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(ABSTRACT) 

The effect of surface pretreatment on the adhesive bonding and bond durability of 

carbon fiber/epoxy and carbon fiber/bismaleimide matrix composites was studied. Methyl 

ethyl ketone (MEK) wipe, peel ply, grit blast and gas plasma treatments were the 

pretreatments of interest. Chemical and physical changes which occurred in the cured 

composite surfaces following pretreatment were characterized with x-ray photoelectron 

spectroscopy (XPS), ion scattering spectroscopy (ISS), contact angle analysis, diffuse 

reflection infrared spectroscopy (DRIFT), profilometry and scanning electron microscopy 

(SEM). Double lap shear and Boeing wedge configurations were used to evaluate the 

strength as well as the durability of the composites bonded with an epoxy film adhesive. 

Fluoropolymer residues which were found on the composite surfaces were fully 

removed by grit blasting and oxygen plasma treatments, but not by an MEK wipe. The use 

of a peel ply prevented fabrication contamination from depositing on the bonding surfaces. 

In addition to its cleaning effect, oxygen plasma was also capable of incorporating 

additional polar functionality into the composite surface. The presence of the 

fluoropolymer contamination on the MEK-wiped surface resulted in low surface energy 

and wettability, whereas peel ply, grit blast and oxygen plasma improved both the surface 

energy and the wettability of the composite surfaces. The grit blasted and peel ply surfaces



were observed to have a significant degree of roughness, as measured by profilometry and 

seen by SEM. 

A rubber-toughened epoxy film adhesive was used for the bonding studies. Lap 

shear strengths were evaluated under ambient conditions as well as at 82°C, both dry and 

following a 30 day/71°C water exposure. Wedge durability testing was carried out in a dry 

75°C oven, 75°C water, 100°C water and aircraft de-icing fluid. Relative to the MEK- 

wiped controls, lap shear strength as well as hot/wet durability was improved by the peel 

ply and oxygen plasma treatments for both epoxy and bismaleimide composites. Grit 

blasting was seen to have some utility for the epoxy composites at room temperature, but 

was generally observed to be detrimental to strength and durability, particularly in the case 

of the bismaleimide composites. 

In order to separate the effect of surface chemistry from the effect of surface 

roughness on composite bond strength, a study was carried out in which surface 

functionality was varied while the topography remained constant. For this purpose, peel 

ply surfaces, which have a consistent and reproducible degree of roughness, were treated 

with fluoropolymer compounds and gas plasmas, as well as left untreated. It was found 

that the removal of fluoropolymer contamination was the main contributor to the observed 

bond strength improvement following plasma treatment; however, highly functionalized 

oxygen plasma-treated surfaces showed evidence of improved durability in a hot aqueous 

environment. 

The effect of elapsed time following oxygen plasma treatment of epoxy composites 

was also studied. XPS atomic concentration, wettability by water and a liquid epoxy resin, 

and lap shear strengths were plotted as a function of time following removal from the 

plasma reactor. Changes which occurred in the chemistry and wettability of an oxygen 

plasma-treated surface had a subsequent negative effect on the lap shear strengths of the 

bonded specimens.



A study was carried out using model epoxy and bismaleimide compounds in thin 

film form, for the purpose of studying surface chemistry and interfacial reactions 

following an oxygen plasma treatment. XFS and infrared reflection-absorption 

spectroscopy (IR-RAS) were used to probe the reactions which occurred. Close 

correspondence was found between the XPS and IR-RAS analysis of functional groups 

incorporated into the surface of the films by the plasma treatment. IR-RAS analysis of the 

model surfaces following exposure to a neat, liquid epoxy resin revealed that, while 

adsorption of the liquid epoxy occurred on both plasma-treated and nonplasma-treated 

surfaces, the oxygen plasma treated surface alone was capable of initiating ring-opening 

reactions in the epoxy. However, this effect was not observed unless immediate contact 

was made between the plasma-treated surface and the liquid epoxy resin.
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Chapter I: Introduction 

In recent years, significant advances have been made in the development and 

manufacturing of advanced composite materials. Fiber-reinforced polymeric matrix 

composites, in particular, are unparalleled in terms of specific strength, weight savings and 

corrosion resistance. These characteristics of composite materials make them suitable for 

structural applications such as aircraft, automobiles, space and marine vehicles, in which a 

high degree of performance is required. 

In an ideal situation, a composite structure would not contain any joints in its design 

but would be manufactured as one monolithic entity. In any structure, joints are a source 

of weakness and/or excess weight, and the process of joining components is less efficient 

and more expensive than producing the same structure without any joints [1]. However, in 

actuality, size limitations on structures may be imposed by available materials or the 

manufacturing process itself, for example, limitations in the size of prepreg lines, presses 

and autoclaves. Also, certain geometries may be unmoldable or two or more different 

materials may need to be mated together. Therefore, the majority of composite structures 

are assembled from smaller-scale components which are fabricated separately and then are 

subsequently joined together. 

Two avenues are available for the formation of load-bearing composite joints. 

Mechanical fastening, which involves the use of screws, pins, rivets and/or bolts, is 

straightforward in that no adherend surface preparation is required, disassembly can be 

carried out without incurring significant damage, and joint inspection does not present any 

abnormal difficulties. This technique is well-established for metal structures. Other metal 

fastening techniques such as brazing or welding cannot be used on thermosetting composite 

matrices, due to the intractability of the resin, but may be adapted to thermoplastic 

composites in the form of fusion welding.



Fiber-reinforced composites, however, lack the ductility of metallic structures and 

are more sensitive to localized stresses induced by fasteners. In metal structures, the 

ductility of the metal allows yielding in the vicinity of mechanical fasteners so that stress 

concentrations can be reduced. In fiber-reinforced composites, holes induced by 

mechanical fasteners are potential failure sites and can cause delamination, matrix crazing 

and fiber failure [2]. In addition, holes in fiber-reinforced composites may cut through 

load-carrying fibers, rendering even the most carefully designed mechanically fastened 

composite joint to be, at best, only one-half as strong as the laminate itself [3]. All of these 

factors serve to decrease the structural efficiency of composite structures. 

On the other hand, adhesive bonding reduces the weight of a structure, allows for 

the assembly of dissimilar materials, minimizes stress concentrations by distributing the 

load over a wide area and is, in general, less costly for large area joints [4]. Adhesive 

bonding is operative at the molecular level and hence can uniformly distribute bond stress. 

Structural adhesives are also superior to mechani-al fasteners because of their flexibility, 

toughness and excellent mechanical properties [5]. Improvements in vibration damping 

and noise reduction can also be realized with the use of adhesive bonds as opposed to 

mechanical fastening. 

A significant recent development in aircraft repair involves the use of prefabricated 

composite patches and structural adhesives to repair cracks or other such damage in metallic 

aircraft [6]. This technique is considered to be the most effective and economical method 

of aircraft repairs in the field. Its success is dependent on the integrity of the bond between 

the composite patch and the metallic body. 

A major challenge to the widespread usage of adhesive bonding techniques in 

primary composite structures and in field repair work is the lack of understanding of 

surface preparation techniques and their effect on bond strength as well as on long term 

bond durability. Adhesive bonds 1n general must also be resistant to environmental effects



and composite/composite bonds are no exception. Hot/wet environments are particularly 

deleterious to adhesive bonds, and a key componenit in bond lifetime has been shown to be 

proper surface preparation. 

Composite surfaces are complex in that they are usually not homogeneous nor 

smooth and often contain residual contaminants originating from fabrication. Another 

complicating factor is that composites differ widely in their fiber type and content, resin 

chemistry and surface finish/texture. A variety of polymers and fibers are used in 

composite materials; even within the same class of polymer, countless variations in 

chemistry can exist. Toughening agents and other modifiers also create additional 

difficulties in analysis. 

It is the objective of this work to evaluate the effect of surface pretreatment on the 

adhesive bonding of fiber-reinforced composite systems. Two thermosetting systems were 

studied in detail, a rubber-toughened epoxy and a toughened bismaleimide (BMI). Surface 

analytical techniques were utilized to obtain a more complete understanding of the 

chemistry and topography of the pretreated composite surfaces, so that those factors which 

lead to strong, durable composite-to-composite bonds could be identified. The composites 

were bonded with a structural adhesive for mechanical evaluation under ambient, elevated 

temperature and elevated temperature/elevated humidity conditions. Results of mechanical 

testing and determination of failure modes were correlated to information obtained from 

surface analysis. The specific role of chemical functionality on the composite surface, the 

existence of interfacial covalent bonds and the aging of plasma-modified surfaces were also 

addressed. It is expected that the answers uncovered by these studies will lend additional 

insight into the nature of composite-to-composite bonds.
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Chapter II: Literature Review 

2.1 Composite Materials 

Composite materials are defined as those in which two or more distinct components 

are combined in order to form a material with properties different from those of the 

individual components [1]. The constituents of a composite remain as distinct phases and 

are distinguishable on a macroscopic scale. This is an extremely broad definition, which 

will be narrowed in its scope by considering only those materials which contain a 

reinforcement phase with a higher modulus than the matrix. 

The idea of combining reinforcement and matrix materials of differing properties to 

create a superior structural material is by no means novel. Wood, for instance, is a 

naturally occurring composite material, composed of cellulosic reinforcing fibers in a lignin 

matrix [1]. Man-made composites encompass an enormous variety of materials, dating 

back to the straw-reinforced mud bricks produced by the Israelites in Biblical times [2]. 

One phase (or phases) in a composite material is generally referred to as the 

reinforcement and imparts strength and stiffness to the structure; the other phase (or 

phases), classified as the matrix, serves to bind the reinforcement together and assists in 

load distribution {1]. Advanced composite materials containing continuous fibrous 

reinforcement are highly anisotropic in their physical properties, possessing their highest 

strength, stiffness and toughness in the direction of fiber orientation [2]. Modern 

reinforcement materials include glass, metals, polymers, ceramics and carbon, which can 

be found in either chopped, continuous or woven forms. The myriad of matrix materials 

available again includes polymers (both thermoplastic and thermosetting), ceramics, metals 

and carbon-based materials [3]. The focus in this work and the remainder of this section 

will be on carbon fiber-reinforced polymeric matrices.



The reinforcement, being the main load-bearing phase of the composite, is on the 

average 20-150 times stiffer and 50 times stronger than the matrix material [3]. These high 

strengths and moduli are due to the very small cross-sectional dimensions of fibrous 

reinforcements, which limit the size and number of flaws which can occur. In order to 

provide substantive reinforcement, a minimum of 10 volume percent fiber must be present 

in the composite material. There is a direct relationship between the volume fraction of 

reinforcing fiber and the stiffness of the composite [1,3]. The orientation of the fibers 

relative to the direction of the applied stresses also strongly influences the composite 

strength [4]. Advanced structural composites for high performance applications are 

actually more accurately described as bonded-fiber materials rather than reinforced plastics, 

due to the fact that the fiber makes up the majority of the total volume of the system. 

Carbon fiber is currently the most widely used type of reinforcing fiber for 

advanced composite applications. This is attributed to the large-scale manufacturing of 

carbon fibers which allows them to be produced at reasonable cost and also to the fact they 

possess excellent mechanical properties [3]. Their tremendous strength and moduli 

originate from the alignment of covalently bonded basal planes of carbon atoms along the 

axis of the fiber [2]. Typical tensile strengths and moduli range from 2-5 GPa and 250-500 

GPa, respectively [1,2]. Carbon is also an extremely light element with a density of 2.268 

g/cm? [5]. Carbon fibers also possess excellent resistance to fatigue, corrosion and 

temperature extremes. 

The manufacture of carbon fibers from the controlled pyrolysis of rayon, pitch or 

poly(acrylonitrile) precursors has been described elsewhere [6,7]. Most processing 

methods include an initial stabilization treatment which prevents precursor degradation, a 

thermal treatment which carbonizes the precursor and removes non-carbon elements, and 

an optional graphitization or high temperature treatment which further improves mechanical 

properties [5]. Currently, carbon fibers based on poly(acrylonitrile), or PAN, precursors



are the most economical because of higher carbon yields and because they do not require 

additional graphitization as part of their processing [2]. 

In addition to binding the reinforcement together in the proper orientation and 

assisting in load distribution, the matrix phase also provides protection for the 

reinforcement in hostile environments such as high humidity and corrosive chemicals. 

Thus, the matrix plays an important role in determining the service conditions and 

temperature ranges in which the composite can be utilized. By separating the individual 

fibers in a bundle, the matrix also serves to reduce stress concentrations and prevent crack 

propagation from one broken fiber to another in the same bundle [1,2]. 

In terms of mechanical properties, the transverse properties of a unidirectionally 

reinforced composite are greatly influenced by the mechanical properties of the matrix 

polymer [1]. Properties such as creep resistance, tensile strength and impact resistance are 

also a function of the polymer matrix [4]. Also, the matrix polymer provides all of the 

interlaminar shear strength of the composite [3]. Both thermosetting and thermoplastic 

polymers are potential candidates for composite matrix resins. Two types of polymer 

matrices which are commonly used in advanced composite applications, epoxy and 

bismaleimide, will be discussed in detail in Section 2.2. 

Adhesion between the matrix and reinforcement is critical in ensuring the integrity 

of the fabricated part. The interface in a composite occupies a very large internal surface 

area and plays an important role in determining composite mechanical properties [5]. Many 

researchers have studied the interfacial characteristics of carbon-fiber reinforced polymers 

[8,9]. Because applied loads are transferred to the fibers from the matrix through the 

interface, poor or no adhesion between the fiber and matrix results in poor load distribution 

and premature failure. On the other hand, the ability of the resin to debond from the fiber 

ahead of a propagating crack normal to a fiber plays a role in dissipating crack energies. If



no debonding is permitted to occur, the crack ene:gy would then instead be directed into 

fracturing the fiber [2]. 

The combination of the appropriate reinforcement and matrix materials leads to the 

development of high strength and high modulus-to-weight materials. The ability of the 

matrix to transfer load and dissipate energy can result in composite materials which are 

stronger than the individual constituent materials iavolved [4]. The use of these strong but 

lighter materials results in significant weight savings in structures of up to 30%, compared 

to the equivalent structure fabricated from metal components [1]. In addition to weight 

savings, an increase in the structural damping capability of a structure can be realized by the 

use of polymer matrix composites [10]. From a design point of view, fiber-reinforced 

composites are more versatile than metals and can be tailored to performance and design 

requirements [10]. 

The aerospace and military markets have accounted for the greatest development 

and usage of carbon fiber-reinforced composite materials, due to the fact that weight is at a 

premium in these fields and new lightweight materials are continuously sought. Specific 

components which are fabricated from composite materials include rocket motor cases, 

nozzles and nose cones in missiles. In aircraft, composite materials are used to produce 

radomes, rotor blades, fuselages, empennages, wing components and other secondary 

structure [1,11,12]. The use of composite materials to fabricate primary aircraft structures 

is Still limited, but steadily growing. The FAA certification of the Beech Starship, an all- 

composite aircraft, is a major step toward use of primary composite structures in the 

aerospace industry [13]. 

Space applications for composite materials are also becoming a reality in the 

development of composite manned space vehicles, satellite components, boosters and 

planetary probes [4,14]. The proposed space station Freedom will contain trusses 

fabricated from a toughened epoxy matrix reinforced with an ultra-high modulus carbon



fiber, as are the payload doors on the United State's fleet of space shuttles [10], to name 

just a few specific examples. The Long Duration Exposure Facility (LDEF) mission which 

carried experimental composite materials in low earth orbit for close to 6 years yielded 

valuable information on composite exposure to radiation, micro-meteoroids, vacuum, 

atomic oxygen, and contamination [15]. 

After the aerospace industries, additional] applications for carbon fiber-reinforced 

composites are found in the medical fields, where they are used in prosthetic devices and 

medical equipment. These materials are also found in leisure and sporting goods items 

such as golf clubs, fishing rods, archery bows and tennis rackets. The electrical properties 

of carbon fibers are exploited in electronics applications, where they are used to dissipate 

built-up static charges [5]. 

The use of composite materials and structures is expected to continue to grow in the 

coming years. Trends indicate that as new polymers and reinforcement materials with 

improved processing capability and cost competitiveness are developed, the use of 

composite materials in both commercial and military markets will increase [12]. By 1999, 

the market for advanced composites is expected to grow to about 68.4 billion pounds [16]. 

However, the widespread use of composites may be inhibited by factors such as 

material cost, initial capital investment, lack of information on performance and reliability 

as well as fear of risk-taking by manufacturers [[1]. There is also concern about the low 

ductility/toughness and damage tolerance of present-day polymer matrix composites. In the 

event of an impact, internal delamination could occur and a subsequent drop-off in 

mechanical properties would result [17,18]. The development of thermoplastic matrix 

composites is an area which is being heavily researched to address this issue [19].
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�(�a�)� 

�C�H�,� �C�H� 
�H�,�C�-�C�H�-�C�H�,�O� �C� �O�C�H�,�C�H�C�H�,� �+� �w�o�k� �)�¢� �O�H� �Y�e�o� �4�}�  ��>� �x�7� �|� �o�e� 

�O� �C�H�,� �O� �C�H�,� 

�C�'�s� �3� 
�-�C�H�-� �>� �O� �C� �O�C�H�.�C�H�C� 

�i�v�a� �o�t�o ¬� �4� �<�>� �O�o�r�R�E�N�E�N� �<�>� �|� �<�>� �a�y�,� �"� 
�O� �C�H�,� �O�H �� �1� �C�H�,� 

�(�b�)� 

�F�i�g�u�r�e� �2�.�1�:� �(�a�)� �S�y�n�t�h�e�s�i�s� �o�f� �d�i�g�l�y�c�i�d�y�]� �e�t�h�e�r� �o�f� �b�i�s�p�h�e�n�o�l�]� �A� �(�D�G�E�B�A�)�.� �(�b�)� �C�h�a�i�n� 
�e�x�t�e�n�s�i�o�n� �o�f� �D�G�E�B�A� �w�i�t�h� �b�i�s�p�h�e�n�o�l� �A�.� 

�1�]



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

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

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

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

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

�F�i�g�u�r�e� �2�.�2�.� �W�h�e�n� �f�o�r�m�u�l�a�t�e�d� �w�i�t�h� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e�:� �c�u�r�i�n�g� �a�g�e�n�t�s�,� �t�h�e� �c�u�r�e�d� �m�a�t�e�r�i�a�l�s� �h�a�v�e� 

�h�i�g�h� �T�z�'�s� �a�n�d� �e�x�c�e�l�l�e�n�t� �t�h�e�r�m�o�-�o�x�i�d�a�t�i�v�e� �s�t�a�b�i�l�i�t�y� �[�2�0�,�2�4�]�.� �R�e�c�e�n�t�l�y�,� �n�e�w� �m�u�l�t�i�f�u�n�c�t�i�o�n�a�l� 

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

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

�t�e�m�p�e�r�a�t�u�r�e�s� �[�2�5�]�.� 

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

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

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

�c�a�r�b�o�x�y�l�i�c� �a�c�i�d�s� �a�n�d� �p�h�e�n�o�l�s� �[�2�1�]�.� �T�o� �o�b�t�a�i�n� �a� �c�r�o�s�s�l�i�n�k�e�d� �n�e�t�w�o�r�k�,� �t�h�e�s�e� �c�u�r�i�n�g� �a�g�e�n�t�s� 

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

�a�r�e� �k�n�o�w�n� �t�o� �a�c�c�e�l�e�r�a�t�e� �t�h�e� �e�p�o�x�y�/�a�m�i�n�e� �c�u�r�i�n�g� �r�e�a�c�t�i�o�n� �[�2�3�]�.� �C�a�t�a�l�y�s�i�s� �w�i�t�h� �a�c�i�d�s� �o�r� �b�a�s�e�s� 

�l�e�a�d�s� �t�o� �h�o�m�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �t�h�e� �e�p�o�x�y� �r�e�s�i�n� �t�o� �a� �p�o�l�y�e�t�h�e�r� �[�2�1�]�.� �B�e�c�a�u�s�e� �t�h�e� �c�u�r�i�n�g� 

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

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

�c�o�m�p�o�s�i�t�e�s�.� 

�C�u�r�e� �c�a�n� �p�r�o�c�e�e�d� �a�t� �a�m�b�i�e�n�t� �t�e�m�p�e�r�a�t�u�r�e� �o�r� �e�l�e�v�a�t�e�d� �t�e�m�p�e�r�a�t�u�r�e�,� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� 

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

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

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

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

�1�2



�O� �r�\� 
�H�2�C�-�C�H�-�C�H�,�,� �7�C�H�e�r� �a� �-�C�H�>� 

�y�N� �C�H�5 �� �o�e� �p�n� 
�H�o�C�-�C�H�-�C�H�,� �H�e�s� �C�H�,� 

�O� 
�(�a�)� 

�R� �R� 
�O�-� �C�H�y�-�C�H�  ��C�H�,� �O�-�C�H�-� �C�H�C�H� �°� 

�(�b�)� 

�K�R� 
�O�-�C�H�>�-�C�H�-�C�H�,� 

�O� �a� �O� �r�\� �r�\� 
�H�C�-�C�H�-�C�H� �x �� �N �� �C�H�>�-�C�H�-�C�H�,� 

�(�c�)� 

�F�i�g�u�r�e� �2�.�2�:� �S�t�r�u�c�t�u�r�e�s� �o�f� �s�o�m�e� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �m�u�l�t�i�f�u�n�c�t�i�o�n�a�l� �e�p�o�x�i�d�e� �r�e�s�i�n�s�.� 
�(�a�)� �t�e�t�r�a�g�l�y�c�i�d�y�l�m�e�t�h�y�l�e�n�e�d�i�a�n�i�l�i�n�e� �(�b�)� �g�l�y�c�i�d�y�l� �e�t�h�e�r� �o�f� �p�h�e�n�o�l�i�c� �n�o�v�o�l�a�c� �(�c�)� �t�r�i�g�l�y�c�i�d�y�l� �p�-� 
�a�m�i�n�o�p�h�e�n�o�l�.� 

�1�3



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

�p�r�o�v�i�d�e� �s�u�p�e�r�i�o�r� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �p�r�o�p�e�r�t�i�e�s�.� �D�i�a�m�i�n�o�d�i�p�h�e�n�y�l�s�u�l�f�o�n�e� �(�D�D�S�)�,� �a� �c�u�r�i�n�g� 

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

�y�i�e�l�d�s� �c�r�o�s�s�l�i�n�k�e�d� �s�y�s�t�e�m�s� �w�i�t�h� �T�,�'�s� �e�x�c�e�e�d�i�n�g� �2�0�0�°�C� �[�2�0�]�.� 

�D�e�s�p�i�t�e� �t�h�e� �h�i�g�h� �t�h�e�r�m�o�-�o�x�i�d�a�t�i�v�e� �s�t�a�b�i�l�i�t�i�e�s�,� �s�t�r�e�n�g�t�h�s� �a�n�d� �m�o�d�u�l�i� �o�f� �t�h�e� �h�i�g�h� 

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

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

�p�r�o�p�e�r�t�i�e�s� �a�l�s�o� �c�a�u�s�e�s� �t�h�e�s�e� �r�e�s�i�n�s� �t�o� �b�e� �i�n�h�e�r�e�n�t�l�y� �b�r�i�t�t�l�e� �[�2�6�]�.� 

�A� �n�u�m�b�e�r� �o�f� �a�p�p�r�o�a�c�h�e�s� �t�o� �i�m�p�r�o�v�i�n�g� �t�h�e� �t�o�u�g�h�n�e�s�s� �o�f� �e�p�o�x�i�e�s� �h�a�v�e� �b�e�e�n� 

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

�a�c�r�y�l�o�n�i�t�r�i�l�e� �(�C�T�B�N�)� �r�u�b�b�e�r� �t�o� �t�h�e� �e�p�o�x�y� �f�o�r�m�u�l�a�t�i�o�n�.� �D�u�r�i�n�g� �c�u�r�e�,� �t�h�e� �C�T�B�N� �p�r�e�c�i�p�i�t�a�t�e�s� 

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

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

�e�x�p�e�n�s�e� �o�f� �m�o�d�u�l�u�s� �a�n�d� �T�,�.� �O�t�h�e�r� �e�a�r�l�y� �w�o�r�k� �f�o�c�u�s�e�d� �o�n� �e�p�o�x�y�-�n�y�l�o�n� �a�n�d� �e�p�o�x�y�-� 

�u�r�e�t�h�a�n�e� �b�l�e�n�d�s� �[�2�7�]�.� 

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

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

�[�2�8�]�.� �T�h�e�r�m�o�p�l�a�s�t�i�c�s� �w�h�i�c�h� �h�a�v�e� �b�e�e�n� �t�r�i�e�d� �i�n�c�l�u�d�e� �p�o�l�y�s�u�l�f�o�n�e� �a�n�d� �p�o�l�y�e�t�h�e�r�i�m�i�d�e� �[�2�6�]�.� 

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

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

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

�a�l�s�o� �b�e�e�n� �c�a�r�r�i�e�d� �o�u�t� �[�2�7�]�.� �O�n�e� �d�r�a�w�b�a�c�k� �t�o� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �e�n�g�i�n�e�e�r�i�n�g� �t�h�e�r�m�o�p�l�a�s�t�i�c�s� �i�s� 

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

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

�i�n� �w�h�i�c�h� �t�h�e� �t�h�e�r�m�o�p�l�a�s�t�i�c� �m�o�d�i�f�i�e�r�s� �a�r�e� �o�n�l�y� �p�h�y�s�i�c�a�l�l�y� �b�l�e�n�d�e�d� �i�n� �[�2�9�]�.� 
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�T�h�e� �p�r�o�c�e�s�s� �o�f� �i�n�t�e�r�l�e�a�f�i�n�g�,� �d�e�f�i�n�e�d� �a�s� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �l�a�y�e�r�s� �o�f� �a� �t�o�u�g�h� 

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

�T�h�i�s� �a�p�p�r�o�a�c�h� �r�e�s�u�l�t�s� �i�n� �h�i�g�h� �i�m�p�a�c�t� �s�t�r�e�n�g�t�h� �a�n�d� �s�u�p�e�r�i�o�r� �d�a�m�a�g�e� �t�o�l�e�r�a�n�c�e� �[�2�7�]�.� �T�h�e� �u�s�e� 

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

�c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�n�g�t�h� �a�f�t�e�r� �i�m�p�a�c�t� �[�3�0�]�.� �M�a�t�e�r�i�a�l�s� �w�h�i�c�h� �h�a�v�e� �b�e�e�n� �u�s�e�d� �a�s� �i�n�t�e�r�l�e�a�f� �r�e�s�i�n�s� 

�i�n�c�l�u�d�e� �t�h�i�n� �f�i�l�m�s� �o�f� �t�h�e�r�m�o�p�l�a�s�t�i�c� �p�o�l�y�m�e�r�s� �a�n�d� �e�p�o�x�y� �f�i�l�m�s� �m�o�d�i�f�i�e�d� �w�i�t�h� �C�T�B�N� �o�r� 

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

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

�c�o�m�p�o�s�i�t�e� �[�3�0�]�.� 

�2�.�2�.�2� � �B�i�s�m�a�l�e�i�m�i�d�e�s� �(�B�M�I�)� 

�B�i�s�m�a�l�e�i�m�i�d�e� �(�B�M�I�)� �r�e�s�i�n�s� �a�r�e� �p�a�r�t� �o�f� �a� �l�a�r�g�e�r� �c�l�a�s�s� �o�f� �p�o�l�y�m�e�r�s� �k�n�o�w�n� �a�s� 

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

�a�r�e� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �t�h�e� �i�m�i�d�e� �m�o�i�e�t�y� �i�n� �t�h�e� �p�o�l�y�m�e�r� �b�a�c�k�b�o�n�e� �[�3�1�]�.� �T�h�e�s�e� �m�a�t�e�r�i�a�l�s� 

�e�x�h�i�b�i�t� �e�x�c�e�l�l�e�n�t� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �a�s� �w�e�l�l� �a�s� �h�i�g�h� �t�h�e�r�m�o�-�o�x�i�d�a�t�i�v�e� �s�t�a�b�i�l�i�t�y�.� �B�M�I�s� �a�r�e� 

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

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

�s�t�a�b�i�l�i�t�y� �[�3�]�.� �D�u�e� �t�o� �m�o�i�s�t�u�r�e� �a�b�s�o�r�p�t�i�o�n� �e�f�f�e�c�t�s�,� �e�p�o�x�i�e�s� �a�r�e� �l�i�m�i�t�e�d� �i�n� �t�h�e�i�r� �m�a�x�i�m�u�m� 

�h�o�t�/�w�e�t� �u�s�e� �t�e�m�p�e�r�a�t�u�r�e� �t�o� �a�b�o�u�t� �1�2�0�°�-�1�7�0�°�C� �[�3�2�]�.� 

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

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

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

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

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

�d�e�v�e�l�o�p�e�d�,� �b�u�t� �w�i�l�l� �n�o�t� �b�e� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�i�s� �s�e�c�t�i�o�n� �[�3�3�]�.� �T�h�e� �u�n�s�a�t�u�r�a�t�e�d� �b�o�n�d� �i�n� �B�M�I� �i�s� 

�m�o�r�e� �r�e�a�c�t�i�v�e� �t�h�a�n� �t�h�e� �u�n�s�a�t�u�r�a�t�e�d� �f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�s� �l�i�s�t�e�d� �a�b�o�v�e�,� �d�u�e� �t�o� �t�h�e� �f�a�c�t� �t�h�a�t� �i�t� �i�s� 
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�d�i�r�e�c�t�l�y� �a�d�j�a�c�e�n�t� �t�o� �a�n�d� �h�e�n�c�e� �a�c�t�i�v�a�t�e�d� �b�y� �t�h�e� �t�w�o� �i�m�i�d�e� �c�a�r�b�o�n�y�l�s� �[�3�3�]�.� �B�M�l�I�s� �a�r�e� �a�l�s�o� 

�m�o�r�e� �"�e�p�o�x�y�-�l�i�k�e �� �i�n� �t�h�e�i�r� �h�a�n�d�l�i�n�g� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �t�h�a�n� �t�h�e� �o�t�h�e�r� �a�d�d�i�t�i�o�n� �p�o�l�y�i�m�i�d�e�s� �a�n�d� 

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

�T�h�e� �g�e�n�e�r�a�l� �s�t�r�u�c�t�u�r�e� �o�f� �B�M�I� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�3�.� �I�t� �i�s� �p�r�e�p�a�r�e�d� �b�y� �t�h�e� �r�e�a�c�t�i�o�n� 

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

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

�c�h�e�m�i�c�a�l�l�y� �[�3�4�]�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �p�r�e�p�o�l�y�m�e�r� �o�r� �o�l�i�g�o�m�e�r� �c�a�n� �b�e� �c�r�o�s�s�l�i�n�k�e�d� �i�n�t�o� �a� �n�e�t�w�o�r�k� 

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

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

�a�l�s�o� �u�n�d�e�r�g�o� �w�h�a�t� �i�s� �k�n�o�w�n� �a�s� �a� �M�i�c�h�a�e�l� �A�d�d�i�t�i�o�n�,� �w�h�i�c�h� �i�s� �a� �n�u�c�l�e�o�p�h�i�l�i�c� �a�d�d�i�t�i�o�n� 

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

�[�3�3�,�3�5�]�.� �D�i�e�l�s�-�A�l�d�e�r� �r�e�a�c�t�i�o�n�s� �c�a�n� �a�l�s�o� �o�c�c�u�r� �w�i�t�h� �d�i�e�n�e�s�,� �a�n�d� �a�l�l�y�l�p�h�e�n�o�l�s� �c�a�n� �u�n�d�e�r�g�o� �a�n� 

 ��e�n�e �� �r�e�a�c�t�i�o�n� �w�i�t�h� �B�M�I�s�.� �T�h�e� �m�a�j�o�r�i�t�y� �o�f� �t�h�e�s�e� �r�e�a�c�t�i�o�n�s� �t�a�k�e� �p�l�a�c�e� �b�e�l�o�w� �2�5�0�°�C� �w�i�t�h�o�u�t� 

�t�h�e� �e�v�o�l�u�t�i�o�n� �o�f� �v�o�l�a�t�i�l�e� �b�y�p�r�o�d�u�c�t�s� �[�3�6�]�.� 

�A�s� �i�s� �a�l�s�o� �t�h�e� �c�a�s�e� �w�i�t�h� �e�p�o�x�i�e�s�,� �B�M�I�s� �a�r�e� �u�s�u�a�l�l�y� �f�o�r�m�u�l�a�t�e�d� �w�i�t�h� �a� �n�u�m�b�e�r� �o�f� 

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

�o�r�d�e�r� �t�o� �m�e�e�t� �t�h�e� �r�e�q�u�i�r�e�m�e�n�t�s� �o�f� �a�n� �a�d�v�a�n�c�e�d� �c�o�m�p�o�s�i�t�e� �r�e�s�i�n� �[�3�3�]�.� �D�u�e� �t�o� �t�h�e� �h�i�g�h� 

�c�r�o�s�s�l�i�n�k� �d�e�n�s�i�t�i�e�s� �f�o�u�n�d� �i�n� �t�h�e� �c�u�r�e�d� �n�e�t�w�o�r�k�s�,� �B�M�I� �c�o�m�p�o�s�i�t�e�s� �a�r�e� �a�l�s�o� �p�r�o�n�e� �t�o� 

�b�r�i�t�t�l�e�n�e�s�s� �a�n�d� �l�o�w� �f�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s�,� �p�e�r�h�a�p�s� �t�o� �a�n� �e�v�e�n� �g�r�e�a�t�e�r� �e�x�t�e�n�t� �t�h�a�n� �e�p�o�x�i�e�s� �[�3�]�.� 

�A� �n�u�m�b�e�r� �o�f� �t�e�c�h�n�i�q�u�e�s� �a�r�e� �a�v�a�i�l�a�b�l�e� �t�o� �i�m�p�r�o�v�e� �B�M�I� �m�e�c�h�a�n�i�c�a�l� �p�e�r�f�o�r�m�a�n�c�e� �i�n� �t�h�i�s� �a�r�e�a�.� 

�T�a�i�l�o�r�i�n�g� �t�h�e� �"�R�"� �g�r�o�u�p� �i�n� �t�h�e� �B�M�I� �o�l�i�g�o�m�e�r� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�3� �c�a�n� �i�m�p�r�o�v�e� �t�h�e� �d�u�c�t�i�l�i�t�y� 

�o�f� �t�h�e� �r�e�s�i�n� �i�f� �f�l�e�x�i�b�l�e� �a�n�d�/�o�r� �l�o�n�g�e�r� �l�i�n�k�a�g�e�s� �a�r�e� �u�t�i�l�i�z�e�d� �[�3�4�]�.� �T�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �n�o�v�e�l� 

�c�o�m�o�n�o�m�e�r�s� �c�o�n�t�a�i�n�i�n�g� �p�r�o�p�e�n�y�l�(�p�h�e�n�o�x�y�)� �a�n�d� �a�l�l�y�l�p�h�e�n�y�l�(�a�l�l�y�l�p�h�e�n�o�l�)� �l�i�n�k�a�g�e�s� �h�a�s� �b�e�e�n� 

�s�h�o�w�n� �t�o� �r�e�s�u�l�t� �i�n� �i�m�p�r�o�v�e�d� �d�a�m�a�g�e� �t�o�l�e�r�a�n�c�e� �i�n� �B�M�I� �c�o�m�p�o�s�i�t�e�s� �[�3�3�]�.� �F�u�n�c�t�i�o�n�a�l�i�z�e�d� 

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

�p�o�l�y�(�a�r�y�l�e�n�e�-�e�t�h�e�r�)� �a�n�d� �p�o�l�y�h�y�d�a�n�t�o�i�n� �h�a�v�e� �b�e�e�n� �s�t�u�d�i�e�d� �[�2�6�]�.� 
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�F�i�g�u�r�e� �2�.�3�:� �S�y�n�t�h�e�s�i�s� �o�f� �b�i�s�m�a�l�e�i�m�i�d�e� �r�e�s�i�n� �f�r�o�m� �m�a�l�e�i�c� �a�n�h�y�d�r�i�d�e� �a�n�d� �a�n� �a�r�o�m�a�t�i�c� 
�d�i�a�m�i�n�e�.� 
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�2�.�3�.� �A�d�h�e�s�i�v�e� �B�o�n�d�i�n�g� �o�f� �C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s� 

�2�.�3�.�1� �C�o�m�p�o�s�i�t�e� �S�t�r�u�c�t�u�r�e�s� 

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

�j�o�i�n�e�d� �t�o� �c�r�e�a�t�e� �u�s�e�f�u�l� �s�t�r�u�c�t�u�r�e�s� �[�3�7�]�.� �F�o�r� �f�u�l�l� �s�t�r�u�c�t�u�r�a�l� �e�f�f�i�c�i�e�n�c�y�,� �t�h�e� �i�d�e�a�l� �c�o�m�p�o�s�i�t�e� 

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

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

�s�t�r�u�c�t�u�r�e�s� �[�3�8�,�3�9�]�.� �J�o�i�n�i�n�g� �o�f� �c�o�m�p�o�s�i�t�e�s� �i�s� �u�s�u�a�l�l�y� �p�e�r�f�o�r�m�e�d� �t�o� �o�b�t�a�i�n� �l�a�r�g�e�r� �p�h�y�s�i�c�a�l� 

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

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

�p�r�e�s�e�r�v�e� �a� �d�e�g�r�e�e� �o�f� �f�r�e�e�d�o�m� �[�3�7�]�.� 

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

�t�h�e� �A�i�r�b�u�s� �I�n�d�u�s�t�r�i�e�'�s� �A�3�1�0� �j�e�t�l�i�n�e�r� �t�a�i�l� �a�n�d� �t�h�e� �B�e�e�c�h� �S�t�a�r�s�h�i�p�'�s� �f�u�s�e�l�a�g�e�.� �B�o�t�h� �o�f� �t�h�e�s�e� 

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

�a�n�d� �a�d�h�e�s�i�v�e�l�y� �b�o�n�d�e�d� �t�o�g�e�t�h�e�r� �[�4�0�]�.� �A� �t�h�e�r�m�o�p�l�a�s�t�i�c� �c�o�m�p�o�s�i�t�e� �f�i�g�h�t�e�r� �f�u�s�e�l�a�g�e� 

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

�u�s�e� �o�f� �t�h�e�s�e� �b�o�n�d�i�n�g� �t�e�c�h�n�i�q�u�e�s� �s�u�c�c�e�s�s�f�u�l�l�y� �e�l�i�m�i�n�a�t�e�d� �7�3�%� �o�f� �m�e�c�h�a�n�i�c�a�l� �f�a�s�t�e�n�e�r�s� 

�w�h�i�c�h� �w�o�u�l�d� �h�a�v�e� �o�t�h�e�r�w�i�s�e� �b�e�e�n� �r�e�q�u�i�r�e�d�,� �l�e�a�d�i�n�g� �t�o� �s�i�g�n�i�f�i�c�a�n�t� �w�e�i�g�h�t� �s�a�v�i�n�g�s� �[�4�1�]�.� 

�T�h�e� �a�i�r�f�r�a�m�e� �o�f� �B�e�l�l� �H�e�l�i�c�o�p�t�e�r�'�s� �a�d�v�a�n�c�e�d� �c�o�m�p�o�s�i�t�e� �h�e�l�i�c�o�p�t�e�r� �a�l�s�o� �m�a�k�e�s� �u�s�e� �o�f� 

�a�d�h�e�s�i�v�e� �b�o�n�d�i�n�g� �t�e�c�h�n�i�q�u�e�s�.� �I�n� �t�h�i�s� �s�t�r�u�c�t�u�r�e�,� �o�n�l�y� �1�0�0�0� �m�e�c�h�a�n�i�c�a�l� �f�a�s�t�e�n�e�r�s� �a�r�e� �u�s�e�d�,� 

�c�o�m�p�a�r�e�d� �t�o� �t�h�e� �5�0�,�0�0�0� �w�h�i�c�h� �a�r�e� �n�o�r�m�a�l�l�y� �n�e�e�d�e�d� �f�o�r� �t�h�e� �m�e�t�a�l� �a�i�r�f�r�a�m�e� �[�4�2�]�.� 

�O�t�h�e�r� �e�x�a�m�p�l�e�s� �o�f� �a�d�h�e�s�i�v�e�l�y�-�b�o�n�d�e�d� �c�o�m�p�o�s�i�t�e� �s�t�r�u�c�t�u�r�e�s� �i�n�c�l�u�d�e� �t�h�e� �M�c�D�o�n�n�e�l�l� 

�D�o�u�g�l�a�s� �A�H�-�6�4� �A�p�a�c�h�e� �H�o�r�i�z�o�n�t�a�l� �S�t�a�b�i�l�a�t�o�r� �[�4�3�]� �a�n�d� �t�h�e� �W�e�s�t�l�a�n�d� �3�0�-�3�0�0� �F�l�i�g�h�t� 

�S�t�a�n�d�a�r�d� �T�a�i�l�p�l�a�n�e� �[�4�4�]�.� �I�n� �t�h�e� �s�p�o�r�t�s� �e�q�u�i�p�m�e�n�t� �a�r�e�n�a�,� �a�d�h�e�s�i�v�e� �b�o�n�d�i�n�g� �w�a�s� �t�h�e� �j�o�i�n�i�n�g� 

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

�a�d�h�e�s�i�v�e� �e�n�s�u�r�e�d� �t�h�a�t� �t�h�e� �s�h�a�f�t�-�t�o�-�h�e�a�d� �c�o�n�n�e�c�t�i�o�n� �c�o�u�l�d� �w�i�t�h�s�t�a�n�d� �a� �5�5�0�0� �p�s�i� �p�u�l�l� �t�e�s�t� 

�[�4�5�]�.� 
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�C�o�m�p�o�s�i�t�e�/�c�o�m�p�o�s�i�t�e� �b�o�n�d�i�n�g� �a�s� �w�e�l�l� �a�s� �m�e�t�a�l�/�c�o�m�p�o�s�i�t�e� �b�o�n�d�i�n�g� �a�r�e� �o�f�t�e�n� 

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

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

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

�h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �c�u�r�e� �a�d�h�e�s�i�v�e�s� �[�4�6�,�4�7�,�4�8�]�.� �T�h�i�s� �t�e�c�h�n�i�q�u�e� �i�s� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �t�h�e� �m�o�s�t� 

�e�f�f�e�c�t�i�v�e� �a�n�d� �e�c�o�n�o�m�i�c�a�l� �m�e�t�h�o�d� �f�o�r� �f�i�e�l�d� �r�e�p�a�i�r� �[�4�9�]�.� �I�n� �o�r�d�e�r� �f�o�r� �i�t� �t�o� �b�e� �s�u�c�c�e�s�s�f�u�l�l�y� 

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

�p�a�t�c�h� �a�s� �w�e�l�l� �a�s� �t�h�e� �c�o�m�p�o�s�i�t�e� �s�t�r�u�c�t�u�r�e�)� �m�u�s�t� �b�e� �p�r�e�s�e�n�t�.� 

�2�.�3�.�2� �A�d�v�a�n�t�a�g�e�s� �o�f� �A�d�h�e�s�i�v�e� �B�o�n�d�i�n�g� 

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

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

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

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

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

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

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

�m�a�y� �o�c�c�u�r� �i�n�s�t�e�a�d� �t�o� �l�o�c�a�l�l�y� �a�l�l�e�v�i�a�t�e� �t�h�e� �l�o�c�a�l�i�z�e�d� �s�t�r�e�s�s�e�s� �[�5�0�,�5�1�]�.� �F�i�g�u�r�e� �2�.�4� �s�h�o�w�s� 

�t�y�p�i�c�a�l� �f�a�i�l�u�r�e� �m�o�d�e�s� �w�h�i�c�h� �m�a�y� �o�c�c�u�r� �w�i�t�h� �m�e�c�h�a�n�i�c�a�l�l�y� �f�a�s�t�e�n�e�d� �c�o�m�p�o�s�i�t�e� �j�o�i�n�t�s� �[�5�2�]�.� �I�t� 

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

�u�n�d�e�r� �f�a�t�i�g�u�e� �l�o�a�d�i�n�g� �m�a�y� �l�e�a�d� �t�o� �d�e�l�a�m�i�n�a�t�i�o�n� �a�n�d� �c�r�a�c�k�i�n�g� �[�5�3�]�.� 

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

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

�[�3�7�,�3�9�]�.� �M�e�c�h�a�n�i�c�a�l�l�y� �b�o�l�t�e�d� �o�r� �r�i�v�e�t�e�d� �c�o�m�p�o�s�i�t�e� �j�o�i�n�t�s� �r�e�l�y� �o�n� �a�n� �a�d�e�q�u�a�t�e� �b�e�a�r�i�n�g� �a�n�d� 

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

�h�o�l�e�s� �i�n� �c�o�m�p�o�s�i�t�e� �l�a�m�i�n�a�t�e�s� �w�h�i�c�h� �c�u�t� �t�h�r�o�u�g�h� �l�o�a�d�-�c�a�r�r�y�i�n�g� �f�i�b�e�r�s� �[�3�8�]�.� �T�h�e� �e�n�d� �r�e�s�u�l�t� �i�s� 
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�F�i�g�u�r�e� �2�.�4�:� �F�a�i�l�u�r�e� �m�o�d�e�s� �i�n� �m�e�c�h�a�n�i�c�a�l�l�y� �f�a�s�t�e�n�e�d� �c�o�m�p�o�s�i�t�e� �j�o�i�n�t�s� �[�5�2�]�.� 
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�t�h�a�t� �a� �c�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l�'�s� �f�u�l�l� �p�h�y�s�i�c�a�l� �p�r�o�p�e�r�t�y� �p�o�t�e�n�t�i�a�l� �i�s� �n�o�t� �r�e�a�l�i�z�e�d�.� �I�n� �t�h�e� �c�a�s�e� �o�f� 

�t�h�i�n� �c�o�m�p�o�s�i�t�e� �p�a�n�e�l�s� �(�l�e�s�s� �t�h�a�n� �3� �m�m� �i�n� �t�h�i�c�k�n�e�s�s�)�,� �a�d�h�e�s�i�v�e� �b�o�n�d�i�n�g� �i�s� �g�e�n�e�r�a�l�l�y� 

�p�r�e�f�e�r�a�b�l�e� �t�o� �m�e�c�h�a�n�i�c�a�l� �f�a�s�t�e�n�i�n�g� �[�3�9�]�.� 

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

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

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

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

�e�l�e�c�t�r�o�l�y�t�e� �s�o�l�u�t�i�o�n� �(�s�a�l�t� �w�a�t�e�r�,� �f�o�r� �i�n�s�t�a�n�c�e�)� �[�5�4�]�.� �D�u�e� �t�o� �t�h�e� �c�o�n�d�u�c�t�i�v�i�t�y� �o�f� �t�h�e� �c�a�r�b�o�n� 

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

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

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

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

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

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

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

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

�r�e�a�c�t�i�o�n�s� �[�5�5�]�.� 

�A�l�t�h�o�u�g�h� �t�h�i�s� �t�y�p�e� �o�f� �c�o�r�r�o�s�i�o�n� �d�o�e�s� �n�o�t� �c�o�m�m�o�n�l�y� �o�c�c�u�r�,� �i�t�s� �l�i�k�e�l�i�h�o�o�d� �i�s� 

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

�i�s� �k�n�o�w�n� �t�o� �o�c�c�u�r� �w�h�e�r�e� �s�a�l�t� �w�a�t�e�r� �c�a�n� �c�o�l�l�e�c�t�,� �s�u�c�h� �a�s� �i�n� �a� �"�l�e�a�k�y�"� �f�a�s�t�e�n�e�r� �o�r� �a� �b�u�t�t� �j�o�i�n�t� 

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

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

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

�T�h�e� �i�n�h�e�r�e�n�t� �a�d�v�a�n�t�a�g�e� �o�f� �a�d�h�e�s�i�v�e� �b�o�n�d�i�n�g� �i�s� �t�h�a�t� �s�t�r�e�s�s�e�s� �a�r�e� �d�i�s�t�r�i�b�u�t�e�d�,� �r�a�t�h�e�r� 

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

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

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

�l�a�r�g�e� �a�r�e�a� �b�o�n�d�s� �[�3�7�,� �5�6�]�.� 

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

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

�n�o�n�-�d�e�s�t�r�u�c�t�i�v�e� �i�n�s�p�e�c�t�i�o�n� �i�s� �d�i�f�f�i�c�u�l�t� �[�3�7�]�.� �A�l�s�o�,� �j�o�i�n�t� �d�i�s�s�a�s�s�e�m�b�l�y� �a�n�d� �i�n�s�p�e�c�t�i�o�n� �a�r�e� 

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

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

�c�o�m�p�o�s�i�t�e� �j�o�i�n�t�s�.� 

�2�.�3�.�3�.� �A�d�h�e�s�i�v�e�s� �f�o�r� �C�o�m�p�o�s�i�t�e� �B�o�n�d�i�n�g� 

�A�d�h�e�s�i�v�e�s� �w�h�i�c�h� �a�r�e� �u�s�e�d� �t�o� �b�o�n�d� �c�o�m�p�o�s�i�t�e�s� �i�n�c�l�u�d�e� �p�o�l�y�u�r�e�t�h�a�n�e�s� �[�4�0�]�,� 

�p�o�l�y�i�m�i�d�e�s� �[�4�0�,�5�7�,�5�8�]�,� �a�c�r�y�l�i�c�s� �[�5�9�]�,� �p�h�e�n�o�l�i�c�s� �[�6�0�]�,� �s�i�l�i�c�o�n�e�s� �[�6�0�]� �a�n�d� �t�h�e� �i�n�d�u�s�t�r�y� 

�w�o�r�k�h�o�r�s�e�s�,� �e�p�o�x�i�e�s� �a�n�d� �t�o�u�g�h�e�n�e�d� �e�p�o�x�i�e�s� �[�4�0�,�6�1�]�.� �I�n� �t�h�e� �a�i�r�c�r�a�f�t� �i�n�d�u�s�t�r�y� �w�h�e�r�e� 

�p�r�e�c�i�s�i�o�n� �p�l�a�c�e�m�e�n�t� �o�f� �a�d�h�e�s�i�v�e�s� �i�s� �r�e�q�u�i�r�e�d�,� �s�e�m�i�-�c�u�r�e�d� �o�r� �"�B�-�s�t�a�g�e�d�"� �f�i�l�m� �a�d�h�e�s�i�v�e�s�,� 

�o�f�t�e�n� �c�a�r�r�i�e�d� �o�n� �a� �s�c�r�i�m� �o�r� �m�a�t�,� �a�r�e� �w�i�d�e�l�y� �u�s�e�d� �[�5�8�,�6�2�,�6�3�]�.� �A�n�o�t�h�e�r� �c�o�m�m�o�n� �a�d�h�e�s�i�v�e� 

�f�o�r�m� �i�s� �a� �o�n�e� �o�r� �t�w�o�-�c�o�m�p�o�n�e�n�t� �t�h�i�x�o�t�r�o�p�i�c� �p�a�s�t�e� �[�6�0�,�6�4�]�.� �C�o�-�c�u�r�i�n�g� �o�f� �a�d�h�e�s�i�v�e� �a�n�d� 

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

�a�n�d� �c�o�n�s�o�l�i�d�a�t�e�d� �t�o�g�e�t�h�e�r�,� �i�s� �a�l�s�o� �b�e�c�o�m�i�n�g� �i�n�c�r�e�a�s�i�n�g�l�y� �p�o�p�u�l�a�r� �[�4�0�,�6�0�]�.� 

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

�T�h�e�r�m�o�p�l�a�s�t�i�c� �p�o�l�y�i�m�i�d�e�s� �[�6�5�]� �a�n�d� �e�p�o�x�i�e�s�,� �i�n� �f�i�l�m� �a�n�d� �p�a�s�t�e� �f�o�r�m�,� �h�a�v�e� �b�e�e�n� �w�i�d�e�l�y� �u�s�e�d� 

�[�6�6�,�6�7�,�6�8�]�.� �B�e�c�a�u�s�e� �t�h�e� �p�o�l�y�m�e�r� �m�a�t�r�i�x� �i�n� �a� �t�h�e�r�r�a�o�p�l�a�s�t�i�c� �c�o�m�p�o�s�i�t�e� �i�s� �c�a�p�a�b�l�e� �o�f� �m�e�l�t�i�n�g� 

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

�[�6�7�,�6�9�]�.� �U�l�t�r�a�s�o�n�i�c� �w�e�l�d�i�n�g� �t�e�c�h�n�i�q�u�e�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� �i�n�v�e�s�t�i�g�a�t�e�d� �[�7�0�]�.� 

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

�r�e�s�i�s�t�a�n�c�e� �o�f� �a�d�h�e�s�i�v�e�s� �u�s�e�d� �t�o� �j�o�i�n� �t�h�e�m� �m�u�s�t� �a�l�s�o� �c�o�n�t�i�n�u�e� �t�o� �i�m�p�r�o�v�e�.� �H�i�g�h�e�r� �a�i�r�c�r�a�f�t� 
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�s�p�e�e�d�s� �w�i�l�l� �d�e�m�a�n�d� �t�h�a�t� �a�d�h�e�s�i�v�e�s� �b�e� �r�e�s�i�s�t�a�n�t� �t�o� �t�e�m�p�e�r�a�t�u�r�e�s� �u�p� �t�o� �7�0�0�°�F� �[�4�0�]�.� 

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

�m�i�n�i�m�i�z�e�d� �[�3�8�]�.� 

�2�.�4� �S�u�r�f�a�c�e� �P�r�e�t�r�e�a�t�m�e�n�t� 

�2�.�4�.�1� �G�e�n�e�r�a�l� �C�o�n�s�i�d�e�r�a�t�i�o�n�s� 

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

�s�y�s�t�e�m�s�,� �a� �n�u�m�b�e�r� �o�f� �i�s�s�u�e�s� �m�u�s�t� �b�e� �s�t�u�d�i�e�d� �i�n� �d�e�t�a�i�l�.� �A�s� �i�s� �w�e�l�l�-�k�n�o�w�n� �i�n� �t�h�e� �f�i�e�l�d� �o�f� 

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

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

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

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

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

�c�e�r�a�m�i�c� �m�a�t�e�r�i�a�l�s� �f�a�l�l� �i�n� �t�h�e� �r�a�n�g�e� �b�e�t�w�e�e�n� �5�0�0�-�5�0�0�0� �m�J�/�m�2�,� �w�h�e�r�e�a�s� �t�h�e� �s�u�r�f�a�c�e� �e�n�e�r�g�i�e�s� 

�o�f� �p�o�l�y�m�e�r�i�c� �m�a�t�e�r�i�a�l�s� �r�a�n�g�e� �f�r�o�m� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�6� �t�o� �4�6� �m�J�/�m�?� �[�2�2�]�.� �I�n� �c�o�m�p�o�s�i�t�e� 

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

�t�h�e� �s�u�r�f�a�c�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�e�s� �a�r�e� �v�e�r�y� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �o�f� �t�h�e� �m�a�t�r�i�x� 

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

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

�[�7�1�]�.� 

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

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

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

�a�b�o�v�e� �[�7�2�]�.� �T�h�e� �s�u�r�f�a�c�e� �o�f� �a� �c�u�r�e�d� �c�o�m�p�o�s�i�t�e� �i�s� �p�a�r�t�i�c�u�l�a�r�l�y� �c�o�m�p�l�e�x� �a�n�d� �a�l�w�a�y�s� �c�a�r�r�i�e�s� 

�t�h�e� �h�i�s�t�o�r�y� �o�f� �t�h�e� �c�u�r�i�n�g� �p�r�o�c�e�s�s� �[�3�8�]�.� �I�f� �i�t� �i�s� �c�u�r�e�d� �i�n� �d�i�r�e�c�t� �c�o�n�t�a�c�t� �w�i�t�h� �a� �m�o�l�d� �o�r� �t�o�o�l� 
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�p�l�a�t�e�,� �t�h�e� �s�u�r�f�a�c�e� �i�s� �a�l�m�o�s�t� �a�l�w�a�y�s� �c�o�n�t�a�m�i�n�a�t�e�d� �b�y� �m�o�l�d� �r�e�l�e�a�s�e� �a�g�e�n�t�s�.� �I�f� �l�a�m�i�n�a�t�e�d� �w�i�t�h� 

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

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

�r�e�s�i�n� �a�r�e�a�s�,� �w�h�i�c�h� �m�a�y� �l�e�a�d� �t�o� �i�n�c�l�u�s�i�o�n�s� �a�n�d� �p�o�r�o�s�i�t�y� �i�n� �t�h�e� �b�o�n�d�l�i�n�e� �[�3�8�]�.� 

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

�c�o�m�p�o�s�i�t�e� �s�y�s�t�e�m�s� �i�s� �t�r�a�n�s�f�e�r� �f�r�o�m� �f�l�u�o�r�o�p�o�l�y�m�e�r� �o�r� �s�i�l�i�c�o�n�e�-�b�a�s�e�d� �r�e�l�e�a�s�e� �f�i�l�m�s�.� �A�s� 

�m�u�c�h� �a�s� �3�0�%� �f�l�u�o�r�i�n�e� �h�a�s� �b�e�e�n� �f�o�u�n�d� �o�n� �c�o�m�p�o�s�i�t�e� �s�u�r�f�a�c�e�s� �a�f�t�e�r� �c�o�n�s�o�l�i�d�a�t�i�o�n� �o�f� �t�h�e� 

�l�a�m�i�n�a�t�e� �[�7�3�]�.� �P�a�r�k�e�r� �a�n�d� �W�a�g�h�o�r�n�e� �h�a�v�e� �c�h�a�r�a�c�t�e�r�i�z�e�d� �t�h�e� �s�u�r�f�a�c�e�s� �a�n�d� �e�v�a�l�u�a�t�e�d� �t�h�e� 

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

�a�g�e�n�t�s� �a�n�d� �f�i�l�m�s� �[�7�4�]�.� 

�O�n�e� �p�r�e�r�e�q�u�i�s�i�t�e� �f�o�r� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �a� �s�t�r�o�n�g� �b�o�n�d� �i�s� �t�h�a�t� �t�h�e� �a�d�h�e�s�i�v�e� �w�e�t� �t�h�e� 

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

�c�r�i�t�i�c�a�l� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n� �l�o�w�e�r� �t�h�a�n� �t�h�a�t� �o�f� �t�h�e� �a�d�h�e�r�e�n�d� �[�3�8�]�.� �E�v�e�n� �a� �f�i�l�m� �o�f� �c�o�n�t�a�m�i�n�a�t�i�o�n� 

�o�n�l�y� �o�n�e� �m�o�n�o�l�a�y�e�r� �t�h�i�c�k� �c�a�n� �g�r�e�a�t�l�y� �r�e�d�u�c�e� �a�d�h�e�s�i�o�n� �[�7�5�]�.� �H�e�n�c�e�,� �s�u�r�f�a�c�e� �p�r�e�p�a�r�a�t�i�o�n� �i�s� 

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

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

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

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

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

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

�b�u�l�k� �p�r�o�p�e�r�t�i�e�s� �s�h�o�u�l�d� �n�o�t� �b�e� �a�f�f�e�c�t�e�d� �[�7�6�]�.� �I�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�e�c�t�i�o�n�s�,� �s�u�r�f�a�c�e� 

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

�2�.�4�.�2� �S�u�r�f�a�c�e� �P�r�e�p�a�r�a�t�i�o�n� �T�e�c�h�n�i�q�u�e�s� 

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

�a�b�r�a�s�i�o�n� �a�n�d� �p�e�e�l� �p�l�y�,� �r�e�m�o�v�e� �t�h�e� �o�r�i�g�i�n�a�l� �r�e�s�i�n� �s�u�r�f�a�c�e� �a�n�d� �a�n�y� �a�c�c�o�m�p�a�n�y�i�n�g� 
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�c�o�n�t�a�m�i�n�a�t�i�o�n�,� �l�e�a�v�i�n�g� �b�e�h�i�n�d� �a� �f�r�e�s�h�,� �s�l�i�g�h�t�l�y� �r�o�u�g�h�e�n�e�d� �s�u�r�f�a�c�e� �f�o�r� �b�o�n�d�i�n�g� �[�7�7�,�7�8�]�.� �I�t� 

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

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

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

�[�3�8�]�.� 

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

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

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

�b�e�c�o�m�e�s� �d�u�l�l� �a�n�d� �l�u�s�t�e�r�l�e�s�s�;� �i�t� �i�s� �u�s�u�a�l�l�y� �f�o�l�l�o�w�e�d� �b�y� �s�o�l�v�e�n�t� �c�l�e�a�n�i�n�g� �a�n�d� �d�r�y�i�n�g� �[�7�1�,�7�8�]�.� 

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

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

�b�l�a�s�t� �t�r�e�a�t�m�e�n�t�,� �k�n�o�w�n� �a�s� �"�c�r�y�o�b�l�a�s�t�"�,� �u�t�i�l�i�z�e�s� �s�o�l�i�d� �c�a�r�b�o�n� �d�i�o�x�i�d�e� �p�e�l�l�e�t�s� �[�7�6�]�.� �T�h�i�s� �t�y�p�e� 

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

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

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

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

�c�o�a�t�e�d� �p�a�p�e�r� �o�r� �S�c�o�t�c�h�-�B�r�i�t�e�®� �p�a�d�s�,� �e�i�t�h�e�r� �d�r�y� �o�r� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a� �s�o�l�v�e�n�t�.� �I�t� �h�a�s� �b�e�e�n� 

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

�b�o�n�d� �s�t�r�e�n�g�t�h�s� �t�h�a�n� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �b�y� �a�b�r�a�s�i�o�n� �a�l�o�n�e� �[�7�9�]�.� �A�s� �i�n� �t�h�e� �c�a�s�e� �o�f� �g�r�i�t� �b�l�a�s�t�i�n�g�,� 

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

�a�b�l�a�t�e�d� �c�o�m�p�o�s�i�t�e� �r�e�s�i�d�u�e�,� �w�h�i�c�h� �c�a�n� �l�e�a�d� �t�o� �r�e�d�u�c�e�d� �j�o�i�n�t� �s�t�r�e�n�g�t�h�s� �[�4�4�]�.� �C�a�r�e� �m�u�s�t� �a�l�s�o� 

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

�i�n�t�o� �t�h�e� �c�o�m�p�o�s�i�t�e� �a�n�d� �d�a�m�a�g�e� �t�h�e� �f�i�b�e�r� �b�u�n�d�l�e�s� �u�n�d�e�r�l�y�i�n�g� �t�h�e� �s�u�r�f�a�c�e� �[�3�8�,�8�0�]�.� 

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

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

�b�o�d�y� �o�f� �t�h�e� �l�a�m�i�n�a�t�e�.� �T�h�i�s� �l�a�y�e�r� �i�s� �i�n�t�e�n�d�e�d� �t�o� �b�e� �p�e�e�l�e�d� �o�f�f� �p�r�i�o�r� �t�o� �b�o�n�d�i�n�g� �a�n�d�,� �a�m�o�n�g� 
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�o�t�h�e�r� �p�u�r�p�o�s�e�s�,� �s�e�r�v�e�s� �t�o� �p�r�o�t�e�c�t� �t�h�e� �s�u�r�f�a�c�e� �f�r�o�m� �c�o�n�t�a�m�i�n�a�t�i�o�n� �[�7�7�]�.� �P�e�e�l� �p�l�y� �m�a�t�e�r�i�a�l�s� 

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

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

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

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

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

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

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

�i�m�p�r�i�n�t� �o�f� �t�h�e� �f�a�b�r�i�c� �w�e�a�v�e� �p�a�t�t�e�r�n� �[�7�6�]�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �f�i�l�a�m�e�n�t� �d�i�a�m�e�t�e�r� �a�n�d� �t�h�i�c�k�n�e�s�s� �o�f� 

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

�r�o�u�g�h�n�e�s�s�,� �w�h�i�c�h� �i�n� �t�u�r�n� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �b�o�n�d� �s�t�r�e�n�g�t�h�s� �w�h�i�c�h� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �[�7�6�,�8�0�]�.� 

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

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

�u�l�t�i�m�a�t�e�l�y� �a� �w�e�a�k�e�n�e�d� �b�o�n�d� �[�7�5�]�.� �G�r�i�t� �b�l�a�s�t�i�n�g�,� �o�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �w�o�u�l�d� �c�r�e�a�t�e� �a� �m�o�r�e� 

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

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

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

�[�8�1�]�.� 

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

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

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

�o�f� �t�r�e�a�t�m�e�n�t� �t�o� �a�l�t�e�r� �t�h�e� �c�h�e�m�i�s�t�r�y� �o�f� �t�h�e� �s�u�r�f�a�c�e� �i�s� �n�e�c�e�s�s�a�r�y� �[�7�8�]�.� �E�x�a�m�p�l�e�s� �o�f� �c�h�e�m�i�c�a�l� 

�t�r�e�a�t�m�e�n�t�s� �i�n�c�l�u�d�e� �s�u�r�f�a�c�e� �g�r�a�f�t� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �[�8�2�]�,� �e�t�c�h�i�n�g� �i�n� �s�t�r�o�n�g� �a�c�i�d�s� �o�r� �b�a�s�e�s� 

�[�7�6�,�7�7�,�8�2�]� �a�n�d� �r�e�a�c�t�i�v�e� �p�r�i�m�e�r�s� �[�7�6�,�8�2�]�.� �O�t�h�e�r� �m�e�t�h�o�d�s�,� �l�e�s�s� �c�o�m�m�o�n�l�y� �u�t�i�l�i�z�e�d�,� �i�n�v�o�l�v�e� 

�t�r�e�a�t�m�e�n�t� �w�i�t�h� �f�l�a�m�e�s� �[�7�6�,�8�3�,�8�4�]� �o�r� �l�a�s�e�r�s� �[�7�1�,�7�6�.�8�5�]�.� 
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�H�i�g�h� �e�n�e�r�g�y� �r�a�d�i�a�t�i�o�n� �h�a�s� �b�e�e�n� �s�h�o�w�n� �t�o� �b�e� �p�a�r�t�i�c�u�l�a�r�l�y� �e�f�f�i�c�i�e�n�t� �i�n� �i�n�c�r�e�a�s�i�n�g� �t�h�e� 

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

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

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

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

�p�o�l�a�r�i�t�y� �[�8�6�,�8�7�]�.� 

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

�n�e�u�t�r�a�l� �s�p�e�c�i�e�s�.� �W�h�e�n� �a�n� �o�r�g�a�n�i�c� �m�a�t�e�r�i�a�l� �i�s� �e�x�p�o�s�e�d� �t�o� �a� �r�a�d�i�o� �f�r�e�q�u�e�n�c�y� �(�R�F�)� �p�l�a�s�m�a�,� 

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

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

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

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

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

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

�c�o�m�p�o�s�i�t�i�o�n� �a�r�e� �o�b�s�e�r�v�e�d� �a�f�t�e�r� �p�l�a�s�m�a� �e�x�p�o�s�u�r�e� �[�8�6�,�8�7�,�8�8�]�.� 

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

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

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

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

�s�u�c�h� �a�s� �o�x�y�g�e�n� �i�n� �t�h�e� �b�a�c�k�b�o�n�e�,� �w�h�i�c�h� �c�a�n� �a�c�t� �a�s� �a�c�t�i�v�e� �s�i�t�e�s� �f�o�r� �c�h�a�i�n� �s�c�i�s�s�i�o�n�.� �T�h�i�s� 

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

�a�t�t�a�c�h�e�d� �l�a�y�e�r�s� �o�n� �b�o�t�h� �o�r�g�a�n�i�c� �a�n�d� �i�n�o�r�g�a�n�i�c� �s�u�r�f�a�c�e�s� �[�8�7�]�.� 

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

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

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

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

�a�d�h�e�s�i�o�n� �[�8�7�]�.� �T�h�e�r�m�o�p�l�a�s�t�i�c� �c�o�m�p�o�s�i�t�e�s�,� �i�n� �p�a�r�t�i�c�u�l�a�r�,� �b�e�n�e�f�i�t� �f�r�o�m� �p�r�e�-�b�o�n�d�i�n�g� �p�l�a�s�m�a� 

�t�r�e�a�t�m�e�n�t� �[�6�7�,�8�9�,�9�0�]�.� �A�t� �t�h�e� �p�r�e�s�e�n�t� �t�i�m�e�,� �p�l�a�s�m�a� �t�r�e�a�t�m�e�n�t� �i�s� �n�o�t� �w�i�d�e�l�y� �u�t�i�l�i�z�e�d� �f�o�r� �t�h�e� 

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

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

�[�9�1�]�.� 

�T�h�e� �c�o�r�o�n�a� �d�i�s�c�h�a�r�g�e� �t�e�c�h�n�i�q�u�e� �i�s� �s�i�m�i�l�a�r� �t�o� �p�l�a�s�m�a� �t�r�e�a�t�m�e�n�t� �i�n� �t�h�a�t� �i�t� �a�l�s�o� �m�a�k�e�s� 

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

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

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

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

�p�h�o�t�o�n�s�,� �o�z�o�n�e� �a�n�d� �n�i�t�r�o�g�e�n� �o�x�i�d�e� �a�r�e� �p�r�o�d�u�c�e�d� �b�y� �t�h�e�s�e� �c�o�l�l�i�s�i�o�n�s� �[�9�2�]�.� �T�h�e�s�e� �s�p�e�c�i�e�s� 

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

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

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

�a�l�s�o� �r�e�s�u�l�t� �i�n� �t�h�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �s�h�o�r�t� �c�h�a�i�n� �o�l�i�g�o�m�e�r�s� �[�9�3�]�.� 

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

�b�e�e�n� �e�x�t�e�n�d�e�d� �t�o� �t�h�e� �m�o�d�i�f�i�c�a�t�i�o�n� �o�f� �f�i�b�e�r�-�r�e�i�n�f�o�r�c�e�d� �c�o�m�p�o�s�i�t�e� �s�u�r�f�a�c�e�s� �[�9�1�,�9�4�,�9�5�]�.� 

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

�h�y�d�r�o�p�e�r�o�x�i�d�e� �f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�s� �[�9�5�,�9�6�]�.� �F�l�u�o�r�o�c�a�r�b�o�n� �r�e�s�i�d�u�e�s� �a�r�e� �a�l�s�o� �r�e�m�o�v�e�d� �b�y� �a� 

�c�o�r�o�n�a� �t�r�e�a�t�m�e�n�t� �[�7�6�]�.� �L�i�k�e� �p�l�a�s�m�a� �t�r�e�a�t�m�e�n�t�s�,� �c�o�r�o�n�a� �d�i�s�c�h�a�r�g�e� �a�l�s�o� �l�e�a�d�s� �t�o� �e�r�o�s�i�o�n� �a�n�d� 

�t�e�x�t�u�r�i�n�g� �o�f� �t�h�e� �s�u�r�f�a�c�e� �[�7�8�]�.� �B�o�t�h� �p�l�a�s�m�a� �a�n�d� �c�o�r�o�n�a� �t�r�e�a�t�m�e�n�t�s� �a�l�s�o� �h�a�v�e� �a� �t�e�n�d�e�n�c�y� �t�o� 

�h�e�a�t� �t�h�e� �s�u�r�f�a�c�e�s� �b�e�i�n�g� �t�r�e�a�t�e�d� �a�n�d� �m�a�y� �c�a�u�s�e� �l�o�c�a�l� �m�e�l�t�i�n�g� �o�r� �d�e�g�r�a�d�a�t�i�o�n� �[�7�6�]�.� 

�A�n� �e�x�c�e�l�l�e�n�t� �c�o�m�p�a�r�i�s�o�n� �o�f� �a�l�l� �t�h�e� �c�o�m�p�o�s�i�t�e� �s�u�r�f�a�c�e� �p�r�e�t�r�e�a�t�m�e�n�t� �t�e�c�h�n�i�q�u�e�s� 

�d�i�s�c�u�s�s�e�d� �a�b�o�v�e� �h�a�s� �b�e�e�n� �c�o�m�p�i�l�e�d� �b�y� �M�a�r�i�n�e�l�l�i� �a�n�d� �L�a�m�b�i�n�g� �[�9�7�]�.� �T�a�b�l�e� �2�.�1� �a�s�s�e�s�s�e�s� �t�h�e� 

�t�e�c�h�n�i�c�a�l� �a�s�p�e�c�t�s� �o�f� �g�r�i�t� �b�l�a�s�t�i�n�g�,� �p�r�i�m�i�n�g�,� �c�h�e�m�i�c�a�l� �e�t�c�h�i�n�g�,� �p�e�e�l� �p�l�y�,� �f�l�a�m�e� �t�r�e�a�t�m�e�n�t�,� 
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�T�a�b�l�e� �2�.�1�:� �T�e�c�h�n�i�c�a�l� �a�s�s�e�s�s�m�e�n�t� �o�f� �s�u�r�f�a�c�e� �p�r�e�t�r�e�e�t�m�e�n�t�s� �f�o�r� �c�o�m�p�o�s�i�t�e�s� �[�a�d�a�p�t�e�d� �f�r�o�m� 
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� � � � � � � � � � � � � � 

�9�7�]�.� 

�H�e�a�l�t�h� �a�n�d� 
�B�o�n�d� �D�i�r�t�,� �O�i�l� �|� �S�u�r�f�a�c�e� �S�u�r�f�a�c�e� �E�n�v�i�r�o�n�m�e�n�t� 

�P�r�e�t�r�e�a�t�m�e�n�t� �|� �S�t�r�e�n�g�t�h� �|� �R�e�m�o�v�a�l� �|� �O�x�i�d�a�t�i�o�n�;� �R�o�u�g�h�e�n�i�n�g� �I�s�s�u�e�s� 

�N�o�n�e� �p�o�o�r�/�f�a�i�r� �n�o�n�e� �n�o�n�e� �n�o� �n�o�n�e� 
�p�o�o�r� �l�o�n�g� �m�a�y� �i�n�v�o�l�v�e� 

�G�r�i�t� �B�l�a�s�t� �t�e�r�m� �g�o�o�d�*� �v�e�r�y� �g�o�o�d� �e�x�t�e�n�s�i�v�e� �s�o�l�v�e�n�t� �w�a�s�h� 
�m�a�y� �c�o�n�t�a�i�n� 

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

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

�d�i�s�p�o�s�a�l� �o�f� �u�s�e�d� 
�P�e�e�l� �P�l�y� �v�e�r�y� �g�o�o�d� �f�a�i�r�*� �m�i�n�i�m�a�l� �e�x�t�e�n�s�i�v�e� �p�e�e�l� �p�l�i�e�s� 

�F�l�a�m�e� �v�e�r�y� �g�o�o�d� �g�o�o�d�*� �e�x�c�e�l�l�e�n�t� �m�o�d�e�r�a�t�e� �m�i�n�i�m�a�l� 
�C�o�r�o�n�a� �m�o�d�e�r�a�t�e� �t�o� �m�o�d�e�r�a�t�e� �t�o� �g�e�n�e�r�a�t�e�s� 

�D�i�s�c�h�a�r�g�e� �v�e�r�y� �g�o�o�d� �|� �e�x�c�e�l�l�e�n�t� �|� �v�e�r�y� �g�o�o�d� �h�i�g�h� �o�z�o�n�e� 
�m�o�d�e�r�a�t�e� �t�o� 

�G�a�s� �P�l�a�s�m�a� �e�x�c�e�l�l�e�n�t� �e�x�c�e�l�l�e�n�t� �|� �v�e�r�y� �g�0�0�d� �h�i�g�h� �m�i�n�i�m�a�l� 
� � 

�*�c�a�n� �a�l�s�o� �g�e�n�e�r�a�t�e� �c�o�n�t�a�m�i�n�a�t�i�o�n� 
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� 



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

�e�v�a�l�u�a�t�e�d� �i�n� �T�a�b�l�e� �2�.�2�.� 

�2�.�4�.�3� �A�p�p�l�i�c�a�t�i�o�n� �t�o� �E�p�o�x�y� �C�o�m�p�o�s�i�t�e�s� 

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

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

�N�o�m�e�x�®� �p�e�e�l� �p�l�y� �[�9�8�]�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �t�h�e� �c�r�i�t�i�c�a�l� �s�u�r�f�a�c�e� �f�r�e�e� �e�n�e�r�g�i�e�s� �o�f� �t�h�e� �p�r�e�t�r�e�a�t�e�d� 

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

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

�s�h�e�a�r� �s�t�r�e�n�g�t�h�s� �u�p� �t�o� �2�5�%� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�e� �u�n�t�r�e�a�t�e�d� �c�o�n�t�r�o�l�s�;� �t�h�e� �u�s�e� �o�f� �p�e�e�l� �p�l�i�e�s� �d�i�d� �n�o�t� 

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

�s�t�r�e�n�g�t�h�s� �a�l�m�o�s�t� �5�0�%� �l�o�w�e�r� �t�h�a�n� �t�h�e� �c�o�n�t�r�o�l�.� �I�t� �w�a�s� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �t�h�e� �p�e�e�l� �p�l�i�e�s� �w�e�r�e� 

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

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

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

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

�j�o�i�n�t� �[�9�9�]�.� �M�e�c�h�a�n�i�c�a�l� �a�b�r�a�s�i�o�n� �m�e�t�h�o�d�s� �w�e�r�e� �c�a�p�a�b�l�e� �o�f� �r�e�m�o�v�i�n�g� �s�u�b�s�t�a�n�t�i�a�l� �a�m�o�u�n�t�s� �o�f� 

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

�b�o�n�d�s�.� �T�h�e� �p�e�e�l� �p�l�y� �t�r�e�a�t�e�d� �s�p�e�c�i�m�e�n�s� �s�h�o�w�e�d� �r�a�t�h�e�r� �p�o�o�r� �d�u�r�a�b�i�l�i�t�y� �i�n� �a� �1�6�0�°�F�/�8�5�-�1�0�0�%� 

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

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

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

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

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

�o�b�s�e�r�v�e�d� �a� �d�i�r�e�c�t� �c�o�r�r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �d�e�g�r�e�e� �o�f� �a�b�r�a�s�i�o�n� �a�n�d� �d�o�u�b�l�e� �l�a�p� �s�h�e�a�r� �s�t�r�e�n�g�t�h�s� 
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�T�a�b�l�e� �2�.�2�:� �M�a�n�u�f�a�c�t�u�r�i�n�g� �a�s�s�e�s�s�m�e�n�t� �o�f� �c�o�m�p�o�s�i�t�e� �s�u�r�f�a�c�e� �p�r�e�t�r�e�a�t�m�e�n�t�s� �[�a�d�a�p�t�e�d� �f�r�o�m� 
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�9�7�)�.� 

�D�i�r�e�c�t� �I�n�d�i�r�e�c�t� �C�a�p�i�t�a�l� 
�L�a�b�o�r� �L�a�b�o�r� �M�a�t�e�r�i�a�l� �E�q�u�i�p�m�e�n�t� �P�r�o�c�e�s�s�i�n�g� 

�P�r�e�t�r�e�a�t�m�e�n�t� �C�o�s�t�s� �C�o�s�t�s� �C�o�s�t�s� �C�o�s�t�s� �L�i�m�i�t�a�t�i�o�n�s� 

�N�o�n�e� �n�o�n�e� �h�i�g�h� �n�o�n�e� �n�o�n�e� �n�o�n�e� 

�G�r�i�t� �B�l�a�s�t� �h�i�g�h� �m�o�d�e�r�a�t�e� �l�o�w� �l�o�w� �l�o�w� 

�P�r�i�m�i�n�g� �h�i�g�h� �l�o�w� �h�i�g�h� �l�o�w� �l�o�w� �t�o� �m�o�d�e�r�a�t�e� 
�C�h�e�m�i�c�a�l� �m�o�d�e�r�a�t�e� �t�o� 
�E�t�c�h�i�n�g� �©� �h�i�g�h� �l�o�w� �h�i�g�h� �h�i�g�h� �h�i�g�h� 

�P�e�e�l� �P�l�y� �l�o�w� �m�o�d�e�r�a�t�e� �h�i�g�h� �l�o�w� �l�o�w� 
�i�n�i�t�i�a�l�l�y� 

�h�i�g�h�,� �t�h�e�n� 
�F�l�a�m�e� �l�o�w� �l�o�w� �m�i�n�i�m�a�l� �l�o�w� �l�o�w� 

�i�n�i�t�i�a�l�l�y� 
�C�o�r�o�n�a� �h�i�g�h�,� �t�h�e�n� 

�D�i�s�c�h�a�r�g�e� �l�o�w� �l�o�w� �m�i�n�u�n�a�l� �|� �l�o�w� �t�o� �m�o�d�e�r�a�t�e� �|� �l�o�w� �t�o� �m�o�d�e�r�a�t�e� 
�m�o�d�e�r�a�t�e� �t�o� 

�G�a�s� �P�l�a�s�m�a� �m�o�d�e�r�a�t�e� �l�o�w� �m�i�n�i�m�a�l� �h�i�g�h� �h�i�g�h� � � � � � � � � � � 
� � 
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�o�f� �b�o�n�d�e�d� �e�p�o�x�y� �c�o�m�p�o�s�i�t�e�s� �[�1�0�1�]�.� �W�h�e�n� �t�h�e� �l�a�m�i�n�a�t�e�s� �w�e�r�e� �i�n�s�u�f�f�i�c�i�e�n�t�l�y� �a�b�r�a�d�e�d�,� 

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

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

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

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

�P�a�r�k�e�r� �a�n�d� �W�a�g�h�o�r�n�e� �[�1�0�2�]� �a�n�d� �M�a�t�i�e�n�z�o� �e�t� �a�l�.� �[�1�0�0�]� �f�o�u�n�d� �t�h�a�t� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� 

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

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

�o�f� �g�r�e�a�t�e�r� �t�h�a�n� �1�2�%� �l�e�d� �t�o� �s�i�g�n�i�f�i�c�a�n�t� �b�o�n�d� �d�e�g�r�a�d�a�t�i�o�n� �d�u�r�i�n�g� �h�o�t�/�w�e�t� �a�g�i�n�g�.� �H�e�a�v�y� 

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

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

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

�l�o�c�a�t�e�d� �w�i�t�h�i�n� �t�h�e� �c�o�m�p�o�s�i�t�e� �i�t�s�e�l�f� �[�1�0�2�]�.� 

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

�o�p�t�i�c�a�l�l�y� �s�i�m�u�l�a�t�e�d� �e�l�e�c�t�r�o�n� �e�m�i�s�s�i�o�n� �(�O�S�E�E�)�,� �2� �s�u�r�f�a�c�e� �a�n�a�l�y�s�i�s� �t�e�c�h�n�i�q�u�e� �s�i�m�i�l�a�r� �t�o� 

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

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

�s�t�r�o�n�g�e�r� �s�i�g�n�a�l�s�.� �G�o�o�d� �c�o�r�r�e�l�a�t�i�o�n�s� �w�e�r�e� �n�o�t�e�d� �b�e�t�w�e�e�n� �t�h�e� �O�S�E�E� �s�i�g�n�a�l�,� �c�o�n�t�a�m�i�n�a�n�t� 

�l�e�v�e�l� �a�s� �m�e�a�s�u�r�e�d� �b�y� �X�P�S� �a�n�d� �l�a�p� �s�h�e�a�r� �s�t�r�e�n�g�t�h� �[�1�0�3�]�.� �O�S�E�E� �w�a�s� �p�r�o�p�o�s�e�d� �a�s� �a� �v�i�a�b�l�e�,� 

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

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

�c�o�m�p�o�s�i�t�e�s� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �b�y� �M�a�t�z� �[�1�0�4�]�.� �N�o� �s�i�g�n�i�f�i�c�a�n�t� �c�h�a�n�g�e�s� �i�n� �b�o�n�d� �s�t�r�e�n�g�t�h�s� �w�e�r�e� 

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

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

�i�n� �t�h�i�s� �s�t�u�d�y�,� �w�i�t�h� �t�h�e� �h�i�g�h�e�s�t� �b�o�n�d� �s�t�r�e�n�g�t�h�s� �o�b�t�a�i�n�e�d� �w�i�t�h� �a� �m�e�d�i�u�m�-�h�e�a�v�y� �S�c�o�t�c�h�b�r�i�t�e�®� 

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

�v�a�r�i�e�t�y� �o�f� �c�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l�s�,� �i�n�c�l�u�d�i�n�g� �e�p�o�x�y� �r�e�i�n�f�o�r�c�e�d� �w�i�t�h� �g�l�a�s�s� �f�i�b�e�r�s� �[�9�7�]�.� �C�o�n�t�a�c�t� 

�a�n�g�l�e�,� �X�P�S�,� �S�E�M� �a�n�d� �l�a�p� �s�h�e�a�r� �t�e�s�t�i�n�g� �w�e�r�e� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� 

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

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

�c�o�n�c�e�n�t�r�a�t�i�o�n� �a�s� �m�e�a�s�u�r�e�d� �b�y� �X�P�S� �w�a�s� �s�e�e�n� �f�o�r� �t�h�e� �o�x�y�g�e�n� �p�l�a�s�m�a�-�t�r�e�a�t�e�d� �s�u�r�f�a�c�e�,� �w�i�t�h� �a� 

�c�o�r�r�e�s�p�o�n�d�i�n�g� �d�e�c�r�e�a�s�e� �i�n� �h�y�d�r�o�c�a�r�b�o�n� �a�n�d� �c�a�r�b�o�x�y�l�i�c� �a�c�i�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� �G�r�i�t� �b�l�a�s�t�e�d� 

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

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

�o�f� �t�h�e� �a�s�-�r�e�c�e�i�v�e�d� �c�o�n�t�r�o�l�.� 

�A� �p�n�e�u�m�a�t�i�c� �a�d�h�e�s�i�o�n� �t�e�n�s�i�l�e� �t�e�s�t� �i�n�s�t�r�u�m�e�n�t� �(�P�A�T�T�D�,� �d�e�s�c�r�i�b�e�d� �i�n� �A�S�T�M� �D�4�5�4�1�,� 

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

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

�r�o�u�g�h�e�n�i�n�g� �t�e�c�h�n�i�q�u�e�s� �o�n� �e�p�o�x�y� �c�o�m�p�o�s�i�t�e� �b�o�n�d�i�n�g� �[�1�0�5�]�.� �P�A�T�T�I� �r�e�s�u�l�t�s� �o�f� �u�p� �t�o� �5�3�0�0� 

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

�t�r�e�a�t�e�d� �a�n�d� �a�r�t�i�f�i�c�i�a�l�l�y� �r�o�u�g�h�e�n�e�d� �s�a�m�p�l�e�s� �l�a�g�g�e�d� �b�e�h�i�n�d� �b�y� �1�0�0�0�-�2�0�0�0� �p�s�i�.� �D�u�r�a�b�i�l�i�t�y� 

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

�p�r�e�t�r�e�a�t�m�e�n�t�s�.� 

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

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

�e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �[�1�0�6�]�.� 

�2�.�4�.�4� �A�p�p�l�i�c�a�t�i�o�n� �t�o� �P�o�l�y�i�m�i�d�e�/�B�i�s�m�a�l�e�i�m�i�d�e� �C�o�m�p�o�s�i�t�e�s� 

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

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

�c�o�m�p�o�s�i�t�e�s�,� �g�r�i�t� �b�l�a�s�t�i�n�g� �a�n�d� �s�o�l�v�e�n�t� �c�l�e�a�n�i�n�g� �w�e�r�e� �t�h�e� �t�r�e�a�t�m�e�n�t�s� �o�f� �c�h�o�i�c�e� �f�o�r� �b�o�n�d�i�n�g� 
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�p�r�e�f�a�b�r�i�c�a�t�e�d� �B�M�I� �p�a�t�c�h�e�s� �t�o� �c�r�a�c�k�e�d� �B�M�I� �s�t�r�u�c�t�u�r�e�s� �i�n� �a�i�r�c�r�a�f�t� �[�1�0�7�]�.� �I�n� �t�h�i�s� �p�r�o�c�e�s�s�,� 

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

�a� �2�4�0� �g�r�i�t� �a�b�r�a�s�i�v�e� �a�n�d� �c�l�e�a�n�e�d� �w�i�t�h� �m�e�t�h�y�l� �e�t�h�y�.� �k�e�t�o�n�e� �(�M�E�K�)�.� �T�h�e� �p�a�t�c�h� �w�a�s� �t�h�e�n� 

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

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

�m�a�t�e�r�i�a�l�s�.� 

�A� �l�a�r�g�e�r� �v�o�l�u�m�e� �o�f� �w�o�r�k� �e�x�i�s�t�s� �o�n� �t�h�e� �n�a�d�i�c� �e�n�d�-�c�a�p�p�e�d� �L�a�R�C�-�1�6�0� �p�o�l�y�i�m�i�d�e�.� �I�n� 

�c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �N�A�S�A�-�L�a�n�g�l�e�y� �R�e�s�e�a�r�c�h� �C�e�n�t�e�r�,� �M�e�s�s�i�c�k� �e�t� �a�l�.� �a�n�a�l�y�z�e�d� �t�h�e� �s�u�r�f�a�c�e� �o�f� 

�L�a�R�C�-�1�6�0� �c�o�m�p�o�s�i�t�e�s� �f�o�l�l�o�w�i�n�g� �v�a�r�i�o�u�s� �s�u�r�f�a�c�e� �p�r�e�t�r�e�a�t�m�e�n�t�s� �[�1�0�8�]�.� �F�l�u�o�r�i�n�e� �w�h�i�c�h� �w�a�s� 

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

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

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

�K�O�H�,� �s�u�l�f�u�r�i�c� �a�c�i�d�/�h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �a�n�d� �h�y�d�r�a�z�i�n�e� �h�y�d�r�a�t�e�,� �w�e�r�e� �t�h�e� �l�e�a�s�t� �e�f�f�e�c�t�i�v�e�.� 

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

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

�c�o�n�c�e�n�t�r�a�t�i�o�n�.� 

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

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

�s�t�r�e�n�g�t�h�s� �o�f� �t�h�e� �L�a�R�C�-�1�6�0� �c�o�m�p�o�s�i�t�e�s� �w�h�e�n� �b�o�n�d�e�d� �w�i�t�h� �a� �p�o�l�y�i�m�i�d�e� �a�d�h�e�s�i�v�e� �[�1�0�9�]�.� 

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

�o�f� �f�a�i�l�u�r�e� �t�o� �s�h�i�f�t� �f�r�o�m� �c�o�h�e�s�i�v�e� �t�o� �i�n�t�e�r�f�a�c�i�a�l� �f�a�i�l�u�r�e�.� �X�P�S� �d�e�p�t�h� �p�r�o�f�i�l�e�s� �p�e�r�f�o�r�m�e�d� �i�n� �t�h�i�s� 

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

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

�M�o�y�e�r� �a�n�d� �W�i�g�h�t�m�a�n� �s�t�u�d�i�e�d� �v�a�r�i�o�u�s� �m�e�c�h�a�n�i�c�a�l�,� �c�h�e�m�i�c�a�l� �a�n�d� �p�l�a�s�m�a� �t�r�e�a�t�m�e�n�t�s� 

�o�n� �L�a�R�C�-�1�6�0� �c�o�m�p�o�s�i�t�e�s� �b�o�n�d�e�d� �w�i�t�h� �L�a�R�C�-�T�P�I� �a�d�h�e�s�i�v�e� �[�1�1�0�]�.� �O�x�y�g�e�n� �p�l�a�s�m�a� �w�a�s� 

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

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

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

�C�l�e�r� �c�o�n�d�u�c�t�e�d� �a� �s�t�u�d�y� �o�n� �t�h�e� �b�o�n�d�i�n�g� �o�f� �P�M�R�-�1�5� �c�o�m�p�o�s�i�t�e�,� �a� �t�h�e�r�m�o�s�e�t�t�i�n�g� 

�p�o�l�y�i�m�i�d�e�,� �t�o� �s�t�e�e�l� �a�n�d� �h�o�n�e�y�c�o�m�b� �c�o�r�e� �a�d�h�e�r�e�n�d�s� �[�5�8�]�.� �T�h�e� �c�o�m�p�o�s�i�t�e� �l�a�m�i�n�a�t�e�s� �w�e�r�e� 

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

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

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

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

�2�.�5� �M�e�c�h�a�n�i�c�a�l� �T�e�s�t�i�n�g� 

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

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

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

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

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

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

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

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

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

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

�2�.�5�.�1� �L�a�p� �S�h�e�a�r� �T�e�s�t�s� 

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

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

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

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

�s�t�a�n�d�a�r�d�i�z�e� �t�h�e� �t�e�s�t�i�n�g� �p�a�r�a�m�e�t�e�r�s� �f�o�r� �s�i�n�g�l�e� �l�a�p� �s�h�e�a�r� �s�p�e�c�i�m�e�n�s� �a�r�e� �d�e�t�a�i�l�e�d� �i�n� �D� �1�0�0�2�-�7�2� 

�f�o�r� �m�e�t�a�l� �a�d�h�e�r�e�n�d�s� �a�n�d� �i�n� �D� �3�1�6�3�-�7�3� �f�o�r� �p�o�l�y�m�e�r�i�c� �s�u�b�s�t�r�a�t�e�s�.� �D�o�u�b�l�e� �l�a�p� �s�h�e�a�r� �t�e�s�t� 

�c�o�n�f�i�g�u�r�a�t�i�o�n�s� �a�r�e� �d�e�s�c�r�i�b�e�d� �i�n� �A�S�T�M� �D� �3�5�2�8�-�7�6�.� �S�c�h�e�m�a�t�i�c� �d�i�a�g�r�a�m�s� �o�f� �b�o�t�h� �t�h�e� �d�o�u�b�l�e� 

�a�n�d� �s�i�n�g�l�e� �o�v�e�r�l�a�p� �c�o�n�f�i�g�u�r�a�t�i�o�n�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� �3�.�3� �a�n�d� �3�.�6�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �i�n� �t�h�e� 

�E�x�p�e�r�i�m�e�n�t�a�l� �S�e�c�t�i�o�n�.� 

�A�l�t�h�o�u�g�h� �e�a�s�y� �t�o� �f�a�b�r�i�c�a�t�e� �a�n�d� �t�e�s�t�,� �s�i�n�g�l�e� �l�a�p� �s�h�e�a�r� �j�o�i�n�t�s� �p�r�e�s�e�n�t� �s�e�v�e�r�a�l� �p�i�t�f�a�l�l�s�.� �I�t� 

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

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

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

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

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

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

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

�p�e�e�l� �o�r� �c�l�e�a�v�a�g�e� �m�o�d�e�,� �i�n�i�t�i�a�t�e�d� �a�t� �t�h�e� �e�d�g�e�s� �o�f� �t�h�e� �b�o�n�d� �[�1�1�2�]�.� 

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

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

�m�o�d�u�l�u�s� �a�n�d� �y�i�e�l�d� �s�t�r�e�s�s�,� �a�n�d� �j�o�i�n�t� �g�e�o�m�e�t�r�y� �[�1�1�2�,�1�1�3�]�.� �C�h�a�n�g�i�n�g� �a�n�y� �o�n�e� �o�f� �t�h�e�s�e� 

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

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

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

�i�s� �n�e�c�e�s�s�a�r�i�l�y� �u�n�i�q�u�e� �t�o� �t�h�e� �a�d�h�e�s�i�v�e� �[�1�1�4�]�.� �I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e�s�e� �c�o�n�s�i�d�e�r�a�t�i�o�n�s�,� �i�t� �i�s� 

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

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

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

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

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

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

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

�e�a�c�h� �e�n�d� �o�f� �t�h�e� �b�o�n�d� �f�o�r� �s�y�m�m�e�t�r�i�c� �a�d�h�e�r�e�n�d�s�,� �a�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �2�.�5�a�.� 

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

�w�h�i�c�h� �o�r�i�g�i�n�a�t�e�s� �f�r�o�m� �n�o�n�-�c�o�l�l�i�n�e�a�r�i�t�y� �o�f� �a�d�h�e�r�e�n�d�s� �[�1�1�5�]�.� �I�t� �i�s� �a�l�s�o� �u�n�r�e�a�l�i�s�t�i�c� �t�o� �a�s�s�u�m�e� 

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

�s�u�r�f�a�c�e� �c�a�n�n�o�t� �s�u�s�t�a�i�n� �s�h�e�a�r�.� �I�n�s�t�e�a�d�,� �i�t� �i�s� �m�o�r�e� �l�i�k�e�l�y� �t�h�a�t� �t�h�e� �m�a�x�i�m�u�m� �s�h�e�a�r� �s�t�r�e�s�s�e�s� 

�o�c�c�u�r� �j�u�s�t� �i�n�s�i�d�e� �t�h�e� �b�o�n�d� �e�d�g�e�s� �[�2�2�]�.� 

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

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

�t�h�e�m�s�e�l�v�e�s� �w�i�t�h� �t�h�e� �l�o�a�d�i�n�g� �d�i�r�e�c�t�i�o�n�.� �k� �i�s� �e�q�u�a�l� �t�o� �1� �f�o�r� �u�n�d�e�f�o�r�m�e�d� �s�u�b�s�t�r�a�t�e�s�,� �b�u�t� 

�d�e�c�r�e�a�s�e�s� �a�s� �t�h�e� �l�o�a�d� �o�n� �t�h�e� �j�o�i�n�t� �i�n�c�r�e�a�s�e�s�.� �A�s� �t�h�e� �a�d�h�e�r�e�n�d�s� �b�e�n�d� �d�u�r�i�n�g� �t�h�e� �a�p�p�l�i�c�a�t�i�o�n� 

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

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

�a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�5�b�.� �I�t� �w�a�s� �a�s�s�u�m�e�d� �t�h�a�t� �b�o�t�h� �s�h�e�a�r� �a�n�d� �p�e�e�l� �s�t�r�e�s�s�e�s� �a�r�e� �u�n�i�f�o�r�m� 

�a�c�r�o�s�s� �t�h�e� �a�d�h�e�s�i�v�e� �t�h�i�c�k�n�e�s�s� �[�1�1�6�]�.� 

�A�l�l�m�a�n�'�s� �a�n�a�l�y�s�i�s� �[�1�1�7�]� �t�o�o�k� �i�n�t�o� �a�c�c�o�u�n�t� �b�e�n�d�i�n�g�,� �s�h�e�a�r� �a�n�d� �n�o�r�m�a�l� �s�t�r�e�s�s�e�s� �i�n� �t�h�e� 

�a�d�h�e�r�e�n�d�s�,� �a�n�d� �a�l�s�o� �s�e�t� �t�h�e� �s�h�e�a�r� �s�t�r�e�s�s� �i�n� �t�h�e� �a�d�h�e�s�i�v�e� �t�o� �z�e�r�o� �a�t� �t�h�e� �e�n�d�s� �o�f� �t�h�e� �b�o�n�d�.� 

�A�d�a�m�s� �a�n�d� �P�e�p�p�i�a�t�t� �c�o�n�s�i�d�e�r�e�d� �s�h�e�a�r� �s�t�r�e�s�s�e�s� �i�n� �t�h�e� �a�d�h�e�s�i�v�e� �l�a�y�e�r� �n�o�r�m�a�l� �t�o� �t�h�e� �l�o�a�d�i�n�g� 

�d�i�r�e�c�t�i�o�n� �c�a�u�s�e�d� �b�y� �P�o�i�s�s�o�n�'�s� �r�a�t�i�o� �e�f�f�e�c�t�s� �a�s� �w�e�l�l� �a�s� �a�d�h�e�r�e�n�d� �s�h�e�a�r� �s�t�r�a�i�n�s� �[�1�1�8�]�.� �I�n� �t�h�e� 

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

�f�i�b�e�r�-�r�e�i�n�f�o�r�c�e�d� �c�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l�s� �h�a�v�e� �l�o�w� �i�n�-�p�l�a�n�e� �s�h�e�a�r� �m�o�d�u�l�i� �[�1�1�5�]�.� 
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�Z�O� !"�~� 

�(�b�)� 

�F�i�g�u�r�e� �2�.�5�:� �S�t�r�e�s�s�e�s� �i�n� �s�i�n�g�l�e� �l�a�p� �s�h�e�a�r� �j�o�i�n�t�s�.� �(�a�)� �s�h�e�a�r� �s�t�r�e�s�s�e�s�,� �a�s� �c�a�l�c�u�l�a�t�e�d� �b�y� 
�V�o�l�k�e�r�s�e�n�,� �a�n�d� �(�b�)� �t�r�a�n�s�v�e�r�s�e� �(�p�e�e�l�)� �s�t�r�e�s�s�e�s� �c�a�l�c�u�l�a�t�e�d� �b�y� �G�o�l�a�n�d� �a�n�d� �R�e�i�s�s�n�e�r� �[�1�1�5�]�.� 
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�B�e�c�a�u�s�e� �p�r�e�s�e�n�t� �d�a�y� �s�t�r�u�c�t�u�r�a�l� �a�d�h�e�s�i�v�e�s� �p�o�s�s�e�s�s� �h�i�g�h� �d�u�c�t�i�l�i�t�y� �a�n�d� �h�e�n�c�e� �l�a�r�g�e� 

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

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

�j�o�i�n�t�s� �[�1�1�9�]�.� �F�i�n�i�t�e� �e�l�e�m�e�n�t� �m�e�t�h�o�d�s� �a�r�e� �a�l�s�o� �i�n�c�r�e�a�s�i�n�g�l�y� �u�t�i�l�i�z�e�d� �t�o� �m�o�d�e�l� �s�t�r�e�s�s�e�s� �i�n� 

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

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

�d�i�r�e�c�t�i�o�n�s� �o�f� �p�r�i�n�c�i�p�a�l� �s�t�r�e�s�s�e�s� �c�a�n� �b�e� �r�e�a�d�i�l�y� �d�e�t�e�r�m�u�n�e�d� �[�1�1�5�]�.� 

�T�h�e� �d�o�u�b�l�e� �l�a�p� �s�h�e�a�r� �c�o�n�f�i�g�u�r�a�t�i�o�n�,� �w�h�i�c�h� �1�s� �e�s�s�e�n�t�i�a�l�l�y� �t�w�o� �s�i�n�g�l�e� �l�a�p� �j�o�i�n�t�s� �p�l�a�c�e�d� 

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

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

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

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

�f�o�r� �s�i�n�g�l�e� �l�a�p� �s�h�e�a�r� �j�o�i�n�t�s� �[�2�2�,�1�1�5�]�.� �H�o�w�e�v�e�r�,� �s�o�m�e� �i�n�t�e�r�n�a�l� �b�e�n�d�i�n�g� �d�o�e�s� �o�c�c�u�r� �i�n� �t�h�e� 

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

�o�f� �t�h�e� �a�d�h�e�s�i�v�e� �l�a�y�e�r� �a�n�d� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�s�s�e�s� �a�t� �t�h�e� �l�o�a�d�e�d� �e�n�d� �[�1�1�5�]�.� 

�F�a�i�l�u�r�e� �o�f� �l�a�p� �j�o�i�n�t�s� �c�a�n� �o�c�c�u�r� �c�o�h�e�s�i�v�e�l�y� �w�i�t�h�i�n� �t�h�e� �a�d�h�e�s�i�v�e� �o�r� �w�i�t�h�i�n� �t�h�e� 

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

�b�u�t� �c�a�n� �b�e� �q�u�i�t�e� �c�o�m�m�o�n� �i�n� �c�o�m�p�o�s�i�t�e� �j�o�i�n�t�s�.� �I�f� �a� �w�e�a�k� �b�o�u�n�d�a�r�y� �l�a�y�e�r� �i�s� �p�r�e�s�e�n�t�,� �l�a�p� 

�j�o�i�n�t�s� �c�a�n� �a�l�s�o� �f�a�i�l� �i�n�t�e�r�f�a�c�i�a�l�l�y� �[�1�2�0�]�.� �I�n� �m�e�t�a�l� �a�d�h�e�r�e�n�d�s�,� �p�e�e�l� �s�t�r�e�s�s�e�s� �a�r�e� �l�i�m�i�t�e�d� �b�y� �t�h�e� 

�a�d�h�e�s�i�v�e� �s�t�r�e�n�g�t�h�,� �i�n� �c�o�m�p�o�s�i�t�e� �l�a�p� �j�o�i�n�t�s�,� �p�e�e�l� �s�t�r�e�s�s�e�s� �m�u�s�t� �b�e� �r�e�s�t�r�i�c�t�e�d� �a�s� �n�o�t� �t�o� �e�x�c�e�e�d� 

�t�h�e� �i�n�t�e�r�l�a�m�i�n�a�r� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �l�a�m�i�n�a�t�e� �[�1�1�9�]�.� 

�2�.�5�.�2� �W�e�d�g�e� �T�e�s�t�s� 

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

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

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

�3�9



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

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

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

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

�t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �t�h�e� �w�e�d�g�e� �t�e�s�t� �[�1�2�1�]�.� 

�T�h�e� �w�e�d�g�e� �t�e�s�t�,� �a�l�s�o� �k�n�o�w�n� �a�s� �t�h�e� �B�o�e�i�n�g� �w�e�d�g�e� �t�e�s�t�,� �c�r�a�c�k� �p�r�o�p�a�g�a�t�i�o�n� �t�e�s�t�,� 

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

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

�t�o�o�l� �i�n� �t�h�e� �o�p�t�i�m�i�z�a�t�i�o�n� �o�f� �t�h�e� �F�P�L� �e�t�c�h�,� �p�h�o�s�p�h�o�r�i�c� �a�c�i�d� �a�n�o�d�i�z�a�t�i�o�n�,� �f�i�e�l�d� �r�e�p�a�i�r� �s�u�r�f�a�c�e� 

�t�r�e�a�t�m�e�n�t�s�,� �t�i�t�a�n�i�u�m� �a�n�d� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t�s� �a�n�d� �m�a�n�y� �o�t�h�e�r�s� �[�1�2�2�]�.� �M�o�r�e� 

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

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

�3�7�6�2�-�7�9�;� �s�c�h�e�m�a�t�i�c� �d�i�a�g�r�a�m�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�4� �i�n� �t�h�e� �E�x�p�e�r�i�m�e�n�t�a�l� �S�e�c�t�i�o�n�.� �O�t�h�e�r� 

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

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

�d�e�f�o�r�m�a�t�i�o�n� �d�o�e�s� �n�o�t� �o�c�c�u�r� �[�1�2�3�]�.� 

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

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

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

�F�i�g�u�r�e� �2�.�6�,� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�i�s� �i�n�i�t�i�a�l� �c�r�a�c�k� �i�s� �m�e�a�s�u�r�e�d� �b�e�t�w�e�e�n� �t�h�e� �p�o�i�n�t� �w�h�e�r�e� �t�h�e� �w�e�d�g�e� 

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

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

�t�h�e� �c�r�a�c�k� �i�s� �m�o�n�i�t�o�r�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�i�m�e�,� �a�s� �d�e�p�i�c�t�e�d� �i�n� �F�i�g�u�r�e� �2�.�6� �[�1�2�2�]�.� 

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

�w�h�i�c�h� �i�s� �a� �c�o�n�s�t�a�n�t� �l�o�a�d� �t�e�s�t�,� �r�a�t�h�e�r� �t�h�a�n� �a� �f�i�x�e�d� �d�i�s�p�l�a�c�e�m�e�n�t� �t�e�s�t�.� �F�r�a�c�t�u�r�e� �t�a�k�e�s� �p�l�a�c�e� �i�n� 
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�F�i�g�u�r�e� �2�.�6�:� �I�n�i�t�i�a�l� �c�r�a�c�k� �f�o�r�m�a�t�i�o�n� �a�n�d� �c�r�a�c�k� �p�r�o�p�a�g�a�t�i�o�n� �i�n� �a� �B�o�e�i�n�g� �w�e�d�g�e� �s�p�e�c�i�m�e�n�,� 
�m�o�n�i�t�o�r�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�i�m�e�.� 

�4�1



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

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

�_� �y�2�E�h�3�[�3�(�a� �+� �0�.�6�h�)�?� �+� �h�?�]� �2�.�1� 
�1�6�[�(�a� �+� �0�.�6�h�)�3� �+� �a�2�h�]�?� �(�2�.�1�)� � � 

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

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

�t�h�e� �a�d�h�e�r�e�n�d�s�,� �s�h�e�a�r� �d�e�f�l�e�c�t�i�o�n� �a�n�d� �r�o�t�a�t�i�o�n� �[�1�2�3�]�.� �T�h�e� �i�n�t�r�o�d�u�c�t�i�o�n� �o�f� �t�h�e� �w�e�d�g�e� �r�e�s�u�l�t�s� �i�n� 

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

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

�t�h�e� �p�r�e�c�r�a�c�k�,� �i�n�i�t�i�a�l� �c�r�a�c�k� �l�e�n�g�t�h� �a�n�d� �a�d�h�e�s�i�v�e� �t�o�u�g�h�n�e�s�s�.� �I�t� �h�a�s� �b�e�e�n� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �a� �1� 

�m�m� �t�h�i�c�k� �w�e�d�g�e� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �a�n� �a�p�p�l�i�e�d� �f�o�r�c�e� �o�f� �3�3� �N� �[�1�2�4�]�.� �A�s� �s�t�a�t�e�d� �a�b�o�v�e�,� �i�t� �i�s� 

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

�s�t�r�e�s�s� �a�t� �t�h�e� �c�r�a�c�k� �t�i�p�.� 

�J�o�i�n�t�s� �d�e�b�o�n�d� �w�h�e�n� �t�h�e�i�r� �e�l�a�s�t�i�c� �s�t�r�a�i�n� �e�n�e�r�g�y� �r�e�l�e�a�s�e� �r�a�t�e� �G� �i�s� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� 

�a�d�h�e�s�i�v�e� �f�r�a�c�t�u�r�e� �e�n�e�r�g�y�.� �A�s� �t�h�e� �c�r�a�c�k� �p�r�o�p�a�g�a�t�e�s�,� �t�h�i�s� �e�l�a�s�t�i�c� �e�n�e�r�g�y� �i�s� �r�e�l�e�a�s�e�d� �[�1�2�2�]�.� 

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

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

�f�r�a�c�t�u�r�e� �r�e�s�i�s�t�a�n�c�e� �i�s� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �t�h�e� �a�d�h�e�s�i�v�e�;� �i�f� �i�n� �t�h�e� �i�n�t�e�r�f�a�c�e�,� �f�r�a�c�t�u�r�e� �r�e�s�i�s�t�a�n�c�e� �i�s� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �t�h�e� �j�o�i�n�t� �i�n�t�e�r�f�a�c�e� �[�1�2�4�]�.� �T�h�e� �p�a�t�h� �f�o�l�l�o�w�e�d� �b�y� �a� �c�r�a�c�k� �d�e�p�e�n�d�s� �o�n� �t�h�e� 

�q�u�a�l�i�t�y� �o�f� �s�u�r�f�a�c�e� �p�r�e�t�r�e�a�t�m�e�n�t� �a�s� �w�e�l�l� �a�s� �o�n� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �a�d�h�e�s�i�v�e� �[�1�2�5�]�.� �U�n�s�t�a�b�l�e� 

�a�d�h�e�s�i�o�n� �r�e�s�u�l�t�s� �i�n� �r�a�p�i�d� �c�r�a�c�k� �p�r�o�p�a�g�a�t�i�o�n� �a�n�d�/�o�r� �p�r�o�p�a�g�a�t�i�o�n� �a�t� �t�h�e� �i�n�t�e�r�f�a�c�e�.� �S�t�a�b�l�e� 

�a�d�h�e�s�i�o�n� �i�s� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �p�r�o�p�a�g�a�t�i�o�n� �w�i�t�h�i�n� �t�h�e� �a�d�h�e�s�i�v�e� �a�n�d� �s�m�a�l�l� �c�r�a�c�k� �e�x�t�e�n�s�i�o�n�s� �(�0�-� 

�§� �m�m� �f�o�r� �b�o�n�d�e�d� �a�l�u�m�i�n�u�m�)� �[�1�2�6�]�.� 

�I�t� �c�a�n� �b�e� �s�e�e�n� �f�r�o�m� �E�q�u�a�t�i�o�n� �2�.�1� �t�h�a�t� �t�h�e� �c�r�i�t�i�c�a�l� �s�t�r�a�i�n� �e�n�e�r�g�y� �r�e�l�e�a�s�e� �r�a�t�e� �d�e�c�a�y�s� �a�s� 

�t�h�e� �c�r�a�c�k� �l�e�n�g�t�h� �i�n�c�r�e�a�s�e�s�.� �E�q�u�i�l�i�b�r�i�u�m� �i�s� �r�e�a�c�h�e�d� �w�h�e�n� �t�h�e� �e�l�a�s�t�i�c� �e�n�e�r�g�y� �r�e�m�a�i�n�i�n�g� �i�n� �t�h�e� 

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

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

�i�n�v�e�r�s�e� �o�f� �t�h�e� �c�r�a�c�k� �l�e�n�g�t�h� �[�1�2�1�,�1�2�7�]�.� �T�h�i�s� �e�q�u�i�l�i�b�r�i�u�m� �c�r�a�c�k� �l�e�n�g�t�h� �c�a�n� �a�l�s�o� �b�e� �u�s�e�d� �t�o� 

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

�p�l�a�s�t�i�c� �y�i�e�l�d�i�n�g� �h�a�s� �t�a�k�e�n� �p�l�a�c�e� �[�1�2�8�]�.� 

�T�h�e� �d�e�l�e�t�e�r�i�o�u�s� �e�f�f�e�c�t�s� �o�f� �w�a�t�e�r� �o�n� �a�d�h�e�s�i�o�n� �a�r�e� �w�e�l�l�-�d�o�c�u�m�e�n�t�e�d�,� �a�n�d� �i�n� �t�h�e� 

�c�o�n�t�e�x�t� �o�f� �t�h�e� �w�e�d�g�e� �t�e�s�t�,� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �w�a�t�e�r� �(�l�i�q�u�i�d� �o�r� �v�a�p�o�r�)� �a�t� �t�h�e� �c�r�a�c�k� �t�i�p� �a�c�c�e�l�e�r�a�t�e�s� 

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

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

�c�r�a�c�k� �t�i�p� �m�a�y� �c�o�i�n�c�i�d�e� �w�i�t�h� �t�h�e� �a�d�v�a�n�c�i�n�g� �w�e�a�k�e�n�e�d� �b�o�n�d�,� �o�r� �m�a�y� �l�a�g� �b�e�h�i�n�d� �[�1�2�7�]�.� �T�h�e� 

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

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

�r�e�s�i�s�t�a�n�c�e� �o�f� �a�n� �a�d�h�e�s�i�v�e� �j�o�i�n�t� �t�o� �a� �p�a�r�t�i�c�u�l�a�r� �e�n�v�i�r�o�n�m�e�n�t� �[�1�2�5�]�.� 

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

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

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

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

�e�x�t�e�n�d�e�d� �p�e�r�i�o�d�s� �o�f� �t�i�m�e� �u�n�d�e�r� �a� �w�i�d�e� �v�a�r�i�e�t�y� �o�f� �c�o�n�d�i�t�i�o�n�s� �[�1�2�7�]�.� �B�e�c�a�u�s�e� �t�h�e� �s�p�e�c�i�m�e�n�s� 

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

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

�t�i�m�e� �[�1�2�6�]�.� �T�h�e� �m�a�j�o�r� �d�i�s�a�d�v�a�n�t�a�g�e� �o�f� �w�e�d�g�e� �t�e�s�t�i�n�g� �i�s� �t�h�a�t� �i�s� �s�o�m�e�w�h�a�t� �q�u�a�l�i�t�a�t�i�v�e� �i�n� 

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

�q�u�a�l�i�t�y� �[�1�2�6�]�.� 

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

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

�a�b�l�e� �t�o� �d�i�s�c�r�i�m�i�n�a�t�e� �l�e�v�e�l�s� �o�f� �q�u�a�l�i�t�y� �i�n� �a�d�h�e�s�i�v�e�l�y� �b�o�n�d�e�d� �p�a�r�t�s� �a�s� �w�e�l�l� �e�v�a�l�u�a�t�e� �s�e�r�v�i�c�e� 
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�d�e�b�o�n�d�s� �[�1�2�9�]�.� �I�n� �g�e�n�e�r�a�l�,� �e�x�c�e�l�l�e�n�t� �c�o�r�r�e�l�a�t�i�o�n�s� �b�e�t�w�e�e�n� �i�n�-�s�e�r�v�i�c�e� �p�e�r�f�o�r�m�a�n�c�e� �a�n�d� 

�w�e�d�g�e� �t�e�s�t� �r�e�s�u�l�t�s� �h�a�v�e� �b�e�e�n� �f�o�u�n�d� �[�1�2�1�]�.� 

�2�.�6� �R�e�f�e�r�e�n�c�e�s� 

�1�0�.� 

�1�1�.� 

�1�2�.� 

�1�3�.� 

�1�4�.� 

�1�5�.� 

�M�.� �K�n�i�g�h�t� �i�n� �E�n�c�y�c�l�o�p�e�d�i�a� �o�f� �P�h�y�s�i�c�a�l� �S�c�i�e�n�c�e� �a�n�d� �T�e�c�h�n�o�l�o�g�y�,� �v�o�l�.� �3�,� �p�.� �2�7�4� 

�(�A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �O�r�l�a�n�d�o�,� �1�9�8�7�)�.� 

�F�.�P�.� �G�e�r�s�t�l�e� �i�n� �E�n�c�y�c�l�o�p�e�d�i�a� �o�f� �P�o�l�y�m�e�r� �S�c�i�e�n�c�e� �a�n�d� �E�n�g�i�n�e�e�r�i�n�g�,� �v�o�l�.� �3�,� �p�.� �7�7�6� 

�(�W�i�l�e�y�-�I�n�t�e�r�s�c�i�e�n�c�e�,� �N�e�w� �Y�o�r�k�,� �1�9�8�6�)�.� 

�T�.�J�.� �R�e�i�n�h�a�r�t� �i�n� �E�n�g�i�n�e�e�r�e�d� �M�a�t�e�r�i�a�l�s� �H�a�n�d�b�o�o�k�,� �v�o�l�.� �1�,� �p�.� �2�8� �(�A�S�M� �I�n�t�e�r�n�a�t�i�o�n�a�l�,� 

�M�e�t�a�l�s� �P�a�r�k�,� �1�9�8�7�)�.� 

�C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s �� �i�n� �K�i�r�k�-�O�t�h�m�e�r� �E�n�c�y�c�l�o�p�e�d�i�a� �o�f� �C�h�e�m�i�c�a�l� �T�e�c�h�n�o�l�o�g�y�,� �3�r�d� 

�e�d�.�,� �v�o�l�.� �5�,� �p�.� �6�8�3� �(�W�i�l�e�y�-�I�n�t�e�r�s�c�i�e�n�c�e�,� �N�e�w� �Y�o�r�k�,� �1�9�7�9�)�.� 

�K�.�K�.� �C�h�a�w�l�a�,� �C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s�:� �S�c�i�e�n�c�e� �a�n�d� �E�n�g�i�n�e�e�r�i�n�g�,� �p�.� �1�9� �(�S�p�r�i�n�g�e�r�-� 

�V�e�r�l�a�g�,� �N�e�w� �Y�o�r�k�,� �1�9�8�7�)�.� 

�R�.�J�.� �D�i�e�f�e�n�d�o�r�f� �a�n�d� �E�.� �T�o�k�a�r�s�k�y�,� �P�o�l�y�m�.� �E�n�g�.� �S�c�i�.�,� �1�5�(�3�)�,� �1�5�0� �(�1�9�7�5�)�.� 

�D�.�M�.� �R�i�g�g�s�,� �R�.�J�.� �S�h�u�f�o�r�d� �a�n�d� �R�.�W�.� �L�e�w�i�s� �i�n� �H�a�n�d�b�o�o�k� �o�f� �C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s�,� 

�G�.� �L�u�b�i�n�,� �e�d�.�,� �p�.� �1�9�6� �(�V�a�n� �N�o�s�t�r�a�n�d� �R�e�i�n�h�o�l�d�,� �N�e�w� �Y�o�r�k�,� �1�9�8�2�)�.� 

�L�.�T�.� �D�r�z�a�l� �i�n� �T�r�e�a�t�i�s�e� �o�n� �A�d�h�e�s�i�o�n� �a�n�d� �A�d�h�e�s�i�v�e�s� �-� �6�,� �R�.�L�.� �P�a�t�r�i�c�k�,� �e�d�.�,� �p�.� �1�8�7� 

�(�M�a�r�c�e�l� �D�e�k�k�e�r�,� �N�e�w� �Y�o�r�k�,� �1�9�8�9�)�.� 

�K�.� �W�o�l�f�,� �R�.�E�.� �F�o�r�n�e�s�,� �J�.�D�.� �M�e�m�o�r�y� �a�n�d� �R�.�D�.� �G�i�l�b�e�r�t� �i�n� �C�h�e�m�i�s�t�r�y� �a�n�d� �P�h�y�s�i�c�s� �o�f� 

�C�a�r�b�o�n�,� �1�8�,� �P�.�A�.� �T�h�r�o�w�e�r�,� �e�d�.�,� �p�.� �9�3� �(�M�a�r�c�e�l� �D�e�k�k�e�r�,� �N�e�w� �Y�o�r�k�,� �1�9�8�2�)�.� 

�B�.�R�.� �N�o�t�o�n� �i�n� �E�n�g�i�n�e�e�r�e�d� �M�a�t�e�r�i�a�l�s� �H�a�n�d�b�c�o�k�,� �v�o�l�.� �1�,� �p�.� �2�8� �(�A�S�M� �I�n�t�e�r�n�a�t�i�o�n�a�l�,� 

�M�e�t�a�l�s� �P�a�r�k�,� �1�9�8�7�)�.� 

�B�.�R�.� �N�o�t�o�n�,� �e�d�.�,� �C�o�m�p�o�s�i�t�e� �M�a�t�e�r�i�a�l�s�,� �v�o�l�.� �3�:� �E�n�g�i�n�e�e�r�i�n�g� �A�p�p�l�i�c�a�t�i�o�n�s� �o�f� 

�C�o�m�p�o�s�i�t�e�s� �(�A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� �1�9�7�4�)�.� 

�J�.�M�.� �A�n�g�l�i�n� �i�n� �E�n�g�i�n�e�e�r�e�d� �M�a�t�e�r�i�a�l�s� �H�a�n�d�b�o�o�k�,� �v�o�l�.� �1�,� �p�.� �8�0�1� �(�A�S�M� �I�n�t�e�r�n�a�t�i�o�n�a�l�,� 

�M�e�t�a�l�s� �P�a�r�k�,� �1�9�8�7�)�.� 

�S�.� �W�i�t�z�l�e�r�,� �A�d�v�a�n�c�e�d� �C�o�m�p�o�s�i�t�e�s�,� �p�.� �5�9�,� �J�u�l�y�/�A�u�g�.� �1�9�8�8�.� 

�V�.�P�.� �M�c�C�o�n�n�e�l�l�,� �A�d�v�a�n�c�e�d� �C�o�m�p�o�s�i�t�e�s�,� �p�.� �3�4�,� �S�e�p�t�.�/�O�c�t�.� �1�9�8�9�.� 

�A�d�v�a�n�c�e�d� �M�a�t�e�r�i�a�l�s� �a�n�d� �P�r�o�c�e�s�s�e�s�,� �p�.� �2�9�,� �A�p�r�i�l� �1�9�9�1�.� 
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�A�.�M�.� �T�h�a�y�e�r�,� �C�h�e�m�i�c�a�l� �a�n�d� �E�n�g�i�n�e�e�r�i�n�g� �N�e�w�s�,� �p�,� �3�7�,� �J�u�l�y� �2�3�,� �1�9�9�0�.� 

�B�.� �W�a�l�t�e�r� �R�o�s�e�n� �a�n�d� �N�.�F�.� �D�o�w� �i�n� �E�n�g�i�n�e�e�r�e�d� �M�a�t�e�r�i�a�l�s� �H�a�n�d�b�o�o�k�,� �v�o�l�.� �1�,� �p�.� �1�7�5� 

�(�A�S�M� �I�n�t�e�r�n�a�t�i�o�n�a�l�,� �M�e�t�a�l�s� �P�a�r�k�,� �1�9�8�7�)�.� 

�D�.� �H�u�n�s�t�o�n�,� �R�.� �D�e�h�l� �a�n�d� �W�.�L�.� �W�u�,� �M�e�c�h�.� �E�n�g�.�,� �p�.� �5�2�,� �M�a�r�c�h� �1�9�8�6�.� 

�N�.� �C�o�g�s�w�e�l�l� �i�n� �M�a�t�e�r�i�a�l�s� �a�n�d� �P�r�o�c�e�s�s�i�n�g� �-� �M�o�v�e� �i�n�t�o� �t�h�e� �9�0�'�s�,� �S�.� �B�e�n�s�o�n�,� �T�.� �C�o�o�k�,� 

�E�.� �T�r�e�w�i�n� �a�n�d� �R�.�M�.� �T�u�r�n�e�r�,� �e�d�s�.� �(�E�l�s�e�v�i�e�r� �S�c�i�e�n�c�e� �P�u�b�l�i�s�h�e�r�s�,� �A�m�s�t�e�r�d�a�m�,� �1�9�8�9�)�.� 

�C�.�A�.� �M�a�y� �i�n� �E�n�g�i�n�e�e�r�e�d� �M�a�t�e�r�i�a�l�s� �H�a�n�d�b�o�o�k�,� �v�o�l�.� �1�,� �p�.� �6�6� �(�A�S�M� �I�n�t�e�r�n�a�t�i�o�n�a�l�,� 

�M�e�t�a�l�s� �P�a�r�k�,� �1�9�8�7�)�.� 

�H�.� �L�e�e� �a�n�d� �K�.� �N�e�v�i�l�l�e�,� �H�a�n�d�b�o�o�k� �o�f� �E�p�o�x�y� �R�e�s�i�n�s� �(�M�c�G�r�a�w�-�H�i�l�l�,� �N�e�w� �Y�o�r�k�,� 

�1�9�6�7�)�.� 

�W�.�C�.� �W�a�k�e�,� �A�d�h�e�s�i�o�n� �a�n�d� �t�h�e� �F�o�r�m�u�l�a�t�i�o�n� �o�f� �A�d�h�e�s�i�v�e�s� �(�A�p�p�l�i�e�d� �S�c�i�e�n�c�e� 

�P�u�b�l�i�s�h�e�r�s�,� �L�o�n�d�o�n�,� �1�9�8�2�)�.� 

�D�.�T�.� �B�e�h�m� �a�n�d� �J�.� �G�a�n�n�o�n� �i�n� �E�n�g�i�n�e�e�r�e�d� �M�a�t�e�r�i�a�l�s� �H�a�n�d�b�o�o�k�,� �v�o�l�.� �3�,� �p�.� �9�4� �(�A�S�M� 

�I�n�t�e�r�n�a�t�i�o�n�a�l�,� �M�e�t�a�l�s� �P�a�r�k�,� �1�9�8�7�)�.� 

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

�P�r�o�p�e�r�t�i�e�s� �o�f� �C�o�m�p�o�i�s�t�e� �M�a�t�e�r�i�a�l�s�,� �J�.� �S�e�f�e�r�i�s� �a�n�d� �G�.� �N�i�c�o�l�a�i�s�,� �e�d�s�.�,� �p�.� �2�0�7� �(�P�l�e�n�u�m� 

�P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� �1�9�8�3�)�.� 

�J�.�S�.� �S�h�i�m�,� �W�.� �L�e�e� �a�n�d� �J�.� �J�a�n�g�,� �P�o�l�y�m�.� �J�.�,� �2�3�(�7�)�,� �9�0�3� �(�1�9�9�1�)�.� 

�R�.� �B�a�u�e�r�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �A�C�S� �D�i�v�i�s�i�o�n� �o�f� �P�o�l�y�m�e�r�i�c� �M�a�t�e�r�i�a�l�s�:� �S�c�i�e�n�c�e� �a�n�d� 

�E�n�g�i�n�e�e�r�i�n�g�,� �6�3�,� �5�7�2� �(�F�a�l�l� �1�9�9�0�)�.� 

�R�.� �D�r�a�k�e�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �A�C�S� �D�i�v�i�s�i�o�n� �o�f� �P�o�l�y�m�e�r�i�c� �M�a�t�e�r�i�a�l�s�:� �S�c�i�e�n�c�e� �a�n�d� 

�E�n�g�i�n�e�e�r�i�n�g�,� �6�3�,� �8�0�2� �(�F�a�l�l� �1�9�9�0�)�.� 

�J�.�L�.� �H�e�d�r�i�c�k�,� �I�.� �Y�i�l�g�o�r�,� �G�.�L�.� �W�i�l�k�e�s� �a�n�d� �J�.�E�.� �M�c�G�r�a�t�h�,� �P�o�l�y�m�.� �B�u�l�l�.�,� �1�3�,� �2�0�1� 

�(�1�9�8�5�)�.� 

�J�.�A�.� �C�e�c�e�r�e� �a�n�d� �J�.�E�.� �M�c�G�r�a�t�h�,� �P�o�l�y�m�.� �P�r�e�p�r�.�,� �2�7�,� �2�9�9� �(�1�9�8�6�)�.� 

�S�.�F�.� �C�h�e�n� �a�n�d� �B�.�Z�.� �J�a�n�g�,� �C�o�m�p�o�s�.� �S�c�i�.� �T�e�c�h�n�o�l�.�,� �4�1�,� �7�7� �(�1�9�9�1�)�.� 

�J�.� �V�e�r�b�i�c�k�y�,� �J�r�.� �i�n� �E�n�c�y�c�l�o�p�e�d�i�a� �o�f� �P�o�l�y�m�e�r� �S�c�i�e�n�c�e� �a�n�d� �E�n�g�i�n�e�e�r�i�n�g�,� �2�n�d� �e�d�.�,� 

�v�o�l�.� �1�2�,� �p�.� �3�6�4� �(�J�o�h�n� �W�i�l�e�y� �a�n�d� �S�o�n�s�,� �N�e�w� �Y�o�r�k�,� �1�9�8�8�)�.� 

�M�.�A�.� �C�h�a�u�d�h�a�r�i� �i�n� �L�o�o�k�i�n�g� �A�h�e�a�d� �F�o�r� �M�a�t�e�r�i�a�l�s� �a�n�d� �P�r�o�c�e�s�s�e�s�,� �J�.� �d�e� �B�o�s�s�u�,� �G�.� 

�B�r�i�e�n�s� �a�n�d� �P�.� �L�i�s�s�a�c�,� �e�d�s�.�,� �p�.� �4�6�9� �(�E�l�s�e�v�i�e�r�  ��s�c�i�e�n�c�e� �P�u�b�l�i�s�h�e�r�s�,� �A�m�s�t�e�r�d�a�m�,� �1�9�8�7�)�.� 

�H�.�D�.� �S�t�e�n�z�e�n�b�e�r�g�e�r�,� �M�.� �H�e�r�z�o�g�,� �P�.� �K�o�n�i�g�,� �W�.� �R�o�m�e�r� �a�n�d� �W�.� �B�r�e�i�t�i�g�a�m�,� 

�P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �3�4�t�h� �I�n�t�e�r�n�a�t�i�o�n�a�l� �S�A�M�P�E� �S�y�n�p�o�s�i�u�m�,� �1�8�7�7� �(�1�9�8�9�)�.� 

�D�.� �L�a�n�d�m�a�n� �i�n� �D�e�v�e�l�o�p�m�e�n�t�s� �i�n� �R�e�i�n�f�o�r�c�e�d� �P�l�a�s�t�i�c�s� �-� �5�,� �G�.� �P�r�i�t�c�h�a�r�d�,� �e�d�.�,� �p�.� �3�9� 

�4�5



�3�5�.� 

�3�6�.� 

�3�7�.� 

�3�8�.� 

�3�9�.� 

�4�0�.� 

�4�1�.� 

�4�2�.� 

�4�3�.� 

�4�4�.� 

�4�5�.� 

�4�6�.� 

�4�7�.� 
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�(�E�l�s�e�v�i�e�r� �A�p�p�l�i�e�d� �S�c�i�e�n�c�e� �P�u�b�l�i�s�h�e�r�s�,� �L�o�n�d�o�n�,� �1�9�8�6�)�.� 

�T�.� �T�a�k�e�k�o�s�h�i�,� �A�d�y�.� �P�o�l�y�m�.� �S�c�i�.�,� �9�4�,� �p�.� �2� �(�S�p�r�i�n�g�e�r�-�V�e�r�l�a�g�,� �B�e�r�l�i�n�,� �1�9�9�0�)�.� 

�D�.�A�.� �S�c�o�l�a� �i�n� �E�n�g�i�n�e�e�r�e�d� �M�a�t�e�r�i�a�l�s� �H�a�n�d�b�o�o�k�,� �v�o�l�.� �1�,� �p�.� �7�8� �(�A�S�M� �I�n�t�e�r�n�a�t�i�o�n�a�l�,� 

�M�e�t�a�l�s� �P�a�r�k�,� �1�9�8�7�)�.� 

�D�.�P�.� �B�a�s�h�f�o�r�d� �i�n� �D�e�v�e�l�o�p�m�e�n�t�s� �i�n� �R�e�i�n�f�o�r�c�e�d� �P�l�a�s�t�i�c�s� �-� �5�,� �p�.� �2�0�5� �(�A�p�p�l�i�e�d� 

�S�c�i�e�n�c�e� �P�u�b�l�i�s�h�e�r�s�,� �L�o�n�d�o�n�,� �1�9�8�6�)�.� 

�R�.�J�.� �S�c�h�l�i�e�k�e�l�m�a�n�n� �i�n� �P�r�o�g�r�e�s�s� �i�n� �S�c�i�e�n�c�e� �a�n�d� �E�n�g�i�n�e�e�r�i�n�g� �o�f� �C�o�m�p�o�s�i�t�e�s� �-� �I�C�C�M�-� 

�I�V�,� �T�.� �H�a�y�a�s�h�i�,� �K�.� �K�a�w�a�n�t�a� �a�n�d� �S�.� �U�m�e�k�a�w�a�,� �e�d�s�.�,� �p�.� �6�3� �(�T�o�k�y�o�,� �1�9�8�2�)�.� 

�F�.�L�.� �M�a�t�t�h�e�w�s� �i�n� �D�e�v�e�l�o�p�m�e�n�t�s� �i�n� �G�R�P� �T�e�c�h�n�o�l�o�g�y�,� �B�.� �H�a�r�r�i�s�,� �e�d�.�,� �p�.� �1�6�1� 

�(�A�p�p�l�i�e�d� �S�c�i�e�n�c�e� �P�u�b�l�i�s�h�e�r�s�,� �L�o�n�d�o�n�,� �1�9�8�3�)�.� 

�K�.�D�.� �C�r�e�s�s�y�,� �A�s�s�e�m�b�l�y� �E�n�g�i�n�e�e�r�i�n�g�,� �p�.� �2�6�,� �A�p�r�i�l� �1�9�9�0�.� 

�R�.�B�.� �O�s�t�r�o�m�,� �S�.�B�.� �K�o�c�h�,� �D�.�L�.� �S�i�r�z�-�S�a�f�r�a�n�e�k�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �3�4�t�h� �I�n�t�e�r�n�a�t�i�o�n�a�l� 

�S�A�M�P�E� �S�y�m�p�o�s�i�u�m�,� �3�0�0� �(�1�9�8�9�)�.� 

�R�.�G�.� �A�n�d�e�r�s�o�n�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �2�8�t�h� �N�a�t�i�o�n�a�l� �S�A�M�P�E� �S�y�m�p�o�s�i�u�m�,� �6�4�7� 

�(�1�9�8�3�)�.� 

�P�.� �J�o�u�i�n�,� �T�.� �L�e�e� �a�n�d� �R�.� �V�i�t�l�i�p�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �3�6�t�h� �I�n�t�e�r�n�a�t�i�o�n�a�l� �S�A�M�P�E� 

�S�y�m�p�o�s�i�u�m�,� �1�0�1�4� �(�1�9�9�1�)�.� 

�G�.�R�.� �G�r�i�f�f�i�t�h�s�,� �W�.�D�.� �H�i�l�l�i�e�r� �a�n�d� �J�.�A�.�S�.� �W�h�i�t�i�n�g�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �3�3�r�d� 

�I�n�t�e�r�n�a�t�i�o�n�a�l� �S�A�M�P�E� �S�y�m�p�o�s�i�u�m�,� �3�0�8� �(�1�9�8�8�)�.� 

�P�.�F�.� �S�h�a�f�e�r�,� �A�d�h�e�s�i�v�e�s� �A�g�e�,� �p�.� �2�3�,� �O�c�t�o�b�e�r� �1�9�9�3�.� 

�E�.�C�.� �C�l�a�r�k� �a�n�d� �K�.�D�.� �C�r�e�s�s�y�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �3�2�n�d� �I�n�t�e�r�n�a�t�i�o�n�a�l� �S�A�M�P�E� 

�S�y�m�p�o�s�i�u�m�,� �2�7�1� �(�1�9�8�7�)�.� 

�A�.�A�.� �B�a�k�e�r�,� �C�o�m�p�o�s�i�t�e�s�,� �1�8�(�4�)�,� �2�9�3� �(�1�9�8�7�)�.� 
�C�.�L�.� �O�n�g� �a�n�d� �S�.�B�.� �S�h�e�n�,� �I�n�t�.� �J�.� �A�d�h�e�s�.� �A�d�h�e�s�.�,� �1�2�(�1�)�,� �1�9� �(�1�9�9�2�)�.� 

�C�.�L�.� �O�n�g� �a�n�d� �S�.� �S�h�e�n�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �3�4�t�h� �I�n�t�e�r�n�a�t�i�o�n�a�l� �S�A�M�P�E� �S�y�m�p�o�s�i�u�m�,� 

�1�0�6�7� �(�1�9�8�9�)�.� 

�"�J�o�i�n�i�n�g�,� �M�e�c�h�a�n�i�c�a�l� �F�a�s�t�e�n�i�n�g�"� �i�n� �I�n�t�e�r�n�a�t�i�o�n�a�l� �E�n�c�y�c�l�o�p�e�d�i�a� �o�f� 

�C�o�m�p�o�s�i�t�e�s�,� �v�o�l�.� �2�,� �S�.�M�.� �L�e�e�,� �e�d�.�,� �p�.� �4�3�8� �(�W�C�H� �P�u�b�l�i�s�h�e�r�s�,� �N�e�w� �Y�o�r�k�,� �1�9�9�0�)�.� 

�J�.�W�.� �R�e�n�t�o�n� �a�n�d� �J�.�R�.� �V�i�n�s�o�n�,� �E�n�g�i�n�e�e�r�i�n�g� �F�r�a�c�t�u�r�e� �M�e�c�h�a�n�i�c�s�,� �7�,� �4�1� �(�1�9�7�5�)�.� 

�F�.�L�.� �M�a�t�t�h�e�w�s� �i�n� �J�o�i�n�i�n�g� �F�i�b�r�e�-�r�e�i�n�f�o�r�c�e�d� �P�l�a�s�t�i�c�s�,� �F�.�L�.� �M�a�t�t�h�e�w�s�,� �e�d�.�,� �p�.� �1� 

�(�E�l�s�e�v�i�e�r� �A�p�p�l�i�e�d� �S�c�i�e�n�c�e� �P�u�b�l�i�s�h�e�r�s�,� �L�o�n�d�o�n�,� �1�9�8�7�)�.� 

�D�.�S�.� �S�a�u�n�d�e�r�s�,� �S�.�C�.� �G�a�l�e�a� �a�n�d� �G�.�K�.� �D�i�e�r�m�e�n�d�j�i�a�n�,� �C�o�m�p�o�s�i�t�e�s�,� �2�4�(�4�)�,� �3�0�9� 

�(�1�9�9�3�)�.� 

�4�6



�5�5�.� 

�5�6�.� 

�5�7�.� 

�5�8�.� 

�5�9�.� 

�6�0�.� 

�6�1�.� 

�6�2�.� 

�6�3�.� 

�6�4�.� 

�6�5�.� 

�6�6�.� 

�6�7�.� 

�6�8�.� 

�6�9�.� 

�7�0�.� 

�7�1�,� 

�7�2�.� 

�7�3�.� 

�7�4�.� 

�7�5�.� 

�7�6�.� 

�7�7�.� 

�L�.�M�.� �B�a�t�e�s�,� �P�l�a�s�t�i�c�s� �W�o�r�l�d�,� �p�.� �8�2�,� �A�u�g�u�s�t� �1�9�9�1�.� 

�J�.� �B�o�y�d� �a�n�d� �S�.� �S�p�e�a�k�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �3�7�t�h� �I�n�t�e�r�n�a�t�i�o�n�a�l� �S�A�M�P�E� �S�y�m�p�o�s�i�u�m�,� 

�1�1�8�4� �(�1�9�9�2�)�.� 

�J�.�R�.� �V�i�n�s�o�n�,� �P�o�l�y�m�.� �E�n�g�.� �S�c�i�.�,� �2�9�(�1�9�)�,� �1�3�2�5� �(�1�9�8�9�)�.� 

�D�.�J�.� �P�r�o�g�a�r�,� �J�.� �A�d�h�e�s�i�o�n�.� �S�c�i�.� �T�e�c�h�n�o�l�.�,� �2�(�6�)�,� �4�4�9� �(�1�9�8�8�)�.� 

�S�.� �C�l�e�r�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �3�5�t�h� �I�n�t�e�r�n�a�t�i�o�n�a�l� �S�A�M�P�E� �S�y�m�p�o�s�i�u�m�,� �8�0�2� �(�1�9�9�0�)�.� 

�P�.� �K�.� �G�u�h�a� �a�n�d� �J�.�N�.� �E�p�e�l�,� �A�d�h�e�s�i�v�e�s� �A�g�e�,� �p�.� �3�1�,� �J�u�n�e� �1�9�7�9�.� 

�N�.� �A�l�l�b�e�e�,� �A�d�v�a�n�c�e�d� �C�o�m�p�o�s�i�t�e�s�,� �p�.� �4�2�,� �N�o�v�/�D�e�c�.� �1�9�8�9�.� 

�D�.�M�.� �B�r�e�w�i�s�,� �J�.� �C�o�m�y�n� �a�n�d� �J�.�R�.� �F�o�w�l�e�r�,� �P�o�l�y�m�e�r�,� �1�8�,� �7�6� �(�1�9�7�7�)�.� 

 ��J�o�i�n�i�n�g� �P�o�l�y�m�e�r�i�c� �C�o�m�p�o�s�i�t�e�s�,� �A�d�h�e�s�i�v�e�s�"� �i�r�.� �I�n�t�e�r�n�a�t�i�o�n�a�l� �E�n�e�y�c�l�o�p�e�d�i�a� �o�f� 

�C�o�m�p�o�s�i�t�e�s�,� �v�o�l�.� �2�,� �S�.�M�.� �L�e�e�,� �e�d�.�,� �p�.� �5�0�9� �(�V�C�H� �P�u�b�l�i�s�h�e�r�s�,� �N�e�w� �Y�o�r�k�,� �1�9�9�0�)�.� 

�T�.�J�.� �R�e�i�n�h�a�r�t�,� �J�r�.� �a�n�d� �W�.�M�.� �S�c�a�r�d�i�n�o�,� �A�d�h�e�s�i�v�e�s� �A�g�e�,� �p�.� �2�3�,� �F�e�b�r�u�a�r�y� �1�9�7�5�.� 

�J�.�W�.� �W�h�i�t�e�,� �A�d�h�e�s�i�v�e�s� �a�n�d� �S�e�a�l�a�n�t�s� �I�n�d�u�s�t�r�y�,� �p�.� �4�5�,� �F�e�b�/�M�a�r�.� �1�9�9�4�.� 

�B�.�A�.� �S�t�e�i�n�,� �W�.�T�.� �H�o�d�g�e�s� �a�n�d� �J�.�R�.� �T�y�e�r�y�a�r�,� �.�!�.� �A�i�r�c�r�a�f�t�,� �2�3�(�7�)�,� �5�4�5� �(�1�9�8�6�)�.� 

�J�.�W�.� �P�o�w�e�r�s� �a�n�d� �W�.�J�.� �T�r�z�a�s�k�o�s�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �3�4�t�h� �I�n�t�e�r�n�a�t�i�o�n�a�l� �S�A�M�P�E� 

�S�y�m�p�o�s�i�u�m�,� �1�9�8�7� �(�1�9�8�9�)�.� 

�P�.� �D�a�v�i�e�s�,� �W�.�J�.� �C�a�n�t�r�e�l�l�,� �P�.�Y�.� �J�a�r�,� �P�.�E�.� �B�o�u�r�b�a�n�,� �V�.� �Z�y�s�m�a�n� �a�n�d� �H�.�H�.� �K�a�u�s�c�h�,� 

�C�o�m�p�o�s�i�t�e�s�,� �2�2�(�6�)�,� �4�2�5� �(�1�9�9�1�)�.� 

�A�.�J�.� �K�i�n�l�o�c�h�,� �G�.�K�.�A�.� �K�o�d�o�k�i�a�n� �a�n�d� �J�.�F�.� �W�a�t�t�s�,� �P�h�i�l�.� �T�r�a�n�s�.� �R�.� �S�o�c�.� �L�o�n�d�.� �A�,� 

�3�3�8�,� �8�3� �(�1�9�9�2�)�.� 

�A�.� �B�e�n�a�t�a�r� �a�n�d� �T�.�G�.� �G�u�t�o�w�s�k�i�,� �S�A�M�P�E� �@�Q�.�,� �p�.� �3�5�,� �O�c�t�o�b�e�r� �1�9�8�6�.� 

�A�.� �B�e�n�a�t�a�r� �a�n�d� �T�.�G�.� �G�u�t�o�w�s�k�i�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �3�3�r�d� �I�n�t�e�r�n�a�t�i�o�n�a�l� �S�A�M�P�E� 

�S�y�m�p�o�s�i�u�m�,� �1�7�8�7� �(�1�9�8�8�)�.� 

�J�.�G�.� �D�i�l�l�a�r�d� �i�n� �E�n�g�i�n�e�e�r�e�d� �M�a�t�e�r�i�a�l�s� �H�a�n�d�b�o�o�k�,� �v�o�l�.� �3�,� �p�.� �2�8�1� �(�A�S�M� 

�I�n�t�e�r�n�a�t�i�o�n�a�l�,� �M�e�t�a�l�s� �P�a�r�k�,� �1�9�8�7�)� 

�C�.�L�.� �M�a�h�o�n�e�y�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �3�4�t�h� �I�n�t�e�r�n�a�t�i�o�n�a�l� �S�A�M�P�E� �S�y�m�p�o�s�i�u�m�,� �3�4�,� 

�1�9�0�1� �(�1�9�8�9�)�.� 

�D�.�J�.� �D�.� �M�o�y�e�r� �a�n�d� �J�.�P�.� �W�i�g�h�t�m�a�n�,� �S�u�r�f�.� �I�n�t�e�r�f�a�c�e� �A�n�a�l�.�,� �1�4�,� �4�9�6� �(�1�9�8�9�)�.� 

�B�.�M�.� �P�a�r�k�e�r� �a�n�d� �R�.�M�.� �W�a�g�h�o�r�n�e�,� �S�u�r�f�.� �I�n�t�e�r�f�a�c�e� �A�n�a�l�.�,� �1�7�(�7�)�,� �4�7�1� �(�1�9�9�1�)�.� 

�W�.�A�.� �Z�i�s�m�a�n�,� �I�n�d�.� �E�n�g�.� �C�h�e�m�.�,� �5�5�(�1�0�)�,� �1�9� �(�1�9�6�3�)�.� 

�J�.�R�.�J�.� �W�i�n�g�f�i�e�l�d�,� �I�n�t�.� �J�.� �A�d�h�e�s�.� �A�d�h�e�s�.�,� �1�3�(�3�)�,� �1�5�1� �(�1�9�9�3�)�.� 

�R�.�F�.� �W�e�g�m�a�n�,� �S�u�r�f�a�c�e� �P�r�e�p�a�r�a�t�i�o�n� �T�e�c�h�n�i�q�u�e�s� �f�o�r� �A�d�h�e�s�i�v�e� �B�o�n�d�i�n�g�,� �p�.� �1�0�9� 

�(�N�o�y�e�s� �P�u�b�l�i�c�a�t�i�o�n�s�,� �N�e�w� �J�e�r�s�e�y�,� �1�9�8�9�)�.� 

�4�7



�7�8�.� 

�7�9�.� 

�8�0�.� 

�8�1�.� 

�8�2�.� 

�8�3�.� 

�8�4�.� 

�8�5�.� 

�8�6�.� 

�8�7�.� 

�8�8�.� 

�8�9�.� 

�9�0�.� 

�9�1�.� 

�9�2�.� 

�9�3�.� 

�9�4�.� 

�9�5�.� 

�9�6�.� 

�9�7�.� 

�W�.�A�.� �D�u�k�e�s� �a�n�d� �A�.�J�.� �K�i�n�l�o�c�h� �i�n� �D�e�v�e�l�o�p�m�e�n�t�s� �i�n� �A�d�h�e�s�i�o�n� �-� �1�,� �W�.�C�.� �W�a�k�e�,� �e�d�.� 

�(�A�p�p�l�i�e�d� �S�c�i�e�n�c�e� �P�u�b�l�i�s�h�e�r�s�,� �L�o�n�d�o�n�,� �1�9�7�7�)�.� 

�C�.�H�.� �L�e�r�c�h�e�n�t�h�a�l� �a�n�d� �M�.� �B�r�e�n�n�a�n�,� �P�o�l�y�m�.� �E�n�g�.� �S�c�i�.�,� �1�6�,� �7�6�0� �(�1�9�7�6�)�.� 

�T�.�J�.� �R�e�i�n�h�a�r�t� �i�n� �E�n�g�i�n�e�e�r�e�d� �M�a�t�e�r�i�a�l�s� �H�a�n�d�b�c�o�k�,� �v�o�l�.� �1�,� �p�,� �6�8�1� �(�A�S�M� �I�n�t�e�r�n�a�t�i�o�n�a�l�,� 

�M�e�t�a�l�s� �P�a�r�k�,� �1�9�8�7�)�.� 

�A�.�J�.� �K�i�n�l�o�c�h� �i�n� �H�a�n�d�b�o�o�k� �o�f� �A�d�h�e�s�i�o�n�,� �D�.�E�.� �P�a�c�k�h�a�m�,� �e�d�.�,� �p�.� �1�6�7� �(�L�o�n�g�m�a�n� 

�G�r�o�u�p� �U�K� �L�i�t�d�.�,� �E�s�s�e�x�,� �1�9�9�2�)�.� 

 ��S�u�r�f�a�c�e� �M�o�d�i�f�i�c�a�t�i�o�n �� �i�n� �E�n�c�y�c�l�o�p�e�d�i�a� �o�f� �P�o�l�y�m�e�r� �S�c�i�e�n�c�e� �a�n�d� �E�n�g�i�n�e�e�r�i�n�g�,� �v�o�l�.� 

�1�7�,� �6�7�4� �(�W�i�l�e�y�-�I�n�t�e�r�s�c�i�e�n�c�e�,� �N�e�w� �Y�o�r�k�,� �1�9�8�7�)�.� 

�J�.�G�.� �D�i�l�l�a�r�d�,� �T�.�F�.� �C�r�o�m�e�r�,� �C�.�E�.� �B�u�r�t�o�f�f�,� �A�.�J�.� �C�o�s�e�n�t�i�n�o�,� �R�.�L�.� �C�l�i�n�e� �a�n�d� �G�.�M�.� 

�M�a�c�l�v�e�r�,� �J�.� �A�d�h�e�s�i�o�n�,� �2�6�,� �1�8�1� �(�1�9�8�8�)�.� 

�J�.�R�.� �K�r�o�n�e�,� �T�.�P�.� �M�u�r�t�h�a� �a�n�d� �J�.�A�.� �S�t�i�r�l�i�n�g�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �3�3�r�d� �I�n�t�e�r�n�a�t�i�o�n�a�l� 

�S�A�M�P�E� �S�y�m�p�o�s�i�u�m�,� �8�2�9� �(�1�9�8�8�)�.� 

�E�.� �W�u�r�z�b�e�r�g�,� �A�.� �B�u�c�h�m�a�n�,� �E�.� �Z�y�l�b�e�r�s�t�e�i�n�,� �Y�.� �H�o�d�e�n�g�r�a�b�e�r� �a�n�d� �H�.� �D�o�d�i�u�k�,� 

�I�n�t�.� �J�.� �A�d�h�e�s�.� �A�d�h�e�s�.�,� �1�0�(�4�)�,� �2�5�4� �(�1�9�9�0�)�.� 

�S�.�L�.� �K�a�p�l�a�n� �a�n�d� �P�.�W�.� �R�o�s�e�,� �P�l�a�s�t�i�c�s� �E�n�g�i�n�e�e�r�i�n�g�,� �4�4�(�5�)�,� �7�7� �(�1�9�8�8�)�.� 

�E�.�M�.� �L�i�s�t�o�n�,� �J�.� �A�d�h�e�s�i�o�n�,� �3�0�,� �1�9�9� �(�1�9�8�9�)�.� 

�A�.�T�.� �B�e�l�l� �a�n�d� �J�.�R�.� �H�o�l�l�a�h�a�n�,� �T�e�c�h�n�i�q�u�e�s� �a�n�d� �A�p�p�l�i�c�a�t�i�o�n�s� �o�f� �P�l�a�s�m�a� �C�h�e�m�i�s�t�r�y� 

�(�J�o�h�n� �W�i�l�e�y� �a�n�d� �S�o�n�s�,� �N�e�w� �Y�o�r�k�,� �1�9�7�4�)�.� 

�E�.� �O�c�c�h�i�e�l�l�o�,� �M�.� �M�o�r�r�a�,� �G�.�L�.� �G�u�e�r�r�i�n�i� �a�n�d� �F�.� �G�a�r�b�a�s�s�i�,� �C�o�m�p�o�s�i�t�e�s�,� �2�3�(�3�)�,� 

�1�9�3� �(�1�9�9�2�)�.� 

�T�.�H�.� �Y�o�o�n� �a�n�d� �J�.�E�.� �M�c�G�r�a�t�h�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �3�6�t�h� �I�n�t�e�r�n�a�t�i�o�n�a�l� �S�A�M�P�E� 

�S�y�m�p�o�s�i�u�m�,� �4�2�8� �(�1�9�9�1�)�.� 

�S�.�-�I�.� �Y�.� �W�u�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �3�5�t�h� �I�n�t�e�r�n�a�t�i�o�n�a�l� �S�A�M�P�E� �S�y�m�p�o�s�i�u�m�,� �8�4�6� �(�1�9�9�0�)�.� 

�D�.� �B�r�i�g�g�s� �i�n� �H�a�n�d�b�o�o�k� �o�f� �A�d�h�e�s�i�o�n�,� �D�.�E�.� �P�a�c�k�h�a�m�,� �e�d�.�,� �p�.� �9�4� �(�L�o�n�g�m�a�n� �G�r�o�u�p� 

�U�K� �L�t�d�.�,� �E�s�s�e�x�,� �1�9�9�2�)�.� 

�E�.� �P�r�i�n�z� �a�n�d� �K�.�-�H� �M�e�y�e�r�,� �P�a�p�e�r�,� �F�i�l�m� �a�n�d� �f�o�i�l� �C�o�n�v�e�r�t�e�r�s�,� �p�.� �4�9�,� �S�e�p�t�e�m�b�e�r� �1�9�8�8�.� 

�A�.�J�.� �K�i�n�l�o�c�h�,� �G�.�K�.�A�.� �K�o�d�o�k�i�a�n� �a�n�d� �J�.�F�.� �W�a�t�t�s�,� �J�.� �M�a�t�e�r�.� �S�c�i�.� �L�e�t�t�.�,� �1�0�,� �8�1�5� 

�(�1�9�9�1�)� 

�G�.�K�.�A�.� �K�o�d�o�k�i�a�n� �a�n�d� �A�.�J�.� �K�i�n�l�o�c�h�,� �J�.� �M�a�t�e�r�.� �S�c�i�.� �L�e�t�t�.�,� �7�,� �6�2�5� �(�1�9�8�8�)�.� 

�D�.�F�.� �L�a�w�s�o�n�,� �R�u�b�b�e�r� �C�h�e�m�.� �T�e�c�h�n�o�l�.�,� �6�0�,� �1�0�2� �(�1�9�8�6�)�.� 

�J�.�M�.� �M�a�r�i�n�e�l�l�l�i� �a�n�d� �C�.�L�.�T�.� �L�a�m�b�i�n�g�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �3�8�t�h� �I�n�t�e�r�n�a�t�i�o�n�a�l� �S�A�M�P�E� 

�S�y�m�p�o�s�i�u�m�,� �1�1�9�6� �(�1�9�9�3�)�.� 
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�9�8�.� 

�9�9�.� 

�1�0�0�.� 

�1�0�1�.� 

�1�0�2�.� 

�1�0�3�.� 

�1�0�4�.� 

�1�0�5�.� 

�1�0�6�.� 

�1�0�7�.� 

�1�0�8�.� 

�1�0�9�.� 

�1�1�0�.� 

�1�1�1�.� 

�1�1�2�.� 

�1�1�3�.� 

�1�1�4�.� 

�1�1�5�.� 

�1�1�6�.� 

�1�1�7�,� 

�1�1�8�.� 

�1�1�9�.� 

�1�2�0� 

�L�.�W�.� �C�r�a�n�e�,� �C�.�L�.� �H�a�m�e�r�m�e�s�h� �a�n�d� �L�.� �M�a�u�s�,� �S�A�M�P�E� �J�.�,� �1�2�(�2�)�,� �6�(�1�9�7�6�)�.� 

�A�.�V�.� �P�o�c�i�u�s� �a�n�d� �R�.�P�.� �W�e�n�z�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �3�0�t�h� �N�a�t�i�o�n�a�l� �S�A�M�P�E� �S�y�m�p�o�s�i�u�m�,� 

�1�0�7�3� �(�1�9�8�5�)�.� 

�L�.�J�.� �M�a�t�i�e�n�z�o�,� �D�.�J�.� �V�e�n�a�b�l�e�s�,� �J�.�D�.� �F�u�d�g�e� �a�n�d� �J�.�J�.� �V�e�l�t�e�n�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �3�0�t�h� 

�N�a�t�i�o�n�a�l� �S�A�M�P�E� �S�y�m�p�o�s�i�u�m�,� �3�0�3� �(�1�9�8�5�)�.� 

�W�.�H�.� �S�t�o�n�e�,� �I�n�t�.� �J�.� �A�d�h�e�s�.� �A�d�h�e�s�.�,� �5�(�1�)�,� �2�7�1� �(�1�9�8�1�)�.� 

�B�.�M�.� �P�a�r�k�e�r� �a�n�d� �R�.�M�.� �W�a�g�h�o�r�n�e�,� �C�o�m�p�o�s�i�t�e�s�,� �1�3�,� �2�8�0� �(�1�9�8�2�)�.� 

�B�.�M�.� �P�a�r�k�e�r� �a�n�d� �R�.�M�.� �W�a�g�h�o�r�n�e�,� �S�u�r�f�.� �I�n�t�e�r�f�a�c�e� �A�n�a�l�.�,� �1�7�(�7�)�,� �4�7�1� �(�1�9�9�1�)�.� 

�C�h�.� �W�.� �M�a�t�z�,� �J�.� �A�d�h�e�s�i�o�n�,� �2�2�,� �6�2� �(�1�9�8�7�)�.� 

�D�.�K�.� �M�c�N�a�m�a�r�a�,� �H�.�M�.� �H�a�n�d� �a�n�d� �C�.� �A�r�a�h�,� �P�r�o�c�e�e�d�i�n�g�s� �f�o�r� �t�h�e� �6�t�h� �I�n�t�e�r�n�a�t�i�o�n�a�l� 

�S�y�m�p�o�s�i�u�m� �o�n� �S�t�r�u�c�t�u�r�a�l� �A�d�h�e�s�i�v�e�s� �B�o�n�d�i�n�g� �(�1�9�9�2�)�.� 

�K�.�S�.� �S�e�o�,� �R�.�E�.� �F�o�r�n�e�s�,� �R�.�D�.� �G�i�l�b�e�r�t� �a�n�d� �J�.�D�.� �M�e�m�o�r�y�,� �J�.� �P�o�l�y�m�.� �S�c�i�:� �P�a�r�t� �B�,� �2�6�,� 

�2�4�5� �(�1�9�8�8�)�.� 

�R�.�C�.� �K�n�i�g�h�t�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� �3�2�8�h� �N�a�t�i�o�n�a�l� �S�A�M�P�E� �S�y�m�p�o�s�i�u�m�,� �2�2�3� �(�1�9�8�3�)�.� 

�D�.�L�.� �M�e�s�s�i�c�k�,� �D�.�J�.� �P�r�o�g�a�r� �a�n�d� �J�.�P�.� �W�i�g�h�t�m�a�n�,� �N�A�S�A� �T�M� �8�5�7�0�0�,� �O�c�t�.� �1�9�8�3�.� 

�T�.�A�.� �D�e�V�i�l�b�i�s�s�,� �D�.�L�.� �M�e�s�s�i�c�k�,� �D�.�J�.� �P�r�o�g�a�r� �a�n�d� �J�.�P�.� �W�i�g�h�t�m�a�n�,� �C�o�m�p�o�s�i�t�e�s�,� 

�1�6�(�3�)�,� �2�0�7� �(�1�9�8�5�)�.� 

�D�.�J�.� �D�.� �M�o�y�e�r� �a�n�d� �J�.�P�.� �W�i�g�h�t�m�a�n�,� �S�u�r�f�.� �I�n�t�e�r�f�a�c�e� �A�n�a�l�.�,� �1�7�,� �4�5�7� �(�1�9�9�1�)�.� 

�D�.�A�.� �D�i�l�l�a�r�d� �a�n�d� �D�.� �L�e�f�e�b�v�r�e� �i�n� �E�n�g�i�n�e�e�r�e�d� �M�a�t�e�r�i�a�l�s� �H�a�n�d�b�o�o�k�,� �v�o�l�.� �3�,� �p�.� �3�1�3� 

�(�A�S�M� �I�n�t�e�r�n�a�t�i�o�n�a�l�,� �M�e�t�a�l�s� �P�a�r�k�,� �1�9�8�7�)�.� 

�D�.�J�.� �Z�a�l�u�c�h�a� �i�n� �H�i�g�h� �P�e�r�f�o�r�m�a�n�c�e� �A�d�h�e�s�i�v�e� �B�o�n�d�i�n�g�,� �G�.� �D�e�F�r�a�y�n�e�,� �e�d�.�,� �p�.� �6�0� 

�(�S�o�c�i�e�t�y� �o�f� �M�a�n�u�f�a�c�t�u�r�i�n�g� �E�n�g�i�n�e�e�r�s�,� �M�i�c�h�i�g�a�n�,� �1�9�8�3�)�.� 

�G�.�P�.� �A�n�d�e�r�s�o�n�,� �S�.�J�.� �B�e�n�n�e�t� �a�n�d� �K�.�L�.� �D�e�V�r�i�e�s�,� �A�n�a�l�y�s�i�s� �a�n�d� �T�e�s�t�i�n�g� �o�f� �A�d�h�e�s�i�v�e� 

�B�o�n�d�s�,� �c�h�a�p�t�e�r� �1� �(�A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� �1�9�7�7�)�.� 

�L�.�J�.� �H�a�r�t�-�S�m�i�t�h�,� �A�d�h�e�s�i�v�e�s� �A�g�e�,� �A�p�r�i�l� �1�9�8�7�,� �p�.� �2�8�.� 

�R�.�D�.� �A�d�a�m�s�,� �J�.� �A�d�h�e�s�i�o�n�,� �3�0�,� �2�1�9� �(�1�9�8�9�)�.� 

�M�.� �G�o�l�a�n�d� �a�n�d� �E�.� �R�e�i�s�s�n�e�r�,� �J�.� �A�p�p�l�.� �M�e�c�h�a�n�i�c�s�:� �T�r�a�n�s� �A�m�.� �S�o�c�y�.� �M�e�c�h�.� 

�E�n�g�i�n�e�e�r�s�,� �A�6�6�,� �1�7� �(�1�9�4�4�)�.� 

�D�.�J�.� �A�l�l�m�a�n�,� �Q�u�a�r�t�.� �J�.� �M�e�c�h�a�n�i�c�s� �a�n�d� �A�p�p�l�.� �M�a�t�h�,� �3�0�,� �4�1�4� �(�1�9�7�7�)�.� 

�R�.�D�.� �A�d�a�m�s� �a�n�d� �N�.�A�.� �P�e�p�p�i�a�t�t�,� �J�.� �S�t�r�a�i�n� �A�n�a�l�.�,� �8�,� �1�4�3� �(�1�9�7�3�)�.� 

�L�.�J�.� �H�a�r�t�-�S�m�i�t�h�,� �A�S�T�M� �S�T�P� �7�4�9�,� �K�.�T�.� �K�e�d�w�a�r�d�,� �e�d�.�,� �p�.� �3� �(�A�S�T�M�,� �P�h�i�l�a�d�e�l�p�h�i�a�,� 

�1�9�8�1�)�.� 

�E�.� �S�a�n�c�a�k�t�a�r�,� �S�.� �S�c�h�e�n�c�k� �a�n�d� �S�.� �P�a�d�g�i�l�w�a�r�,� �I�n�d�.� �E�n�g�.� �C�h�e�m�.� �P�r�o�d�.� �R�e�s�.� �D�e�v�.�,� 
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�1�2�1�.� 

�1�2�2�.� 

�1�2�3�.� 

�1�2�4�.� 

�1�2�5�.� 

�1�2�6�.� 

�1�2�7�.� 

�1�2�8�.� 

�1�2�9�.� 

�2�3�,� �4�2�6� �(�1�9�8�4�)�.� 

�J�.�A�.� �M�a�r�c�e�a�u�,� �Y�.� �M�o�j�i� �a�n�d� �J�.�C�.� �M�c�M�i�l�l�i�a�n�,� �A�d�h�e�s�i�v�e�s� �A�g�e�,� �O�c�t�o�b�e�r� �1�9�7�7�,� �p�.� �2�8�.� 

�J�.� �A�.� �M�a�r�c�e�a�u� �a�n�d� �E�.�W�.� �T�h�r�a�l�l� �i�n� �A�d�h�e�s�i�v�e� �B�o�n�d�i�n�g� �o�f� �A�l�u�m�i�n�u�m� �A�l�l�o�y�s�,� �E�.�W�.� 

�T�h�r�a�l�l� �a�n�d� �R�.�W�.� �S�h�a�n�n�o�n�,� �e�d�s�.�,� �c�h�a�p�t�e�r� �1�0� �(�M�a�r�c�e�l� �D�e�k�k�e�r�,� �N�e�w� �Y�o�r�k�,� �1�9�8�5�)�.� 

�B�.�M�.� �P�a�r�k�e�r� �i�n� �H�a�n�d�b�o�o�k� �o�f� �A�d�h�e�s�i�o�n�,� �D�.�E�.� �P�a�c�k�h�a�m�,� �e�d�.�,� �p�.� �5�0�4� �(�L�o�n�g�m�a�n� 

�G�r�o�u�p� �U�K� �L�t�d�.�,� �E�s�s�e�x�,� �1�9�9�2�)�.� 

�J�.� �C�o�g�n�a�r�d�,� �I�n�t�.� �J�.� �A�d�h�e�s�.� �A�d�h�e�s�.�,� �8�,� �9�3� �(�1�9�&�8�)� 

�J�.� �C�o�g�n�a�r�d�,� �I�n�t�.� �J�.� �A�d�h�e�s�.� �A�d�h�e�s�.�,� �6�,� �2�1�5� �(�1�9�8�6�)�.� 

�W�.� �B�r�o�c�k�m�a�n�n� �i�n� �E�n�g�i�n�e�e�r�e�d� �M�a�t�e�r�i�a�l�s� �H�a�n�c�b�o�o�k�,� �v�o�l�.� �3�,� �p�.� �6�6�3� �(�A�S�M� 

�I�n�t�e�r�n�a�t�i�o�n�a�l�,� �M�e�t�a�l�s� �P�a�r�k�,� �1�9�8�7�)�.� 

�D�.�R�.� �L�e�f�e�b�v�r�e� �i�n� �E�n�g�i�n�e�e�r�e�d� �M�a�t�e�r�i�a�l�s� �H�a�n�d�b�o�o�k�,� �v�o�l�.� �3�,� �p�.� �3�8�2� �(�A�S�M� 

�I�n�t�e�r�n�a�t�i�o�n�a�l�,� �M�e�t�a�l�s� �P�a�r�k�,� �1�9�8�7�)�.� 

�J�.� �C�o�g�n�a�r�d�,� �J�.� �A�d�h�e�s�i�o�n�,� �2�0�,� �1� �(�1�9�8�6�)� 

�R�.�W�.� �R�o�b�e�r�t�s� �i�n� �E�n�g�i�n�e�e�r�e�d� �M�a�t�e�r�i�a�l�s� �H�a�n�d�b�o�o�k�,� �v�o�l�.� �3�,� �p�.� �7�3�5� �(�A�S�M� �I�n�t�e�r�n�a�t�i�o�n�a�l�,� 

�M�e�t�a�l�s� �P�a�r�k�,� �1�9�8�7�)�.� 
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�C�h�a�p�t�e�r� �I�I�I�:� �E�x�p�e�r�i�m�e�n�t�a�l� 

�3�.�1� �M�a�t�e�r�i�a�l�s� 

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

�5�2�7�6�)� �a�n�d� �t�o�u�g�h�e�n�e�d� �b�i�s�m�a�l�e�i�m�i�d�e� �(�d�e�s�i�g�n�a�t�e�d� �5�2�5�0�-�4�)� �w�e�r�e� �f�a�b�r�i�c�a�t�e�d� �a�n�d� �s�u�p�p�l�i�e�d� �b�y� 

�B�A�S�F� �S�t�r�u�c�t�u�r�a�l� �M�a�t�e�r�i�a�l�s�,� �I�n�c�.�(�A�n�a�h�e�i�m�,� �C�A�)�.� �T�h�e� �c�h�e�m�i�c�a�l� �f�o�r�m�u�l�a�t�i�o�n�s� �o�f� �t�h�e� 

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

�w�o�v�e�n� �f�a�b�r�i�c� �m�a�n�u�f�a�c�t�u�r�e�d� �f�r�o�m� �B�A�S�F� �G�3�0�-�5�0�0� �P�\�W� �c�a�r�b�o�n� �f�i�b�e�r�;� �p�r�e�p�r�e�g� �p�l�i�e�s� �w�e�r�e� �l�a�i�d� 

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

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

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

�a�n�d� �a�n� �a�v�e�r�a�g�e� �f�i�b�e�r� �v�o�l�u�m�e� �o�f� �5�7�%�,� �w�h�i�l�e� �t�h�e� �b�i�s�m�a�l�e�i�m�i�d�e� �(�B�M�I�)� �c�o�m�p�o�s�i�t�e� �h�a�d� �a�n� 

�a�v�e�r�a�g�e� �r�e�s�i�n� �c�o�n�t�e�n�t� �o�f� �3�0�%� �a�n�d� �a�n� �a�v�e�r�a�g�e� �f�i�b�e�r� �v�o�l�u�m�e� �o�f� �6�9�%�.� �T�h�e� �8�-�p�l�y� �e�p�o�x�y� 

�c�o�m�p�o�s�i�t�e� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�.�5� �m�m� �t�h�i�c�k� �(�0�.�0�6� �i�n�.�)� �a�n�d� �t�h�e� �1�6�-�p�l�y� �l�a�m�i�n�a�t�e� �w�a�s� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �3� �m�m� �(�0�.�1�3� �i�n�.�)� �t�h�i�c�k�.� �T�h�e� �8� �a�n�d� �1�6�-�p�l�y� �B�M�I� �l�a�m�i�n�a�t�e�s� �a�r�e� �1�.�3� �m�m� �(�0�.�0�5� 

�i�n�.�)� �a�n�d� �2�.�5� �m�m� �(�0�.�1� �i�n�.�)� �t�h�i�c�k�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

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

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

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

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

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

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

�a�n�d� �p�l�a�s�m�a� �t�r�e�a�t�m�e�n�t�.� 

�T�h�e� �a�d�h�e�s�i�v�e� �u�s�e�d� �f�o�r� �t�h�e� �b�o�n�d�i�n�g� �s�t�u�d�i�e�s� �w�a�s� �B�A�S�F� �M�e�t�I�b�o�n�d�®� �1�1�4�6�,� �a� �r�u�b�b�e�r�-� 

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

�a�d�h�e�s�i�v�e� �f�i�l�m� �w�a�s� �0�.�2�5� �m�m� �(�0�.�0�1� �i�n�.�)�;� �t�h�e� �c�u�r�e�d� �t�h�i�c�k�n�e�s�s� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�1�0�-�0�.�1�3� 
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�m�m� �(�0�.�0�0�4�-�0�.�0�0�5� �i�n�.�)�.� �T�h�e� �T�,� �o�f� �t�h�e� �f�u�l�l�y� �c�u�r�e�d� �a�d�h�e�s�i�v�e� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�3�7�°�C� �[�2�]�.� 

�T�h�e� �a�d�h�e�s�i�v�e� �f�i�l�m� �w�a�s� �s�t�o�r�e�d� �a�t� �O�°�C� �a�n�d� �w�a�s� �w�a�r�m�e�d� �u�p� �t�o� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �b�e�f�o�r�e� 

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

�3�.�2� �S�u�r�f�a�c�e� �P�r�e�t�r�e�a�t�m�e�n�t�s� 

�A�s� �r�e�c�e�i�v�e�d� �-� �L�a�m�i�n�a�t�e�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �B�A�S�F� �w�e�r�e� �s�i�m�p�l�y� �w�i�p�e�d� �w�i�t�h� �m�e�t�h�y�]� �e�t�h�y�l� 

�k�e�t�o�n�e� �(�M�E�K� �)�a�n�d� �a� �K�i�m�w�i�p�e�®� �t�i�s�s�u�e�,� �t�h�e�n� �d�r�i�e�d� �u�n�d�e�r� �a� �s�t�r�e�a�m� �o�f� �n�i�t�r�o�g�e�n� �g�a�s�.� �T�h�i�s� �s�t�e�p� 

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

�P�e�e�l� �p�l�y� �-� �L�a�m�i�n�a�t�e�s� �w�h�i�c�h� �w�e�r�e� �s�u�p�p�l�i�e�d� �w�i�t�h� �a� �p�e�e�l� �p�l�y� �l�a�y�e�r� �w�e�r�e� �k�e�p�t� �i�n�t�a�c�t� �u�n�t�i�l� 

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

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

�G�r�i�t� �b�l�a�s�t�i�n�g� �-� �G�r�i�t� �b�l�a�s�t�i�n�g� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �i�n� �a�n� �E�c�o�n�o�l�i�n�e� �g�r�i�t� �b�l�a�s�t�e�r� �u�s�i�n�g� �1�5�0� 

�g�r�i�t� �s�i�l�i�c�a� �a�t� �4�1�5� �k�P�a� �(�6�0� �p�s�i�)� �a�i�r� �p�r�e�s�s�u�r�e�.� �T�h�r�e�e� �p�a�s�s�e�s� �w�e�r�e� �m�a�d�e� �w�i�t�h� �t�h�e� �n�o�z�z�l�e� �a�t� �a� 

�d�i�s�t�a�n�c�e� �o�f� �1�5�-�2�0� �c�m� �(�6�-�8� �i�n�.�)� �f�r�o�m� �t�h�e� �c�o�m�p�o�s�i�t�e� �p�a�n�e�l�s�.� �G�r�i�t� �b�l�a�s�t�e�d� �s�a�m�p�l�e�s� �w�e�r�e� �t�h�e�n� 

�r�i�n�s�e�d� �w�i�t�h� �M�E�K� �a�n�d� �d�r�i�e�d� �u�n�d�e�r� �a� �s�t�r�e�a�m� �o�f� �n�i�t�r�o�g�e�n� �p�r�i�o�r� �t�o� �f�u�r�t�h�e�r� �a�n�a�l�y�s�i�s�.� 

�P�l�a�s�m�a� �t�r�e�a�t�m�e�n�t� �-� �P�l�a�s�m�a� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �i�n� �a� �M�a�r�c�h� �I�n�s�t�r�u�m�e�n�t�s� 

�P�l�a�s�m�o�d�®� �u�n�i�t� �a�t� �a� �f�r�e�q�u�e�n�c�y� �o�f� �1�3�.�5�6� �M�H�z�.� �T�h�e� �p�l�a�s�m�a� �r�e�a�c�t�i�o�n� �c�h�a�m�b�e�r� �a�n�d� �a�l�l� 

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

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

�1�5�0� �w�a�t�t�s�,� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �p�a�r�t�i�c�u�l�a�r� �e�x�p�e�r�i�m�e�n�t�.� �G�a�s� �l�i�n�e�s� �w�e�r�e� �p�u�r�g�e�d� �w�i�t�h� �t�h�e� �g�a�s� �o�f� 

�i�n�t�e�r�e�s�t� �f�o�r� �3�0�-�6�0� �s�e�c�o�n�d�s� �b�e�f�o�r�e� �u�s�e�.� �T�h�e� �p�l�a�s�m�a� �c�h�a�m�b�e�r� �w�a�s� �e�v�a�c�u�a�t�e�d� �w�i�t�h� �a� 

�c�o�n�v�e�n�t�i�o�n�a�l� �l�a�b� �v�a�c�u�u�m� �p�u�m�p� �t�o� �1�3�-�2�7� �P�a� �(�0�.�1�-�C�.�2� �t�o�r�r�)� �b�e�f�o�r�e� �b�a�c�k�f�i�l�l�i�n�g� �w�i�t�h� �t�h�e� �g�a�s� �o�f� 

�i�n�t�e�r�e�s�t� �t�o� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�3�3� �P�a� �(�1� �t�o�r�r�)�,� �w�h�i�c�h� �w�a�s� �t�h�e�n� �m�a�i�n�t�a�i�n�e�d� �t�h�r�o�u�g�h� �t�h�e� �d�u�r�a�t�i�o�n� 

�o�f� �t�h�e� �t�r�e�a�t�m�e�n�t�.� �O�x�y�g�e�n�,� �a�m�m�o�n�i�a� �a�n�d� �n�i�t�r�o�g�e�n� �g�a�s�e�s� �w�e�r�e� �u�t�i�l�i�z�e�d� �t�o� �c�r�e�a�t�e� �t�h�e� �p�l�a�s�m�a�s�.� 
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�A�l�l� �s�u�r�f�a�c�e� �a�n�a�l�y�s�e�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �w�i�t�h�i�n� �5� �m�i�n�u�t�e�s� �o�f� �p�l�a�s�m�a� �t�r�e�a�t�m�e�n�t�,� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� 

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

�3�.�3� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �C�o�m�p�o�s�i�t�e� �S�u�r�f�a�c�e�s� 

�3�.�3�.�1� �X�-�r�a�y� �P�h�o�t�o�e�l�e�c�t�r�o�n� �S�p�e�c�t�r�o�s�c�o�p�y� �(�X�P�S�)� 

�X�P�S�,� �a�l�s�o� �k�n�o�w�n� �a�s� �E�S�C�A� �(�E�l�e�c�t�r�o�n� �S�p�e�c�t�r�o�s�c�o�p�y� �f�o�r� �C�h�e�m�i�c�a�l� �A�n�a�l�y�s�i�s�)�,� �i�s� �i�d�e�a�l� 

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

�i�t�s� �s�h�a�l�l�o�w� �s�a�m�p�l�i�n�g� �d�e�p�t�h�.� �I�n� �t�h�i�s� �w�o�r�k�,� �X�P�S� �w�a�s� �u�s�e�d� �e�x�t�e�n�s�i�v�e�l�y� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �t�h�e� 

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

�p�r�e�t�r�e�a�t�m�e�n�t�.� 

�I�n� �a� �t�y�p�i�c�a�l� �X�P�S� �e�x�p�e�r�i�m�e�n�t�,� �t�h�e� �s�u�r�f�a�c�e� �o�f� �a� �s�a�m�p�l�e� �i�s� �i�r�r�a�d�i�a�t�e�d� �w�i�t�h� �a� 

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

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

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

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

�b�e� �c�a�l�c�u�l�a�t�e�d� �i�f� �t�h�e� �i�n�s�t�r�u�m�e�n�t� �p�a�r�a�m�e�t�e�r�s� �a�r�e� �k�n�o�w�n� �[�3�]�.� 

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

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

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

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

�s�u�b�s�h�e�l�l� �[�4�]�.� 

�X�P�S� �i�s� �a�l�s�o� �c�a�p�a�b�l�e� �o�f� �p�r�o�v�i�d�i�n�g� �v�a�l�u�a�b�l�e� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �o�x�i�d�a�t�i�o�n� �s�t�a�t�e� �a�n�d� 

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

�m�a�t�e�r�i�a�l�s�,� �t�h�e� �c�a�r�b�o�n� �I�s� �(�C�i�s�)� �l�e�v�e�l� �i�s� �p�a�r�t�i�c�u�l�a�r�l�y� �s�e�n�s�i�t�i�v�e� �t�o� �c�h�a�n�g�e�s� �i�n� �s�u�b�s�t�i�t�u�e�n�t� 

�5�3



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

�a�n�d� �a�n�a�l�y�s�e�s� �o�f� �p�e�a�k� �p�o�s�i�t�i�o�n�s� �[�5�]�.� 

�X�P�S� �a�n�a�l�y�s�i�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �a� �P�e�r�k�i�n�-�E�l�m�e�r� �P�H�I� �5�4�0�0� �s�p�e�c�t�r�o�m�e�t�e�r� �w�i�t�h� �a� �M�g� 

�K�y� �a�c�h�r�o�m�a�t�i�c� �X�-�r�a�y� �s�o�u�r�c�e� �(�1�2�5�3�.�6� �e�V�)�,� �o�p�e�r�a�t�i�n�g� �a�t� �1�5� �k�e�V� �a�n�d� �4�0�0� �w�a�t�t�s� �w�i�t�h� �a�n� 

�e�m�i�s�s�i�o�n� �c�u�r�r�e�n�t� �o�f� �3�0� �m�A�.� �T�h�e� �s�p�e�c�t�r�o�m�e�t�e�r� �w�a�s� �c�a�l�i�b�r�a�t�e�d� �t�o� �t�h�e� �4�f�7�/�2� �p�h�o�t�o�p�e�a�k� �o�f� �g�o�l�d� 

�a�n�d� �t�h�e� �2�p�3�/�2� �p�h�o�t�o�p�e�a�k� �o�f� �c�o�p�p�e�r�.� �P�r�e�s�s�u�r�e� �i�n�s�i�d�e� �t�h�e� �a�n�a�l�y�s�i�s� �c�h�a�m�b�e�r� �w�a�s� �m�a�i�n�t�a�i�n�e�d� 

�b�e�l�o�w� �6�.�6� �x� �1�0�-�5� �P�a� �(�5� �x� �1�0�-�7� �t�o�r�r�)� �d�u�r�i�n�g� �t�h�e� �c�o�u�r�s�e� �o�f� �a�n�a�l�y�s�i�s�.� �S�a�m�p�l�e�s� �w�i�t�h� 

�d�i�m�e�n�s�i�o�n�s� �o�f� �1� �c�m� �x� �1� �c�m� �f�o�r� �X�P�S� �w�e�r�e� �c�u�t� �f�r�o�m� �t�h�e� �c�o�m�p�o�s�i�t�e� �p�a�n�e�l�s� �w�i�t�h� �a� �D�r�e�m�e�l�®� 

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

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

�s�a�m�p�l�e�s� �w�e�r�e� �t�y�p�i�c�a�l�l�y� �1� �m�m� �x� �3� �m�m�.� �N�o� �n�e�u�t�r�a�l�i�z�a�t�i�o�n� �w�i�t�h� �t�h�e� �e�l�e�c�t�r�o�n� �g�u�n� �w�a�s� 

�n�e�c�e�s�s�a�r�y� �s�i�n�c�e� �o�n�l�y� �m�i�n�i�m�a�l� �c�h�a�r�g�i�n�g� �e�f�f�e�c�t�s� �w�e�r�e� �p�r�e�s�e�n�t�.� �B�e�t�w�e�e�n� �2�-�4� �s�a�m�p�l�e�s� �w�e�r�e� 

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

�F�o�r� �e�a�c�h� �s�a�m�p�l�e� �a�n�a�l�y�z�e�d�,� �a� �s�u�r�v�e�y� �s�c�a�n� �e�n�c�o�m�p�a�s�s�i�n�g� �t�h�e� �r�e�g�i�o�n� �o�f� �0�-�1�1�0�0� �e�V� 

�w�a�s� �f�i�r�s�t� �t�a�k�e�n�.� �M�u�l�t�i�p�l�e�x� �s�c�a�n�n�i�n�g� �o�f� �a�l�l� �s�i�g�n�i�f�i�c�a�n�t� �p�e�a�k�s� �s�e�e�n� �i�n� �t�h�e� �s�u�r�v�e�y� �w�a�s� �t�h�e�n� 

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

�C�-�C�/�C�-�H� �h�y�d�r�o�c�a�r�b�o�n� �s�p�e�c�i�e�s� �a�t� �2�8�4�.�6� �e�V�.� �A�t�o�m�i�c� �c�o�n�c�e�n�t�r�a�t�i�o�n� �c�a�l�c�u�l�a�t�i�o�n�s� �a�n�d� �c�u�r�v�e�-� 

�f�i�t�t�i�n�g� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �o�n� �a�n� �A�p�o�l�l�o� �3�5�0�0� �c�o�m�p�u�t�e�r�,� �u�s�i�n�g� �P�H�I� �s�o�f�t�w�a�r�e� �v�e�r�s�i�o�n� �4�.�0�.� 

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

�I�x� 
�S�x�T� �x� 

�n� 

�I� 

� � 

� � �A�t�o�m�i�c� �%� �f�o�r�e�l�e�m�e�n�t� �X� �=� 

�i�t� �S�T�i� �(�3�.�1�)� 

�w�h�e�r�e� �I� �i�s� �t�h�e� �a�r�e�a� �o�f� �t�h�e� �p�h�o�t�o�p�e�a�k�,� �S� �i�s� �t�h�e� �s�e�n�s�i�t�i�v�i�t�y� �f�a�c�t�o�r�,� �T� �i�s� �t�h�e� �t�o�t�a�l� �a�c�q�u�i�s�i�t�i�o�n� 

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

�5�4



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

�w�h�i�l�e� �h�o�l�d�i�n�g� �t�h�e� �f�u�l�l� �w�i�d�t�h� �a�t� �h�a�l�f� �m�a�x�i�m�u�m� �(�F�W�H�M�)� �a�t� �1�.�7� �4�0�.�1� �e�V�.� 

�3�.�3�.�2� �I�o�n� �S�c�a�t�t�e�r�i�n�g� �S�p�e�c�t�r�o�s�c�o�p�y� �(�I�S�S�)� 

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

�l�a�y�e�r�s� �i�n� �a� �s�a�m�p�l�e�.� �I�n� �I�S�S� �a�n�a�l�y�s�i�s�,� �a� �b�e�a�m� �o�f� �n�o�b�l�e� �g�a�s� �i�o�n�s� �i�m�p�i�n�g�e�s� �u�p�o�n� �a� �s�a�m�p�l�e� �a�n�d� 

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

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

�f�o�l�l�o�w�i�n�g� �e�x�p�r�e�s�s�i�o�n�:� 

�E�/�E�,� �=� �[�c�o�s� �+� �(�A�2� �-� �s�i�n�*�6�)�!�/�2�]�2�/�(�1� �+� �A�)�?� �(�3�.�2�)� 

�w�h�e�r�e� �E� �i�s� �t�h�e� �e�n�e�r�g�y� �o�f� �t�h�e� �s�c�a�t�t�e�r�e�d� �i�o�n�s�,� �E�p� �i�s� �t�h�e� �i�n�c�i�d�e�n�t� �i�o�n� �e�n�e�r�g�y�,� �9� �i�s� �t�h�e� �s�c�a�t�t�e�r�i�n�g� 

�a�n�g�l�e� �a�n�d� �A� �=� �M�2�/�M�,�,� �w�h�e�r�e� �M�,� �i�s� �t�h�e� �i�n�c�i�d�e�n�t� �i�o�n� �m�a�s�s� �a�n�d� �M�>� �i�s� �t�h�e� �m�a�s�s� �o�f� �t�h�e� �s�u�r�f�a�c�e� 

�s�p�e�c�i�e�s� �[�4�,�6�]�.� 

�I�n� �t�h�i�s� �s�t�u�d�y�,� �I�S�S� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �o�n� �t�h�e� �s�a�m�e� �P�H�I� �5�4�0�0� �s�p�e�c�t�r�o�m�e�t�e�r� �a�s� �d�e�s�c�r�i�b�e�d� 

�a�b�o�v�e� �f�o�r� �X�P�S�.� �A� �b�e�a�m� �o�f� �3�H�e� �i�o�n�s� �w�i�t�h� �a� �b�e�a�m� �v�o�l�t�a�g�e� �o�f� �1�.�5� �k�V� �a�n�d� �a�n� �e�m�i�s�s�i�o�n� 

�c�u�r�r�e�n�t� �o�f� �2�5� �m�A� �w�a�s� �s�c�a�t�t�e�r�e�d� �t�h�r�o�u�g�h� �a�n� �a�n�g�l�e� �o�f� �1�2�3�°�.� �T�h�e� �b�e�a�m� �w�a�s� �r�a�s�t�e�r�e�d� �o�v�e�r� �a� 

�1�.�0� �c�m� �x� �1�.�0� �c�m� �a�n�a�l�y�s�i�s� �a�r�e�a� �w�h�i�l�e� �a�c�q�u�i�r�i�n�g� �s�u�r�v�e�y� �s�c�a�n�s� �f�r�o�m� �0�.�3�5� �t�o� �1�.�0� �E�/�E�,�.� �I�n� 

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

�w�e�r�e� �l�i�m�i�t�e�d� �t�o� �5� �m�i�n�u�t�e�s� �o�r� �l�e�s�s�.� 

�3�.�3�.�3�.� �C�o�n�t�a�c�t� �A�n�g�l�e� �A�n�a�l�y�s�i�s� 

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

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

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

�c�a�n� �b�e� �c�o�r�r�e�l�a�t�e�d� �d�i�r�e�c�t�l�y� �t�o� �s�u�r�f�a�c�e� �t�h�e�r�m�o�d�y�n�a�m�i�c�s�.� 
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�3�.�3�.�3�.�1� �W�e�t�t�a�b�i�l�i�t�y� �M�e�a�s�u�r�e�m�e�n�t�s� 

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

�w�o�r�k� �o�f� �a�d�h�e�s�i�o�n� �c�a�n� �b�e� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �f�o�l�l�o�w�i�n�g� �e�x�p�r�e�s�s�i�o�n�,� �k�n�o�w�n� �a�s� �t�h�e� �Y�o�u�n�g�-� 

�D�u�p�r�e� �e�q�u�a�t�i�o�n�:� 

�W�a� �=� �Y�i�v� �(�1� �+� �c�o�s� �8�)� �+� �7� �(�3�.�3�)� 

�w�h�e�r�e� �Y�v� �i�s� �t�h�e� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n� �o�f� �t�h�e� �p�r�o�b�e� �l�i�q�u�i�d�.� �7�U� �i�s� �a� �t�e�r�m� �w�h�i�c�h� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �f�i�l�m� 

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

�s�p�e�a�k�i�n�g�,� �i�f� �t�h�e� �c�o�n�t�a�c�t� �a�n�g�l�e� �i�s� �g�r�e�a�t�e�r� �t�h�a�n� �9�0�°�,� �t�h�e� �l�i�q�u�i�d� �i�s� �s�a�i�d� �n�o�t� �t�o� �w�e�t� �t�h�e� �s�o�l�i�d�.� �I�f� 

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

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

�t�h�e� �p�r�o�b�e� �l�i�q�u�i�d�.� 

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

�a�n�a�l�y�s�i�s� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �w�i�t�h� �a� �R�a�m�e�-�H�a�r�t� �1�0�0�-�0�0� �1�1�5� �N�R�L� �c�o�n�t�a�c�t� �a�n�g�l�e� �g�o�n�i�o�m�e�t�e�r� 

�e�q�u�i�p�p�e�d� �w�i�t�h� �a� �c�a�m�e�r�a� �a�n�d� �v�i�d�e�o� �m�o�n�i�t�o�r�.� �D�r�o�p�s� �(�5� �p�l�)� �o�f� �d�e�i�o�n�i�z�e�d� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �w�e�r�e� 

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

�l�e�f�t� �a�n�d� �r�i�g�h�t� �s�i�d�e�s� �o�f� �a�t� �l�e�a�s�t� �3� �t�o� �5� �d�r�o�p�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �a�n�d� �a�v�e�r�a�g�e�d�.� 

�A� �l�i�q�u�i�d� �D�G�E�B�A� �e�p�o�x�y� �r�e�s�i�n�,� �E�P�O�N�®� �8�3�0�,� �o�b�t�a�i�n�e�d� �f�r�o�m� �S�h�e�l�l� �C�h�e�m�i�c�a�l� 

�C�o�m�p�a�n�y� �(�H�o�u�s�t�o�n�,� �T�X�)� �w�a�s� �u�s�e�d� �t�o� �s�i�m�u�l�a�t�e� �w�e�t�t�i�n�g� �o�f� �t�h�e� �c�o�m�p�o�s�i�t�e� �s�u�r�f�a�c�e�s� �b�y� �a� 

�m�o�l�t�e�n� �e�p�o�x�y� �a�d�h�e�s�i�v�e�.� �T�h�e� �c�h�e�m�i�c�a�l� �s�t�r�u�c�t�u�r�e� �o�f� �E�P�O�N�®� �8�3�0� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�,� 

�w�i�t�h� �t�h�e� �a�v�e�r�a�g�e� �d�e�g�r�e�e� �o�f� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �n� �b�e�t�w�e�e�n� �0� �a�n�d� �1�.� �T�h�e� �e�p�o�x�i�d�e� �e�q�u�i�v�a�l�e�n�t� 

�w�e�i�g�h�t� �(�E�E�W�)� �a�n�d� �v�i�s�c�o�s�i�t�y� �o�f� �E�P�O�N�®� �8�3�0� �a�r�e� �r�e�p�o�r�t�e�d� �t�o� �b�e� �1�9�0�-�1�9�8� �g�r�a�m�s� �a�n�d� �1�7�0�-� 

�2�2�5� �p�o�i�s�e�,� �r�e�s�p�e�c�t�i�v�e�l�y� �[�7�]�.� �M�a�i�n�t�a�i�n�i�n�g� �a� �d�r�o�p� �v�o�l�u�m�e� �b�e�t�w�e�e�n� �5�-�8� �u�l�,� �E�P�O�N� �®� �8�3�0� �w�a�s� 

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

�o�f� �t�i�m�e�.� 

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

�c�o�m�p�o�s�i�t�e� �s�u�r�f�a�c�e�s�,� �M�e�t�l�b�o�n�d�®� �1�1�4�6� �a�d�h�e�s�i�v�e� �r�e�s�i�n� �w�a�s� �e�x�t�r�a�c�t�e�d� �f�r�o�m� �t�h�e� �s�c�r�i�m� �c�l�o�t�h� 
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�w�i�t�h� �M�E�K�,� �d�r�i�e�d� �a�n�d� �f�o�r�m�e�d� �i�n�t�o� �s�m�a�l�l� �b�e�a�d�s� �(�a�p�p�r�o�x�i�m�a�t�e�l�y� �2� �m�m� �i�n� �d�i�a�m�e�t�e�r�)� �w�h�i�c�h� 

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

�p�l�a�c�e� �i�n� �a� �s�t�a�n�d�a�r�d� �c�o�n�v�e�c�t�i�o�n� �o�v�e�n� �a�t� �a�n� �a�p�p�r�o�x�i�m�a�t�e� �h�e�a�t�-�u�p� �r�a�t�e� �o�f� �3�-�4�°�C�/�m�i�n�.� �f�o�l�l�o�w�e�d� 

�b�y� �a� �6�0� �m�i�n�u�t�e� �h�o�l�d� �a�t� �1�7�7�°�C�.� �T�h�e� �c�o�n�t�a�c�t� �a�n�g�l�e�s� �o�f� �b�o�t�h� �s�i�d�e�s� �o�f� �t�h�e� �c�u�r�e�d� �b�e�a�d�s� �w�e�r�e� 

�m�e�a�s�u�r�e�d� �o�n� �a� �c�o�n�t�a�c�t� �a�n�g�l�e� �g�o�n�i�o�m�e�t�e�r�.� �B�e�t�w�e�e�n� �3� �a�n�d� �4� �b�e�a�d�s� �w�e�r�e� �c�u�r�e�d� �a�n�d� �a�n�a�l�y�z�e�d� 

�f�o�r� �e�a�c�h� �p�r�e�t�r�e�a�t�m�e�n�t�.� 

�3�.�3�.�3�.�2� �D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �C�o�m�p�o�s�i�t�e� �S�u�r�f�a�c�e� �E�n�e�r�g�i�e�s� 

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

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

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

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

�(�8�]�.� �I�f� �a� �m�e�a�s�u�r�e�d� �c�o�n�t�a�c�t� �a�n�g�l�e� �i�s� �l�e�s�s� �t�h�a�n� �9�0�°� �o�n� �a� �s�m�o�o�t�h� �s�u�r�f�a�c�e�,� �t�h�e� �e�f�f�e�c�t� �o�f� �s�u�r�f�a�c�e� 

�r�o�u�g�h�e�n�i�n�g� �w�i�l�l� �b�e� �t�o� �d�e�c�r�e�a�s�e� �t�h�e� �c�o�n�t�a�c�t� �a�n�g�l�e�;� �i�f� �a�b�o�v�e� �9�0�°�,� �s�u�r�f�a�c�e� �r�o�u�g�h�n�e�s�s� �w�i�l�l� 

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

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

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

�C�o�m�p�o�s�i�t�e� �s�a�m�p�l�e�s� �w�e�r�e� �c�o�a�t�e�d� �w�i�t�h� �a�p�p�r�o�x�i�m�a�t�e�l�y� �5�0� �n�m� �o�f� �g�o�l�d� �i�n� �a�n� �E�d�w�a�r�d�s� 

�5�1�5�0�B� �s�p�u�t�t�e�r� �c�o�a�t�e�r�.� �A� �s�a�m�p�l�e� �o�f� �F�e�r�r�o�t�y�p�e� �(�c�h�r�o�m�i�u�m�-�p�l�a�t�e�d� �s�t�e�e�l� �p�h�o�t�o�g�r�a�p�h�i�c� �p�l�a�t�e�)�,� 

�o�b�t�a�i�n�e�d� �f�r�o�m� �A�p�o�l�l�o� �M�e�t�a�l�s� �(�B�e�t�h�l�e�h�e�m�,� �P�A�)�,� �w�a�s� �a�l�s�o� �c�o�a�t�e�d� �w�i�t�h� �g�o�l�d� �a�n�d� �s�e�r�v�e�d� �a�s� �a� 

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

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

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

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

�R�c� �=� �c�o�s� �Q�c�o�m�p�o�s�i�t�e� �/�c�o�s� �O�f�e�r�r�o�t�y�p�e� �(�3�.�4�)� 
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�A� �n�u�m�b�e�r� �o�f� �a�p�p�r�o�a�c�h�e�s� �w�e�r�e� �u�t�i�l�i�z�e�d� �t�o� �o�b�t�a�i�n� �q�u�a�n�t�i�t�a�t�i�v�e� �d�a�t�a� �o�n� �t�h�e� �s�u�r�f�a�c�e� 

�e�n�e�r�g�i�e�s� �o�f� �t�h�e� �p�r�e�t�r�e�a�t�e�d� �c�o�m�p�o�s�i�t�e�s�.� �O�n�e� �s�u�c�h� �m�e�t�h�o�d� �i�s� �t�h�a�t� �o�f� �Z�i�s�m�a�n� �[�1�0�]� �w�h�o� 

�p�i�o�n�e�e�r�e�d� �t�h�e� �c�o�n�c�e�p�t� �o�f� �c�r�i�t�i�c�a�l� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n� �(�Y�c�)�.� �I�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �i�f� �a� �s�u�r�f�a�c�e� �i�s� 

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

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

�t�o� �c�o�s� �8� �=� �1� �(�w�h�i�c�h� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �a� �w�e�t�t�i�n�g� �a�n�g�l�e� �o�f� �z�e�r�o�)� �y�i�e�l�d�s� �a� �c�o�r�r�e�s�p�o�n�d�i�n�g� �s�u�r�f�a�c�e� 

�t�e�n�s�i�o�n� �w�h�i�c�h� �c�a�n� �b�e� �t�a�k�e�n� �a�s� �t�h�e� �c�r�i�t�i�c�a�l� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n� �Y�c�.� �T�h�e� �c�r�i�t�i�c�a�l� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n� �i�s� 

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

�c�o�n�t�a�c�t� �a�n�g�l�e�.� 

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

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

�i�o�d�i�d�e�,� �e�t�h�y�l�e�n�e� �g�l�y�c�o�l�,� �1�-�b�r�o�m�o�-�n�a�p�h�t�h�a�l�e�n�e�,� �h�e�x�a�d�e�c�a�n�e�,� �e�t�h�a�n�o�l�,� �a�n�d� �h�e�x�a�n�e�.� �B�o�t�h� 

�s�i�d�e�s� �o�f� �6�-�1�0� �d�r�o�p�s� �o�f� �e�a�c�h� �l�i�q�u�i�d� �w�e�r�e� �m�e�a�s�u�r�e�d� �o�n� �2�.�5� �c�m� �x� �2�.�5� �c�m� �(�1� �i�n�.� �x� �1� �i�n�.�)� 

�s�a�m�p�l�e�s� �o�f� �t�h�e� �p�r�e�t�r�e�a�t�e�d� �c�o�m�p�o�s�i�t�e�s�,� �u�s�i�n�g� �a� �R�a�m�e�-�H�a�r�t� �1�0�0�-�0�0� �1�1�5� �N�R�L� �c�o�n�t�a�c�t� �a�n�g�l�e� 

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

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

�y�i�e�l�d�i�n�g� �a� �r�e�c�t�i�l�i�n�e�a�r� �p�l�o�t� �w�i�t�h� �a� �n�e�g�a�t�i�v�e� �s�l�o�p�e� �w�h�i�c�h� �c�o�u�l�d� �b�e� �e�x�t�r�a�p�o�l�a�t�e�d� �t�o� �c�o�s� �6� �=� �1�,� 

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

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

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

�s�e�r�i�e�s� �o�f� �a�q�u�e�o�u�s� �s�o�d�i�u�m� �h�y�d�r�o�x�i�d�e� �(�N�a�O�H�)� �s�o�l�u�t�i�o�n�s� �r�a�n�g�i�n�g� �i�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �f�r�o�m� 

�2�.�7�2�%� �w�/�w� �t�o� �3�5�.�9�%� �w�/�w� �w�e�r�e� �u�s�e�d�.� �T�h�e�s�e� �s�o�l�u�t�i�o�n�s� �e�n�c�o�m�p�a�s�s�e�d� �a� �r�a�n�g�e� �o�f� �s�u�r�f�a�c�e� 

�t�e�n�s�i�o�n�s� �f�r�o�m� �7�4�.�4� �m�J�/�m�?� �t�o� �1�0�1�.�1� �m�J�/�m�2� �[�1�1�]�.� �T�h�e� �p�l�a�s�m�a�-�t�r�e�a�t�e�d� �s�a�m�p�l�e�s� �w�e�r�e� 

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

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

�c�o�r�r�e�c�t�i�o�n� �f�a�c�t�o�r�s�.� 
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�K�a�e�l�b�l�e� �'�s� �a�p�p�r�o�a�c�h� �[�1�2�]� �i�s� �d�e�r�i�v�e�d� �f�r�o�m� �f�u�n�d�a�m�e�n�t�a�l� �r�e�l�a�t�i�o�n�s�h�i�p�s� �i�n�v�o�l�v�i�n�g� �t�h�e� 

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

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

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

�W�a� �(�d�i�s�p�e�r�s�i�v�e�)� �=� �2�[�Y�s�P� �y�_�P�1�}�/�2� �(�3�.�5�)� 

�W�a� �(�p�o�l�a�r�)� �=� �2�[�Y�¥�s�P� �Y�P�]�!� �(�3�.�6�)� 

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

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

�W�a�/� �2�[�y�P�]�?� �=� �[�y�s�P�]�/�2� �+� �{�¥�s�P� �(�Y�L�P�/� �y�L�P�}� �1�2� �(�3�.�7�)� 

�A� �p�l�o�t� �o�f� �W�a� �/� �2�[�¥�L�4�]�'�/�2� �v�e�r�s�u�s� �(�¥�L�P�/� �¥�_�P�)�!�/�2� �y�i�e�l�d�s� �a� �l�i�n�e� �w�i�t�h� �s�l�o�p�e� �(�Y�s�P�)�!�/�2�,� �t�h�e� �p�o�l�a�r� 

�c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� �s�u�r�f�a�c�e� �f�r�e�e� �e�n�e�r�g�y�,� �a�n�d� �i�n�t�e�r�c�e�p�t� �(�Y�s�P�)�!�2�,� �t�h�e� �d�i�s�p�e�r�s�i�v�e� �c�o�m�p�o�n�e�n�t� �o�f� 

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

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

�o�f� �t�h�e� �c�o�n�t�a�c�t� �a�n�g�l�e� �a�n�a�l�y�s�i�s� �w�e�r�e� �p�l�o�t�t�e�d� �a�c�c�o�r�d�i�n�g� �t�o� �e�q�u�a�t�i�o�n� �3�.�7�,� �a�n�d� �t�h�e� �s�l�o�p�e�s� �a�n�d� 

�i�n�t�e�r�c�e�p�t�s� �o�f� �t�h�e� �p�l�o�t�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �v�i�a� �l�i�n�e�a�r� �r�e�g�r�e�s�s�i�o�n�.� �O�w�e�n�s� �a�n�d� �W�e�n�d�t� �[�1�3�]� �f�o�l�l�o�w� 

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

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

�K�a�e�l�b�l�e�'�s� �m�e�t�h�o�d� �c�o�u�l�d� �n�o�t� �b�e� �u�s�e�d� �t�o� �o�b�t�a�i�n� �t�h�e� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �s�u�r�f�a�c�e� �e�n�e�r�g�y�.� 

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

�s�u�r�f�a�c�e�s� �w�a�s� �u�t�i�l�i�z�e�d� �[�1�4�]�.� �T�h�i�s� �t�e�c�h�n�i�q�u�e� �i�n�v�o�l�v�e�s� �t�h�e� �m�e�a�s�u�r�e�m�e�n�t� �o�f� �w�a�t�e�r� �c�o�n�t�a�c�t� 

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

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

�Y�w� �-� �Y�a� �+� �Y�u�w�c�o�s� �O�s�w�r�u� �=� �2�[�¥�s�P�]�!�/�*�[�(�Y�w�P�)�!�?� �-� �(�¥�)�7�]� �+� �I�s�w�P� �(�3�.�8�)� 

�w�h�e�r�e� �Y�w� �i�s� �t�h�e� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n� �o�f� �w�a�t�e�r�,�  ��Y�j� �i�s� �t�h�e� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n� �o�f� �t�h�e� �a�l�k�a�n�e�,� �Y�y�y�w� �i�s� �t�h�e� 

�i�n�t�e�r�f�a�c�i�a�l� �t�e�n�s�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �w�a�t�e�r� �a�n�d� �t�h�e� �a�l�k�a�n�e�,� �a�n�d� �O�s�w�7�y� �i�s� �t�h�e� �c�o�n�t�a�c�t� �a�n�g�l�e� �o�f� �t�h�e� 

�w�a�t�e�r� �o�n� �t�h�e� �s�u�b�s�t�r�a�t�e� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a�l�k�a�n�e�.� �A� �p�l�o�t� �o�f� �Y�w� �-� �Y�u� �+� �Y�u�w�c�o�s� �O�s�w�y�y� �v�e�r�s�u�s� 

�5�9



�2�[�(�¥�w�P�)�!�/�2� �-� �(�Y�u�)�!�/�2�]� �y�i�e�l�d�s� �a� �l�i�n�e� �w�i�t�h� �a� �s�l�o�p�e� �o�f� �[ ��Y�s�?�]�!�,� �t�h�e� �d�i�s�p�e�r�s�i�v�e� �c�o�m�p�o�n�e�n�t� �o�f� �t�h�e� 

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

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

�b�e� �a�p�p�r�o�x�i�m�a�t�e�d� �a�s� �2�[�Y�s�P� �y�,�P�]�!�/�2�.� �I�t� �i�s� �a�l�s�o� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �w�a�t�e�r� �w�i�l�l� �c�o�m�p�l�e�t�e�l�y� �d�i�s�p�l�a�c�e� 

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

�u�t�i�l�i�z�e�d� �w�e�r�e� �h�e�x�a�n�e�,� �o�c�t�a�n�e�,� �d�e�c�a�n�e� �a�n�d� �h�e�x�a�d�e�c�a�n�e�,� �a�l�l� �o�b�t�a�i�n�e�d� �f�r�o�m� �A�l�d�r�i�c�h�.� �D�e�i�o�n�i�z�e�d� 

�d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �(�5� �u�l� �d�r�o�p�s�)� �w�e�r�e� �u�s�e�d� �t�o� �c�o�n�t�a�c�t� �t�h�e� �s�u�r�f�a�c�e�.� �A�s� �w�i�t�h� �t�h�e� �N�a�O�H� �s�o�l�u�t�i�o�n�s�,� 

�t�h�e� �c�o�m�p�o�s�i�t�e� �s�a�m�p�l�e�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �w�i�t�h�i�n� �2� �m�i�n�u�t�e�s� �o�f� �t�h�e�i�r� �r�e�m�o�v�a�l� �f�r�o�m� �t�h�e� �p�l�a�s�m�a� 

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

�r�e�s�u�l�t�i�n�g� �d�a�t�a� �w�e�r�e� �p�l�o�t�t�e�d� �a�c�c�o�r�d�i�n�g� �t�o� �e�q�u�a�t�i�o�n� �3�.�8�.� 

�3�.�3�.�4� �S�c�a�n�n�i�n�g� �E�l�e�c�t�r�o�n� �M�i�c�r�o�s�c�o�p�y� �(�S�E�M�)� 

�A�n� �I�S�I� �S�X�-�4�0� �s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�e� �w�a�s� �u�s�e�d� �t�o� �a�n�a�l�y�z�e� �t�h�e� �s�u�r�f�a�c�e� 

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

�m�e�c�h�a�n�i�c�a�l� �t�e�s�t�i�n�g�.� �S�a�m�p�l�e�s� �w�e�r�e� �s�p�u�t�t�e�r�-�c�o�a�t�e�d� �w�i�t�h� �a�p�p�r�o�x�i�m�a�t�e�l�y� �3�0�-�4�0� �n�m� �o�f� �g�o�l�d� �t�o� 

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

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

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

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

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

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

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

�p�l�y�-�i�m�p�r�i�n�t�e�d� �s�u�r�f�a�c�e�s�.� �T�h�e�r�m�o�p�l�a�s�t�i�c�,� �a�m�o�r�p�h�o�u�s� �p�o�l�y�s�t�y�r�e�n�e� �w�i�t�h� �a� �T�g� �o�f� �9�8�°�C� �w�a�s� 

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

�f�o�l�l�o�w�i�n�g� �w�e�t�t�i�n�g� �a�n�d� �s�p�r�e�a�d�i�n�g�.� �A�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�1�,� �p�o�l�y�s�t�y�r�e�n�e� �p�e�l�l�e�t�s�,� �p�r�e�-� 

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

�6�1



�p�l�a�c�e�d� �o�n� �t�o�p� �o�f� �t�h�e� �p�e�l�l�e�t�s� �a�n�d� �t�h�e� �e�n�t�i�r�e� �a�s�s�e�m�b�l�y� �w�a�s� �p�l�a�c�e�d� �i�n� �a� �2�2�5�°�C� �o�v�e�n� �f�o�r� �1�5� 

�m�i�n�u�t�e�s�.� �A�f�t�e�r� �1�5� �m�i�n�u�t�e�s�,� �t�h�e� �o�v�e�n� �w�a�s� �t�u�r�n�e�d� �o�f�f� �a�n�d� �t�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �c�o�o�l�e�d� �t�o� �r�o�o�m� 

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

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

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

�c�o�m�p�o�s�i�t�e� �s�u�r�f�a�c�e� �w�a�s� �e�x�a�m�i�n�e�d� �b�y� �S�E�M� �u�s�i�n�g� �t�h�e� �s�a�m�e� �p�r�o�c�e�d�u�r�e� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�.� 

�3�.�3�.�5� � �P�r�o�f�i�l�o�m�e�t�r�y� 

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

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

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

�a�v�e�r�a�g�e� �p�e�a�k�-�t�o�-�c�e�n�t�e�r� �l�i�n�e� �d�i�s�t�a�n�c�e� �i�n� �a� �s�u�r�f�a�c�e� �p�r�o�f�i�l�e�;� �R�,� �i�s� �t�h�e� �a�v�e�r�a�g�e� �p�e�a�k�-�t�o�-�v�a�l�l�e�y� 

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

�F�i�g�u�r�e� �3�.�2�.� 

�B�o�t�h� �T�a�y�l�o�r�-�H�o�b�s�o�n� �T�a�l�y�s�u�r�f� �4� �(�L�e�c�e�i�s�t�e�r�,� �E�n�g�l�a�n�d�)� �a�n�d� �P�e�r�t�h�e�n� �P�e�r�t�h�o�m�e�t�e�r� 

�M�3�P�-�M�4�P� �(�F�e�i�n�p�r�u�f�,� �G�e�r�m�a�n�y�)� �p�r�o�f�i�l�o�m�e�t�e�r�s� �w�e�r�e� �u�t�i�l�i�z�e�d� �i�n� �t�h�i�s� �w�o�r�k�.� �B�o�t�h� 

�i�n�s�t�r�u�m�e�n�t�s� �u�t�i�l�i�z�e�d� �a� �d�i�a�m�o�n�d� �s�t�y�l�u�s� �w�i�t�h� �a� �2�.�5�4� �|�1�m� �(�0�.�0�0�0�1� �i�n�.�)� �t�i�p� �a�n�d� �a� �t�r�a�c�k�i�n�g� �f�o�r�c�e� 

�o�f� �1�0�0� �m�g�.� �A�l�l� �q�u�a�n�t�i�t�a�t�i�v�e� �w�o�r�k� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �o�n� �t�h�e� �P�e�r�t�h�o�m�e�t�e�r� �i�n�s�t�r�u�m�e�n�t�.� �T�h�r�e�e� �t�o� 

�f�o�u�r� �t�r�a�c�i�n�g�s� �o�n� �e�a�c�h� �p�r�e�t�r�e�a�t�e�d� �s�u�r�f�a�c�e� �w�e�r�e� �t�a�k�e�n� �a�n�d� �a�v�e�r�a�g�e�d� �t�o� �o�b�t�a�i�n� �t�h�e� �r�e�p�o�r�t�e�d� �R�,� 

�a�n�d� �R�,� �v�a�l�u�e�s�.� 

�3�.�3�.�6� �D�i�f�f�u�s�e� �R�e�f�l�e�c�t�a�n�c�e� �I�n�f�r�a�r�e�d� �S�p�e�c�t�r�o�s�c�o�p�y� �(�D�R�I�F�T�)� 

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

�s�a�m�p�l�e�s�,� �d�i�f�f�u�s�e� �r�e�f�l�e�c�t�a�n�c�e� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�o�s�c�o�p�y� �(�D�R�I�F�T�)� �h�a�s� �b�e�e�n� �e�x�t�e�n�d�e�d� �t�o� �t�h�e� 

�s�u�r�f�a�c�e� �a�n�a�l�y�s�i�s� �o�f� �p�o�l�y�m�e�r� �f�i�l�m�s�,� �f�i�b�e�r�s� �a�n�d� �c�o�a�t�i�n�g�s� �[�1�5�]�.� �I�n�f�r�a�r�e�d� �s�p�e�c�t�r�a� �o�f� �c�a�r�b�o�n� 

�f�i�b�e�r�-�r�e�i�n�f�o�r�c�e�d� �c�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� �o�b�t�a�i�n�e�d� �b�y� �t�h�i�s� �m�e�t�h�o�d� �[�1�6�,�1�7�]�.� 

�6�2



�1�0�0� �m�o�f� 
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�r� �=� �0�.�0�0�0�1� �i�n�.� 
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�(�\� �f�\�_�X�_�L�A� 
�J�U� �V�i�n�t� �V�E�X� 

�F�i�g�u�r�e� �3�.�2�:� �S�c�h�e�m�a�t�i�c� �d�i�a�g�r�a�m� �o�f� �a� �p�r�o�f�i�l�o�m�e�t�e�r� �a�n�d� �a�n� �e�x�a�m�p�l�e� �o�f� �a� �s�u�r�f�a�c�e� �p�r�o�f�i�l�e�.� 
�T�h�e� �q�u�a�n�t�i�t�i�e�s� �R�g� �a�n�d� �R�z� �a�r�e� �d�e�f�i�n�e�d� �o�n� �t�h�e� �p�r�o�f�i�l�o�m�e�t�e�r� �t�r�a�c�e�.� 
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�C�o�m�p�o�s�i�t�e� �s�a�m�p�l�e�s� �1� �c�m� �x� �1� �c�m� �i�n� �s�i�z�e� �w�e�r�e� �p�l�a�c�e�d� �d�i�r�e�c�t�l�y� �i�n�t�o� �a� �B�a�r�n�e�s�/�S�p�e�c�t�r�a�-�T�e�c�h� 

�C�o�l�l�e�c�t�o�r� �d�i�f�f�u�s�e� �r�e�f�l�e�c�t�a�n�c�e� �a�c�c�e�s�s�o�r�y�.� �A� �N�i�c�o�l�e�t� �8�1�0� �F�o�u�r�i�e�r� �t�r�a�n�s�f�o�r�m� �i�n�f�r�a�r�e�d� 

�s�p�e�c�t�r�o�m�e�t�e�r� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� �m�e�r�c�u�r�y� �c�a�d�m�i�u�m� �t�e�l�l�u�r�i�d�e� �(�M�C�T�)� �d�e�t�e�c�t�o�r� �w�a�s� �u�s�e�d� �t�o� 

�c�o�l�l�e�c�t� �s�p�e�c�t�r�a�l� �d�a�t�a�.� �5�1�2� �s�c�a�n�s� �w�e�r�e� �t�a�k�e�n� �f�o�r� �e�a�c�h� �s�a�m�p�l�e� �a�t� �a� �r�e�s�o�l�u�t�i�o�n� �o�f� �4�c�m�!�.� �A� 

�p�o�l�i�s�h�e�d� �a�l�u�m�i�n�u�m� �m�i�r�r�o�r� �s�e�r�v�e�d� �a�s� �a� �b�a�c�k�g�r�o�u�n�d�.� �E�a�c�h� �s�a�m�p�l�e� �w�a�s� �p�u�r�g�e�d� �i�n� �t�h�e� �F�T�I�R� 

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

�3�.�4� �B�o�n�d� �F�a�b�r�i�c�a�t�i�o�n� �a�n�d� �T�e�s�t�i�n�g� 

�3�.�4�.�1� �D�o�u�b�l�e� �L�a�p� �S�h�e�a�r� �T�e�s�t�i�n�g� 

�P�r�i�o�r� �t�o� �p�r�e�t�r�e�a�t�m�e�n�t�,� �1�6�-�p�l�y� �a�n�d� �8�-�p�l�y� �l�a�m�i�n�a�t�e�s� �w�e�r�e� �c�u�t� �i�n�t�o� �1�0�.�2� �c�m� �x� �1�5�.�2� �c�m� 

�(�4� �i�n�.� �x� �6� �i�n�.�)� �p�a�n�e�l�s�,� �t�a�k�i�n�g� �c�a�r�e� �t�h�a�t� �t�h�e� �w�a�r�p� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �c�a�r�b�o�n� �f�a�b�r�i�c� �r�e�i�n�f�o�r�c�e�m�e�n�t� 

�w�a�s� �a�l�w�a�y�s� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �1�0�.�2� �c�m� �d�i�r�e�c�t�i�o�n�.� �A� �n�u�m�b�e�r� �o�f� �t�h�e� �1�6�-�p�l�y� �p�a�n�e�l�s� �w�e�r�e� �c�u�t� �i�n�t�o� 

�7�.�6� �c�m� �x� �1�5�.�2� �c�m� �(�3� �i�n�.� �x� �6� �i�n�.�)� �s�e�c�t�i�o�n�s� �f�o�r� �u�s�e� �a�s� �f�i�l�l�e�r� �p�a�n�e�l�s�.� �C�u�t�t�i�n�g� �o�f� �t�h�e� �c�o�m�p�o�s�i�t�e�s� 

�w�a�s� �c�a�r�r�i�e�d� �o�u�t� �o�n� �a� �w�a�t�e�r�-�c�o�o�l�e�d� �d�i�a�m�o�n�d�-�t�i�p�p�e�d� �s�a�w�.� �A�l�l� �p�a�n�e�l�s� �w�e�r�e� �d�r�i�e�d� �i�n� �a� �1�2�0�°�C� 

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

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

�t�h�e� �s�p�e�c�i�f�i�c�a�t�i�o�n�s� �i�n� �B�o�e�i�n�g� �M�a�t�e�r�i�a�l� �S�p�e�c�i�f�i�c�a�t�i�o�n� �(�B�M�S�)� �8�-�2�4�5�G�,� �u�s�i�n�g� �M�e�t�l�b�o�n�d�®� �1�1�4�6�.� 

�T�h�i�s� �c�o�n�f�i�g�u�r�a�t�i�o�n� �i�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �3�.�3�.� �H�e�a�t� �r�e�s�i�s�t�a�n�t� �t�a�p�e� �w�a�s� �u�s�e�d� �t�o� �s�e�c�u�r�e� �t�h�e� 

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

�a�s� �w�e�l�l� �a�s� �a� �l�a�y�e�r� �o�f� �p�o�l�y�e�s�t�e�r� �b�l�e�e�d�e�r�/�b�r�e�a�t�h�e�r� �m�a�t�e�r�i�a�l�.� 

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

�E�q�u�i�p�m�e�n�t� �a�u�t�o�c�l�a�v�e� �h�a�v�i�n�g� �a�n� �i�n�t�e�r�n�a�l� �d�i�a�m�e�t�e�r� �o�f� �9� �m�e�t�e�r�s� �a�n�d� �l�e�n�g�t�h� �1�5� �m�e�t�e�r�s�.� �T�h�e� 

�c�u�r�e� �c�y�c�l�e� �c�o�n�s�i�s�t�e�d� �o�f� �a� �4�°�C�/�m�i�n�.� �h�e�a�t�-�u�p� �t�o� �1�7�7�°�C�,� �w�i�t�h� �a� �9�0� �m�i�n�u�t�e� �h�o�l�d� �a�t� �1�7�7�°�C� �a�n�d� �4�0� 

�p�s�i� �(�2�7�6� �k�P�a�)� �p�r�e�s�s�u�r�e�,� �v�e�n�t�e�d�.� �F�o�l�l�o�w�i�n�g� �b�o�n�d�i�n�g�,� �t�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �c�u�t� �i�n�t�o� �2�.�5� �c�m� �(�1� 

�i�n�.�)� �w�i�d�e� �s�p�e�c�i�m�e�n�s� �f�o�r� �t�e�s�t�i�n�g� �a�n�d� �d�r�i�e�d� �a�g�a�i�n� �a�t� �1�2�0�°�C� �f�o�r� �2� �h�o�u�r�s�.� �S�a�m�p�l�e�s� �f�o�r� �a�m�b�i�e�n�t



�_�§�_�_�_� �1�0�.�2� �c�m�  ��_�4� 

�>�|� �l�e �� �0�.�1�3�.� �c�m� 

�|�- � �� �1�0�.�2� �c�m�  � ��>� 

 ��|�  �� �0�.�1�3� �c�m� 
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� � 

� � 

�F�i�g�u�r�e� �3�.�3�:� �S�c�h�e�m�a�t�i�c� �d�i�a�g�r�a�m� �o�f� �a� �d�o�u�b�l�e� �l�a�p� �s�h�e�a�r� �b�o�n�d� �c�o�n�f�i�g�u�r�a�t�i�o�n�.� 
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�t�e�m�p�e�r�a�t�u�r�e� �t�e�s�t�i�n�g� �a�n�d� �8�2�°�C� �(�1�8�0�°�F�)� �t�e�s�t�i�n�g� �w�e�r�e� �s�t�o�r�e�d� �i�n� �a� �d�e�s�i�c�c�a�t�o�r� �u�n�t�i�l� �t�e�s�t�i�n�g�,� 

�s�a�m�p�l�e�s� �t�o� �b�e� �e�n�v�i�r�o�n�m�e�n�t�a�l�l�y� �c�o�n�d�i�t�i�o�n�e�d� �w�e�r�e� �p�l�a�c�e�d� �i�n� �a� �7�1�°�C� �(�1�6�0�°�F�)�/�1�0�0�%� �r�e�l�a�t�i�v�e� 

�h�u�m�i�d�i�t�y� �c�h�a�m�b�e�r� �f�o�r� �3�0� �d�a�y�s�.� 

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

�4�5�0�5� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� �9�0�7�2� �k�g� �(�2�0�,�0�0�0� �I�b�)� �l�o�a�d� �c�e�l�l� �a�n�d� �i�n�t�e�r�f�a�c�e�d� �w�i�t�h� �a� �M�a�c�i�n�t�o�s�h� 

�c�o�m�p�u�t�e�r� �a�n�d� �L�a�b�v�i�e�w�®� �p�r�o�g�r�a�m�.� �D�u�e� �t�o� �s�l�i�p�p�a�g�e� �i�n� �t�h�e� �I�n�s�t�r�o�n�,� �i�t� �w�a�s� �n�e�c�e�s�s�a�r�y� �t�o� �w�r�a�p� 

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

�S�p�e�c�i�m�e�n�s� �w�e�r�e� �p�u�l�l�e�d� �t�o� �f�a�i�l�u�r�e� �a�t� �a� �c�r�o�s�s�-�h�e�a�d� �r�a�t�e� �o�f� �0�.�1�2�7� �c�m�/�m�i�n� �(�0�.�0�5� �i�n�.�/�m�i�n�.�)�.� 

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

�a�r�e�a�,� �w�h�i�c�h� �h�a�d� �b�e�e�n� �m�e�a�s�u�r�e�d� �t�o� �t�h�e� �n�e�a�r�e�s�t� �0�.�0�0�8� �c�m�?� �(�0�.�0�5� �i�n�?�)�.� �T�e�s�t�i�n�g� �a�t� �8�2�°�C� 

�(�1�8�0�°�F�)� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �i�n� �a� �T�h�e�r�m�o�t�r�o�n� �t�h�e�r�m�a�l� �c�h�a�m�b�e�r�.� �S�a�m�p�l�e�s� �w�h�i�c�h� �h�a�d� �b�e�e�n� 

�e�n�v�i�r�o�n�m�e�n�t�a�l�l�y� �c�o�n�d�i�t�i�o�n�e�d� �f�o�r� �3�0� �d�a�y�s� �w�e�r�e� �s�t�o�r�e�d� �i�n� �w�a�t�e�r� �u�n�t�i�l� �t�e�s�t�i�n�g� �c�o�u�l�d� �b�e� �c�a�r�r�i�e�d� 

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

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

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

�m�i�c�r�o�s�c�o�p�y� �(�S�E�M�)�.� �T�h�e� �d�e�b�o�n�d�e�d� �j�o�i�n�t�s� �w�e�r�e� �p�r�o�t�e�c�t�e�d� �w�i�t�h� �c�l�e�a�n� �a�l�u�m�i�n�u�m� �f�o�i�l� �a�n�d� 

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

�3�.�4�.�2� �W�e�d�g�e� �T�e�s�t�i�n�g� 

�P�r�i�o�r� �t�o� �s�u�r�f�a�c�e� �p�r�e�t�r�e�a�t�m�e�n�t�,� �1�6�-�p�l�y� �l�a�m�:�n�a�t�e�s� �w�e�r�e� �c�u�t� �i�n�t�o� �1�5�.�2� �c�m� �x� �1�5�.�2� �c�m� 

�(�6�.�0� �i�n�.� �x� �6�.�0� �i�n�.�)� �p�a�n�e�l�s� �w�i�t�h� �a� �w�a�t�e�r�-�c�o�o�l�e�d� �d�i�a�m�o�n�d�-�t�i�p�p�e�d� �s�a�w�.� �P�a�n�e�l�s� �w�e�r�e� �t�h�e�n� �d�r�i�e�d� 

�i�n� �a� �1�2�0�°�C� �o�v�e�n� �f�o�r� �t�w�o� �h�o�u�r�s� �a�n�d� �s�t�o�r�e�d� �i�n� �a� �d�e�s�i�c�c�a�t�o�r� �u�n�t�i�l� �s�u�r�f�a�c�e� �p�r�e�t�r�e�a�t�m�e�n�t� �c�o�u�l�d� �b�e� 

�c�a�r�r�i�e�d� �o�u�t�.� 

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

�c�o�n�f�i�g�u�r�a�t�i�o�n� �a�c�c�o�r�d�i�n�g� �t�o� �A�S�T�M� �D� �3�7�6�2�-�7�9� �s�p�e�c�i�f�i�c�a�t�i�o�n�s�,� �u�s�i�n�g� �M�e�t�l�b�o�n�d�®� �1�1�4�6� 

�a�d�h�e�s�i�v�e� �T�h�i�s� �c�o�n�f�i�g�u�r�a�t�i�o�n� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�4�.� �C�a�r�e� �w�a�s� �t�a�k�e�n� �s�o� �t�h�a�t� �t�h�e� �w�a�r�p� 
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�(�a�)� 

�0�.�3�2� �c�m� 

�-�2�.�5� �c�o�m�>� �+� �k�e� 

�2�.�5�c�m� 
�1� 

�:� 
�N� 

�0�.�3�2� �c�m� 

�(�b�)� 

�F�i�g�u�r�e� �3�.�4�:� �(�a�)� �S�c�h�e�m�a�t�i�c� �d�i�a�g�r�a�m� �o�f� �t�h�e� �B�o�e�i�n�g� �w�e�d�g�e� �s�a�m�p�l�e� �c�o�n�f�i�g�u�r�a�t�i�o�n�,� �a�n�d� �(�b�)� 
�D�i�m�e�n�s�i�o�n�s� �o�f� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �w�e�d�g�e�.� 
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�d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �l�a�m�i�n�a�t�e�s� �w�a�s� �c�o�n�s�i�s�t�e�n�t�l�y� �p�l�a�c�e�d� �i�n� �t�h�e� �s�a�m�e� �d�i�r�e�c�t�i�o�n�.� �A� �1�.�3� �c�m� �x� �1�5�.�2� 

�c�m� �(�0�.�5� �i�n�.� �x� �6�.�0� �i�n�.�)� �s�t�r�i�p� �o�f� �1�7�5� �u�m� �(�7� �m�i�l�)� �t�h�i�c�k� �p�o�l�y�t�e�t�r�a�f�l�u�o�r�e�t�h�y�l�e�n�e� �f�i�l�m� �w�a�s� �i�n�s�e�r�t�e�d� 

�i�n� �o�n�e� �e�n�d� �t�o� �f�o�r�m� �a� �s�t�a�r�t�e�r� �c�r�a�c�k�.� �H�e�a�t� �r�e�s�i�s�t�a�n�t� �p�r�e�s�s�u�r�e� �s�e�n�s�i�t�i�v�e� �t�a�p�e� �w�a�s� �u�s�e�d� �t�o� �s�e�c�u�r�e� 

�t�h�e� �s�p�e�c�i�m�e�n�,� �a�n�d� �t�h�e� �e�n�t�i�r�e� �a�s�s�e�m�b�l�y� �w�a�s� �p�r�e�s�s�e�d� �b�e�t�w�e�e�n� �6�.�4� �m�m� �(�1�/�4� �i�n�.�)� �t�h�i�c�k� 

�a�l�u�m�i�n�u�m� �p�r�e�s�s� �p�l�a�t�e�s� �i�n� �a� �T�e�t�r�a�h�e�d�r�o�n� �p�r�e�s�s�.� �T�h�e� �c�u�r�e� �c�y�c�l�e� �c�o�n�s�i�s�t�e�d� �o�f� �a� �7�°�C�/�m�i�n�.� �h�e�a�t�-� 

�u�p� �t�o� �1�7�7�°�C� �(�3�5�0�°�F�)� �u�n�d�e�r� �2�7�6� �k�P�a� �(�4�0� �p�s�i�)� �p�r�e�s�s�u�r�e�,� �a� �9�0� �m�i�n�u�t�e� �h�o�l�d� �a�t� �2�7�6� �k�P�a� �a�n�d� 

�1�7�7�°�C�,� �f�o�l�l�o�w�e�d� �b�y� �a� �c�o�o�l�-�d�o�w�n� �u�n�d�e�r� �p�r�e�s�s�u�r�e� �t�o� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� 

�S�a�m�p�l�e�s� �w�e�r�e� �c�u�t� �i�n�t�o� �2�.�5� �c�m� �x� �1�5�.�2� �c�m� �(�1�.�0� �i�n�.� �x� �6�.�0� �i�n�.�)� �w�i�d�e� �s�p�e�c�i�m�e�n�s� �f�o�r� 

�t�e�s�t�i�n�g� �w�i�t�h� �t�h�e� �w�a�r�p� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� �l�a�m�i�n�a�t�e�s� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �1�5�.�2� �c�m� �(�6�.�0� �i�n�.�)� �d�i�m�e�n�s�i�o�n�,� 

�a�n�d� �d�r�i�e�d� �a�g�a�i�n� �a�t� �1�2�0�°�C� �f�o�r� �2� �h�o�u�r�s�.� �B�e�t�w�e�e�n� �3� �a�n�d� �5� �s�a�m�p�l�e�s� �w�e�r�e� �t�e�s�t�e�d� �f�o�r� �e�a�c�h� 

�s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t�.� �A� �2�.�5�4� �c�m� �x� �2�.�5�4� �c�m� �x� �0�.�3�2� �c�m� �(�1�.�0� �i�n�.� �x� �1�.�0� �i�n�.� �x� �0�.�1�2�5� �i�n�.�)� �s�t�a�i�n�l�e�s�s� 

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

�d�i�s�t�a�n�c�e� �o�f� �1�.�7� �c�m�.� �T�h�e� �l�e�n�g�t�h�s� �o�f� �i�n�i�t�i�a�l� �c�r�a�c�k�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �t�o� �t�h�e� �n�e�a�r�e�s�t� �0�.�5� �m�m�,� 

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

�S�a�m�p�l�e�s� �w�e�r�e� �e�x�p�o�s�e�d� �t�o� �7�5�°�C� �d�r�y� �c�o�n�d�i�t�i�o�n�s� �i�n� �a� �B�l�u�e� �M� �c�i�r�c�u�l�a�t�i�n�g� �a�i�r� �o�v�e�n�,� 

�7�5�°�C� �w�e�t� �c�o�n�d�i�t�i�o�n�s� �i�n� �a� �t�e�m�p�e�r�a�t�u�r�e�-�c�o�n�t�r�o�l�l�e�d� �w�a�t�e�r� �b�a�t�h�,� �b�o�i�l�i�n�g� �w�a�t�e�r� �a�n�d� �a�i�r�c�r�a�f�t� �d�e�-� 

�i�c�i�n�g� �f�l�u�i�d�.� �D�e�-�i�c�i�n�g� �f�l�u�i�d� �w�a�s� �s�u�p�p�l�i�e�d� �b�y� �C�h�e�m�i�c�a�l�s� �a�n�d� �S�o�l�v�e�n�t�s�,� �I�n�c�.� �(�R�o�a�n�o�k�e�,� �V�A�)� 

�a�n�d� �i�s� �q�u�a�l�i�f�i�e�d� �t�o� �M�I�L�-�A�-�8�2�4�3�D�.� �I�t� �i�s� �c�o�m�p�o�s�e�d� �o�f� �a� �p�r�o�p�r�i�e�t�a�r�y� �m�i�x�t�u�r�e� �o�f� �e�t�h�y�l�e�n�e� �a�n�d� 

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

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

�c�o�u�l�d� �b�e� �r�e�c�o�r�d�e�d�.� 

�3�.�4�.�3� �S�c�a�n�n�i�n�g� �A�c�o�u�s�t�i�c� �M�i�c�r�o�s�c�o�p�y� �(�S�A�M�)� 

�D�i�f�f�i�c�u�l�t�y� �i�n� �t�h�e� �i�n�s�p�e�c�t�i�o�n� �o�f� �b�o�n�d�e�d� �j�o�i�n�t�s� �h�a�s� �o�f�t�e�n� �b�e�e�n� �c�i�t�e�d� �a�s� �a� �d�i�s�a�d�v�a�n�t�a�g�e� 

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

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

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

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

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

�p�o�i�n�t� �[�1�8�]�.� 

�I�n�i�t�i�a�l� �e�x�p�e�r�i�m�e�n�t�s� �i�n�v�o�l�v�e�d� �t�h�e� �u�s�e� �o�f� �a�n� �O�l�y�m�p�u�s� �U�H�-�3� �s�c�a�n�n�i�n�g� �a�c�o�u�s�t�i�c� 

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

�c�o�n�s�i�s�t�i�n�g� �o�f� �t�w�o� �8�-�p�l�y� �e�p�o�x�y� �l�a�m�i�n�a�t�e�s� �b�o�n�d�e�d� �w�i�t�h� �M�e�t�l�b�o�n�d�®� �1�1�4�6�.� �A� �d�e�b�o�n�d�e�d� �a�r�e�a� 

�h�a�v�i�n�g� �d�i�m�e�n�s�i�o�n�s� �o�f� �5� �m�m� �b�y� �3�0� �m�m� �w�a�s� �d�e�l�i�b�e�r�a�t�e�l�y� �i�n�d�u�c�e�d� �b�y� �i�n�s�e�r�t�i�n�g� �a� �T�e�f�l�o�n�®� 

�s�p�a�c�e�r� �d�i�r�e�c�t�l�y� �i�n�t�o� �t�h�e� �b�o�n�d�l�i�n�e� �p�r�i�o�r� �t�o� �c�u�r�i�n�g�.� �A� �2�0� �m�m� �x� �1�5� �m�m� �a�r�e�a� �w�a�s� �s�c�a�n�n�e�d� �a�t� �a� 

�f�r�e�q�u�e�n�c�y� �o�f� �3�0� �M�H�z�.� 

�I�n� �a� �s�u�b�s�e�q�u�e�n�t� �e�x�p�e�r�i�m�e�n�t�,� �t�h�e� �s�c�a�n�n�i�n�g� �e�c�o�u�s�t�i�c� �m�i�c�r�o�s�c�o�p�e� �w�a�s� �u�s�e�d� �t�o� �s�t�u�d�y� 

�2�.�5� �c�m� �x� �2�.�5� �c�m� �(�1� �i�n�.� �x� �|� �i�n�.�)� �s�p�e�c�i�m�e�n�s� �c�o�n�s�t�r�u�c�t�e�d� �f�r�o�m� �s�u�r�f�a�c�e� �p�r�e�t�r�e�a�t�e�d� �8�-�p�l�y� �e�p�o�x�y� 

�a�n�d� �B�M�I� �l�a�m�i�n�a�t�e�s� �b�o�n�d�e�d� �w�i�t�h� �M�e�t�l�b�o�n�d�®� �1�1�4�6�.� �S�u�r�f�a�c�e� �p�r�e�t�r�e�a�t�m�e�n�t�s� �u�t�i�l�i�z�e�d� �w�e�r�e� 

�M�E�K� �w�i�p�e�,� �p�e�e�l� �p�l�y�,� �g�r�i�t� �b�l�a�s�t�i�n�g� �a�n�d� �a� �5� �m�i�n�u�t�e�/�0� �w�a�t�t� �o�x�y�g�e�n� �p�l�a�s�m�a�.� �A� �4�0� �m�m� �x� �4�0� 

�m�m� �a�r�e�a� �w�a�s� �s�c�a�n�n�e�d� �a�t� �a� �f�r�e�q�u�e�n�c�y� �o�f� �3�0� �M�H�z�.� �A�r�e�a�s� �i�n� �w�h�i�c�h� �d�e�b�o�n�d�i�n�g� �o�r� �n�o� �b�o�n�d�i�n�g� 

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

�T�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �p�e�r�c�e�n�t�a�g�e� �o�f� �d�e�b�o�n�d�e�d� �a�r�e�a�,� �a� �1�.�6� �m�m� �(�1�/�1�6� �i�n�.�)� �g�r�i�d� �w�a�s� �p�l�a�c�e�d� 

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

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

�s�a�m�p�l�e�s� �f�o�r� �e�a�c�h� �e�p�o�x�y� �a�n�d� �B�M�I� �s�u�r�f�a�c�e� �p�r�e�t�r�e�a�t�m�e�n�t� �w�e�r�e� �a�n�a�l�y�z�e�d�.� �O�n�e� �d�i�f�f�i�c�u�l�t�y� �i�n� 

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

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

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

�t�h�e� �a�n�a�l�y�s�i�s� �a�n�d� �w�a�s� �l�e�f�t� �t�o� �t�h�e� �d�i�s�c�r�e�t�i�o�n� �o�f� �t�h�e� �a�u�t�h�o�r�.� 
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�3�.�5� �E�f�f�e�c�t� �o�f� �S�u�r�f�a�c�e� �F�u�n�c�t�i�o�n�a�l�i�t�y� �o�n� �B�o�n�d� �S�t�r�e�n�g�t�h� �a�n�d� �D�u�r�a�b�i�l�i�t�y� 

�3�.�5�.�1� �S�u�r�f�a�c�e� �F�u�n�c�t�i�o�n�a�l�i�z�a�t�i�o�n� �P�r�o�c�e�d�u�r�e� 

�E�p�o�x�y� �a�n�d� �B�M�I� �l�a�m�i�n�a�t�e�s� �s�u�p�p�l�i�e�d� �w�i�t�h� �a� �r�e�e�l� �p�l�y� �o�v�e�r�l�a�y�e�r� �w�e�r�e� �c�h�o�s�e�n� �f�o�r� �t�h�i�s� 

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

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

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

�s�a�m�p�l�e�s� �w�a�s� �t�r�e�a�t�e�d� �w�i�t�h� �M�S�-�1�2�2�,� �a� �f�l�u�o�r�o�p�o�l�y�m�e�r�-�b�a�s�e�d� �m�o�l�d� �r�e�l�e�a�s�e� �a�g�e�n�t� �(�M�i�l�l�e�r�-� 

�S�t�e�p�h�e�n�s�o�n� �C�h�e�m�i�c�a�l� �C�o�m�p�a�n�y�,� �D�a�n�b�u�r�y�,� �C�T�)�,� �w�h�i�c�h� �w�a�s� �s�p�r�a�y�e�d� �o�n�t�o� �a� �K�i�m�w�i�p�e�®� 

�t�i�s�s�u�e� �a�n�d� �t�h�e�n� �r�u�b�b�e�d� �o�n�t�o� �t�h�e� �c�o�m�p�o�s�i�t�e� �s�u�r�f�a�c�e�.� �A� �s�e�c�o�n�d� �s�e�t� �w�a�s� �e�x�p�o�s�e�d� �t�o� �a� �5�0� �w�a�t�t� 

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

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

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

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

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

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

�F�i�g�u�r�e� �3�.�5�.� 

�3�.�5�.�2� �S�u�r�f�a�c�e� �A�n�a�l�y�s�i�s� 

�F�u�n�c�t�i�o�n�a�l�i�z�e�d� �s�u�r�f�a�c�e�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �b�y� �X�P�S� �u�s�i�n�g� �t�h�e� �s�a�m�e� �c�o�n�d�i�t�i�o�n�s� �d�e�s�c�r�i�b�e�d� 

�i�n� �S�e�c�t�i�o�n� �3�.�3�.�1�.� �T�h�e� �c�o�n�t�a�c�t� �a�n�g�l�e�s� �o�f� �w�a�t�e�r�,� �E�P�O�N�®� �8�3�0� �a�n�d� �M�e�t�l�b�o�n�d�®� �1�1�4�6� �w�e�r�e� 

�m�e�a�s�u�r�e�d� �i�n� �t�h�e� �s�a�m�e� �m�a�n�n�e�r� �a�s� �i�n� �S�e�c�t�i�o�n� �3�.�3�.�3�.�1� 

�3�.�5�.�3� �D�o�u�b�l�e� �L�a�p� �S�h�e�a�r� �T�e�s�t�i�n�g� 

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

�d�i�m�e�n�s�i�o�n�s� �o�f� �1�0�.�2� �c�m� �x� �1�5�.�2� �c�m� �(�4�.�0� �i�n�.� �x� �6�.�0� �i�n�.�)�,� �w�i�t�h� �t�h�e� �w�a�r�p� �d�i�r�e�c�t�i�o�n� �o�f� �t�h�e� 

�l�a�m�i�n�a�t�e�s� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �1�0�.�2� �c�m� �(�4�.�0� �i�n�.�)� �d�i�r�e�c�t�i�o�n�.� �T�h�e� �c�u�t�t�i�n�g�,� �d�r�y�i�n�g�,� �s�t�o�r�a�g�e� �a�n�d� 
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�F� �F�P�P� �F�P� �F�F� �O�H� �C�O�O�H� �O�R� �C�O�,� 
�<�m �� �A�R�A�N�D�A� �R�R�R� �A�L�S� 

�F�l�u�o�r�i�n�a�t�e�d� �O�r�i�g�i�n�a�l� �P�e�e�l� �P�l�y� �P�l�a�s�m�a� �t�r�e�a�t�e�d� 

�F�i�g�u�r�e� �3�.�5�:� �S�c�h�e�m�a�t�i�c� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �f�u�n�c�t�i�o�n�a�l�i�z�e�d� �p�e�e�l� �p�l�y� �s�u�r�f�a�c�e�s�.� 
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�a�s�s�e�m�b�l�y� �o�f� �t�h�e� �d�o�u�b�l�e� �l�a�p� �s�h�e�a�r� �j�o�i�n�t�s� �i�s� �t�h�e� �s�a�m�e� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �S�e�c�t�i�o�n� �3�.�4�.�1�.� �T�h�e� 

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

�j�o�i�n�t�s�.� �B�o�n�d�i�n�g� �o�f� �t�h�e� �d�o�u�b�l�e� �l�a�p� �s�h�e�a�r� �s�p�e�c�i�m�e�n�s� �w�i�t�h� �M�e�t�l�b�o�n�d�®� �1�1�4�6� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� 

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

�S�e�c�t�i�o�n� �3�.�4�.�2�.� �F�o�l�l�o�w�i�n�g� �b�o�n�d�i�n�g�,� �t�h�e� �p�a�n�e�l�s� �w�e�r�e� �c�u�t� �i�n�t�o� �2�.�5� �c�m� �(�1�.�0� �i�n�.�)� �w�i�d�e� 

�s�p�e�c�i�m�e�n�s� �f�o�r� �t�e�n�s�i�l�e� �t�e�s�t�i�n�g� �a�n�d� �d�r�i�e�d� �f�o�r� �t�w�o� �h�o�u�r�s� �i�n� �a�n� �o�v�e�n� �a�t� �1�2�0�°�C�.� �O�n�e� �s�e�t� �o�f� 

�s�a�m�p�l�e�s� �w�a�s� �t�e�s�t�e�d� �i�m�m�e�d�i�a�t�e�l�y�,� �a�n�o�t�h�e�r� �s�e�t� �w�a�s� �c�o�n�d�i�t�i�o�n�e�d� �i�n� �d�e�i�o�n�i�z�e�d� �w�a�t�e�r� �a�t� �7�5�°�C� �f�o�r� 

�1�5� �d�a�y�s� �p�r�i�o�r� �t�o� �t�e�s�t�i�n�g�.� �B�e�t�w�e�e�n� �4� �a�n�d� �5� �s�a�m�p�l�e�s� �w�e�r�e� �t�e�s�t�e�d� �f�o�r� �e�a�c�h� �s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t� 

�a�n�d� �e�n�v�i�r�o�n�m�e�n�t�.� 

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

�4�5�0�5� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� �9�0�7�2� �k�g� �(�2�0�,�0�0�0� �l�b�)� �l�o�a�d� �c�e�l�l�,� �a�n�d� �i�n�t�e�r�f�a�c�e�d� �w�i�t�h� �a� �M�a�c�i�n�t�o�s�h� 

�c�o�m�p�u�t�e�r� �a�n�d� �L�a�b�v�i�e�w�®� �p�r�o�g�r�a�m�.� �S�p�e�c�i�m�e�n�s� �w�e�r�e�:� �p�u�l�l�e�d� �t�o� �f�a�i�l�u�r�e� �a�t� �a� �c�r�o�s�s�-�h�e�a�d� �r�a�t�e� �o�f� 

�0�.�1�2�7� �c�m�/�m�i�n�.�(�0�.�0�5� �i�n�.�/�m�i�n�.�)�.� �E�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �f�a�i�l�u�r�e� �s�u�r�f�a�c�e�s� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� 

�s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y� �(�S�E�M�)�.� �T�h�e� �d�e�b�o�n�d�e�d� �j�o�i�n�t�s� �w�e�r�e� �p�r�o�t�e�c�t�e�d� �w�i�t�h� �c�l�e�a�n� 

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

�3�.�6� �S�u�r�f�a�c�e� �A�g�i�n�g� �E�f�f�e�c�t�s� �i�n� �O�x�y�g�e�n� �P�l�a�s�m�a�-�t�r�e�a�t�e�d� �C�o�m�p�o�s�i�t�e�s� 

�3�.�6�.�1� �P�l�a�s�m�a� �T�r�e�a�t�m�e�n�t� �a�n�d� �S�t�o�r�a�g�e� �P�r�o�c�e�d�u�r�e� 

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

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

�p�l�a�s�m�a� �t�r�e�a�t�m�e�n�t�.� �O�n�l�y� �t�h�e� �e�p�o�x�y� �c�o�m�p�o�s�i�t�e�s� �w�e�r�e� �u�t�i�l�i�z�e�d� �i�n� �t�h�i�s� �s�t�u�d�y�.� �0�.�6� �c�m� �(�0�.�2�5� 

�i�n�.�)� �s�q�u�a�r�e� �s�a�m�p�l�e�s� �f�o�r� �X�P�S�,� �2�.�5� �c�m� �x� �2�.�5� �c�m� �(�1�.�0� �i�n�.� �x� �1�.�0� �i�n�.�)� �s�a�m�p�l�e�s� �f�o�r� �w�a�t�e�r� �a�n�d� 

�E�P�O�N�®� �8�3�0� �c�o�n�t�a�c�t� �a�n�g�l�e� �a�n�a�l�y�s�i�s�,� �a�n�d� �2�.�5� �c�m� �x� �1�0�.�2� �c�m� �(�1�.�0� �i�n�.� �x� �4�.�0� �i�n�.�)� �1�6�-�p�l�y� 

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

�a�b�o�v�e�-�m�e�n�t�i�o�n�e�d� �a�n�a�l�y�s�e�s� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�i�m�e� �f�o�l�l�o�w�i�n�g� �a� �5� �m�i�n�.



�t�r�e�a�t�m�e�n�t� �w�i�t�h� �a� �5�0� �w�a�t�t� �o�x�y�g�e�n� �p�l�a�s�m�a�.� �W�h�i�l�e� �a�w�a�i�t�i�n�g� �a�n�a�l�y�s�i�s�,� �s�a�m�p�l�e�s� �w�e�r�e� �s�t�o�r�e�d� �i�n� 

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

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

�3�.�6�.�2� �S�u�r�f�a�c�e� �A�n�a�l�y�s�i�s� 

�X�P�S� �a�n�a�l�y�s�i�s�,� �w�a�t�e�r� �a�n�d� �E�P�O�N� �®� �8�3�0� �c�o�n�t�a�c�t� �a�n�g�l�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� 

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

�i�m�m�e�d�i�a�t�e�l�y� �a�f�t�e�r� �p�l�a�s�m�a� �t�r�e�a�t�m�e�n�t� �(�t�i�m�e� �=� �0�)�,� �a�t� �2� �h�o�u�r�s�,� �a�t� �1� �a�n�d� �4� �d�a�y�s�,� �a�n�d� �a�f�t�e�r� �1�,� �2�,� �3�,� 

�7�,� �1�0�,� �1�4� �a�n�d� �1�7� �w�e�e�k�s�.� �N�o�n�p�l�a�s�m�a�-�t�r�e�a�t�e�d� �s�u�r�f�a�c�e�s� �w�e�r�e� �a�l�s�o� �a�n�a�l�y�z�e�d� �f�o�r� �c�o�m�p�a�r�i�s�o�n� 

�p�u�r�p�o�s�e�s�.� 

�3�.�6�.�3� �S�i�n�g�l�e� �L�a�p� �S�h�e�a�r� �T�e�s�t�i�n�g� 

�S�i�n�g�l�e� �l�a�p� �s�h�e�a�r� �s�a�m�p�l�e�s� �w�e�r�e� �c�o�n�s�t�r�u�c�t�e�d� �w�i�t�h� �M�e�t�l�b�o�n�d�®� �1�1�4�6� �a�c�c�o�r�d�i�n�g� �t�o� �A�S�T�M� 

�D� �3�1�6�3�-�7�3�,� �u�s�i�n�g� �a� �1�.�3� �c�m� �(�0�.�5� �i�n�.�)� �o�v�e�r�l�a�p�.� �T�h�i�s� �c�o�n�f�i�g�u�r�a�t�i�o�n� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�6�.� 

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

�s�a�m�e� �c�y�c�l�e� �d�e�s�c�r�i�b�e�d� �i�n� �S�e�c�t�i�o�n� �3�.�4�.�1�.� �H�a�l�f� �o�f� �t�h�e� �l�a�p� �s�h�e�a�r� �s�a�m�p�l�e�s� �w�a�s� �t�e�s�t�e�d� �u�n�d�e�r� 

�a�m�b�i�e�n�t� �c�o�n�d�i�t�i�o�n�s� �a�n�d� �t�h�e� �r�e�m�a�i�n�i�n�g� �h�a�l�f� �w�a�s� �p�l�a�c�e�d� �i�n� �a� �7�5�°�C� �w�a�t�e�r� �b�a�t�h� �f�o�r� �1�5� �d�a�y�s� 

�p�r�i�o�r� �t�o� �t�e�s�t�i�n�g�.� �S�p�e�c�i�m�e�n�s� �w�e�r�e� �p�u�l�l�e�d� �t�o� �f�a�i�l�u�r�e� �o�n� �a�n� �I�n�s�t�r�o�n� �4�5�0�5� �a�t� �a� �c�r�o�s�s�h�e�a�d� �s�p�e�e�d� 

�o�f� �0�.�1�2�7� �c�m�/�m�i�n�.� �(�0�.�0�5� �i�n�.�/�m�i�n�.�)�.� �B�e�t�w�e�e�n� �3� �a�n�d� �5� �s�a�m�p�l�e�s� �w�e�r�e� �t�e�s�t�e�d� �f�o�r� �e�a�c�h� �s�t�o�r�a�g�e� 

�t�i�m�e�.� 
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�F�i�g�u�r�e� �3�.�6�:� �S�c�h�e�m�a�t�i�c� �d�i�a�g�r�a�m� �o�f� �a� �s�i�n�g�l�e� �l�a�p� �s�h�e�a�r� �b�o�n�d� �c�o�n�f�i�g�u�r�a�t�i�o�n�.� 

�7�4



�3�.�7�.� �I�n�f�r�a�r�e�d� �R�e�f�l�e�c�t�i�o�n� �A�b�s�o�r�p�t�i�o�n� �S�p�e�c�t�r�o�s�c�o�p�y� �(�I�R�-�R�A�S�)�/�X�-�r�a�y� 
�P�h�o�t�o�e�l�e�c�t�r�o�n� �S�p�e�c�t�r�o�s�c�o�p�y� �(�X�P�S�)� �S�t�u�d�y� �o�f� �M�o�d�e�l� �C�o�m�p�o�s�i�t�e� 
�S�u�r�f�a�c�e�s� 

�3�.�7�.�1� �M�a�t�e�r�i�a�l�s� 

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

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

�A�r�a�l�d�i�t�e�®� �M�Y� �7�2�0� �e�p�o�x�y� �r�e�s�i�n�/�H�T� �9�7�6� �c�u�r�i�n�g� �a�g�e�n�t� �s�y�s�t�e�m� �f�r�o�m� �C�i�b�a� �G�e�i�g�y� �(�H�a�w�t�h�o�r�n�e�,� 

�N�e�w� �Y�o�r�k�)� �w�a�s� �u�t�i�l�i�z�e�d�.� �T�h�e� �s�t�r�u�c�t�u�r�e�s� �o�f� �M�Y� �7�2�0� �(�N�,�N�,�N�'�N�'�-�t�e�t�r�a�g�l�y�c�i�d�y�l�-�4�,�4�'�-� 

�m�e�t�h�y�l�e�n�e�-�b�i�s�b�e�n�z�e�n�e�a�m�i�n�e�,� �a�l�s�o� �k�n�o�w�n� �a�s� �t�e�t�r�a�g�l�y�c�i�d�y�l�m�e�t�h�y�l�e�n�e�d�i�a�n�i�l�i�n�e�)� �a�n�d� �H�T� �9�7�6� 

�(�4�,�4�'�-�d�i�a�m�i�n�o�d�i�p�h�e�n�y�l�s�u�l�f�o�n�e�)� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�7�.� �T�h�i�s� �p�a�r�t�i�c�u�l�a�r� �e�p�o�x�y� �a�n�d� �c�u�r�i�n�g� 

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

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

�s�t�r�e�n�g�t�h� �a�n�d� �c�h�e�m�i�c�a�l� �r�e�s�i�s�t�a�n�c�e� �[�1�9�]�.� 

�A� �b�i�s�m�a�l�e�i�m�i�d�e� �c�o�m�p�o�s�i�t�e� �s�u�r�f�a�c�e� �w�a�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �M�a�t�r�i�m�i�d�®� �5�2�9�2�,� �a�l�s�o� �f�r�o�m� 

�C�i�b�a� �G�e�i�g�y�.� �M�a�t�r�i�m�i�d�®� �5�2�9�2�,� �a� �t�w�o� �c�o�m�p�o�n�e�n�t� �B�M�I� �r�e�s�i�n� �s�y�s�t�e�m�,� �i�s� �a� �c�o�m�m�o�n�l�y� �u�s�e�d� 

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

�t�o� �r�e�t�a�i�n� �s�u�p�e�r�i�o�r� �m�e�c�h�a�n�i�c�a�l�!� �p�r�o�p�e�r�t�i�e�s� �a�t� �e�l�e�v�a�t�e�d� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �e�l�e�v�a�t�e�d� �h�u�m�i�d�i�t�y� �[�2�0�]� 

�M�a�t�r�i�m�i�d�®� �5�2�9�2� �p�a�r�t� �A� �i�s� �a� �4�,�4�'�-�b�i�s�m�a�l�e�i�m�i�d�o�p�h�e�n�y�l�m�e�t�h�a�n�e� �r�e�s�i�n� �a�n�d� �M�a�t�r�i�m�i�d�®� �5�2�9�2� 

�p�a�r�t� �B� �i�s� �0�,�0�'�-�d�i�a�l�l�y�l� �b�i�s�p�h�e�n�o�l� �A�;� �c�h�e�m�i�c�a�l� �s�t�r�u�c�t�u�r�e�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�8�.� 

�3�.�7�.�2�.� �T�h�i�n� �F�i�l�m� �P�r�e�p�a�r�a�t�i�o�n� 

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

�a�n�d� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �A�p�o�l�l�o� �M�e�t�a�l�s� �(�B�e�t�h�l�e�h�e�m�.� �P�A�)�.� �T�h�e�s�e� �p�l�a�t�e�s� �c�o�n�s�i�s�t� �o�f� �a� �0�.�5� �m�m� 

�s�t�e�e�l� �b�a�s�e� �p�l�a�t�e�d� �w�i�t�h� �n�i�c�k�e�l� �a�n�d� �a�p�p�r�o�x�i�m�a�t�e�l�y� �8�0� �n�m� �o�f� �c�h�r�o�m�i�u�m� �o�x�i�d�e� �o�n� �t�h�e� �o�u�t�e�r�m�o�s�t� 

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

�r�e�f�l�e�c�t�i�o�n� �a�b�s�o�r�p�t�i�o�n� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�o�s�c�o�p�y�.� 
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�H�-�  ��C�H�a�,� �|� �C�H�»� �C�H�.� �S�H� 

�w�k� �P�r�o�r�d� �p�k� �H�-�C�H�2� �C�H�a�-�Q�H�-� �v�s� 

�(�a�)� 

�F�i�g�u�r�e� �3�.�7�:� �C�h�e�m�i�c�a�l� �s�t�r�u�c�t�u�r�e�s� �o�f� �(�a�)� �A�r�a�l�d�i�t�e�®� �M�Y� �7�2�0�,� �N�,�N� �J�N�'�N�'�-�t�e�t�r�a�g�l�y�c�i�d�y�l�-�4�,�4�'�-� 
�m�e�t�h�y�l�e�n�e�b�i�s�b�e�n�z�e�n�e�a�m�i�n�e�,� �a�n�d� �(�b�)� �H�T�9�7�6�,� �4�,�4�'�-�c�l�i�a�m�i�n�o�d�i�p�h�e�n�y�l�s�u�l�f�o�n�e�.� 
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�O� �O� 
�I� �_�_� �J� 

�C�o� �p�o�r�k� �P�e� 
�O� �O� 

�H�2�C�=�C�H�-�C� 

�H�O� 

�H�p� �G�H� �_� 

�<�p� 

�(�a�)� 

�C�H�2�-�C�H�=�C�H�p�2� 

�C�H�3� 

�(�b�)� 

�F�i�g�u�r�e� �3�.�8�:� �C�h�e�m�i�c�a�l� �s�t�r�u�c�t�u�r�e�s� �o�f� �(�a�)� �M�a�t�r�i�m�i�d�®� �5�2�9�2� �P�a�r�t� �A�,� �4�,�4�'�-�b�i�s�m�a�l�e�i�m�i�d�o�-� 
�p�h�e�n�y�l�m�e�t�h�a�n�e� �r�e�s�i�n�,� �a�n�d� �(�b�)� �M�a�t�r�i�m�i�d�®� �5�2�9�2� �P�a�r�t� �B�,� �0�,�0�'�-�d�i�a�l�l�y�l� �b�i�s�p�h�e�n�o�l� �A�.� 
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�P�r�i�o�r� �t�o� �s�p�i�n�-�c�o�a�t�i�n�g�,� �3�.�8� �c�m� �x� �3�.�8� �c�m� �(�1�.�5� �i�n�.� �x� �1�.�5� �i�n�.�)� �F�e�r�r�o�t�y�p�e� �p�l�a�t�e�s� �w�e�r�e� 

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

�w�a�t�e�r� �a�n�d� �a� �K�i�m�w�i�p�e�®� �t�i�s�s�u�e�,� �r�i�n�s�e�d� �i�n� �d�e�i�o�n�i�z�e�d� �w�a�t�e�r� �a�n�d� �d�r�i�e�d� �u�n�d�e�r� �a� �s�t�r�e�a�m� �o�f� �d�r�y� 

�n�i�t�r�o�g�e�n�.� �T�h�i�s� �p�r�o�c�e�s�s� �w�a�s� �t�h�e�n� �r�e�p�e�a�t�e�d� �t�w�i�c�e�.� �U�s�i�n�g� �a� �G�a�e�r�t�n�e�r� �L�1�1�6�A� �d�u�a�l� �m�o�d�e� 

�a�u�t�o�m�a�t�i�c� �e�l�l�i�p�s�o�m�e�t�e�r� �w�i�t�h� �a� �1� �m�W� �h�e�l�i�u�m�-�n�e�o�n� �l�a�s�e�r� �l�i�g�h�t� �s�o�u�r�c�e� �f�i�x�e�d� �a�t� �a�n� �i�n�c�i�d�e�n�t� 

�a�n�g�l�e� �o�f� �7�0�°�,� �t�h�e� �a�v�e�r�a�g�e� �r�e�f�r�a�c�t�i�v�e� �i�n�d�e�x� �a�n�d� �a�b�s�o�r�p�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �t�h�e� �c�l�e�a�n�e�d� 

�c�h�r�o�m�i�u�m� �s�u�b�s�t�r�a�t�e�s� �w�e�r�e� �m�e�a�s�u�r�e�d� �t�o� �b�e� �3�.�7� �a�n�d� �-�4�.�0�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�T�o� �g�e�n�e�r�a�t�e� �d�i�l�u�t�e� �s�o�l�u�t�i�o�n�s� �o�f� �M�Y� �7�2�0�/�H�T� �9�7�6�,� �t�h�e� �m�a�n�u�f�a�c�t�u�r�e�r�-�r�e�c�o�m�m�e�n�d�e�d� 

�m�i�x�i�n�g� �r�a�t�i�o�s� �f�o�r� �t�h�e� �t�w�o� �c�o�m�p�o�n�e�n�t�s� �w�e�r�e� �f�o�l�l�o�w�e�d�.� �1�0�0� �p�a�r�t�s� �b�y� �w�e�i�g�h�t� �(�p�b�w�)� �o�f� �M�Y� 

�7�2�0� �w�e�r�e� �c�o�m�b�i�n�e�d� �w�i�t�h� �4�4� �p�b�w� �o�f� �H�T� �9�7�6� �a�n�d� �m�i�x�e�d� �t�h�o�r�o�u�g�h�l�y� �b�y� �h�a�n�d�.� �T�h�i�s� �m�i�x�t�u�r�e� 

�w�a�s� �t�h�e�n� �d�i�l�u�t�e�d� �t�o� �a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �1�.�3�%� �w�/�w� �i�n� �a� �s�o�l�v�e�n�t� �m�i�x�t�u�r�e� �c�o�n�s�i�s�t�i�n�g� �o�f� �a� �2� �p�b�w� 

�a�c�e�t�o�n�e� �t�o� �1� �p�b�w� �m�e�t�h�y�]� �e�t�h�y�l� �k�e�t�o�n�e� �(�M�E�K�)�.� �S�p�i�n�-�c�o�a�t�i�n�g� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �o�n� �a� �c�u�s�t�o�m�-� 

�b�u�i�l�t� �l�a�b� �s�p�i�n�-�c�o�a�t�e�r�.� �C�o�a�t�i�n�g�s� �w�e�r�e� �c�u�r�e�d� �b�y� �h�e�a�t�i�n�g� �i�n� �a� �f�o�r�c�e�d�-�a�i�r� �B�l�u�e� �M� �o�v�e�n�,� �u�s�i�n�g� �a� 

�c�u�r�e� �c�y�c�l�e� �c�o�n�s�i�s�t�i�n�g� �o�f� �a� �3�0� �m�i�n�u�t�e� �h�e�a�t�-�u�p� �f�r�o�m� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �t�o� �2�0�0�°�C� �a�n�d� �a� �9�0� 

�m�i�n�u�t�e� �h�o�l�d� �a�t� �2�0�0�°�C�.� �W�h�e�n� �t�h�e� �c�u�r�i�n�g� �w�a�s� �c�o�m�p�l�e�t�e�,� �s�a�m�p�l�e�s� �w�e�r�e� �a�l�l�o�w�e�d� �t�o� �c�o�o�l� �t�o� 

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

�t�h�i�c�k�n�e�s�s� �r�a�n�g�e�d� �f�r�o�m� �4�0�-�4�5� �n�m�.� 

�M�a�t�r�i�m�i�d�®� �5�2�9�2� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �p�r�o�d�u�c�e�d� �b�y� �c�o�m�b�i�n�i�n�g� �1�0�0� �p�b�w� �o�f� �P�a�r�t� �A� �a�n�d� �8�5� 

�p�b�w� �P�a�r�t� �B� �t�h�o�r�o�u�g�h�l�y� �b�y� �h�a�n�d� �a�n�d� �d�i�l�u�t�i�n�g� �w�i�t�h� �2�-�m�e�t�h�o�x�y�e�t�h�y�l� �e�t�h�e�r� �(�d�i�g�l�y�m�e�)� �t�o� �a� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �6�.�8�%� �w�/�w�.� �C�o�a�t�i�n�g�s� �w�e�r�e� �c�u�r�e�d� �b�y� �h�e�a�t�i�n�g� �i�n� �a� �f�o�r�c�e�d�-�a�i�r� �B�l�u�e� �M� �o�v�e�n�,� 

�u�s�i�n�g� �a� �c�u�r�e� �c�y�c�l�e� �c�o�n�s�i�s�t�i�n�g� �o�f� �a� �3�0� �m�i�n�u�t�e� �h�e�a�t�-�u�p� �f�r�o�m� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �t�o� �2�0�0�°�C� �a�n�d� �a� 

�6�0� �m�i�n�u�t�e� �h�o�l�d� �a�t� �2�0�0�°�C�,� �f�o�l�l�o�w�e�d� �b�y� �a� �2�0� �m�i�n�u�t�e� �h�e�a�t�-�u�p� �f�r�o�m� �2�0�0�°�C�-�2�5�0�°�C� �a�n�d� �a� �6�0� 

�m�i�n�u�t�e� �h�o�l�d� �a�t� �2�5�0�°�C�.� �W�h�e�n� �t�h�e� �c�u�r�i�n�g� �w�a�s� �c�o�m�p�l�e�t�e�,� �s�a�m�p�l�e�s� �w�e�r�e� �a�l�l�o�w�e�d� �t�o� �c�o�o�l� �t�o� 

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

�t�h�i�c�k�n�e�s�s� �r�a�n�g�e�d� �f�r�o�m� �2�5�-�2�7� �n�m�.� 
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�T�h�i�c�k� �f�i�l�m�s� �o�f� �M�Y� �7�2�0�,� �H�T� �9�7�6� �a�n�d� �M�a�t�r�i�m�i�d�®� �5�2�9�2� �p�a�r�t�s� �A� �a�n�d� �B� �w�e�r�e� �a�l�s�o� 

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

�a�b�o�u�t� �t�h�e� �i�n�d�i�v�i�d�u�a�l� �c�o�m�p�o�n�e�n�t�s�.� �S�a�m�p�l�e�s� �w�e�r�e� �h�e�a�t�e�d� �i�n� �a� �1�0�0�°�C� �o�v�e�n� �f�o�r� �2� �h�o�u�r�s� �i�n� 

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

�3�.�7�.�3� �X�P�S� �A�n�a�l�y�s�i�s� �o�f� �P�l�a�s�m�a�-�t�r�e�a�t�e�d� �F�i�l�m�s� 

�6�.�4� �m�m� �(�1�/�4� �i�n�.�)� �d�i�a�m�e�t�e�r� �d�i�s�c�s� �w�e�r�e� �p�u�n�c�h�e�d� �f�r�o�m� �t�h�e� �c�o�a�t�e�d� �F�e�r�r�o�t�y�p�e� �s�a�m�p�l�e�s� 

�a�n�d� �e�x�p�o�s�e�d� �t�o� �a� �5�0� �w�a�t�t� �o�x�y�g�e�n� �p�l�a�s�m�a� �f�o�r� �3�0� �s�e�c�o�n�d�s�,� �t�a�k�i�n�g� �c�a�r�e� �t�o� �a�v�o�i�d� �e�x�c�e�s�s�i�v�e� 

�a�b�l�a�t�i�o�n� �o�f� �t�h�e� �t�h�i�n� �f�i�l�m�s�.� �X�P�S� �a�n�a�l�y�s�i�s� �o�f� �b�o�t�h� �t�h�e� �n�o�n�-�e�x�p�o�s�e�d� �a�n�d� �p�l�a�s�m�a�-�t�r�e�a�t�e�d� �f�i�l�m�s� 

�w�a�s� �c�a�r�r�i�e�d� �o�u�t� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �p�r�o�c�e�d�u�r�e� �d�e�s�c�r�i�b�e�d� �i�n� �S�e�c�t�i�o�n� �3�.�3�.�1�.� 

�3�.�7�.�4� �I�R�-�R�A�S� �A�n�a�l�y�s�i�s� �o�f� �P�l�a�s�m�a�-�t�r�e�a�t�e�d� �] ��i�l�m�s� 

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

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

�s�u�r�f�a�c�e� �s�e�n�s�i�t�i�v�e� �a�n�a�l�y�t�i�c�a�l� �t�e�c�h�n�i�q�u�e�,� �I�R�-�R�A�S� �i�s� �h�i�g�h�l�y� �s�u�i�t�a�b�l�e� �f�o�r� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�i�n� 

�f�i�l�m�s� �o�n� �h�i�g�h� �r�e�f�r�a�c�t�i�v�e� �i�n�d�e�x� �s�u�b�s�t�r�a�t�e�s� �[�2�1�,�2�2�,�2�3�]�.� �T�h�e� �s�t�r�a�t�e�g�y� �w�h�i�c�h� �i�s� �u�s�e�d� �i�n�v�o�l�v�e�s� 

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

�s�i�g�n�i�f�i�c�a�n�t� �p�e�r�c�e�n�t�a�g�e� �o�f� �t�h�e� �e�n�t�i�r�e� �c�o�a�t�i�n�g� �t�h�i�c�k�n�e�s�s�.� �I�n� �t�h�i�s� �w�a�y�,� �s�i�g�n�a�l�s� �w�h�i�c�h� �a�r�i�s�e� �f�r�o�m� 

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

�o�b�l�i�t�e�r�a�t�e�d� �b�y� �t�h�e� �s�i�g�n�a�l�s� �o�r�i�g�i�n�a�t�i�n�g� �i�n� �t�h�e� �b�u�l�k�.� 

�P�l�a�s�m�a� �t�r�e�a�t�m�e�n�t� �o�f� �3�.�8� �c�m� �x� �3�.�8� �c�m� �(�1�.�5� �i�n�.� �x� �1�.�5� �i�n�.�)� �s�p�i�n�-�c�o�a�t�e�d� �F�e�r�r�o�t�y�p�e� 

�p�l�a�t�e�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �p�r�o�c�e�d�u�r�e� �i�n� �S�e�c�t�i�o�n� �3�.�7�.�3�.� �I�R�-�R�A�S� �e�x�p�e�r�i�m�e�n�t�s� 

�w�e�r�e� �p�e�r�f�o�r�m�e�d� �o�n� �a� �N�i�c�o�l�e�t� �5�1�0� �F�o�u�r�i�e�r� �t�r�a�n�s�f�o�r�m� �i�n�f�r�a�r�e�d� �s�p�e�c�t�r�o�m�e�t�e�r� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� 

�t�r�i�g�l�y�c�i�n�e� �s�u�l�f�a�t�e� �(�T�G�S�)� �d�e�t�e�c�t�o�r�.� �R�e�f�l�e�c�t�a�n�c�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �t�a�k�e�n� �w�i�t�h� �a� �S�e�a�g�u�l�l�®� 

�v�a�r�i�a�b�l�e� �a�n�g�l�e� �r�e�f�l�e�c�t�i�o�n� �a�c�c�e�s�s�o�r�y� �f�r�o�m� �H�a�r�r�i�c�k� �S�c�i�e�n�t�i�f�i�c� �C�o�r�p�o�r�a�t�i�o�n�,� �s�e�t� �a�t� �a�n� �i�n�c�i�d�e�n�c�e� 

�a�n�g�l�e� �o�f� �7�5�°�.� �A� �d�i�a�g�r�a�m� �o�f� �t�h�e� �S�e�a�g�u�l�l�®� �a�t�t�a�c�h�m�e�n�t� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�.�9�.� �A� �z�i�n�c� 
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�F�i�g�u�r�e� �3�.�9�:� �S�c�h�e�m�a�t�i�c� �d�i�a�g�r�a�m� �o�f� �H�a�r�r�i�c�k� �S�e�a�g�u�l�l�®� �V�a�r�i�a�b�l�e� �A�n�g�l�e� �R�e�f�l�e�c�t�i�o�n� 
�A�c�c�e�s�s�o�r�y�.� �M�'�s� �r�e�p�r�e�s�e�n�t� �f�l�a�t� �m�i�r�r�o�r�s�,� �E�'�s� �r�e�p�r�e�s�e�n�t� �e�l�l�i�p�s�o�i�d�a�l� �m�i�r�r�o�r�s�.� 
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�s�e�l�e�n�i�d�e� �p�o�l�a�r�i�z�e�r� �f�r�o�m� �S�p�e�c�t�r�a�-�T�e�c�h� �w�a�s� �p�l�a�c�e�d� �i�n� �t�h�e� �o�p�t�i�c�a�l� �p�a�t�h� �o�f� �t�h�e� �I�R� �b�e�a�m� �t�o� 

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

�n�i�t�r�o�g�e�n� �f�o�r� �3�0�-�4�5� �m�i�n�u�t�e�s� �b�e�t�w�e�e�n� �s�a�m�p�l�e�s�.� �8�0�0� �s�c�a�n�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �a�n�d� �a�v�e�r�a�g�e�d� �a�t� �a� 

�r�e�s�o�l�u�t�i�o�n� �o�f� �4� �c�m�:�!�.� �A� �c�l�e�a�n�,� �b�a�r�e� �F�e�r�r�o�t�y�p�e� �p�l�a�t�e� �s�e�r�v�e�d� �a�s� �a� �b�a�c�k�g�r�o�u�n�d�.� �D�i�f�f�e�r�e�n�c�e� 

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

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

�3�.�7�.�5� �I�R�-�R�A�S� �E�p�o�x�y� �A�d�s�o�r�p�t�i�o�n� �S�t�u�d�i�e�s� 

�I�m�m�e�d�i�a�t�e�l�y� �f�o�l�l�o�w�i�n�g� �t�r�e�a�t�m�e�n�t� �w�i�t�h� �a� �3�0� �s�e�c�o�n�d�/�5�0� �w�a�t�t� �o�x�y�g�e�n� �p�l�a�s�m�a�,� 

�p�o�l�y�m�e�r�-�c�o�a�t�e�d� �F�e�r�r�o�t�y�p�e� �p�l�a�t�e�s� �w�e�r�e� �i�m�m�e�r�s�e�d� �i�n� �a� �b�a�t�h� �o�f� �n�e�a�t� �E�P�O�N�®� �8�3�0� �(�n�o� 

�a�d�d�i�t�i�o�n�a�l� �c�r�o�s�s�l�i�n�k�e�r� �a�d�d�e�d�)�.� �T�h�e� �p�o�l�y�m�e�r�-�c�o�a�t�e�d� �s�l�a�t�e�s� �w�e�r�e� �t�h�e�n� �h�e�a�t�e�d� �i�n� �t�h�e� �E�P�O�N�®� 

�8�3�0� �b�a�t�h� �a�t� �1�8�0�°�C� �f�o�r� �o�n�e� �h�o�u�r� �i�n� �a� �c�o�n�v�e�c�t�i�o�n� �o�v�e�n�.� �F�o�l�l�o�w�i�n�g� �t�h�i�s� �t�h�e�r�m�a�l� �t�r�e�a�t�m�e�n�t�,� 

�e�x�c�e�s�s� �E�P�O�N�®� �8�3�0� �w�a�s� �d�r�a�i�n�e�d� �f�r�o�m� �t�h�e� �s�a�m�p�l�e� �s�u�r�f�a�c�e�s� �a�n�d� �t�h�e� �s�a�m�p�l�e�s� �t�h�e�n� �s�u�b�j�e�c�t�e�d� 

�t�o� �r�e�p�e�a�t�e�d� �r�i�n�s�e�s� �w�i�t�h� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �s�o�l�v�e�n�t� �i�n� �a� �s�h�a�k�e�r� �j�a�r�.� �S�i�x� �1� �m�i�n�u�t�e� �r�i�n�s�e�s� �w�e�r�e� 

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

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

�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�n� �d�r�i�e�d� �u�n�d�e�r� �a� �s�t�r�e�a�m� �o�f� �n�i�t�r�o�g�e�n�.� �N�o�n�-�p�l�a�s�m�a�-�t�r�e�a�t�e�d� 

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

�I�R�-�R�A�S� �a�n�a�l�y�s�i�s� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �a�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e� �i�n� �S�e�c�t�i�o�n� �3�.�7�.�4� �o�n� �t�h�e� �n�o�n�-� 

�t�r�e�a�t�e�d� �a�n�d� �p�l�a�s�m�a�-�t�r�e�a�t�e�d� �s�u�r�f�a�c�e�s� �a�n�d� �t�h�e� �p�l�a�s�m�a�-�t�r�e�a�t�e�d� �s�u�r�f�a�c�e�s� �e�x�p�o�s�e�d� �t�o� �E�P�O�N�®� 

�8�3�0�.� �N�e�a�t� �E�P�O�N�®� �8�3�0� �w�a�s� �a�l�s�o� �a�n�a�l�y�z�e�d� �b�y� �I�R�-�R�A�S� �i�n� �o�r�d�e�r� �t�o� �i�d�e�n�t�i�f�y� �t�h�o�s�e� �p�e�a�k�s� 

�w�h�i�c�h� �w�e�r�e� �u�n�i�q�u�e� �t�o� �i�t� �a�n�d� �w�h�i�c�h� �w�o�u�l�d� �n�o�t� �b�e� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �s�p�e�c�t�r�a� �o�f� �M�Y� �7�2�0�/�D�D�S� 

�o�r� �M�a�t�r�i�m�i�d�®� �5�2�9�2�.� 
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