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(ABSTRACT) 

The use of plasma-sprayed coatings as surface pretreatments for adhesive bonding 

has been investigated. Increased pressure by the Environmental Protection Agency and 

other environmental groups has prompted the search for environmentally safe methods of 

pretreating metals before bonding. Plasma spraying techniques may offer an appropriate 

non-chemical-solution method to prepare metal surfaces for adhesive bonding. The 

technique has the capability of coating an adherend with almost any chemical compound. 

Plasma spraying techniques allow for optimization of coating characteristics such as 

thickness, porosity, and uniformity. Both the chemical and the physical properties of an 

adherend surface coating influence the durability performance in a bonded sample. 

Polymer and inorganic powders were plasma-sprayed on aluminum and titanium. Polymer 

powders included an epoxy, a polyester, a bismaleimide/cyanate ester mixture, and a 

bismaleimide/LARC TPI 1500 mixture. Inorganic powders, Al903, AIPO4, MgO, and 

SiO2 were sprayed on aluminum adherends, and TiO2, TiSiz, MgO, and SiO» were 

sprayed on titanium adherends. Inorganic coatings were sprayed at two different coating 

thicknesses. Surface analytical techniques, X-ray Photoelectron Spectroscopy (XPS) and 

Scanning Electron Microscopy/Energy Dispersive X-ray analysis (SEM/EDX), were used 

for the surface characterization of the plasma-sprayed adherends and failure surfaces.



XPS results suggest that the chemical state of an element is sometimes altered during the 

plasma spraying process. SEM photomicrographs reveal various topographical differences 

in the sprayed coatings. All polymer powders were smooth with the exception of the 

bismaleimide/polyimde samples. The inorganic specimens exhibited differences in coating 

uniformity and surface morphology. 

The strength and durability of samples where the plasma-sprayed coatings were 

used as surface pretreatments for adhesive bonding were evaluated by loading the bonded 

specimens with either a peel or a shear stress and cycling the specimens through an 

environmental cycle that would simulate use conditions. The durability tests suggest that 

many of the samples prepared using thin plasma-sprayed coatings had crack growths and 

failure modes equivalent to reference specimens, phosphoric acid anodized aluminum and 

Turco 5578 treated titanium.
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1. INTRODUCTION 

The principal requirement for an adhesive bond is that the bond maintain its 

integrity in the structure under the use conditions during the lifetime of the structure. 

Many components contribute to the strength and durability of an adhesive bond including 

the adhesive, the adherend, the surface preparation, the use conditions, and the bond 

geometry. Due to increased pressure by the EPA and other environmental groups, the 

aerospace and other industries that rely on adhesive bonding are being forced to search for 

surface pretreatments that are more environmentally safe. Plasma spray techniques offer 

an appropriate non-solution method to prepare metal surfaces for adhesive bonding. The 

purpose of these studies was to evaluate the bond strength and durability of adhesive 

joints using plasma-sprayed coatings as surface pretreatments. 

In an attempt to recognize the factors that can be controlled in the preparation of 

adhesive bonds, Kinloch has discussed [1] the significance of factors such as wetting, 

chemical bonds, and mechanical interactions in producing durable bonds. Wetting 

phenomena are based on the surface energies of the adherend and the adhesive. Metal 

oxides have high surface energies, which promote wetting with the polymer components 

of an adhesive [2,3]. The process of wetting is enhanced by the formation of chemical 

bonds including hydrogen bonds, acid/base [3], and donor/acceptor [4] interactions. 

Another contributor to the strength and durability of adhesive bonds is mechanical 

interlocking. Bickerman suggests that mechanical coupling between a rough adherend and 

adhesive could account for bond strength [5]. However, other studies [6] have shown 

that mechanical coupling cannot fully account for bond strength and may even result in 

points of stress and weakness in a bond. Therefore, as the debate continues over which 

factor (chemical bonds or mechanical interactions) is responsible for bond strength, it is 
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acknowledged for these studies that both interactions contribute to some extent to bond 

strength and durability. 

Initial wetting and bond strength become insignificant if the adhesive joint has poor 

durability. In practical use conditions for aircraft components and structures, bonded 

systems under stress must endure cyclical changes in humidity, atmospheric conditions, 

and temperature; interactions with various fluids and greases; and mechanical fatigue. 

Therefore, durability measurements carried out under static conditions would not insure 

satisfactory performance under true use conditions. Many studies have been done to 

determine the effects of liquid environments on adhesive joint durability [7,8]. The studies 

show that exposure to moisture decreases bond strength and durability, but the studies do 

not consider how the adhesive joint would be affected if it were exposed to constantly 

changing environments. There are at least four processes that can lead to environmental 

failure [1]: 1) failure of adhesive/adherend interfacial bonds due to adsorbed water 2) 

hydration and destruction of the metal oxide structure 3) chemical degradation of 

boundary layers in the adhesive, and 4) corrosion. The presence of porous oxides can 

reduce water penetration of the bond-line. As the adhesive penetrates the pores it reduces 

the ingress of water at the adhesive/metal interface. However, pretreatments producing 

highly roughened surfaces can result in areas of non-contact between the adhesive and the 

adherend, which facilitate free movement of water in and out of the bond-line. Also, 

should the adhesive not penetrate the pore volume, water can build up in the pore, hydrate 

the oxide, and ultimately lead to corrosion of the metal substrate [6]. In general, the 

integrity of the adherend surface structure and chemistry dictates the durability of adhesive 

bonds. 

The role of a surface treatment is to promote highly stable adhesive-adherend 

interactions. High stability is accomplished by making the chemistry of the adherend and 
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adhesive compatible [1,3,4] so that robust oxides are present and weak boundary layers 

are removed. The common surface preparations used to enhance durability for adhesive 

bonding of metals include aqueous chromic-sulfuric acid treatment, aqueous ferric salt- 

sulfuric acid treatment, phosphoric and chromic acid anodization for aluminum, as well as, 

grit blasting and chromic acid or sodium hydroxide anodization for titanium [9]. Although 

these methods for surface preparation yield strong durable bonds, they require 

maintenance of chemical supplies, appropriate reaction vessels, and handling and disposing 

of waste. Also, pretreatments such as phosphoric acid anodization (PAA) are unstable 

above 150°C [10,11], and titanium alloys experience oxide dissociation at elevated 

temperatures [11-13]. Also of concern is the reproducibility of surface chemistry and 

morphology of chemically prepared surfaces. Small changes in preparation conditions can 

result in large changes in bond strength and durability [2]. 

Plasma spraying has been used for decades to spray coatings used for anti- 

corrosion, wear resistance, and thermal barriers [14-20]. A plasma can be defined as a 

"highly ionized state of mass, consisting of molecules, atoms, ions, and light quanta" [21]. 

In the fundamental process that occurs during plasma spraying, a fine powder is 

introduced into a gas plasma at elevated temperatures where it becomes molten and is 

projected on to a substrate. See Figure 1. After the molten material hits the substrate, it 

resolidifies, having properties much different than the original powder [21]. 
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Figure 1. Schematic Diagram of Plasma Spraying Apparatus 

Studies have shown that plasma-sprayed coatings adhere well to metal substrates 

due to interdiffusion of the coating into the metal [22-25]. This interdiffusion becomes 

even greater when a surface preparation such as grit blasting or gaseous plasma spraying 

(no powder is injected) is used to roughen the surface and remove contaminants prior to 

plasma spraying a coating onto the surface [11]. Upon initial contact, the molten particles 

can infiltrate the cracks and pores of the substrate or the layer of coating already 

deposited, thus promoting good cohesion. Good adhesion is enhanced by particles being 

molten and by particles impacting the substrate with good momentum [20]. 

The temperatures within a plasma make it possible to coat an adherend with almost 

any chemical compound, including polymeric materials. The temperatures within the 

plasma are dependent on the gas that is used. Common gases used are Ar, He, N2, and 

H2, whose plasmas have temperatures ranging from 5000 K-30000 K. Temperatures 

exceeding 10000 K occur only at the nozzle center and 20 nm out from the center of the 
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plasma [21]. Plasma formation is based on dissociation and ionization. Diatomic 

molecules have added heat due to the dissociation of the molecules into atoms. The 

degree of ionization depends on the plasma gas and the working parameters, therefore, the 

working parameters must be optimized to obtain the maximum temperatures for melting 

particles. Recent developments have shown that by combining as many as three different 

gases, temperatures can be obtained to improve the melting of many refractory materials 

[21]. 

Also, plasma spraying permits optimization of the coating thickness and porosity 

as needed to enhance durability. Conditions such as pressure, nozzle dimensions, gas flow 

rate, gas chemistry, and powder particle size are manipulated to give coatings of desired 

thickness, chemistry, and porosity. Plasma spraying at atmospheric pressure produces 

porous coatings, which are undesirable as thermal and anti-corrosion barriers. Techniques 

such as vacuum spraying and high velocity oxygen fuel (HVOF) can be used to produce 

less porous coatings [26]. However, porous coatings may be useful in adhesive bonding 

because of the increased surface area that is exposed for interacting with the adhesive. 

Porous coatings are formed when the liquid particles strike the adherend and begin to 

cool, as more particles impact the substrate spaces between the particles begin to develop. 

The porosity of a coating can be changed by altering the temperature and velocity of the 

particles. Porosity is increased by decreasing the temperature and velocity. Another way 

of controlling the porosity of the sprayed coating is to control the particle size of the 

powder to be sprayed; large particles will not be completely molten and may produce 

porous coatings [20]. 

Another advantage of the technique is that the chemistry of the coating can be 

changed to be more compatible with the adhesive. This can be accomplished by the 

obvious way of spraying a powder that has the desired chemistry. In low pressure plasma 
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systems reactive gases can be introduced, which react at high temperatures with the 

powder being sprayed [27]. It has been suggested that the microstructure and therefore 

the coating performance changes with coating thickness; the formation of the first layer of 

coating is dependent upon the metal substrate, but all subsequent layers depend on the 

morphology and temperature of the previously deposited layer [28]. In this thesis spray 

parameters were adjusted to control only the coating thickness. Attempts to optimize 

spray conditions and parameters to give the desired coatings are phenomenal in number 

and are well documented in the literature [29-31]. Unfortunately, little work has been 

done with plasma-sprayed coatings as related to adhesive bonding, but because the 

technique can produce coatings of different chemistries and morphology (both of which 

are important in adhesive bonding) it appears to be a promising alternative to current 

pretreatment methods. The studies that have been performed by others using plasma- 

sprayed coatings as surface pretreatments for adhesive bonding suggest that plasma- 

sprayed coatings provide bond strengths equal to or only slightly less than current 

pretreatments such as chromic acid anodization. However, these studies also suggest that 

adhesive bonds using plasma-sprayed coatings as surface pretreatments do not maintain 

their integrity when exposed to humidity [11,32]. 

Since little work has been done on evaluating plasma-sprayed coatings for 

adhesive bonding, a number of powders were sprayed to provide coatings with different 

characteristics (both chemical and physical). For these experiments powders with different 

acid-base properties such as Si07, MgO, and TiSi9 were sprayed in hopes of promoting 

chemical bonding between the coating and the adhesive. Also chosen were AlyO3 and 

TiO because the most common practice in surface preparation is removing an old oxide 

and replacing it with a new one. AIPO4 was chosen because phosphate species enhance 

durability of adhesively bonded joints by preventing penetration of moisture at the 
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adherend/adhesive interface [33,34]. Polymers were selected to provide different 

chemistries. The polymer plasma-sprayed coatings act as a primer in these adhesive joints. 

This thesis will cover a broad range of topics, all of which contribute significantly to the 

evaluation of plasma-sprayed coatings. The main objectives are 1) To evaluate the 

coatings’ chemistries and morphologies in hopes of obtaining information about the plasma 

spraying process, 2) To investigate the durability of the plasma-sprayed coatings as part of 

an adhesive joint under environmental conditions that would be experienced during aircraft 

flight, 3) To develop a testing method that will apply a pure shear stress to a test specimen 

and evaluate the difference in failure mode between the torsional shear stress specimens 

and the wedge peel stress specimens, and 4) To determine the effects of coating thickness 

on failure rates and failure modes. 
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2. EXPERIMENTAL 

2.1 Sources of Metal Adherends (butt-torsion and wedge specimens) 

Aluminum adherends were purchased from McMaster in New Jersey. Aluminum 

6061 was received as 1" x 6'x 0.25" (2.54 cm x 182.9 cm x 0.635 cm) strips, which were 

cut into the desired 1" x 4" x 0.25" (2.54 cm x 10.2 cm x 0.635 cm) test panels. Also 

supplied by McMaster were the aluminum 2024 T4 hex head bolts used in the butt-torsion 

tests. The bolt dimensions were roughly 2" x 0.375" (5.1 cm x 0.952 cm). _ It was 

necessary that all bolts be machined to 2.2107" + 0.0002" (5.6150 cm + 0.0005 cm) to 

control the bond-line thickness and to permit appropriate positioning in the torsion testing 

device. 

Presidential Titanium in Massachusetts supplied titanium-6A]-4V flats and hex 

head bolt specimens. The flats were received pre-cut to the desired 1" x 4" 0.090" (2.54 

cm x 10.2 cm x 0.229 cm). The bolts were machined to give the dimensions 2.1530" + 

0.0002" x 0.375" (5.4690 cm + 0.0005 cm x 0.952 cm). 

2.2 Plasma Spraying 

2.2.1 Plasma-Sprayed Polymers 

Plasma spraying of polymers was carried out at Applied Polymer Systems (APS) in 

Tampa, FL. Before plasma spraying, metal adherends were grit blasted with Al703, 80 

grit, at 60 psi., then wiped with methyl ethyl ketone (MEK). Spray parameters were as 

follows: 
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e Gas mixture = pure argon 

e A fluidized bed was used to spray the epoxy and polyester. The fluid was at 40 psi. 

and the powder was at 10 pst. 

e A rotary hopper was used to spray the bismaleimide (BMI) / cyanate ester (CE) and 

the Bismaleimide (BMI) / Langley Research Center Thermoplastic Imide (LARC TPI 

1500) at 10 rpm, power gas 1, and 20 psi. 

e Spray distance was approximately 3"-8" (8 cm - 20 cm ). 

e« Coating thickness = 0.003"- 0.005" (8 x 10-3 cm-1x 10-2 cm). 

The original plan was to spray polyether ether ketone (PEEK) and a polyimide on 

aluminum and titanium. However, attempts to spray the two pure powders were 

unsuccessful. PEEK flowed well through the plasma gun, but resolidified before reaching 

the metal substrate; a result that led to failure of the polymer to adhere to the metal 

substrate. Adjustments in the plasma gun parameters were made to correct the problem, 

but doing so resulted in decomposition of the PEEK polymer. The polyimide flowed 

easily through the plasma gun but decomposed under all experimental conditions. The 

personnel at APS noted that the addition of BMI improved the conditions for spraying 

several polymers. To obtain a polyimide coating, a different polyimide (LARC TPI 1500) 

was combined with a BMI (50:50 w/w) and was sprayed successfully on to aluminum and 

titanium. No attempt was made to spray a BMI/PEEK mixture. As an alternative, it was 

decided that additional polymer materials should be obtained, in the effort to prepare 

surfaces containing polymer coatings. The additional polymer materials were a BMI/CE 

mixture (40:60 w/w), a polyester, and an epoxy, which provided a variety of coating 

chemistries. Eight epoxy and eight polyester panels and bolts were sprayed, which 

allowed the preparation of four test specimens of each coating. Because of their low cure 

temperatures, the epoxy and polyester coated adherends were not bonded with the 
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polyimide adhesive, which requires a 260°C (500°F) post-cure. Twelve BMI/CE and 

twelve BMI/LARC TPI 1500 panels and bolts were sprayed. Three of each type of 

specimen were bonded with epoxy, and three were bonded with polyimide. Each coating 

was sprayed on a test specimen made of steel. The test specimens were used for surface 

characterization of the coatings. Table 1 lists the polymers and suppliers that were used: 

Table 1. Polymer Powders and Their Suppliers 

Polymer Supplier 

Epoxy: Everclear epoxy Fuller Obrien 

Polyester: Crystal clear, Tri Glycidal Isocyanurate polyester Fuller Obrien 
BMI: Compimide (R) MDAB (or) 4,4' Bismaleimidopheny! methane Shell Co. 

Cyanate ester: PT 60 (or) phenolic triazine resin Allied Signal 

LARC-TPI 1500 Mitsui-Toatsu 

2.2.2 Plasma-Sprayed Inorganic Compounds 

Plasma spraying of inorganic coatings was done at Engineered Coatings in 

Hartford, CT. The selection of inorganic species was based upon their chemistry. Two 

coatings, MgO and SiO», were sprayed on both aluminum and titanium. AIPO4 and 

Al5O3 were sprayed on aluminum, and TiSiz and TiO2 were sprayed on titanium. The 

powders to be sprayed were purchased by Engineered Coatings, so the particle sizes and 

purities were to their specifications. All coatings were sprayed to a thickness of 0.001" (3 

x 10-3cm) and 0.006" (2 x 10-2 cm) , except S109 which was sprayed at 0.001" (3 x 107 

3c¢m) and 0.002" (5 x 10-3 cm). Although SiO7 adhered well to the substrate, the 

particles did not adhere to one another beyond a coating thickness of 0.002" (5 x 10-3 

cm). Sixteen panels and bolts were sprayed for each coating at each thickness, thus 

permitting eight specimens to be bonded and tested. All inorganic coatings were bonded 
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with both the epoxy (4 specimens) and polyimide (4 specimens) adhesives. Aluminum test 

panels were sprayed with each coating material to determine the coating thickness. These 

test panels were used to carry out the surface characterization. Table 2 is a list of the 

powders that were sprayed, the particle size in microns, the melting point, the purity, and 

the supplier. 

Table 2. Inorganic Powders' Characteristics and Their Suppliers 

    

Powder Particle size-um Melting Point Purity Supplier 

Aln03--25 +5 2072°C 98% Metco 105SF 
Ti0>  ~=—- -53. +10 2130°C 99% Metco 102 
TiSi9 -105 + 44 1760°C 99.9% Atlantic Equipment Engineers 
MgO -44+ 10 2852°9C 95% Cerac M-1139 

Si0> -44+ 10 1500°C 99.9% Atlantic Equipment Engineers 
AlPO,g = -44 +5 >1500°C Not available City Chemical, New York 

2.3 Preparation of Surface Treated Metals for Reference 

2.3.1 Aluminum surface preparation 

Aluminum panels were cleaned by wiping with methylene chloride. Clean aluminum was 

then immersed in 5% (w/w) aqueous NaOH at 60°C for 3 min., followed by rinsing in 

50% (v/v) aqueous concentrated nitric acid for 1 min. Specimens were rinsed in deionized 

(DI) water for 1 min. Anodization was carried out in 15% (w/w) aqueous phosphoric acid 

at a current density of 12 amps/ft? (129 amps/m2) for 20 min. The phosphoric acid 

solution beaker was immersed in an ice water bath during anodization. Anodized 
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aluminum was rinsed in DI water at room temperature for 3 min., then air dried and 

stored in a desiccator until bonded. 

2.3.2 Titanium surface preparation 

Titanium-6-4 samples were grit blasted with Si0> grit. The grit size used was roughly 

100 grit. Grit blasted specimens were washed in alcohol to remove excess grit and air 

dried. The aforementioned specimens were cleaned in Turco 5578 solution, 

(37.6g/1000mL HO) at 70-80°C for 5 min., then rinsed in DI water for 5 min. Turco 

5578 solution, (360g/1000mL HO) at 80-100°C for 10 min. was used to etch the 

specimens. A final soak in DI water was done at 60-70°C for 2 min. Samples were blow 

dried with helium and stored in a desiccator until bonded. 

2.4 Adhesive Bonding 

The adhesives selected for this study were AF-191 epoxy, 3M Company, St. Paul, 

MN and FM-36 polyimide, American Cyanamid, Havre de Grace, MD. Both adhesives 

were films 0.015" (3.8 x 10-2 cm) thick with a glass carrier 0.0045" thick (1.1 x 10-2 

cm). The adhesives were bonded using the manufacturers' recommended procedures. 

2.4.1 Epoxy Adhesive (AF-191) Application 

Primer solution (Scotchweld EC-3917) was applied as received using a paint brush. The 

coating was allowed to cure at room temperature for 30 min. The specimen was then 

heated in a forced air oven at 120°C (248°F) for 30 min. The primer solution was only 

applied to the PAA and Turco 5578 reference standards when bonding with the epoxy 

adhesive. No primer was used when bonding the plasma-sprayed adherends. 
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Epoxy adhesive film (AF-191) was positioned between the adherends and the specimen 

was placed on a PHI compression bench press platen which had been heated to 93°C 

(200°F). A pressure of 40 psi was applied and the specimen was heated at a rate of 

17°C/min. (30°F/min.) to 177°C (350°F). After reaching 177°C (350°F), the samples 

were held at this temperature for 60 min. The specimens were then cooled at a rate of 

6°C/min. (10°F/min.) to 93°C (200°F) before removing the pressure. Bonded samples 

were removed from the press and placed in a desiccator until initiating the environmental 

durability tests. 

2.4.2 Polyimide Adhesive (FM-36) Application 

Polyimide adhesive film (FM-36) was positioned between the adherends and the specimen 

was placed on a PHI compression bench press platen that had been heated to 93°C 

(200°F). A pressure of 40 psi was applied and the specimen was heated at a rate of 

17°C/min. (30°F/min.) to 177°C (350°F) and was held at this temperature for 90 min. 

The specimens were removed from the press then post-cured by placing them in an oven 

with no pressure applied at 260°C (500°F) for 3 hrs. Bonded samples were removed from 

the oven and placed in a desiccator until initiating the environmental durability tests. 

The bond-line thickness was 0.010" (3 x 10-2 cm) for the wedge specimens and 

0.005" (1 x 10-2 cm) for the butt-torsion specimens. The thicker bond-line was selected 

for the wedge specimens because compressing the specimen to obtain thinner bond-line 

dimensions resulted in excessive adhesive being deposited along the edges of the adherend 

where crack migration measurements were to be made. Also, it was necessary to leave 

the top 3/4" (1.9 cm) of the flats unbonded to facilitate wedge insertion; compression 

beyond 0.010" (3 x 10-2 cm) made it difficult to prevent bonding of the top 3/4" (1.9 cm). 
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Butt-torsion bond-lines were not increased to 0.010" (3 x 10-2 cm) because experiments 

suggested that such an increase would decrease the torsional strength by a factor of two. 

The bolt bonding apparatus (Figure 2) was used to control the bond line thickness. The 

shims were different for bonding the aluminum and titanium bolts due to the difference in 

bolt lengths. The shim length can be calculated by summing: [2 (bolt length) + 2 (coating 

thickness) + 0.005"]. A similar apparatus was built to bond the wedge specimens (Figure 

3). Figure 3 shows a one specimen in the bonding apparatus, but the apparatus actually 

bonds four specimens at a time. Shim dimensions can be calculated by summing: [2 

(adherend thickness) + 2 (coating thickness) + 0.010"]. 
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Figure 2. Butt-torsion Bonding Apparatus 
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Figure 3. Wedge Specimen Bonding Apparatus 

2.5 X-ray Photoelectron Spectroscopy 

The x-ray photoelectron spectrometer (XPS) used for these studies was a PHI 

Perkin Elmer model 5400. Data were processed by an Apollo domain series 3500 

computer using Perkin Elmer software, version 4.0p. 

For these experiments a Mg anode was used. The x-ray generator was operated at 

15 keV, 400 watts, and an emission current of 30 mA. By knowing the energy of the x- 

ray source (1253.6 eV for magnesium Ka), the work function, and by measuring the 

kinetic energy of the ejected electron, the binding energy of the electron can be found by 

using the following equation: E,=hv-E,-@., where Ep is the binding energy, hu is the 

photon source energy, E, is the kinetic energy, and @g is the work function [35]. 

Calibration of the instrument was accomplished by setting the hydrocarbon carbon 

1s photopeak at 284.6 eV or using the gold calibration procedure described in the next 

section. Calibration allowed for experimental binding energies to be corrected and 

chemical states to be assigned based on reference standards [35]. 
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�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� �f�r�o�m� �p�h�o�t�o�p�e�a�k� �a�r�e�a�s�.� �T�h�e� �P�e�r�k�i�n� �E�l�m�e�r� 

�4�.�0�R� �s�o�f�t�w�a�r�e� �p�a�c�k�a�g�e� �c�a�l�c�u�l�a�t�e�s� �t�h�e� �a�t�o�m�i�c� �c�o�n�c�e�n�t�r�a�t�i�o�n� �b�y� �t�h�e� �f�o�l�l�o�w�i�n�g� �e�q�u�a�t�i�o�n�:� 

� � 

� � �%� �A�t�o�m�i�c� �C�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �e�l�e�m�e�n�t�x� �=� 

� � 

�w�h�e�r�e� �n�=� �#� �o�f� �r�e�g�i�o�n�s�,� �I�=� �t�h�e� �p�e�a�k� �a�r�e�a�,� �S�=� �p�e�a�k� �a�r�e�a� �s�e�n�s�i�t�i�v�i�t�y�,� �a�n�d� �T�=� �T�o�t�a�l� �a�c�q�u�i�s�i�t�i�o�n� 

�t�i�m�e� �p�e�r� �d�a�t�a� �p�o�i�n�t� �[�3�5�]�.� �A�t�o�m�i�c� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�r�e� �r�e�p�o�r�t�e�d� �t�o� �t�h�e� �n�e�a�r�e�s�t� �t�e�n�t�h� �o�f� �a� 

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

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

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

�s�t�a�t�e� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �b�y� �u�s�i�n�g� �G�a�u�s�s�i�a�n� �c�u�r�v�e�s� �w�i�t�h� �a� �l�i�n�e�a�r� �b�a�s�e�l�i�n�e�.� �T�h�e� �p�h�o�t�o�p�e�a�k�'�s� 

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

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

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

�h�a�l�f� �m�a�x� �(�F�W�H�M�)� �f�o�r� �t�h�e� �c�u�r�v�e� �r�e�s�o�l�v�e�d� �c�a�r�b�o�n� �p�e�a�k�s� �w�a�s� �s�e�t� �a�t� �1�.�6� �e�V�.� �T�h�e� �c�o�m�p�u�t�e�r� 

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

�p�o�s�i�t�i�o�n� �a�n�d� �t�h�e� �F�W�H�M� �b�y� �+� �0�.�1�.� 

�2�.�6� �S�p�u�t�t�e�r�i�n�g� �o�f� �G�o�l�d� 

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

�S�1�5�0�B�.� �T�h�e� �s�p�u�t�t�e�r� �c�o�a�t�e�r� �h�a�d� �a� �d�e�p�o�s�i�t�i�o�n� �r�a�t�e� �o�f� �1�0�0� �A�n�g�s�t�r�o�m�s�/�m�i�n�.� �T�h�e� �X�P�S� 
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�a�n�a�l�y�z�e�d� �e�l�e�c�t�r�o�n�s� �f�r�o�m� �t�h�e� �t�o�p� �5�0� �A�n�g�s�t�r�o�m�s�,� �s�o� �i�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�h�a�t� �t�h�e� �g�o�l�d� �c�o�a�t�i�n�g� �b�e� 

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

�w�h�i�c�h� �g�a�v�e� �a� �g�o�l�d� �c�o�a�t�i�n�g� �o�f� �<� �5� �A�n�g�s�t�r�o�m�s�.� 

�2�.�7� �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� 

�F�o�r� �t�h�e�s�e� �s�t�u�d�i�e�s�,� �S�E�M� �w�a�s� �u�s�e�d� �t�o� �s�t�u�d�y� �t�h�e� �m�o�r�p�h�o�l�o�g�y� �o�f� �t�h�e� �p�l�a�s�m�a�-�s�p�r�a�y�e�d� 

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

�m�o�u�n�t�e�d� �o�n� �d�o�u�b�l�e� �s�t�i�c�k� �t�a�p�e�.� �G�o�l�d� �w�a�s� �s�p�u�t�t�e�r�e�d� �o�n�t�o� �t�h�e� �s�p�e�c�i�m�e�n�s� �f�o�r� �2�-�4� �m�i�n�.� �i�n� 

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

�o�n�t�o� �t�h�e� �s�i�d�e� �o�f� �t�h�e� �s�a�m�p�l�e� �a�n�d� �o�n�t�o� �t�h�e� �s�a�m�p�l�e� �m�o�u�n�t�.� �A�n� �I�S�I� �S�X�4�0� �i�n�s�t�r�u�m�e�n�t� �w�i�t�h� �a� 

�T�r�a�c�o�r �� �N�o�r�t�h�e�r�n� �5�4�0�2� �E�D�X� �u�n�i�t� �w�a�s� �u�s�e�d� �t�o� �o�b�t�a�i�n� �t�h�e� �s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� 

�p�h�o�t�o�m�i�c�r�o�g�r�a�p�h�s�.� �T�h�e� �e�l�e�c�t�r�o�n� �b�e�a�m� �e�n�e�r�g�y� �w�a�s� �2�0� �k�e�V� �a�n�d� �p�h�o�t�o�m�i�c�r�o�g�r�a�p�h�s� �w�e�r�e� 

�t�a�k�e�n� �a�t� �s�e�v�e�r�a�l� �m�a�g�n�i�f�i�c�a�t�i�o�n�s�.� 

�2�.�8� �M�e�c�h�a�n�i�c�a�l� �T�e�s�t�i�n�g� 

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

�d�i�f�f�e�r�e�n�t� �t�e�s�t� �g�e�o�m�e�t�r�i�e�s�:� �1�)� �w�e�d�g�e� �t�e�s�t� �(�B�o�e�i�n�g� �d�o�u�b�l�e� �c�a�n�t�i�l�e�v�e�r� �b�e�a�m�)� �a�n�d� �2�)� �b�u�t�t�-� 

�t�o�r�s�i�o�n� �t�e�s�t�.� �T�h�e� �w�e�d�g�e� �t�e�s�t� �i�s� �a� �p�e�e�l� �t�e�s�t� �a�n�d� �i�s� �p�i�c�t�u�r�e�d� �i�n� �F�i�g�u�r�e� �4�.� �T�h�e� �w�e�d�g�e�,� �w�h�i�c�h� 

�w�a�s� �m�a�d�e� �o�f� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l�,� �w�a�s� �i�n�s�e�r�t�e�d� �u�n�t�i�l� �a� �c�r�a�c�k� �w�a�s� �s�t�a�r�t�e�d� �(�a�p�p�r�o�x�i�m�a�t�e�l�y� �3�/�4�"� �o�r� 

�1�.�9� �c�m�)�.� �A�l�l� �w�e�d�g�e�s� �w�e�r�e� �i�n�s�e�r�t�e�d� �t�o� �t�h�e� �s�a�m�e� �p�o�i�n�t� �o�n� �t�h�e� �w�e�d�g�e� �t�o� �i�n�s�u�r�e� �t�h�a�t� �a�n� �e�q�u�a�l� 

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

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

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

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

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

�a� �p�a�p�e�r� �b�y� �H�a�r�p� �[�3�7�]�.� �T�w�o� �h�e�x� �h�e�a�d� �b�o�l�t�s� �w�e�r�e� �b�o�n�d�e�d� �e�n�d�-�t�o�-�e�n�d�,� �a�n�d� �w�e�r�e� �t�h�e�n� �p�l�a�c�e�d� 

�b�e�t�w�e�e�n� �t�h�e� �u�p�p�e�r� �a�n�d� �l�o�w�e�r� �s�o�c�k�e�t�s�.� �A� �t�o�r�q�u�e� �w�r�e�n�c�h� �w�a�s� �p�l�a�c�e�d� �o�n� �t�h�e� �u�p�p�e�r� �s�o�c�k�e�t� 

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

�a�t� �t�h�e� �d�e�s�i�r�e�d� �t�o�r�q�u�e�,� �w�h�i�c�h� �w�a�s� �1�8�-�2�0�%� �o�f� �t�h�e� �u�l�t�i�m�a�t�e� �t�o�r�q�u�e� �i�t� �t�o�o�k� �t�o� �b�r�e�a�k� �t�h�e� 

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

�a�n� �I�n�t�s�r�o�n� �1�1�2�5� �a�d�a�p�t�e�d� �w�i�t�h� �a� �t�o�r�s�i�o�n�a�l� �l�o�a�d� �c�e�l�l�.� �T�h�e� �I�n�s�t�r�o�n� �v�a�l�u�e�s� �g�i�v�e�n� �i�n� �T�a�b�l�e� �3� 

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

�T�a�b�l�e� �3�.� �U�l�t�i�m�a�t�e� �T�o�r�s�i�o�n�a�l� �S�t�r�e�n�g�t�h� �f�o�r� �R�e�f�e�r�e�n�c�e� �S�p�e�c�i�m�e�n�s� 

� � 

�M�e�t�a�l� �a�d�h�e�r�e�n�d�s� �|� �E�p�o�x�y� �a�d�h�e�s�i�v�e� �|� �P�o�l�y�i�m�i�d�e� �a�d�h�e�s�i�v�e� 
� � 

� � 

�T�i�t�a�n�i�u�m� �4�8� �i�n�-�l�b� �9�7� �i�n�-�l�b� 
� � 

�A�l�u�m�i�n�u�m� �2�9� �i�n�-�l�b� �$�1� �i�n�-�I�b� � � � � � � � � 
� � 
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� � � � �>� 
�N�S� �(�2�.�5� �c�m�)� 

�F�i�g�u�r�e� �4�.� �W�e�d�g�e� �T�e�s�t� �G�e�o�m�e�t�r�y� 

�S�e�t� �s�c�r�e�x�s� �N�S� �u�p�p�e�r� �s�o�c�k�e�t�s� 

�f�r�a�n�e� !"�,� 

�e�x�t�e�n�s�i�o�n� �s�p�r�i�n�g�s�  ��\� 

�|� 

� � � � � � � �L �� �h�o�n�d�e�d� �b�o�l�t�s� 

 � �� �l�o�v�e�r� �s�o�c�k�e�t�s� � � � � 
� � � � 

�F�i�g�u�r�e� �5�.� �B�u�t�t�-�t�o�r�s�i�o�n� �T�e�s�t� �G�e�o�m�e�t�r�y� 
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�2�.�9� �D�u�r�a�b�i�l�i�t�y� �S�t�u�d�i�e�s� 

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

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

�u�s�e�d� �i�s� �l�i�s�t�e�d� �b�e�l�o�w�:� 

�c�o�l�d� �-�2�0�°�C� 

�a�i�r�-�7�0�%� �r�e�l�a�t�i�v�e� �h�u�m�i�d�i�t�y� �6�6�°�C� 

�a�i�r� �1�6�0�°�C� 

�v�a�c�u�u�m� �(�1�.�3�x� �1�0�2� �T�o�r�r�)� �1�6�0�°�C� 

�r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �2�3�9�C� 

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

�e�n�v�i�r�o�n�m�e�n�t� �f�o�r� �2� �h�o�u�r�s� �a�n�d� �t�h�e�n� �k�e�p�t� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �1�6� �h�o�u�r�s�.� �A�f�t�e�r� �1�0�0� 

�h�o�u�r�s�,� �s�a�m�p�l�e�s� �w�e�r�e� �e�x�p�o�s�e�d� �t�o� �e�a�c�h� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n� �e�v�e�r�y� �2�4� �h�o�u�r�s�.� 

�E�X�P�E�R�I�M�E�N�T�A�L� �2�0



�3�.� �R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

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

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

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

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

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

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

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

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

�c�o�m�p�o�n�e�n�t�s�.� 

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

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

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

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

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

�e�l�e�c�t�r�o�n�s� �f�r�o�m� �0�-�5�0� �a�n�g�s�t�r�o�m�s� �p�o�s�s�e�s� �e�n�o�u�g�h� �e�n�e�r�g�y� �t�o� �e�s�c�a�p�e� �a�n�d� �b�e� �c�o�u�n�t�e�d�,� �m�a�k�i�n�g� 

�X�P�S� �a� �s�u�r�f�a�c�e� �s�e�n�s�i�t�i�v�e� �t�e�c�h�n�i�q�u�e� �[�3�6�]�.� 

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

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

�o�t�h�e�r� �e�l�e�m�e�n�t�s�.� �B�o�n�d�i�n�g� �b�e�t�w�e�e�n� �e�l�e�m�e�n�t�s� �s�h�i�f�t�s� �a�n� �e�l�e�m�e�n�t�'�s� �b�i�n�d�i�n�g� �e�n�e�r�g�y� �f�r�o�m� �w�h�a�t� �i�t� 

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

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

�R�E�S�U�L�T�S� �&� �D�I�S�C�U�S�S�I�O�N� �2�1



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

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

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

�T�a�b�l�e�s� �4�-�7� �s�h�o�w� �t�h�e� �X�P�S� �d�a�t�a� �f�o�r� �b�o�t�h� �t�h�e� �p�o�l�y�m�e�r� �a�n�d� �i�n�o�r�g�a�n�i�c� �p�o�w�d�e�r�s� �t�h�a�t� 

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

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

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

�p�o�l�y�m�e�r� �p�o�w�d�e�r� �d�a�t�a� �t�o� �t�h�e� �p�o�l�y�m�e�r� �p�l�a�s�m�a�-�s�p�r�a�y�e�d� �d�a�t�a� �(�T�a�b�l�e�s� �4� �a�n�d� �5�)� �s�u�g�g�e�s�t� �t�h�a�t� 

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

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

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

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

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

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

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

�o�f� �s�i�l�i�c�o�n� �o�n� �t�h�e� �B�M�I�/�L�A�R�C� �T�P�I� �1�5�0�0� �s�p�e�c�i�m�e�n�s� �w�a�s� �d�u�e� �t�o� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e�y� �w�e�r�e� 

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

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

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

�p�l�a�s�m�a� �s�p�r�a�y�i�n�g� �p�r�o�c�e�s�s�.� 
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�T�a�b�l�e� �4�.� �X�P�S� �R�e�s�u�l�t�s� �f�o�r� �P�o�l�y�m�e�r� �P�o�w�d�e�r�s� �(�a�t�o�m�i�c� �p�e�r�c�e�n�t�)� 

� � 

� � 

� � 

� � � � � � � � � � � � � � 

�P�o�w�d�e�r� �C� �l�s� �O� �l�s� �N� �l�s� �F� �l�i�s� 

�P�o�l�y�e�s�t�e�r� �7�7�.�3� �2�2�.�1� �0�.�6� �n�a� 

�E�p�o�x�y� �7�8�.�7� �1�6�.�3� �1�.�5� �3�.�5� 

�B�M�I� �8�1�.�1� �1�1�.�5� �7�.�4� �n�a� 
� � 

�T�a�b�l�e� �5�.� �X�P�S� �R�e�s�u�l�t�s� �f�o�r� �P�o�l�y�m�e�r� �P�l�a�s�m�a�-�S�p�r�a�y�e�d� �C�o�a�t�i�n�g�s� �(�a�t�o�m�i�c� �p�e�r�c�e�n�t�)� 

� � 

� � 

� � 

� � 

� � � � � � � � 

�P�o�l�y�m�e�r� �C� �l�s� �O� �l�s� �N� �I�s� �S�i� �2�p� �N�a� �l�s� �C�l� �2�p� 

�E�p�o�x�y� �7�0�.�2� �2�0�.�7� �4�.�9� �4�.�2� �n�a� �n�a� 

�P�o�l�y�e�s�t�e�r� �6�5�.�1� �2�5�.�3� �5�.�3� �1�.�3� �1�.�7� �1�.�3� 

�B�M�I�/�C�E� �7�7�.�0� �1�3�.�9� �6�.�1� �3�.�0� �n�a� �n�a� 

�B�M�I�/�L�A�R�C� �T�P�I� �1�5�0�0� �|� �7�0�.�9� �2�2�.�4� �6�.�7� �n�a� �n�a� �n�a� � � � � � � � � � � � � 
�n�a�=�n�o�t� �a�n�a�l�y�z�e�d�.� �E�l�e�m�e�n�t� �w�a�s� �n�o�t� �a�n�a�l�y�z�e�d� �d�u�r�i�n�g� �t�h�e� �m�u�l�t�i�p�l�e�x� �d�u�e� �t�o� �n�o�n�-�d�e�t�e�c�t�a�b�i�l�i�t�y� 

�i�n� �t�h�e� �s�u�r�v�e�y�.� 
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�T�a�b�l�e� �6�.� �X�P�S� �R�e�s�u�l�t�s� �f�o�r� �I�n�o�r�g�a�n�i�c� �P�o�w�d�e�r�s� �(�a�t�o�m�i�c� �p�e�r�c�e�n�t�)� 

� � 

� � 

� � 

� � 

� � 

� � 

� � � � � � � � � � � � � � � � � � � � � � 

�C� �l�s� �O�l�s� �|� �N�i�l�s�}� �N�a�l�s� �|� �T�i�2�p� �|� �A�l�2�p� �|� �S�i�2�p� �|� �P�2�p�*�/�M�g�2�p� 

�A�l�y�0�3� �|� �2�3�.�7� �4�4�.�7� �n�a� �4�8� �n�a� �2�1�.�5� �5�.�3� �n�a� 

�A�I�P�O�q�g� �|� �2�5�.�3� �4�7�.�7� �n�a� �3�.�2� �n�a� �1�1�.�9� �n�a� �1�1�.�9�*� 

�M�g�O� �2�2�.�0� �4�9�.�8� �n�a� �0�.�5� �n�a� �n�d� �3�.�9� �2�3�.�8� 

�S�1�0�5� �1�5�.�5� �5�4�.�9� �n�a� �0�.�2� �n�a� �n�a� �2�9�.�4� �n�a� 

�T�i�0�5� �1�9�.�1� �5�8�.�6� �n�a� �n�a� �1�6�.�1� �3�.�5� �2�.�7� �n�a� 

�T�i�S�i�9� �1�8�.�2� �5�0�.�2� �n�a� �n�a� �6�.�4� �n�a� �2�5�.�2� �n�a� 
� � 

�T�a�b�l�e� �7�.� �X�P�S� �R�e�s�u�l�t�s� �f�o�r� �I�n�o�r�g�a�n�i�c� �P�l�a�s�m�a�-�S�p�r�a�y�e�d� �C�o�a�t�i�n�g�s� �(�a�t�o�m�i�c� �p�e�r�c�e�n�t�)� 

� � 

� � 

� � 

� � 

� � 

� � 

� � � � � � � � � � � � � � � � � � � � � � 

�C� �l�s� �O�l�s� �|� �N�i�s�|�N�a�l�s� �|� �T�i�2�p� �|� �A�l�2�p� �|� �S�i�2�p� �|� �P�2�p�*�/�M�g�2�p� 

�A�l�o�O�3� �|� �2�1�.�6� �4�8�.�2� �n�d� �2�.�9� �n�a� �2�7�.�3� �n�a� �n�a� 

�A�I�P�O�g� �|� �2�4�.�4� �4�9�.�6� �0�.�7� �1�.�7� �n�a� �2�.�9� �1�1�.�1� �9�.�6�*� 

�M�g�O� �3�2�.�4� �4�8�.�1� �n�d� �n�d� �n�a� �n�d� �1�.�7� �1�7�.�8� 

�S�i�0�5� �1�0�.�0� �6�4�.�1� �n�d� �n�d� �n�a� �n�a� �2�5�.�9� �n�a� 

�T�1�0�5� �3�1�.�7� �4�9�.�7� �n�d� �0�.�7� �1�6�.�2� �n�a� �1�.�7� �n�a� 

�T�i�S�i�9� �1�2�.�1� �5�9�.�4� �n�a� �n�a� �1�.�3� �n�a� �2�7�.�2� �n�a� 
� � 

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

�n�o�t� �b�e� �r�e�s�o�l�v�e�d� �f�r�o�m� �t�h�e� �b�a�c�k�g�r�o�u�n�d�.� 
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�T�h�e� �X�P�S� �d�a�t�a� �f�o�r� �t�h�e� �i�n�o�r�g�a�n�i�c� �p�o�w�d�e�r�s� �a�n�d� �p�l�a�s�m�a�-�s�p�r�a�y�e�d� �s�p�e�c�i�m�e�n�s� �(�T�a�b�l�e� �6� 

�a�n�d� �7�)� �s�u�g�g�e�s�t� �t�h�a�t� �t�h�e� �r�a�t�i�o�s� �o�f� �t�h�e� �p�r�i�n�c�i�p�a�l� �e�l�e�m�e�n�t�s� �(�i�.�e�.� �m�a�g�n�e�s�i�u�m� �a�n�d� �o�x�y�g�e�n� �f�o�r� 

�M�g�O� �a�n�d� �t�i�t�a�n�i�u�m� �a�n�d� �o�x�y�g�e�n� �f�o�r� �T�i�0�>�)� �a�r�e� �n�o�t� �s�t�o�i�c�h�i�o�m�e�t�r�i�c� �(�T�a�b�l�e� �8�)� �a�s�s�u�m�i�n�g� �n�o� 

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

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

�w�e�r�e� �p�u�r�e�.� �T�h�e� �s�t�o�i�c�h�i�o�m�e�t�r�i�c� �r�a�t�i�o�s� �g�i�v�e�n� �i�n� �T�a�b�l�e� �8� �a�r�e� �l�i�s�t�e�d� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� 

�e�l�e�m�e�n�t�s �� �o�r�d�e�r� �i�n� �t�h�e� �m�o�l�e�c�u�l�a�r� �f�o�r�m�u�l�a� �(�i�.�e�.� �M�g�O� �p�o�w�d�e�r� �h�a�s� �a� �M�g�:�0� �r�a�t�i�o� �o�f� �1�:�2�.�5�.� 

�S�t�o�i�c�h�i�o�m�e�t�r�i�c� �R�a�t�i�o�s� 

�T�h�e�o�r�e�t�i�c�a�l� �P�o�w�d�e�r�  �� �P�l�a�s�m�a�-�S�p�r�a�y�e�d� 
� � 

� � 

� � 

� � 

� � 

� � � � � � � � � � � � 

�A�l�o�O�3� �1�:�1�.�5� �1�:�2�.�0� �1�:�1�.�8� 

�A�I�P�O�,�g� �1�:�1�:�4� �1�:�1�:�4� �|� �-�-�-�-�-�-� 

�M�g�O� �1�:�1� �1�:�2�.�5� �1�:�2�.�7� 

�S�i�0�5� �1�:�2� �1�:�1�.�9� �1�:�2�.�5� 

�T�i�0�5� �1�:�2� �1�:�3�.�6� �1�:�3�.�1� 

�T�i�S�i�9� �1�:�2� �1�:�4�.�0� �1�:�2�1�.�0� 
� � 

�T�a�b�l�e� �8�.� �S�t�o�i�c�h�i�o�m�e�t�r�y� �o�f� �P�o�w�d�e�r�s� �a�n�d� �P�l�a�s�m�a�-�S�p�r�a�y�e�d� �C�o�a�t�i�n�g�s� �f�r�o�m� �X�P�S� �D�a�t�a� 

�X�P�S� �r�e�s�u�l�t�s� �(�T�a�b�l�e� �6� �a�n�d� �7�)� �s�h�o�w� �t�h�a�t� �m�a�n�y� �o�f� �t�h�e� �s�p�r�a�y�e�d� �s�p�e�c�i�m�e�n�s� �a�n�d� �p�o�w�d�e�r�s� 

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

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

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

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

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

�o�x�y�g�e�n� �r�a�t�i�o� �m�a�y� �b�e� �s�t�o�i�c�h�i�o�m�e�t�r�i�c�.� 

�D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �e�a�c�h� �e�l�e�m�e�n�t�'�s� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �t�h�e� �o�v�e�r�a�l�l� �o�x�y�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

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

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

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

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

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

�e�l�e�m�e�n�t�s� �w�a�s� �a�l�s�o� �c�a�r�r�i�e�d� �o�u�t�.� �F�r�o�m� �t�h�i�s� �a�l�l�o�c�a�t�i�o�n� �p�r�o�c�e�d�u�r�e�,� �e�a�c�h� �e�l�e�m�e�n�t�'�s� �c�o�n�t�r�i�b�u�t�i�o�n� 

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

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

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

�F�o�r� �e�x�a�m�p�l�e�,� �t�h�e� �A�l�7�0�3� �p�l�a�s�m�a�-�s�p�r�a�y�e�d� �s�p�e�c�i�m�e�n� �h�a�d� �4�8�.�2� �a�t�o�m�i�c� �%� �o�x�y�g�e�n�.� 

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

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

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

�T�h�e� �a�l�u�m�i�n�u�m� �2�p� �b�i�n�d�i�n�g� �e�n�e�r�g�y� �c�o�r�r�e�s�p�o�n�d�e�d� �t�o� �t�h�a�t� �f�o�r� �a�l�u�m�i�n�u�m� �i�n� �A�l�,�0�3�.� �T�h�e� 

�a�t�o�m�i�c� �p�e�r�c�e�n�t� �f�o�r� �a�l�u�m�i�n�u�m� �w�a�s� �2�7�.�3�%�,� �t�h�u�s� �t�h�e� �o�x�y�g�e�n� �a�s�s�i�g�n�e�d� �t�o� �a�l�u�m�i�n�u�m� �w�a�s� �4�0�.�9� 

�a�t�o�m�i�c� �p�e�r�c�e�n�t�.� �T�h�e�r�e� �w�a�s� �a�l�s�o� �2�.�9� �a�t�o�m�i�c� �%� �s�o�d�i�u�m� �o�n� �t�h�e� �s�u�r�f�a�c�e�,� �w�h�i�c�h� �i�n� �t�h�e� �f�o�r�m� �o�f� 

�N�a�2�O� �a�c�c�o�u�n�t�s� �f�o�r� �1�.�5� �a�t�o�m�i�c� �%� �o�f� �t�h�e� �t�o�t�a�l� �o�x�y�g�e�n�.� �A�s� �m�e�n�t�i�o�n�e�d� �p�r�e�v�i�o�u�s�l�y�,� �t�h�e� 

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

�o�x�y�g�e�n�.� �T�h�e� �t�w�o� �p�e�a�k�s�,� �C�-�O� �a�n�d� �C�=�O� �m�a�d�e� �u�p� �3�6�.�1�%� �o�f� �t�h�e� �t�o�t�a�l� �c�a�r�b�o�n� �o�r� �a� �t�o�t�a�l� �o�f� 

�7�.�8� �a�t�o�m�i�c� �%� �(�2�1�.�6� �a�t�o�m�i�c� �%�,� �t�o�t�a�l� �c�a�r�b�o�n� �x� �.�3�6�,� �p�e�r�c�e�n�t� �f�r�o�m� �C�-�O� �a�n�d� �C�=�O�)�.� �T�h�e� �1�:�1� 

�c�a�r�b�o�n�:�o�x�y�g�e�n� �r�a�t�i�o� �r�e�q�u�i�r�e�s� �a� �7�.�8� �a�t�o�m�i�c� �%� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �t�h�e� �t�o�t�a�l� �o�x�y�g�e�n�.� �T�h�e� �t�h�i�r�d� 
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�t�y�p�e� �o�f� �o�x�y�g�e�n�a�t�e�d� �c�a�r�b�o�n�,� �O�-�C�=�O�-�,� �h�a�s� �a� �1�:�2� �c�a�r�b�o�n�:�o�x�y�g�e�n� �r�a�t�i�o�.� �T�h�i�s� �t�y�p�e� �o�f� �c�a�r�b�o�n� 

�m�a�k�e�s� �u�p� �9�.�9�5�%� �o�f� �t�h�e� �t�o�t�a�l� �c�a�r�b�o�n� �(�i�.�e�.� �2�.�1�5�%� �a�t�o�m�i�c� �c�o�n�c�e�n�t�r�a�t�i�o�n�)�,� �w�h�i�c�h� �m�e�a�n�s� �i�t� 

�c�o�n�t�r�i�b�u�t�e�d� �4�.�3� �a�t�o�m�i�c� �%� �t�o� �t�h�e� �t�o�t�a�l� �o�x�y�g�e�n�.� �T�h�e� �s�u�m� �o�f� �a�l�l� �o�f� �t�h�e� �c�o�n�t�r�i�b�u�t�o�r�s� �t�o� �t�h�e� 

�t�o�t�a�l� �o�x�y�g�e�n� �i�s� �d�e�f�i�c�i�e�n�t� �b�y� �6�.�3� �a�t�o�m�i�c� �%�.� �E�x�c�e�s�s� �o�x�y�g�e�n� �i�n� �t�h�e�s�e� �e�v�a�l�u�a�t�i�o�n�s� �(�i�n� �a�l�l� �c�a�s�e�s�,� 

�n�o�t� �j�u�s�t� �t�h�e� �A�l�7�O�3� �e�x�a�m�p�l�e�)� �c�o�u�l�d� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �a�d�s�o�r�b�e�d� �w�a�t�e�r� �o�n� �t�h�e� �s�a�m�p�l�e� �s�u�r�f�a�c�e� 

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

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

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

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

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

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

�i�n� �T�a�b�l�e� �9�.� 
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�T�a�b�l�e� �9�.� �E�l�e�m�e�n�t�a�l� �C�o�n�t�r�i�b�u�t�i�o�n� �t�o� �O�v�e�r�a�l�l� �O�x�y�g�e�n� 

�A�l�y� �0�3�:� 
�T�o�t�a�l� �%� �O�x�y�g�e�n� �o�n� �s�a�m�p�l�e� 

�A�l�u�m�i�n�u�m� �(�A�l�»�0�3�)� 
�C�a�r�b�o�n� �(�C�-�O�,� �C�=�O�,� �O�-�C�=�0�°�-�)� 
�S�o�d�i�u�m� �(�N�a�z�O�)� 
�O�x�y�g�e�n� �d�e�f�i�c�i�e�n�c�y� 

�M�g�O�:� 
�T�o�t�a�l� �%� �O�x�y�g�e�n� �o�n� �s�a�m�p�l�e� 

�S�i�l�i�c�o�n� �(�s�i�l�i�c�a�t�e�)� 
�C�a�r�b�o�n� �(�C�-�O�,� �C�=�O�,� �O�-�C�=�0�-�)� 
�M�a�g�n�e�s�i�u�m� �(�M�g�O�,� �M�g�C�O�3�)� 
�E�x�c�e�s�s� �O�x�y�g�e�n� 

�S�i�O�2�:� 
�T�o�t�a�l� �%� �O�x�y�g�e�n� �o�n� �s�a�m�p�l�e� 

�S�i�l�i�c�o�n� �(�S�i�0�>�)� 
�C�a�r�b�o�n� �(�C�-�O�,� �C�=�O�)� 
�E�x�c�e�s�s� �O�x�y�g�e�n� 

�T�i�O�?�:� 
�T�o�t�a�l� �%� �O�x�y�g�e�n� �o�n� �s�a�m�p�l�e� 

�T�i�t�a�n�i�u�m� �(�T�i�O�>�)� 
�C�a�r�b�o�n� �(�C�-�O�,� �C�=�O�,� �O�-�C�=�0�°�-�)� 
�S�o�d�i�u�m� �(�N�a�j�0�)� 
�S�i�l�i�c�o�n� �(�o�r�g�a�n�i�c� �s�i�l�i�c�o�n�e�)� 
�E�x�c�e�s�s� �O�x�y�g�e�n� 

�T�i�S�i�y�:� 
�T�o�t�a�l� �%� �O�x�y�g�e�n� �o�n� �s�a�m�p�l�e� 

�T�i�t�a�n�i�u�m� �s�i�l�i�c�a�t�e� �(�T�i�(�S�i�0�3�)�9�)� 
�S�i�l�i�c�o�n� �(�S�i�0�>�)� 
�C�a�r�b�o�n� �(�C�-�O�,� �C�=�O�)� 
�O�x�y�g�e�n� �d�e�f�i�c�i�e�n�c�y� 
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�4�8�.�2� 

�4�0�.�9� 
�1�2�.�1� 

�1�.�5� 
�-�6�.�3� 

�4�8�.�1� 

�3�.�4� 
�1�5�.�5� 
�1�7�.�5� 

�1�.�7� 

�6�4�.�2� 

�5�1�.�8� 
�6�.�2� 
�6�.�2� 

�4�9�.�7� 

�3�2�.�4� 
�8�.�8� 
�0�.�4� 
�3�.�4� 
�4�.�7� 

�5�9�.�4� 

�7�.�8� 
�4�9�.�2� 

�4�.�3� 
�-�1�.�9� 
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�T�h�e� �a�l�l�o�c�a�t�i�o�n� �p�r�o�c�e�d�u�r�e� �w�a�s� �s�i�m�p�l�i�f�i�e�d� �f�o�r� �p�l�a�s�m�a�-�s�p�r�a�y�e�d� �A�l�y�O�0�3�,� �S�i�O�>�,� �a�n�d� 

�T�i�O�2� �b�e�c�a�u�s�e� �t�h�e�r�e� �w�e�r�e� �v�e�r�y� �f�e�w� �c�o�n�t�a�m�i�n�a�n�t�s� �o�n� �t�h�e�s�e� �s�a�m�p�l�e�s�,� �a�n�d� �t�h�e�s�e� �s�p�r�a�y�e�d� 

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

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

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

�p�r�o�c�e�d�u�r�e� �f�o�r� �p�l�a�s�m�a�-�s�p�r�a�y�e�d� �A�l�P�O�4�,� �M�g�O�,� �a�n�d� �T�i�S�i�7� �s�o�m�e� �a�s�s�u�m�p�t�i�o�n�s� �h�a�d� �t�o� �m�a�d�e�.� 

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

�(�S�1�0�)� �f�l�o�w� �a�g�e�n�t� �w�a�s� �u�s�e�d� �w�h�e�n� �s�p�r�a�y�i�n�g� �A�I�P�O�4�,� �t�h�e� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �o�x�y�g�e�n� �i�n� �t�h�e� 

�p�l�a�s�m�a�-�s�p�r�a�y�e�d� �A�l�P�O�4� �s�a�m�p�l�e� �w�a�s� �n�o�t� �e�v�a�l�u�a�t�e�d�.� �T�h�e� �l�a�r�g�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �s�i�l�i�c�o�n� �o�n� 

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

�p�h�o�s�p�h�a�t�e�.� 

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

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

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

�c�o�n�t�a�i�n�i�n�g� �c�o�m�p�o�n�e�n�t�s� �a�n�d� �c�o�m�p�o�u�n�d�s� �h�a�d� �b�e�e�n� �t�a�k�e�n� �i�n�t�o� �c�o�n�s�i�d�e�r�a�t�i�o�n�,� �1�.�7� �a�t�o�m�i�c� �%� 

�o�f� �t�h�e� �t�o�t�a�l� �o�x�y�g�e�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �c�o�u�l�d� �n�o�t� �b�e� �a�s�s�i�g�n�e�d�,� �i�.�e�.�,� �1�.�7� �a�t�o�m�i�c� �%� �o�x�y�g�e�n� �w�a�s� �i�n� 

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

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

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

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

�b�e�c�a�u�s�e� �t�h�e� �a�t�o�m�i�c� �p�e�r�c�e�n�t� �o�f� �t�i�t�a�n�i�u�m� �w�a�s� �1�.�3�%� �a�n�d� �t�h�e� �s�i�l�i�c�o�n� �a�t�o�m�i�c� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� 

�2�7�.�2�%� �n�o�t� �2�.�6� �a�t�o�m�i�c� �%� �a�s� �n�e�e�d�e�d� �f�o�r� �t�h�e� �1�:�2� �s�t�o�i�c�h�i�o�m�e�t�r�i�c� �r�a�t�i�o� �f�o�r� �T�i�S�i�7�.� �T�h�e� 

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

�p�o�w�d�e�r� �s�h�o�w�e�d� �t�w�o� �p�h�o�t�o�p�e�a�k�s� �f�o�r� �t�i�t�a�n�i�u�m�,� �o�n�e� �2�p�3�/�7� �p�e�a�k� �a�t� �4�5�3�.�3� �e�V� �c�o�r�r�e�s�p�o�n�d�s� �t�o� 

�t�i�t�a�n�i�u�m� �m�e�t�a�l� �a�n�d� �o�n�e� �t�i�t�a�n�i�u�m� �2�p�3�/�7� �p�e�a�k� �a�t� �4�5�9�.�1� �e�V� �i�s� �a�s�s�i�g�n�e�d� �t�o� �T�i�S�i�z� �(�S�e�e� �F�i�g�u�r�e� 

�6�)�.� �A�l�s�o�,� �t�h�e� �s�i�l�i�c�o�n� �2�p� �s�p�e�c�t�r�a� �i�n�d�i�c�a�t�e�d� �t�w�o� �c�h�e�m�i�c�a�l� �s�t�a�t�e�s� �i�n� �t�h�e� �p�o�w�d�e�r� �s�a�m�p�l�e�,� �o�n�e� �S�i� 

�2�p� �p�e�a�k� �a�t� �9�8�.�2� �e�V� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �s�i�l�i�c�i�d�e� �a�n�d� �t�h�e� �S�i� �2�p� �p�e�a�k� �a�t� �1�0�2�.�5� �e�V� �c�o�r�r�e�s�p�o�n�d�s� �t�o� 

�s�i�l�i�c�a�t�e� �(�S�e�e� �F�i�g�u�r�e� �7�)�.� �T�h�e� �b�i�n�d�i�n�g� �e�n�e�r�g�y� �f�o�r� �t�h�e� �t�i�t�a�n�t�u�m� �2�p�3�/�7� �p�h�o�t�o�p�e�a�k� �(�T�i� �2�p�3�/�2� �B�E� 

�=� �4�5�9�.�7� �e�V�)� �f�o�r� �t�h�e� �p�l�a�s�m�a�-�s�p�r�a�y�e�d� �s�a�m�p�l�e� �w�a�s� �n�o�t� �e�q�u�i�v�a�l�e�n�t� �t�o� �t�h�a�t� �f�o�r� �T�i�0�2� �(�T�i� �2�p�3�/�2� 

�B�E� �=� �4�5�8�.�5� �e�V�)� �o�r� �f�o�r� �T�i�S�i�9� �(�T�i� �2�p�3�/�2� �B�E� �=� �4�5�9�.�3� �e�V�)� �a�n�d� �t�h�u�s� �i�t� �w�a�s� �a�s�s�u�m�e�d� �t�h�a�t� 

�T�i�(�S�i�O�7�)�3� �w�a�s� �p�r�e�s�e�n�t� �o�n� �t�h�e� �s�u�r�f�a�c�e� �(�S�e�e� �F�i�g�u�r�e� �6�)�.� �O�n�l�y� �o�n�e� �s�i�l�i�c�o�n� �2�p� �p�h�o�t�o�p�e�a�k� �w�a�s� 

�d�e�t�e�c�t�e�d� �o�n� �t�h�e� �p�l�a�s�m�a�-�s�p�r�a�y�e�d� �s�a�m�p�l�e�.� �T�h�e� �s�i�n�g�l�e� �s�i�l�i�c�o�n� �2�p� �p�h�o�t�o�p�e�a�k� �h�a�d� �a� �b�i�n�d�i�n�g� 

�e�n�e�r�g�y� �o�f� �1�0�3�.�2� �e�V�,� �w�h�i�c�h� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �S�i�O�2�.� �N�o� �s�i�l�i�c�o�n� �2�p� �p�h�o�t�o�p�e�a�k� �w�a�s� �d�e�t�e�c�t�e�d� �i�n� 

�t�h�e� �s�i�l�i�c�i�d�e� �r�e�g�i�o�n� �(�S�e�e� �F�i�g�u�r�e� �7�)�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �t�h�e� �s�p�e�c�t�r�a� �f�o�r� �t�h�e� �p�l�a�s�m�a�-�s�p�r�a�y�e�d� 

�s�a�m�p�l�e� �a�n�d� �t�h�e� �p�o�w�d�e�r� �c�o�u�l�d� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �1�)� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a� �t�i�t�a�n�i�u�m� �s�i�l�i�c�a�t�e� �a�n�d� 

�S�i�O�»� �o�n� �t�h�e� �p�l�a�s�m�a�-�s�p�r�a�y�e�d� �s�a�m�p�l�e�,� �2�)� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �T�i�O�2� �a�n�d� �S�i�O�?� �o�n� �t�h�e� �p�l�a�s�m�a�-� 

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

�b�i�n�d�i�n�g� �e�n�e�r�g�y� �c�o�u�l�d� �b�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �d�i�f�f�e�r�e�n�t�i�a�l� �c�h�a�r�g�i�n�g�.�)�,� �a�n�d� �3�)� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �T�i�S�i�2� 

�a�n�d� �S�i�O�?� �o�n� �t�h�e� �p�l�a�s�m�a�-�s�p�r�a�y�e�d� �s�a�m�p�l�e�;� �h�o�w�e�v�e�r�,� �t�h�e� �s�i�l�i�c�o�n� �2�p� �p�e�a�k� �f�o�r� �s�i�l�i�c�i�d�e� �w�a�s� �n�o�t� 

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

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

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

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

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

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

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

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

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

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

�t�o�p�o�g�r�a�p�h�i�c�a�l�l�y� �w�i�t�h� �t�h�e� �i�n�o�r�g�a�n�i�c� �c�o�a�t�i�n�g�s�.� �T�h�e� �p�o�l�y�e�s�t�e�r�,� �B�M�I�/�C�E�,� �a�n�d� �e�p�o�x�y� �c�o�a�t�i�n�g�s� 

�a�l�l� �e�x�h�i�b�i�t�e�d� �s�u�r�f�a�c�e�s� �w�h�i�c�h� �w�e�r�e� �i�n�d�i�s�t�i�n�g�u�i�s�h�a�b�l�e� �(�F�i�g�u�r�e� �8�)�.� �T�h�e� �B�M�I�/�L�A�R�C� �T�P�I� �1�5�0�0� 

�w�a�s� �e�x�t�r�e�m�e�l�y� �d�i�f�f�e�r�e�n�t� �c�o�m�p�a�r�e�d� �t�o� �a�l�l� �o�f� �t�h�e� �o�t�h�e�r� �p�o�l�y�m�e�r� �c�o�a�t�e�d� �s�a�m�p�l�e�s� �(�F�i�g�u�r�e� �9�)�.� 

�T�h�i�s� �c�o�a�t�i�n�g� �e�x�h�i�b�i�t�e�d� �p�a�r�t�i�c�l�e�s� �t�h�a�t� �w�e�r�e� �2�5� �t�o� �3�0� �m�i�c�r�o�n�s� �i�n� �d�i�a�m�e�t�e�r�.� �T�h�i�s� �s�u�r�f�a�c�e� 

�s�e�e�m�e�d� �t�o� �h�a�v�e� �p�a�r�t�i�c�l�e�s� �w�h�i�c�h� �w�e�r�e� �s�t�a�c�k�e�d� �o�n� �t�o�p� �o�f� �o�n�e� �a�n�o�t�h�e�r�.� �T�h�e� �B�M�I�/�L�A�R�C� �T�P�I� 

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

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

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

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

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