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(ABSTRACT) 

Glass, sapphire and polymer fibers transparent to visible and infrared 

electromagnetic frequencies are extensively used in communication and 

sensing. The lifetimes of these waveguides are extended considerably by 

suitably coating them. Plastic coated silica waveguides are gradually replacing 

metal coaxial cables used in communications and they have been used 

successfully in various types of sensing. Unfortunately plastic coatings cannot 

withstand very high temperatures. In order to perform contact or invasive 

sensing in the medium to high temperature range and in harsh 

environments, other appropriate coating materials have to be used. This 

thesis examines various refractory materials as candidate coating materials. 

Coating materials should not react chemically with the waveguide 

material but should have matching thermal expansion coefficients. 

Refractory materials are examined in detail for thermodynamic suitability for 

both sapphire and silica waveguide cores and claddings. The candidate 

coating materials selected are alumina, silicon carbide, zirconia and metal 

niobium. Experimental verification of the chemical inertness of these 

materials with silica and sapphire in very low pressure and at 857°C 

temperature is studied. The materials found suitable for coating can be coated 

using the various methods discussed. Fibers suitably coated with these 

materials would be suitable for high temperature sensing in harsh



environments and in situ within advanced high temperature composites. 

Metal niobium does not react with sodium and is thermodynamically 

compatible with alumina which is also a very stable refractory material. 

Multilayer coatings of niobium and alumina on sapphire exposed to harsh 

environmental conditions can prolong the life of the sapphire waveguide. 

X-ray diffraction and electron microprobe analyses of the single oxides 

and carbides, namely, alumina, silicon carbide and zirconia and the metal 

niobium, were conducted. It was found that sapphire did not react with any 

of the selected ceramics; the silica fiber underwent structural change in the 

silicon carbide matrix and the change was macroscopic. Within the restricted 

environment, the silica fiber appeared not to react with the alumina, zirconia 

and niobium matrices. 

This thesis specifically considers the possibility of using the various 

ceramics as coating materials without analyzing the nature of the phases 

present. Hence detailed analyses of phases were not made when macroscopic 

change in fiber structure was observed or as observed during the x-ray 

analyses and microprobe analyses.
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1.0 INTRODUCTION 

The potential for sensing using fiber-optic technology has escalated 

since the first successful optical fibers were made available in the 1960s. Since 

the mid-1970s optical fiber technology has had considerable impact in the 

measurement of strain, temperature, magnetic and electric fields, acoustic 

waves and chemical concentrations. Areas of application include process 

control, laboratory tests and instrumentation, general industrial, medical and 

biological applications, and environmental, military and aerospace research. 

More recently, embedded optical fibers have been applied to the measurement 

of the effects of fatigue, cracks and material failure within different classes of 

materials. In the embedded form, optical fiber sensors may provide a 

potentially reliable method for the 'cure monitoring’ of composites as well as 

vibration and internal defect detection in composites and other host 

materials. 

Research in the area of 'smart skins and structures’ and sensing using 

optical waveguides continues to be carried out at the Fiber & Electro-Optics 

Research Center (FEORC) at Virginia Tech. Differential interferometric and 

modal domain fiber methods for the measurement of strain, pressure and 

heat flow during cure, temperature insensitive fiber interferometry, 

polarimetric strain sensing, structural vibration and bend sensing are a few of 

the programs underway at FEORC. 

The optical transmission and mechanical performance of optical fibers 

are very sensitive to the presence of impurities and structural and surface 

damage. Highly pure forms of silica glass fiber waveguide regions have 

minimized signal absorption and scattering losses. Protective coatings on the 

silica fiber waveguide help increase the lifetime and the flexibilty of the fiber. 

They also help minimize abrasion and the alteration of surface characteristics, 

and prevent the long term deterioration of strength and stiffness at elevated 
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temperatures. Suitable fiber coatings also allow the possible enhancement of 

fiber/matrix wettabilty - an important consideration for embedded fibers. 

Coatings for fibers to be used at high temperature must have the 

additional following qualities besides those of corrosion resistance and 

abrasion resistance. 

1. The materials selected should have melting points much higher than 

that of the temperature range of interest. 

2. The coating must adhere to the substrate by mechanical bonding. 

3. Chemical or diffusion bonding between the fiber substrate and the 

coating material should be avoided because it would introduce detrimental 

changes in the fiber surface characteristics. 

Other relations between the fiber waveguide material and the coating 

material are equally important. Thermal coefficient mismatch between the 

fiber and the coating can give rise to residual stresses. Growth-induced 

stresses caused by the imperfections in the coating during processing can 

cause debonding or cracks. Additionally, if the coating is a permeable 

material, the diffusion of oxygen through it can result in gaseous products 

that ultimately may rupture the coating. 

A coating material which is thermodynamically matched to the 

waveguide material can be selected using a phase diagram analysis of the 

system. For multilayer coatings the choice of the coating materials can 

become very complicated because the thermodynamic compatibility must be 

established among three or more materials. When the sensor fiber also must 

be exposed to a wide range of temperature and pressure conditions, the choice 

of materials becomes even more limited. 

The mechanical properties of the coating material and its chemical and 
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thermal expansion characteristics are all equally important considerations. 

The material must form a protective noninteracting layer between the 

waveguide and the environment. Several ceramic materials and one metal 

which appear to satisfy most of the material requirements have been selected 

for detailed analysis. 

The selected materials are among those used for the refractory linings 

of coal gasification chambers, discharge tube materials, blast furnaces and glass 

melts on the basis of the following considerations. 

e They may be exposed to large temperature fluctuation without 

degradation. 

e In some cases they may be exposed to large pressure fluctuations 

without degradation. 

e They are durable in the presence of harsh chemicals. 

e They may be subjected to high strain due to sudden thermal changes 

without degradation. 

The experimental study designed explores the bulk chemical 

interaction of these materials with alumina and silica. X-ray diffraction 

pattern, light microscope and electron microprobe analyses of the samples 

provide detailed information on the phase and chemical changes in the 

mixture. 

Some of the sensing experiments for which these metal and ceramic 

coated waveguides can be used are as follows. 

e Particulate build up monitoring and failure detection of ceramic filters 

used in coal gasifiers 

e Strain, cracks and failure detection of high temperature 

composite materials



e High temperature and pressure sensing 

e Vibration, strain and other mechanical sensing in harsh 

environments 

e Temperature and pressure sensing in atmospheres limited by 

conventional fiber and coating material properties 

Phase diagrams, their significance and the analysis of the available 

materials, a brief outline of the properties of each coating material, followed 

by some introduction to sapphire and silica waveguides, fiber embedding, a 

discussion about the experiments - the x-ray diffraction analyses and the 

electron microprobe analyses and the results and the conclusions are 

presented in the following chapters.



2.0 THE COATING MATERIALS 

Oxides, nitrides, carbides, borides and similar materials which form the 

basis for all ceramics exhibit a high degree of chemical stability over a wide 

range of temperature and environmental conditions. The compactness of the 

crystal structure and the directed chemical bonding (mostly ionic or covalent 

in nature) account for the stability of ceramics [5, 6,13]. The specific heat 

capacity of ceramics in general is relatively unaffected by the microstructure of 

the material. Thermal conductivity is a tensor property, which depends 

strongly on the crystallographic orientation and the bond character of the 

solid. Hence it is different for different density, porosity and phases of the 

ceramic. The thermal expansion coefficient is also a structure - dependent 

quantity. Although ceramic materials in general do not have high thermal 

shock resistance because of their brittle nature, it can be improved by a low 

thermal expansion coefficient and high thermal conductivity. In applications 

involving rapid changes in temperature the thermal shock resistance 

becomes an important consideration. The elastic modulus of ceramic 

materials is quite complex for polycrystalline ceramics. The elastic properties 

depend upon the type of bonding, material homogeneity and isotropy. For 

monocrystalline ceramics the modulus is a linear function of temperature. 

The strength of a polycrystalline ceramic is also a very complex quantity, 

strongly influenced by the past history, temperature and environment as well 

as the size, shape and geometry of the article being tested. 

Silica and single crystal alumina (sapphire) waveguides are both being 

considered for high temperature sensing. The refractory materials selected for 

analysis as possible waveguide coatings include the following. 

Polycrystalline alumina (PCA) 

Silicon carbide (SiC) 

Zirconia (ZrO,)



Zircon (ZrO,SiO,) 

Niobium metal 

Depending upon the particular gasification process, the materials may 

be subjected to temperatures between 700°C- 1000°C and pressures between 

100-10,000 kPa (1 - 100 atmospheres). They are exposed to acids, alkali ashes, 

steam, CO,, hydrogen, methane sulphides and other contaminants without 

degradation. Surely, if these refractory materials have been applied in such 

atmospheres, they should be appropriate for reliable protection of the sensor 

fibers in less harsh environments for example, in temperatures of about 

857°C and pressure of about 1000 kPa (10 atmospheres). 

The refractory materials selected for blast furnaces and coal gasifiers 

have the following properties [1, 2, 3, 4]. 

e high thermal conductivity 

®* minimum rate of chemical reaction 

* good resistance to abrasion, cracking and spalling 

Discharge tube materials for HPS lamps must have the following 

properties [7, 8, 9, 10, 11]. 

° gas tight 

¢ resistant to sodium vapor for vapor pressure between 

5 - 100 kPa and for temperatures between 725°C - 1725°C 

e low evaporation rate 

e sufficient mechanical strength and resistance to thermal shock 

In general the extent of chemical attack on any refractory linings are 

attributed to the porosity and purity of the material and the surface area 

exposed.



Polycrystalline alumina meets all of the above requirements. Metal 

niobium which is used in HPS lamp seals has thermal expansion very close 

to that of PCA and has been used successfully at temperatures up to 1000°C. A 

multilayered coating of metal niobium and alumina on sapphire fiber would 

be ideal to protect the fiber over a large range of temperatures, pressures and 

environments. 

2.1 Alumina 

Aluminum oxide (Al,03), also called alumina, has a number of 

transitional structures depending on temperature. Above 1199°C alpha 

alumina is the only stable phase. It has the following important 

characteristics. 

e hexagonal crystal structure 

e theoretical density of about 3.98 g/cc 

¢ melting point of about 2054°C 

¢ thermal expansion coefficient at 1000°C is 8.1 x 10°°/°C 

The thermal properties of alumina are depicted in the figures 2.1 - 2.13 

in the next few pages [2, 3, 12]. 

The mechanical properties of alumina depend on the grain size, 

porosity and purity of the material. The compressive strength, tensile 

strength, hardness, shear modulus and Young's modulus as a function of 

temperature are also given. Several different commercially available samples 

are compared in some of the graphs. References indicate that alumina brick 

samples with 0% porosity exhibited little or no aggravation in alkali 

environment [1,2,3]. All grades of high - alumina bricks are better refractories 

and provide high chemical stability. The addition of a certain correct amount 
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of CaO, Y,O3 or La,O; to densely sintered PCA increases its density nearer to 

its theoretical limit and inhibits discontinuous grain growth. This could 

influence the material properties [7]. The mechanical strength and related 

thermal shock resistance of the PCA depends on the microstructure which in 

turn is influenced by the dopant. Sodium diffusion takes place mainly along 

the grain boundaries, resulting in chemical reactions and microcracking. This 

is true for very high sodium vapor pressure and at very high temperatures. 

The reactions can be minimized if the temperature is kept below 1100°C. The 

temperature of interest to us is below 900°C and hence the question of 

microcracking should not arise. Figures 2.10[12], 2.11 [3], 2.12 and 2.13[2] 

provide some information on the reaction of alumina containing bricks and 

the phase diagrams of alumina and aluminates, respectively. As can be seen 

from the phase diagrams, most phase changes take place at temperatures far 

above the range considered in this project.
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�2�.�4� �N�i�o�b�i�u�m� 

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

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

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

�¢� �c�r�y�s�t�a�l� �s�t�r�u�c�t�u�r�e� �b�e�c� 

�¢� �a�t�o�m�i�c� �w�e�i�g�h�t� �9�2�.�9�0�6�4� 

�¢� �a�t�o�m�i�c� �n�u�m�b�e�r� �4� 

�¢� �m�e�l�t�i�n�g� �p�o�i�n�t� �2�4�6�8�°�C� 

�°� �s�p�e�c�i�f�i�c� �g�r�a�v�i�t�y� �8�.�5�7� �a�t� �2�0�°�C� 

�¢� �t�h�e�r�m�a�l� �c�o�n�d�u�c�t�i�v�i�t�y� �0�.�1�2�5� �c�a�l�/�s�q� �c�e�m�/�°�C� 

�¢� �s�p�e�c�i�f�i�c� �h�e�a�t� �a�t� �2�5�°�C� �0�.�0�6�5� �c�a�l�/�g� 

�e� �l�i�n�e�a�r� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �e�x�p�a�n�s�i�o�n� �7�.�1�x� �1�0�-�6�/�°�C� 

�*� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �(�a�n�n�e�a�l�e�d�)� �3�5�x� �1�0 �� �P�a� 

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

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

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

�a� �f�e�e�d� �t�h�r�o�u�g�h� �i�n� �h�p�s� �l�a�m�p�s�.� �A�t� �t�e�m�p�e�r�a�t�u�r�e�s� �a�b�o�v�e� �1�0�0�0�°�C� �a�n�d� �i�n� �t�h�e� �h�i�g�h� 

�s�o�d�i�u�m� �v�a�p�o�r� �a�t�m�o�s�p�h�e�r�e�,� �t�h�e� �a�l�u�m�i�n�a� �t�o� �n�i�o�b�i�u�m� �s�e�a�l�s� �r�e�a�c�t� �[�1�1�]�.� 
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�3�.�0� �P�H�A�S�E� �D�I�A�G�R�A�M�S� �A�N�D� �A�N�A�L�Y�S�E�S� 

�3�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� 

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

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

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

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

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

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

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

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

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

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

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

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

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

�s�y�s�t�e�m� �o�r� �b�e�t�w�e�e�n� �t�h�e� �s�y�s�t�e�m� �a�n�d� �i�t�s� �s�u�r�r�o�u�n�d�i�n�g�s�.� �W�h�e�n� �a� �s�y�s�t�e�m� �i�s� �i�n� 

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

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

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

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

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

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

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

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

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

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

�3�2



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

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

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

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

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

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

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

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

�i�n� �t�h�e� �s�y�s�t�e�m�.� �T�h�e� �p�h�a�s�e� �d�i�a�g�r�a�m� �s�h�o�w�n� �i�n� �f�i�g�u�r�e� �3�.�1� �i�s� �a� �d�i�r�e�c�t� �c�o�n�s�e�q�u�e�n�c�e� 
�o�f� �G�i�b�b�s� �f�r�e�e� �e�n�e�r�g�y� �r�e�l�a�t�i�o�n� �(�G� �=� �H� �-� �T�S�)�,� �s�t�a�t�e�d� �i�n� �d�i�f�f�e�r�e�n�t�i�a�l� �f�o�r�m� �a�s� 

�0�G� �=�V�o�P�-�S�d�T� 

�w�h�e�r�e� �G� �i�s� �t�h�e� �G�i�b�b�s� �f�r�e�e� �e�n�e�r�g�y�,� �H� �i�s� �t�h�e� �e�n�t�h�a�l�p�y� �d�e�f�i�n�e�d� �b�y� 

�H�=�U�+�P�V�,� 

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

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

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

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

�P�j� �T�l� 

�V�(�P�,�T�o�)�a�P� �|� �S�(�P�o�,�T�)� �O�T� 
�T�o� 

�G�(�P�1�,�T�1�)� �=� �G�(�P�o�,�T�o�)� �|� 
�P�o� 

�w�h�e�r�e� �t�h�e� �G�(�P�,�,�T�p�)� �i�s� �a�n� �a�r�b�i�t�r�a�r�y� �r�e�f�e�r�e�n�c�e� �p�o�i�n�t� �o�f� �t�h�e� �f�r�e�e� �e�n�e�r�g�y� �s�u�r�f�a�c�e�.� 

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

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

�3�3



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

�a�s� �=� �(�=�)� �a�T� 

�w�h�e�r�e� �C�y� �i�s� �t�h�e� �h�e�a�t� �c�a�p�a�c�i�t�y� �o�f� �t�h�e� �m�a�t�e�r�i�a�l� �a�t� �c�o�n�s�t�a�n�t� �p�r�e�s�s�u�r�e�.� �H�e�a�t� 

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

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

�C�p� �=� �a�+�b�T�+�c�T�?�.� 

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

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

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

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

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

�G�i�b�b�s� �f�r�e�e� �e�n�e�r�g�y� �e�q�u�a�t�i�o�n�.� �F�i�g�u�r�e� �3�.�2� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �P�-�T� �d�i�a�g�r�a�m� �o�f� �w�a�t�e�r� �a�t� 
�o�r�d�i�n�a�r�y� �p�r�e�s�s�u�r�e�s�.� �M�o�s�t� �p�h�a�s�e� �d�i�a�g�r�a�m�s� �a�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �e�x�p�e�r�i�m�e�n�t�s�,� 

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

�a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�i�m�e�.� �T�h�i�s� �i�s� �b�e�c�a�u�s�e� �t�h�e� �'�t�i�m�e �� �p�a�r�a�m�e�t�e�r� �d�o�e�s� �n�o�t� �e�x�p�l�i�c�i�t�l�y� 

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

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

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

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

�s�y�s�t�e�m�.� 

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

�n�u�m�b�e�r� �o�f� �p�h�a�s�e�s� �a�n�d� �t�h�e� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �s�y�s�t�e�m�.� 
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�F�=�C�-�P�+�2�,� �w�h�e�r�e� 

�F� �=� �n�u�m�b�e�r� �o�f� �d�e�g�r�e�e�s� �o�f� �f�r�e�e�d�o�m�,� 

�C� �=� �t�h�e� �n�u�m�b�e�r� �o�f� �c�o�m�p�o�n�e�n�t�s�,� �a�n�d� 

�P� �=� �t�h�e� �n�u�m�b�e�r� �o�f� �p�h�a�s�e�s�.� 

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

�e�q�u�i�l�i�b�r�i�u�m�.� �T�h�e� �c�o�n�s�t�a�n�t� �"�2�"� �c�o�m�e�s� �f�r�o�m� �t�h�e� �t�w�o� �v�a�r�i�a�b�l�e�s�,� �t�e�m�p�e�r�a�t�u�r�e� 

�a�n�d� �p�r�e�s�s�u�r�e�.� 

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

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

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

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

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

�F�=�C�-�P�+�2�=�4�-�P�,� 

�w�h�e�r�e� �C� �=� �2� �i�n� �a� �t�w�o� �c�o�m�p�o�n�e�n�t� �s�y�s�t�e�m�.� �F�r�o�m� �t�h�e� �e�q�u�a�t�i�o�n� �i�t� �c�a�n� �b�e� �s�e�e�n� 

�t�h�a�t� �t�h�e�r�e� �c�a�n� �b�e� �f�o�u�r� �c�o�e�x�i�s�t�i�n�g� �p�h�a�s�e�s� �w�i�t�h� �z�e�r�o� �v�a�r�i�a�n�c�e�,� �t�h�r�e�e� �c�o�e�x�i�s�t�i�n�g� 

�p�h�a�s�e�s� �w�i�t�h� �a� �s�i�n�g�l�e� �v�a�r�i�a�n�c�e�,� �t�w�o� �c�o�e�x�i�s�t�i�n�g� �p�h�a�s�e�s� �w�i�t�h� �b�i�v�a�r�i�a�n�c�e� �o�r� �a� 

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

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

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

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

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

�c�o�m�p�o�s�i�t�i�o�n�.� �F�i�g�u�r�e� �3�.�3� �i�s� �a� �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� �a� �t�h�r�e�e�-� �d�i�m�e�n�s�i�o�n�a�l� 

�b�i�n�a�r�y� �s�y�s�t�e�m�.� 

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

�n�e�g�l�i�g�i�b�l�e� �u�p� �t�o� �1�5�0�0�°�C� �-� �2�0�0�0�°�C� �t�h�a�t� �t�h�e� �p�h�a�s�e� �r�e�l�a�t�i�o�n�s� �e�s�t�a�b�l�i�s�h�e�d� �a�t� 
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�a�t�m�o�s�p�h�e�r�i�c� �p�r�e�s�s�u�r�e� �w�o�u�l�d� �s�u�f�f�i�c�e�.� �T�h�i�s� �s�i�m�p�l�i�f�i�e�s� �t�h�e� �p�h�a�s�e� �r�u�l�e� �r�e�l�a�t�i�o�n� �t�o� 

�F�=�C�-�P�+�1�=�3�-�P�.� 

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

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

�i�n�t�e�r�m�e�d�i�a�t�e� �c�o�m�p�o�u�n�d�s� �a�n�d� �s�o�l�i�d� �s�o�l�u�t�i�o�n�s� �[�2�2�]�.� 
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�3�.�2� �P�h�a�s�e�s� �o�f� �s�e�l�e�c�t�e�d� �c�e�r�a�m�i�c�s� 

�T�h�e� �p�h�a�s�e� �d�i�a�g�r�a�m�s� �o�f� �t�h�e� �s�e�l�e�c�t�e�d� �c�e�r�a�m�i�c�s� �a�n�d� �m�e�t�a�l� �a�r�e� �a�n�a�l�y�z�e�d� �i�n� 
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�4�.�0� �S�I�L�I�C�A� �A�N�D� �S�A�P�P�H�I�R�E� �F�I�B�E�R�S� 

�4�.�1� �S�i�l�i�c�a� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �c�h�e�m�i�c�a�l� �r�e�a�g�e�n�t� �[�1�2�]�.� �F�u�s�e�d� �s�i�l�i�c�a� �i�s� �n�o�t� �a�t�t�a�c�k�e�d� �b�y� �d�r�y� 

�m�o�l�e�c�u�l�a�r� �o�r� �a�t�o�m�i�c� �h�y�d�r�o�g�e�n� �u�p� �t�o� �8�0�0�°�C�.� �B�u�l�k� �f�u�s�e�d� �s�i�l�i�c�a� �h�a�s� �a� �l�o�w� 

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

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

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

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

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

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

�4�6



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

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

�o�p�t�i�c�a�l� �f�i�b�e�r�s� �d�u�e� �t�o� �b�e�n�d�i�n�g� �h�a�v�e� �b�e�e�n� �s�t�u�d�i�e�d� �[�2�5� �-� �3�1�]�.� �F�l�a�w�s� �i�n� �t�h�e� �f�i�b�e�r� 

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

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

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

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

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

�s�t�r�e�n�g�t�h� �o�f� �a� �f�i�b�e�r�.� 

�F�i�g�u�r�e�s� �4�.�1� �t�o� �4�.�6� �p�r�o�v�i�d�e� �g�r�a�p�h�i�c�a�l� �a�n�a�l�y�s�e�s� �o�f� �t�h�e�r�m�a�l� �e�x�p�a�n�s�i�o�n�,� 
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�4�.�2� �S�a�p�p�h�i�r�e� 

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

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

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

�T�h�e� �c�o�m�p�r�e�s�s�i�v�e� �s�t�r�e�n�g�t�h� �o�f� �C� �-� �a�x�i�s� �o�r�i�e�n�t�e�d� �s�a�p�p�h�i�r�e� �i�s� �2�1�x�1�0�®� �t�o� �4�2�x�1�0�8� �P�a� 

�(�3�0�0�,�0�0�0� �t�o� �6�0�0�,�0�0�0� �p�s�i�)�.� �T�h�e� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �o�f� �s�a�p�p�h�i�r�e� �f�i�b�e�r�s� �i�s� �i�n�v�e�r�s�e�l�y� 

�p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �c�r�o�s�s� �s�e�c�t�i�o�n�a�l� �a�r�e�a� �[�1�2�]� �a�n�d� �i�s� �v�e�r�y� �h�i�g�h�.� �S�a�p�p�h�i�r�e� �i�s� 

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

�l�a�m�p�s� �h�a�v�e� �b�e�e�n� �m�a�d�e� �f�r�o�m� �s�a�p�p�h�i�r�e� �[�7�]� �a�n�d� �i�n� �t�h�i�s� �a�p�p�l�i�c�a�t�i�o�n� �i�t� �i�s� �m�o�r�e� 

�e�f�f�i�c�i�e�n�t� �t�h�a�n� �P�C�A� �s�i�n�c�e� �i�t� �i�s� �m�o�r�e� �r�e�s�i�s�t�a�n�t� �t�o� �a�l�k�a�l�i� �a�t�t�a�c�k� �a�n�d� �c�a�n� �o�p�e�r�a�t�e� �a�t� 

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

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

�S�o�m�e� �p�a�p�e�r�s� �a�r�e� �a�v�a�i�l�a�b�l�e� �o�n� �s�a�p�p�h�i�r�e� �f�i�l�a�m�e�n�t� �g�r�o�w�t�h� �[�1�7�]� �a�n�d� �t�h�e� 

�m�e�c�h�a�n�i�c�a�l� �a�n�d� �s�t�r�u�c�t�u�r�a�l� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �[�1�8�]�.� �P�u�r�e� �n�i�c�k�e�l� �r�e�a�c�t�s� �w�i�t�h� 

�s�a�p�p�h�i�r�e� �i�n� �a�n� �o�x�i�d�i�z�i�n�g� �o�r� �i�n�e�r�t� �a�t�m�o�s�p�h�e�r�e� �a�b�o�v�e� �1�0�5�0�°�C� �[�1�9�]�.� �S�a�p�p�h�i�r�e� 

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

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

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

�s�a�p�p�h�i�r�e� �f�i�l�a�m�e�n�t� �f�o�r� �c�o�m�p�o�s�i�t�e� �a�p�p�l�i�c�a�t�i�o�n� �[�2�0�]� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �s�u�r�f�a�c�e� �d�e�f�e�c�t�s� 

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

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

�e�m�b�e�d�d�e�d� �s�a�p�p�h�i�r�e�.� 

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

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

�¢� �c�h�e�m�i�c�a�l� �f�o�r�m�u�l�a� �A�l�,�O�3� 

�¢� �c�r�y�s�t�a�l� �s�t�r�u�c�t�u�r�e� �r�h�o�m�b�o�h�e�d�r�a�l� 

�e� �m�e�l�t�i�n�g� �p�o�i�n�t� �2�0�5�3�°�C� 
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�o�r�i�e�n�t�a�t�i�o�n�s� �R� �-� �p�l�a�n�e� �(�1�1�0�2�)� 

�A� �-� �p�l�a�n�e� �(�1�0�1�0�)� 

�C�-�p�l�a�n�e� �(�0�0�0�1�)� 

�e� �d�e�n�s�i�t�y� �3�.�9�7�¢�/�c�c� 

�¢� �P�o�i�s�s�o�n�'�s� �r�a�t�i�o� �0�.�2�8� �-� �0�.�3�3� 

�¢� �m�a�x� �o�p�e�r�a�t�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �2�0�0�0�°�C� 

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

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

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

�b�e�c�a�u�s�e� �i�t� �i�s� �c�h�e�m�i�c�a�l�l�y� �h�i�g�h�l�y� �s�t�a�b�l�e�.� 

�F�i�g�u�r�e�s� �4�.�7� �t�o� �4�.�1�1� �i�n�d�i�c�a�t�e� �t�h�e� �t�h�e�r�m�a�l� �a�n�d� �o�p�t�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� 

�s�a�p�p�h�i�r�e�.� �S�o�m�e� �o�f� �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� �s�a�p�p�h�i�r�e� �a�r�e� �s�h�o�w�n� �i�n� �t�h�e� 

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

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

�F�i�g�u�r�e� �3�1�,� �l�e�t�t�e�r�s� �A�,� �B�,� �D�,� �a�n�d� �E� �r�e�p�r�e�s�e�n�t� �C� �-�a�x�i�s� �g�r�o�w�n� �f�i�l�a�m�e�n�t�s� �o�f� �d�i�f�f�e�r�e�n�t� 

�d�i�a�m�e�t�e�r�s�,� �C� �r�e�p�r�e�s�e�n�t�s� �A� �-� �a�x�i�s� �g�r�o�w�n� �f�i�l�a�m�e�n�t� �a�n�d� �F� �r�e�p�r�e�s�e�n�t�s� �A� �-�a�x�i�s� 

�g�r�o�w�n� �w�h�i�s�k�e�r�s�.� 
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�4�.�3� �F�i�b�e�r� �e�m�b�e�d�d�i�n�g� 

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

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

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

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

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

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

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

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

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

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

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

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

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

�s�t�r�u�c�t�u�r�e�.� 

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

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

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

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

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

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

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

�c�u�r�r�e�n�t� �i�s� �n�e�e�d�e�d�.� �M�e�t�a�l�s� �l�i�k�e� �c�o�p�p�e�r�,� �n�i�c�k�e�l� �a�n�d� �c�o�b�a�l�t� �c�a�n� �b�e� �c�o�a�t�e�d� �u�s�i�n�g� 

�t�h�i�s� �m�e�t�h�o�d�.� �M�g�,� �A�l�,� �Z�n� �o�r� �F�e� �c�a�n� �b�e� �u�s�e�d� �a�s� �a� �d�i�s�p�l�a�c�i�n�g� �a�g�e�n�t� �[�3�2�]�.� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�s�k�i�n� �a�n�d� �s�t�r�u�c�t�u�r�e �� �p�u�r�p�o�s�e�s�.� 
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�5�.�0� �E�X�P�E�R�I�M�E�N�T� 

�5�.�1� �D�e�s�c�r�i�p�t�i�o�n� 

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

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

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

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

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

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

�t�u�b�i�n�g�.� �T�h�e� �s�a�m�p�l�e�s� �a�r�e� �t�h�e�n� �s�u�b�j�e�c�t�e�d� �t�o� �t�e�m�p�e�r�a�t�u�r�e�s� �i�n� �t�h�e� �r�a�n�g�e� �o�f� �8�6�0�°�C�.� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�s�e�p�a�r�a�t�e�,� �p�a�r�a�l�l�e�l� �a�r�e�a� �o�f� �r�e�s�e�a�r�c�h�.� 

�5�.�2� �X�-�r�a�y� �d�i�f�f�r�a�c�t�i�o�n� �a�n�a�l�y�s�e�s� 

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

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

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

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

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

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

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

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

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

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

�2�d�s�i�n�®� �=� �n�a� 

�w�h�e�r�e� �d� �i�s� �t�h�e� �l�a�t�t�i�c�e� �s�p�a�c�i�n�g�,� �n� �i�s� �t�h�e� �o�r�d�e�r� �o�f� �t�h�e� �s�p�e�c�t�r�u�m�,� �0� �i�s� �t�h�e� �a�n�g�l�e� �o�f� 

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

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

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

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

�A�n� �a�p�p�r�o�x�i�m�a�t�e� �5�0� �-� �5�0� �v�o�l�u�m�e� �m�i�x�t�u�r�e� �o�f� �h�a�l�f� �o�f� �t�h�e� �h�e�a�t� �t�r�e�a�t�e�d� 

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

�a�u�t�o�m�a�t�e�d� �2�5� �c�m� �v�e�r�t�i�c�a�l� �d�i�f�f�r�a�c�t�o�m�e�t�e�r� �(�G�S�C�I�N�T�A�G�)� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� �c�o�p�p�e�r� 

�t�u�b�e� �a�n�d� �a� �l�i�q�u�i�d� �n�i�t�r�o�g�e�n�-�c�o�o�l�e�d� �s�o�l�i�d� �s�t�a�t�e� �d�e�t�e�c�t�o�r� �(�S�C�I�N�T�A�G� �X�D�S� �2�0�0�0�)�.� 

�S�l�i�t� �s�i�z�e�s� �u�s�e�d� �w�e�r�e� �2�°� �f�o�r� �d�i�v�e�r�g�e�n�c�e� �a�n�d� �0�.�3� �m�m� �f�o�r� �r�e�c�e�i�v�i�n�g�;� �t�h�e� 

�i�n�s�t�r�u�m�e�n�t�a�l� �p�r�o�f�i�l�e� �b�r�e�a�d�t�h� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �0�.�0�3�0�°� �2�0�.� �D�i�f�f�r�a�c�t�o�m�e�t�e�r� 

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

�b�e�t�w�e�e�n� �2�0� �a�n�d� �8�0� �2�0� �w�i�t�h� �a� �c�h�o�p�p�e�r� �i�n�c�r�e�m�e�n�t� �o�f� �0�.�0�1� �a�n�d� �a� �s�c�a�n� �r�a�t�e� �o�f� �0�.�5� 

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

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

�T�h�e� �f�o�l�l�o�w�i�n�g� �g�r�a�p�h�s� �(�F�i�g�u�r�e�s� �5�.�1� �t�o� �5�.�2�4�)� �p�r�o�v�i�d�e� �t�h�e� �d�i�f�f�r�a�c�t�i�o�n� 

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

�a�l�u�m�i�n�a� �-� �s�i�l�i�c�a� 

�a�l�u�m�i�n�a� �-� �s�i�l�i�c�o�n� �c�a�r�b�i�d�e� 

�a�l�u�m�i�n�a� �-� �z�i�r�c�o�n�i�a� 

�s�i�l�i�c�a� �-� �s�i�l�i�c�o�n� �c�a�r�b�i�d�e� 

�s�i�l�i�c�a� �-� �z�i�r�c�o�n�i�a� 

�s�i�l�i�c�a� �-� �n�i�o�b�i�u�m� 

�w�e�r�e� �e�a�c�h� �p�r�e�p�a�r�e�d� �i�n� �s�e�t�s� �o�f� �t�h�r�e�e�s� �a�n�d� �w�e�r�e� �h�e�a�t�e�d� �t�o� �8�5�7�°�C� �f�o�r� �1�2�0� �h�o�u�r�s�,� 

�2�4�0� �h�o�u�r�s� �a�n�d� �3�6�0� �h�o�u�r�s� �e�a�c�h�.� 
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�5�.�3� �T�h�e� �e�l�e�c�t�r�o�n� �m�i�c�r�o�p�r�o�b�e� �e�x�p�e�r�i�m�e�n�t� 

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

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

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

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

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

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

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

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

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

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

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

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

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

�o�f� �a� �g�i�v�e�n� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �X�-�r�a�y� �p�e�a�k� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� 

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

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

�[�3�5�]�.� 

�5�.�3�.�1� �S�a�m�p�l�e� �p�r�e�p�a�r�a�t�i�o�n� 

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

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

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

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

�m�a�d�e� �b�y� �L�e�c�o� �C�o�r�p�o�r�a�t�i�o�n� �i�n� �t�h�e� �r�a�t�i�o� �4�:�1� �w�e�r�e� �m�i�x�e�d� �t�h�o�r�o�u�g�h�l�y� �a�n�d� �p�o�u�r�e�d� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�c�o�n�d�u�c�t�i�v�i�t�y�.� 

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

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

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

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

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

�R�e�f�l�e�c�t�o�r� 

�7� 
�a� 

�O�p�t�i�c�a�l� �V�i�e�w�i�n�g� �s�y�s�t�e�m� 

�-�r�a�y�s� 

�X�-�r�a�y� �D�e�t�e�c�t�o�r� �M�a�g�n�e�t�i�c� �C�o�n�d�e�n�s�o�r� �L�e�n�s� 

�S�a�m�p�l�e� 

�F�i�g�u�r�e� �5�.�2�7� �S�c�h�e�m�a�t�i�c� �d�i�a�g�r�a�m� �o�f� �a�n� �E�l�e�c�t�r�o�n� �M�i�c�r�o�p�r�o�b�e� �[�3�5�]� 
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�T�h�e� �m�i�c�r�o�p�r�o�b�e� �u�s�e�d� �f�o�r� �t�h�e� �q�u�a�l�i�t�a�t�i�v�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �m�o�u�n�t�e�d� �f�i�b�e�r�s� 
�w�a�s� �t�h�e� �C�A�M�E�B�A�X� �S�X� �5�0�,� �a� �p�r�o�d�u�c�t� �o�f� �C�a�m�e�c�a�.� �I�t� �i�s� �a� �h�i�g�h�l�y� �a�u�t�o�m�a�t�e�d� �a�n�d� 

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

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

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

�m�u�l�t�i�-�p�o�i�n�t� �a�n�a�l�y�s�i�s� �a�n�d� �d�a�t�a� �m�a�n�i�p�u�l�a�t�i�o�n�.� 

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

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

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

�S�i�l�i�c�a� �i�n� �a�l�u�m�i�n�a� 

�S�i�l�i�c�a� �i�n� �z�i�r�c�o�n�i�a� 

�S�a�p�p�h�i�r�e� �i�n� �n�i�o�b�i�u�m� 

�T�h�e� �s�e�l�e�c�t�e�d� �s�a�m�p�l�e�s� �w�e�r�e� �t�h�e� �o�n�e�s� �h�e�a�t� �t�r�e�a�t�e�d� �f�o�r� �t�h�e� �l�o�n�g�e�s�t� �p�e�r�i�o�d�,� �3�6�0� 

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

�S�i�l�i�c�a� �i�n� �S�i�C� 

�S�a�p�p�h�i�r�e� �i�n� �S�i�C� 

�S�i�l�i�c�a� �i�n� �N�i�o�b�i�u�m� 

�S�a�p�p�h�i�r�e� �i�n� �Z�i�r�c�o�n�i�a� 

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

�r�e�a�c�t�i�o�n� �p�h�a�s�e�s� �w�e�r�e� �o�b�s�e�r�v�e�d�.� �F�i�g�u�r�e�s� �5�.�2�6� �-� �5�.�2�8� �p�r�o�v�i�d�e� �t�h�e� �p�l�o�t� �o�f� �a� �s�t�a�t�i�c� 

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

�9�3



�»� �2�0�0�0�.� 

�;� �1�6�0�0�.� 

�a� �t�h� �o�y� 

�-� �1�2�0�0�.� 

�|� 

�|� 
�'� �8�0�0�.� 

�"�4�0�0�.� 

�O�f�.� � � 
�F�i�g�u�r�e� �5�.�2�6� 

�|� �0�.� �0�0� 

�C�a�m�e�c�a� �S�X�5�0� �B�e�a�n� �S�c�a�n� 

� � 

�1�4�:�5�4� �}� 
�1�1�5� �k�v� 

�t�u�s� �f�o�r� �R�u�b�y�  ��1�9�.�9� �n�a� 
�:� �i� 
�I� 

�t� 

�G�l�a�s�s� �|� 

�|� �(� 
�S�i� �,� 

�S�p�2� �T�A�F� 

�o�l� �k�t�h� �!� �l�t�t� �;� �:� �m�y� �"� �i�f� �\�"� �i�l�y� �i� �d�h�e� �h�e�y� �I�t�)� �{� �\� 

�i�y� �:� 
�|� �A�1�2�0�3� �|� �:� 

 �� �|� 

�|� 
�|� 

�!� 

�{� 

�f�e� �M�m�e� �C�o�r�e�r� �r�e� �p�e�n�e� �a�r�m�y� �w�e�n� �m�m� �m�e� �p�e�  �� �1� �t� �7� � � 
�a�n�g�l�e�=� �0� �p�o�s�=� �2�4�.�0�0�0� 

�H�M�i�c�r�o�n�s� 

�S�i�l�i�c�a� �f�i�b�e�r� �i�n� �A�l�u�m�i�n�a� �h�e�a�t�e�d� �f�o�r� �3�6�0� �h�o�u�r�s� �a�l� �8�5�7� �°�C� 

�9�4



�c� 
�C�o�m�e�c�a� �S�H�S�O� �B�e�a�m� �T�e�o�a�n� 

� � � � 

�H�3� �o�l�e�s�s�/�c�r�o�2� �t�n�s� �f�o�r� �r�u�b�y� �1�5�:�0�3� 
�2�0�0�0� �°� 

 ��1�5� �k�v� 

�1�9�.�9� �n�A� 

�S�p�l� �T�A�P� 
�1�5�0�0� �|� 

�i� 

�O�i� �i� 
�|� �S�P�2� �T�A�P� 

�i�y� �1� �a� �A� �|� �I�)� �H�y� �H�i� �i� �N�e� �\� �I�,� �1�2�0�0� �i� �y�  ��|� �v�l� �:� �W�y� �1�'� �"�y� �A�,� �a�f�i� �t�d� �b�a�h� 

�|� �|� 

�!� 
�|� 

�8�0�0�.� �=� 

�I�,� 

�|� 

�4�0�0� �'� �|� �:� �i� �;� �|� 

�\� 
�t� 

�i�t� �'� 

�i�  �� �\� 

�O� �b�a�n�d� �|� �p�m� �e�r�e� 
�0�.�0�0� �2�4�.�0�0� 

�a�n�g�l�e�=� �0� �p�o�s�=� �2�4�.�0�0�0� 

�H�i�c�r�o�n�s� 

�F�i�g�u�r�e� �5�.�2�7� �S�i�l�i�c�a� �f�i�b�e�r� �i�n� �Z�i�r�c�o�n�i�a� �h�e�a�t�e�d� �f�o�r� �3�6�0� �h�o�u�r�s� �a�t� �8�5�7� �°�C



�C�a�m�e� �S�e� �B�e� �y�e� �e�e�t�s�y� �y�y� 

�1�6�:�1�6� 
�7�0�0�.�0� �1�S� �k�v� 

�l�i�f� �2�0�.�0� �n�a� 
�W�N� �(�i� �H�W� �e�d� �o�n� �L�i�f�  ��J� �i� �i�h�r� �d�t�l� �i� �m�q� �H�h� �i�n� �m�a� 

�S�p�i� �T�A�P� 

�5�6�0�.�0� 

�!� 
�|� 

�|� �S�p�2� �T�A�P� 

�I� 

�A�2�0�0� �|� 

�T�I�V�E� �f�o�t� �D�i�v�b�e�y� 

�4�/�2�0�/�9�0� �|� 

�2�2�0�.�0� �|� �4� 
�e�h�,� 

�{�I� 
�|� �I�h� 

�|� 

�1�4�0�.�0� �|� 
�|� 
�|� 

�i� �:� �\� 
�Q� �.� �0�)�  �� �e�y� �t�e�e� �P�a�c�e�y� �:� �M�a�r�e�s� �e�a�t�s� �a� �a�n� �.�?� �e�g� �e�e�e� �A�e�n� 

�O�0�0� 
� � 

�4�k� �O�O� 

�F�i�g�u�r�e� �5�.�2�8� �a�p�p�h�i�r�e� �f�i�b�e�r� �i�n� �n�i�o�b�i�u�m� �h�e�a�t�e�d� �f�o�r� �3�6�0� �h�o�u�r�s� �a�t� �8�5�7� �°�¢� 

�9�6
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�p�h�o�t�o�g�r�a�p�h�e�d� �u�s�i�n�g� �P�o�l�a�r�o�i�d� �f�i�l�m�s� �a�n�d� �a�r�e� �s�h�o�w�n� �i�n� �t�h�e� �A�p�p�e�n�d�i�x� �B�.� �A� 
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�6�.�0� �R�E�S�U�L�T�S� �A�N�D� �C�O�N�C�L�U�S�I�O�N�S� 

�6�.�1� �R�e�s�u�l�t�s� �o�f� �X�-�r�a�y� �d�i�f�f�r�a�c�t�i�o�n� �a�n�a�l�y�s�e�s� 

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

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

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

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

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

�t�h�e�i�r� �u�s�e� �i�n� �H�P�S� �l�a�m�p�s� �[�8�,�1�0�]�.� �F�i�g�u�r�e�s� �5�.�1� �t�o� �5�.�2�4� �a�r�e� �t�h�e� �g�r�a�p�h�s� �o�f� �t�h�e� �s�a�m�p�l�e� 

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

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

�i�n�d�i�c�a�t�i�o�n� �o�f� �n�e�w� �c�r�y�s�t�a�l�l�i�n�e� �p�h�a�s�e�s�.� �F�i�g�u�r�e�s� �6�.�1� �t�o� �6�.�6� �a�r�e� �t�h�e� �c�o�m�p�a�r�a�t�i�v�e� 

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

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

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

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

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

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

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

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

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

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

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

�t�e�m�p�e�r�a�t�u�r�e� �o�f� �i�n�t�e�r�e�s�t�.� 
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�6�.�2� �R�e�s�u�l�t�s� �o�f� �e�l�e�c�t�r�o�n� �m�i�c�r�o�p�r�o�b�e� �a�n�a�l�y�s�i�s� 

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

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

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

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

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

�p�r�e�s�e�n�t�.� 

�6�.�3� �L�i�g�h�t� �m�i�c�r�o�s�c�o�p�e� �e�x�a�m�i�n�a�t�i�o�n� �o�f� �f�i�b�e�r� �i�n� �p�o�w�d�e�r� 

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

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

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

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

�c�h�a�n�g�e�s�.� 

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

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

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

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

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

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

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

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

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

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

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

�9�9



�6�.�4� �C�o�n�c�l�u�s�i�o�n�s� 

�6�.�4�.�1� �N�i�o�b�i�u�m�-�A�l�u�m�i�n�a� �c�o�a�t�i�n�g� �o�n� �s�a�p�p�h�i�r�e� 

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

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

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

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

�w�i�t�h� �a�l�u�m�i�n�a� �w�h�i�c�h� �c�a�n� �b�e� �d�o�n�e� �u�s�i�n�g� �C�V�D� �m�e�t�h�o�d�.� �A�l�u�m�i�n�u�m� 

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

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

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

�v�a�c�u�u�m� �c�h�a�m�b�e�r� �h�e�a�t�e�d� �t�o� �a�b�o�u�t� �4�0�0�°�C� �a�n�d� �t�h�r�o�u�g�h� �w�h�i�c�h� �t�h�e� �f�i�b�e�r� �i�s� 

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

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

�6�.�4�.�2� �O�t�h�e�r� �c�o�a�t�i�n�g� �m�a�t�e�r�i�a�l�s� 

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

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

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

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

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

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

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

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

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

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