�u�s�.� 

�e� �3�.�2� �F�i�b�e�r� �C�l�u�m�p�i�n�g� �a�n�d� �F�i�b�e�r� �S�p�r�e�a�d�i�n�g� 
�-� �T�h�i�s� �s�e�c�t�i�o�n� �d�i�s�c�u�s�s�e�s� �t�h�e� �p�h�y�s�i�c�s� �b�e�h�i�n�d� �f�i�b�e�r� �c�l�u�m�p�i�n�g�.� �A� �d�i�s�c�u�s�s�i�o�n� 
�o�n� �w�a�y�s� �t�o� �i�n�c�r�e�a�s�e� �f�i�b�e�r� �s�p�r�e�a�d�i�n�g� �a�n�d� �p�r�e�v�e�n�t� �f�i�b�e�r� �c�l�u�m�p�i�n�g� �i�s� 
�p�r�e�s�e�n�t�e�d�.� �T�h�e� �f�o�l�l�o�w�i�n�g� �s�u�b�s�e�c�t�i�o�n�s� �a�r�e� �p�r�e�s�e�n�t�e�d�.� 
�e� �3�.�2�.�1� �P�h�y�s�i�c�s� �o�f� �W�e�t� �F�i�b�e�r� �C�l�u�m�p�i�n�g� 

�-� �T�h�i�s� �s�u�b�s�e�c�t�i�o�n� �p�r�e�s�e�n�t�s� �t�h�e� �p�h�y�s�i�c�s� �b�e�h�i�n�d� �w�e�t� �f�i�b�e�r� �c�l�u�m�p�i�n�g�.� 
�e� �3�.�2�.�2� �P�r�o�c�e�s�s�i�n�g� �M�e�t�h�o�d�s� �t�o� �P�r�e�v�e�n�t� �W�e�t� �F�i�b�e�r� �C�l�u�m�p�i�n�g� 

�C�h�a�p�t�e�r� �3�:� �D�e�s�i�g�n� �o�f� �t�h�e� �S�i�z�i�n�g� �A�p�p�a�r�a�t�u�s� �3�3



�-� �T�h�i�s� �s�u�b�s�e�c�t�i�o�n� �c�o�n�c�e�r�n�s� �t�h�e� �p�r�e�v�e�n�t�i�o�n� �o�f� �c�l�u�m�p�i�n�g� �a�n�d� 
�p�r�o�m�o�t�i�o�n� �o�f� �f�i�b�e�r� �s�p�r�e�a�d�i�n�g�.� 
�e� �3�.�2�.�2�.�1� �S�p�r�e�a�d�i�n�g� �F�i�b�e�r� �w�i�t�h� �R�o�l�l�e�r�s� 
�e� �3�.�2�.�2�.�2� �S�p�r�e�a�d�i�n�g� �F�i�b�e�r� �w�i�t�h� �a�n� �A�i�r� �S�p�r�e�a�d�e�r� 

�e� �3�.�3� �E�q�u�i�p�m�e�n�t� �U�t�i�l�i�z�e�d� �b�y� �t�h�e� �S�i�z�i�n�g� �A�p�p�a�r�a�t�u�s� 
�T�h�i�s� �s�e�c�t�i�o�n� �p�r�e�s�e�n�t�s� �t�h�e� �e�q�u�i�p�m�e�n�t� �u�t�i�l�i�z�e�d� �b�y� �t�h�e� �s�i�z�i�n�g� �a�p�p�a�r�a�t�u�s�.� 
�3�.�3�.�1� �D�e�s�i�g�n� �o�f� �t�h�e� �S�t�e�e�l� �M�o�u�n�t�i�n�g� �P�l�a�t�e� 
�3�.�3�.�2� �D�e�s�i�g�n� �o�f� �t�h�e� �F�i�b�e�r� �U�n�w�i�n�d�e�r� 
�3�.�3�.�3� �D�e�s�i�g�n� �o�f� �t�h�e� �G�u�i�d�e� �B�a�r� �B�o�x� 
�3�.�3�.�4� �T�h�e� �D�e�s�i�g�n� �o�f� �t�h�e� �R�o�l�l�e�r�s� 
�3�.�3�.�5� �D�e�s�i�g�n� �o�f� �t�h�e� �S�i�z�i�n�g� �D�i�p� �B�a�t�h� 
�3�.�3�.�6� �D�e�s�i�g�n� �o�f� �t�h�e� �T�e�n�s�i�o�n� �S�e�n�s�i�n�g� �R�o�l�l�e�r� 
�3�.�3�.�7� �D�e�s�i�g�n� �o�f� �t�h�e� �T�e�n�s�i�o�n� �P�r�o�d�u�c�i�n�g� �S�y�s�t�e�m� 
�3�.�3�.�8� �D�e�s�i�g�n� �o�f� �t�h�e� �N�i�p� �R�o�l�l�e�r� �S�e�c�t�i�o�n� 
�3�.�3�.�9� �M�o�t�o�r� �P�u�l�l�e�r� �D�e�s�i�g�n� 
�3�.�3�.�1�0� �T�h�e� �D�e�s�i�g�n� �o�f� �t�h�e� �C�o�n�t�r�o�l� �a�n�d� �P�o�w�e�r� �S�y�s�t�e�m�s� 

�e� �3�.�3�.�1�0�.�1� �P�o�w�e�r� �R�e�q�u�i�r�e�m�e�n�t�s� �f�o�r� �t�h�e� �S�y�s�t�e�m ��s� 
�C�o�m�p�o�n�e�n�t�s� 
�e� �3�.�3�.�1�0�.�2� �C�o�n�t�r�o�l�l�e�r�s� �U�t�i�l�i�z�e�d� �b�y� �t�h�e� �S�i�z�i�n�g� �A�p�p�a�r�a�t�u�s� 

�e� �3�.�4� �F�i�b�e�r� �W�i�n�d�e�r� 
�-� �T�h�i�s� �s�e�c�t�i�o�n� �d�i�s�c�u�s�s�e�s� �t�h�e� �m�o�d�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �L�e�e�s�o�n�a� �9�5�9� 
�r�e�w�i�n�d�e�r�.� 

�e� �3�.�5� �R�e�f�e�r�e�n�c�e�s� 

�3�.�1� �P�r�e�l�i�m�i�n�a�r�y� �S�i�z�i�n�g� �S�t�u�d�y� 

�A� �p�r�o�t�o�t�y�p�e� �s�i�z�i�n�g� �a�p�p�a�r�a�t�u�s� �w�a�s� �c�o�n�s�t�r�u�c�t�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �c�r�i�t�i�c�a�l� �f�a�c�t�o�r�s� 

�n�e�e�d�e�d� �f�o�r� �a� �r�o�b�u�s�t� �s�i�z�i�n�g� �p�r�o�c�e�s�s�.� �I�t� �w�a�s� �o�r�i�g�i�n�a�l�l�y� �h�o�p�e�d� �t�h�a�t� �t�h�e� �a�p�p�a�r�a�t�u�s� �w�o�u�l�d� 

�p�r�o�d�u�c�e� �f�i�b�e�r� �o�f� �s�u�f�f�i�c�i�e�n�t� �q�u�a�l�i�t�y� �t�o� �a�l�l�o�w� �i�m�m�e�d�i�a�t�e� �i�n�v�e�s�t�i�g�a�t�i�o�n� �o�f� �d�i�f�f�e�r�e�n�t� �s�i�z�i�n�g� 

�m�a�t�e�r�i�a�l�s�.� �T�h�e� �p�r�o�t�o�t�y�p�e� �c�o�n�s�i�s�t�e�d� �o�f� �a�n� �u�n�w�i�n�d� �r�o�l�l�e�r�,� �a� �d�i�p� �b�a�t�h�,� �a� �d�r�y�i�n�g� �s�e�c�t�i�o�n�,� �a�n�d� �a� 

�r�e�w�i�n�d�e�r�.� �T�h�e� �u�n�w�i�n�d� �r�o�l�l�e�r� �c�o�n�s�i�s�t�e�d� �o�f� �a� �r�o�l�l�e�r� �w�i�t�h� �a�n� �a�i�r� �b�e�a�r�i�n�g� �m�o�u�n�t�e�d� �i�n� �o�n�e� �e�n�d�.� 

�T�h�e� �t�e�n�s�i�o�n� �o�f�f� �t�h�e� �s�p�o�o�l� �c�o�u�l�d� �b�e� �c�o�n�t�r�o�l�l�e�d� �b�y� �c�o�n�t�r�o�l�l�i�n�g� �t�h�e� �f�l�o�w� �r�a�t�e� �o�f� �a�i�r� �t�o� �t�h�e� 

�C�h�a�p�t�e�r� �3�:� �D�e�s�i�g�n� �o�f� �t�h�e� �S�i�z�i�n�g� �A�p�p�a�r�a�t�u�s� �3�4



�b�e�a�r�i�n�g�,� �T�h�e� �s�i�z�i�n�g� �b�a�t�h� �w�a�s� �d�e�s�i�g�n�e�d� �b�y� �M�r�.� �S�l�a�d�e� �G�a�r�d�n�e�r�.� �T�h�e� �d�r�y�e�r� �c�o�n�s�i�s�t�e�d� �o�f� 

�s�i�x�t�e�e�n� �2�5�0� �w�a�t�t� �i�n�f�r�a�r�e�d� �d�r�y�i�n�g� �l�a�m�p�s� �m�o�u�n�t�e�d� �o�n� �a� �w�o�o�d� �f�r�a�m�e�.� �T�h�e� �v�o�l�t�a�g�e� �d�e�l�i�v�e�r�e�d� 

�t�o� �t�h�e� �l�a�m�p�s� �w�a�s� �c�o�n�t�r�o�l�l�e�d� �b�y� �v�a�r�i�a�c� �t�r�a�n�s�f�o�r�m�e�r�s�.� �T�h�e� �d�r�y�e�r� �w�a�s� �e�n�c�l�o�s�e�d� �w�i�t�h�i�n� �t�i�n� �a�n�d� 

�a� �h�o�t� �a�i�r� �g�u�n� �w�a�s� �u�s�e�d� �t�o� �s�u�p�p�l�e�m�e�n�t� �d�r�y�i�n�g�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �d�r�y�i�n�g� �s�e�c�t�i�o�n� �e�f�f�e�c�t�i�v�e�l�y� �d�r�i�e�d� 

�t�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �t�h�a�t� �w�a�s� �t�e�s�t�e�d�.� �T�h�e� �w�i�n�d�e�r� �w�a�s� �l�o�a�n�e�d� �b�y� �P�r�o�f�e�s�s�o�r� �A�l�f�r�e�d� �L�o�o�s� �o�f� �t�h�e� 

�D�e�p�a�r�t�m�e�n�t� �o�f� �E�n�g�i�n�e�e�r�i�n�g� �S�c�i�e�n�c�e� �a�n�d� �M�e�c�h�a�n�i�c�s� �a�n�d� �c�o�u�l�d� �o�p�e�r�a�t�e� �a�t� �l�i�n�e� �s�p�e�e�d�s� 

�b�e�t�w�e�e�n� �1�0� �a�n�d� �1�0�0� �f�e�e�t� �p�e�r� �m�i�n�u�t�e� �a�t� �l�i�n�e� �t�e�n�s�i�o�n�s� �b�e�l�o�w� �2� �p�o�u�n�d�s�.� 

�A�q�u�e�o�u�s� �s�o�l�u�t�i�o�n�s� �o�f� �1�.�0� �w�e�i�g�h�t� �%� �K�2�5� �p�o�l�y�v�i�n�y�l�p�y�r�o�l�l�i�d�o�n�e� �(�P�V�P�)� �w�e�r�e� �u�s�e�d� �i�n� 

�t�h�e� �d�i�p� �b�a�t�h�.� �T�h�e� �c�a�r�b�o�n� �f�i�b�e�r� �u�s�e�d� �i�n� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s� �w�a�s� �H�e�r�c�u�l�e�s� �A�S�-�4� �1�2�K� �u�n�s�i�z�e�d� 

�b�u�t� �s�u�r�f�a�c�e� �t�r�e�a�t�e�d�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �s�i�z�e�d� �f�i�b�e�r�s� �w�e�r�e� �e�s�t�i�m�a�t�e�d� �t�o� �h�a�v�e� �a� �s�i�z�i�n�g� �l�e�v�e�l� �o�f� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�5� �w�t�%�.� �T�h�i�s� �w�a�s� �e�s�t�i�m�a�t�e�d� �b�y� �w�e�i�g�h�i�n�g� �t�h�e� �w�e�t� �f�i�b�e�r� �t�h�a�t� �e�x�i�t�e�d� �t�h�e� 

�s�i�z�i�n�g� �b�a�t�h� �a�n�d� �r�e�w�e�i�g�h�i�n�g� �t�h�e�s�e� �f�i�b�e�r�s� �a�f�t�e�r� �d�r�y�i�n�g�.� �T�h�e� �a�p�p�r�o�x�i�m�a�t�e� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t� 

�w�a�s� �e�s�t�i�m�a�t�e�d� �t�o� �b�e� �3�3� �w�t�%� �w�a�t�e�r� �o�n� �t�h�e� �f�i�b�e�r� �a�n�d� �t�h�e� �r�e�s�u�l�t�i�n�g� �s�i�z�i�n�g� �m�a�s�s� �f�r�a�c�t�i�o�n� �w�a�s� 

�c�a�l�c�u�l�a�t�e�d� �b�a�s�e�d� �o�n� �t�h�i�s� �m�o�i�s�t�u�r�e� �c�o�n�t�e�n�t�.� �T�h�e�s�e� �f�i�b�e�r�s� �d�i�s�p�l�a�y�e�d� �u�n�a�c�c�e�p�t�a�b�l�e� �c�l�u�m�p�i�n�g� 

�a�n�d� �w�e�r�e� �s�o� �s�t�i�f�f� �a�s� �t�o� �b�e� �u�n�u�s�a�b�l�e� �f�o�r� �p�r�e�p�r�e�g�g�i�n�g� �(�F�i�g�u�r�e� �3�.�0�1�)�.� �T�h�e� �i�n�d�i�v�i�d�u�a�l� �f�i�l�a�m�e�n�t�s� 

�c�o�u�l�d� �n�o�t� �b�e� �d�i�s�t�i�n�g�u�i�s�h�e�d� �a�s� �a� �r�e�s�u�l�t� �o�f� �f�i�b�e�r� �c�l�u�m�p�i�n�g�.� �I�t� �w�a�s� �c�o�n�c�l�u�d�e�d� �b�a�s�e�d� �o�n� �t�h�e�s�e� 

�o�b�s�e�r�v�a�t�i�o�n�s� �t�h�a�t� �t�h�e� �p�r�o�t�o�t�y�p�e� �s�i�z�i�n�g� �a�p�p�a�r�a�t�u�s� �c�o�u�l�d� �n�o�t� �a�d�e�q�u�a�t�e�l�y� �s�a�t�i�s�f�y� �c�r�i�t�e�r�i�o�n� �(�2�)� 

�f�o�r� �q�u�a�l�i�t�y� �l�i�s�t�e�d� �i�n� �t�h�e� �i�n�t�r�o�d�u�c�t�i�o�n� �o�f� �t�h�i�s� �c�h�a�p�t�e�r�.� 

�A�n�o�t�h�e�r� �p�r�o�b�l�e�m� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �p�r�o�t�o�t�y�p�e� �w�a�s� �t�h�e� �i�n�a�b�i�l�i�t�y� �t�o� �s�p�r�e�a�d� �t�h�e� 

�f�i�b�e�r�s�.� �T�h�e� �s�i�z�i�n�g� �b�a�t�h� �c�o�n�t�a�i�n�e�d� �1�2� �r�o�l�l�e�r�s� �t�o� �s�p�r�e�a�d� �t�h�e� �f�i�b�e�r� �b�e�f�o�r�e� �a�n�d� �a�f�t�e�r� �t�h�e� �w�e�t� 

�s�t�a�g�e�.� �T�h�e� �b�a�t�h� �w�a�s� �d�e�s�i�g�n�e�d� �w�i�t�h�o�u�t� �t�h�e� �i�n�c�l�u�s�i�o�n� �o�f� �b�e�a�r�i�n�g�s� �w�h�i�c�h� �r�e�n�d�e�r�e�d� �t�h�e� �1�2� 
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