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(ABSTRACT) 

The objective of this study was to provide an optical technique 

allowing full-field in-plane deformation measurements at high 

temperature by using high-sensitivity moiré interferometry. 

This was achieved by a new approach of performing 

deformation measurements at high temperatures in a vacuum oven 

using an achromatic interferometer. The moiré system setup was 

designed with particular consideration for the stability, 

compactness, flexibility, and ease of control. A vacuum testing 

environment was provided to minimize the instability of the 

patterns by protecting the optical instruments from the thermal 

convection currents. 

Also, a preparation procedure for the high-temperature 

specimen grating was developed with the use of the plasma-etched



technique. Gold was used as a metallic layer in this procedure. This 

method was demonstrated on a ceramic block, metal/matrix 

composite, and quartz. 

Thermal deformation of a quartz specimen was successfully 

measured in vacuum at 980 degrees Celsius, with the sensitivity of 

417 nm per fringe. The stable and well-defined interference 

patterns confirmed the feasibility of the developments, including 

the high-temperature moiré system and high-temperature specimen 

grating. The moiré system was demonstrated to be vibration- 

insensitive. Also, the contrast of interference fringes at high 

temperature was enhanced by means of a spatial filter and a narrow 

band interference filter to minimize the background noise from the 

glow of the specimen and heater. 

The system was verified by a free thermal expansion test of an 

aluminum block. Good agreement demonstrated the validity of the 

optical design. The measurements of thermal deformation mismatch 

were performed on a graphite/epoxy composite, a metal/matrix 

composite equipped with an optical fiber, and a cutting tool bit. A 

high-resolution data-reduction technique was used to measure the 

Strain distribution of the cutting tool bit.
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1 INTRODUCTION 

1.1 Motivation 

The purpose of this study was to extend the capability of 

moiré interferometry to measurement of displacement at high 

temperatures. 

For many years, significant attention has been concentrated on 

the developments and applications of experimental techniques 

capable of performing displacement or strain measurements on 

structural materials at high temperatures. The displacement or 

strain information can be used to study mechanical behavior, thus 

providing the safety evaluation of a structure, or the criterion of a 

design. Recently, the increasing developments in composite 

materials have included the high-temperature and high-performance 

materials, such as ceramic composites and _ metal/matrix 

composites. Due to their light weight and improved high- 

temperature performance, some applications of these materials 

include using them as components of the internal combustion engine, 

parts on high-speed aircraft, and spacecraft structures. Therefore, 

a technique providing precise deformation measurement and analysis 

is critical to the design of these structures.



Moiré interferometry is one of the sophisticated techniques, in 

comparison with mechanical and optical methods. It is an optical 

technique which provides high-sensitivity, high-spatial-resolution, 

full-field, and in-plane deformation measurement on the surface of 

solid bodies. The easy-to-interpret interferogram of a very high 

contrast is of great advantage. Through data processing, the full- 

field strain distribution can be extracted from the displacement 

contours by differentiation using displacement-strain equations. 

The full-field stress distribution can be obtained easily when the 

material properties are known. 

In 1956, Guild [1] introduced high-sensitivity moiré 

interferometry which extended the sensitivity of traditional moiré 

interferometry by two orders of magnitude. Since then, a wide range 

of applications has been pursued [2,3,4,5], ranging from simple 

isotropic materials to anisotropic composite materials. In 

particular, moiré interferometry is a unique tool for the analysis of 

composite materials. Though this method has found widespread 

applications in solid mechanics, almost all measurements have been 

performed at room temperature so far. 

Attempts at high-temperature measurements have been made 

in the past, but the instability, complexity, and high cost of the 

moiré system setup, as well as the survivability of the specimen 

grating prevented the achievement in extending this experimental 

technique to the high-temperature regime. Furthermore, as the



temperature of the specimen increases, background noise degrades 

the contrast of fringe pattern, making recording difficult. 

Meanwhile, the convection currents change the refractive index of 

the air along the optical path of laser beam, causing an instable 

fringe pattern. 

The primary motivation was to overcome these existing 

difficulties and to promote this experimental method into the high- 

temperature regime, thus providing a valuable and practical research 

tool for the evaluation of a structural component subjected to 

thermal loading. 

1.2 Literature Review 

Earlier work on deformation or strain measurement at high 

temperature is reviewed. The overview then focuses on the use of 

moiré interferometry in the past and on some of the difficulties 

experienced during its application to high-temperature testing. 

Finally, current developments of this method are discussed. 

1.2.1 Electro-Mechanical Methods for Strain 

Measurement at High Temperatures 

Significant work [6,7,8] has been devoted to improving the 

techniques of performing displacement or strain measurements at



high temperatures or in hostile environments. Of all available 

techniques, electro-mechanical and optical methods appear to be the 

two categories covering most achievements. The capacitance strain 

gage and electrical resistance strain gage fit into the first category. 

Their advantages are low cost and easy installation, and they are 

particularly attractive for room temperature tests. However, 

because these gages must have mechanical contact with the 

specimen, the durability of the adhesive bond becomes a problem as 

the temperature is increased for high-temperature tests. In many 

instances, electromagnetic interference from power sources could 

affect the data reading. In fact, it is the resistance of adhesive and 

gage materials to heat that limits the peak operating temperature of 

these strain gages. Temperature-compensated electrical resistance 

Strain gages can be used up to 800°C [9]. Some extensometers were 

designed for axial and torsional strain measurement at temperatures 

up to 1200°C [10]. Even though they can be utilized for high- 

temperature measurements, they can only provide information at a 

single point. 

1.2.2 Optical Methods for Strain Measurement at High 

Temperatures 

Many researchers prefer optical techniques [11,12], which can 

be performed away from the heating area without mechanical 

contact with the specimen, thereby eliminating the need for special



gages, able to work and survive in hostile environments. Interest in 

these techniques grew rapidly once lasers became available. For 

example, the diffractographic strain gage [13] and _ the 

interferometric strain gage [14,15,16] could be used for 

measurements at high temperatures. In order to use the optical 

phenomenon of diffraction, Pryor et al. [13] attached two strips to 

the specimen to form an aperture. The diffractograms, obtained due 

to the changes in aperture dimension at various loads, could be used 

to measure the relative displacement, or average strain, between 

these two strips. Using the same phenomenon, Pih et al. [17] 

introduced a_ video/image processing system, in which a 

photodetector was used to measure the spacing of diffracted 

interference fringes, thus enabling real time measurements. In this 

method, errors can arise during interpolation for fractional fringes. 

By using the interference of reflected beams from two small 

surfaces cut at a specified angle on the specimen, Sharpe [14,15] 

designed the interference strain/displacement gage which could 

measure the relative displacement between the two cuts. Recently, 

two small attachable interferometric strain gages were developed 

by Sharpe et al. [16]. One was for measurement at high temperatures 

or corrosive environments, and the other could be used with 

nonreflective materials. 

Marion [18] used a digital line scan camera to track two 

optically small ceramic-cement targets placed on the specimen. A



strain measurement up to 3000°K was presented. In addition, 

Tompkins et al. [19] proposed a Fizeau-type laser-interferometric 

dilatometer to measure the thermal expansion of composites. 

With the non-contacting capability, the above mentioned 

methods provide only point-by-point information about average 

strain useful for isotropic materials. However, for advanced 

composite materials, these techniques cannot provide enough data 

needed in the study of complicated behaviors, such as mechanical 

properties near the interface of two materials. In addition, the data 

errors could arise due to a material's nonuniformity because these 

methods lack the full-field measurement capability. This capability 

is important in many cases, because the locations of defects or 

weak points are not usually known in advance. 

1.2.3 Speckle Pattern And Holography Interferometry 

With the full-field capability, the laser-speckle method is 

greatly explored on high temperature works these days 

(20,21,22,23,24]. This technique could also be used for vibration 

analysis in high-temperature environments. The other advantage of 

this technique is that no surface preparation of the specimen is 

necessary. However, because the method is based on the 

interference of beams of light scattered from the specimen surface, 

the information beams mix with optical noise, which results in low



and varying contrast of the original specklegram. In order to 

correlate the deformation or strain, one cannot avoid superposing 

two specklegrams or employing image processing. This necessity 

complicates the process of analysis and makes the method user- 

unfriendly. 

Theoretically, both moiré interferometry and _ speckle 

interferometry can _ provide’ high-sensitivity and __ full-field 

measurement capabilities and could use the carrier fringes of 

rotation or extension to enhance the accuracy of data extraction. 

However, in practice, as far as the full-field capability is 

concerned, because the strain range of the speckle interferometry is 

limited compared to that of moiré technique, the distance between 

two speckles cannot be too large. This characteristic limits its 

application. In addition, the method is sensitive to rigid body 

translation during the test because this makes the specklegram 

uncorrelated. 

When the temperature increases, thermal convection currents 

around the hot specimen produce noise and make data correlation 

more difficult. Also, oxidation of the specimen surface is another 

source of noise. It is more severe in atmospheric testing 

environments than in the vacuum environment. Since the original 

specklegram already contains noise, speckle technique is more 

susceptible to thermal noise than moiré technique. Recently, pulsed



lasers have been used in speckle measurements to minimize the 

effect from thermal current by reducing the exposure time. 

Based on the holographic interferometry, and made possible by 

introduction of the sensor equipment, digital computer and image 

processing system, ESPI (Electronic Speckle Pattern Interferometry) 

and DSPI (Digital Speckle Interferometry) have been widely studied 

in some high-temperature investigations [25,26,27,28]. These 

techniques will shorten the processing time; however, the memory 

requirements for speckle patterns of each successive stage are 

enormous, and the use of video camera results in sacrificing spatial 

resolution. In summary, this technique is usable at temperatures 

below 900°C [12]. In practice, no single technique is suitable for all 

applications at the present time, but the low contrast of the 

specklegram, limited range of full-field capabilities, and highly 

time-consuming data processing do make this technique less 

attractive and user-unfriendly. 

1.2.4 Moiré Interferometry 

While considering the attractive features of moire 

interferometry, some researchers have tried to use this technique as 

a tool for high-temperature displacement measurements. For 

example, Bowles et al. [29] used _ high-sensitivity moire 

interferometry to measure the coefficients of thermal expansion of



composite materials. The test temperature was reported to be up to 

300°F. In their design, a real reference grating was positioned in 

front of the specimen grating as part of an interferometer. The 

setup was then placed in an oven. Due to the thermal expansion of 

the real grating, the frequency of the reference grating changed, and 

the information beams were distorted. A correction was necessary 

to obtain the true thermal strain. Through two-step calibrations 

performed on the real reference grating, a correction factor was 

obtained. Even though the experimental data were calibrated, it was 

not a convenient approach, and it contained uncertain error from the 

expansion of the real reference grating. 

Another approach was adopted by Kang et al. [80], who used a 

standard moiré system outside an oven, with windows on the front 

face of the oven to pass the beams of light. Similarly, the windows 

made of wedges were heated, and the information beam was 

distorted. 

Convection ovens were widely used to heat the specimen, 

which offered the advantages of easy heating and simplified design 

of the load mechanism. But, as the temperature increased, thermal 

convection currents would change the refractive index along the path 

of the beam, making the fringes unstable. Arranging the 

interferometer to reduce the optical path length would minimize the 

effect of thermal convection currents [29,30]. A high-power laser 

was also considered to reduce the photographic exposure time and



minimize this effect. In addition, Sciammarella [31] proposed a 

technique of displacement averaging which utilized the sensor 

system to grab forty patterns, computed the phase of each pattern, 

and then averaged the phases to generate the final fringe pattern for 

each temperature step. As the thermal currents increased, an 

additional sensor became necessary to record the fast-changing 

patterns. 

1.2.5 Achromatic Interferometer 

The three-mirror four-beam moiré system [82,33] arranged on 

a vibration isolated table is a convenient design for measuring the 

in-plane displacement on both horizontal and vertical fields. 

Typical moiré systems have strict requirements on laser coherence 

and vibration. However, when vibration sources, such as testing 

machines or outdoor environments, are unavoidable, the achromatic 

interferometer developed by Czarnek [34] is a good choice. Unlike 

traditional moiré systems, this interferometer is vibration- 

insensitive, and does not require a monochromatic source of light. 

Measurement of the thermal deformation of a composite [35] during 

heating up to 180°C and cooling in atmosphere has been 

demonstrated by using this interferometer. 

10



1.2.6 High-Temperature Specimen Gratings 

For room temperature tests, several techniques of preparing 

the specimen grating have been explored, such as a ruled grating, 

etched grating, and holographic grating made of a _ high-resolution 

holographic plate or a photoresist coated plate. The fundamental 

requirement in high-temperature moiré is to have a specimen 

grating that will both survive at high temperatures and yield a 

photographable fringe pattern. 

The techniques of ruled grating have been widely discussed 

[36,37]. Today, this grating can be machined directly on the 

specimen to a very high frequency (1200 lines/mm). This grating 

can work at high temperatures, as long as the material itself 

survives. However, the high machining cost does limit the 

applicability of this grating as a specimen grating. 

The standard procedure for specimen grating preparation is to 

replicate the grating from a mold, on which a metallic layer has 

been deposited by evaporation, onto the specimen by using the epoxy 

adhesive [88]. Such a specimen grating's peak operating temperature 

is about 220°C because the epoxy adhesive begins to deteriorate. In 

general, this temperature limitation is high enough for the 

applications to most polymer matrix composites. 

Work on higher temperature survivability of the grating is in 

progress. Silicone rubber was used [30] instead of epoxy to transfer 
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the grating directly from the mold. However, for high-temperature 

and high-performance composites, like ceramic composites or 

metal-matrix composites, the peak temperature reached is still too 

low. Another technique, called the etched grating, which evolved 

from the photoresist grating, was chosen. The idea was to apply 

photoresist to the polished specimen surface, then expose it to a 

source of light, either with grid mask [89] or in an interferometry 

system with two-beam interference [85,40]. After developing, a bar 

and space photoresist grating was created. An etched grating was 

then obtained either by using a chemical [39] or a plasma etching 

process [35,40]. A preliminary study performed by Czarnek et al. 

[35] demonstrated that it was promising to use a plasma-etched gold 

grating for higher-temperature applications. 

Furthermore, several different approaches were tried for 

making a high-temperature specimen grating. For example, Forno 

[41] used a nickel mesh with a frequency of 40 lines/mm on the 

specimen. A chemical etching process was then utilized to obtain 

the specimen grating. Cloud [42] sprayed refractory paint on top of 

the specimen with photoresist grating to enhance high-temperature 

resistance. A serious problem was that the refractory paint was 

easy to corrugate and could not adhere well enough at high 

temperatures. Instead of using a refractory paint, another approach 

was to vacuum-deposit a metallic layer on top of the photoresist 

grating as a coating. The grating was hardly visible, as the 

photoresist disappeared at elevated temperatures. Recently, a new 
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technique developed by Cloud et al. [43] was to spray a layer of 

ceramic refractory paint on top of the specimen, and then press a 

nickel mesh immediately over it. After curing, a ceramic grating 

with embedded mesh was obtained. The interference pattern was 

demonstrated at the temperature up to 1370°C. However, the 

complexity of preparation and low sensitivity (with a frequency of 

40 lines/mm) of the specimen grating limit its application. 

1.2.7 Current Status of Moiré Interferometry 

Moire interferometry can provide the capabilities of the high 

sensitivity of 417 nm, and high resolution of about 100 nm. These 

capabilities are a good compromise between the efficiency of light 

and the compactness of a moiré system, and are sufficient for most 

applications. However, for micromechanics studies a_ higher 

sensitivity is necessary. A super high sensitivity interferometer 

was developed [44] by using the method of holographic wavefront 

multiplication. This enhanced the sensitivity by an order of 

magnitude to around 50 nm per fringe order. 

In the case of low-density patterns, such as those encountered 

in residual strain analysis, and when small regions of interest are 

investigated, a higher-resolution measurement is desired. A _high- 

resolution data-reduction technique was developed by Czarnek and 

Lee [45,46], and recently modified by Czarnek and Lin [47,48] by 
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�s�p�e�c�i�m�e�n�,� �t�h�e� �d�i�f�f�r�a�c�t�i�o�n� �p�h�e�n�o�m�e�n�o�n� �p�r�o�d�u�c�e�d� �i�s� �g�o�v�e�r�n�e�d� �b�y� �t�h�e� 

�f�u�n�d�a�m�e�n�t�a�l� �d�i�f�f�r�a�c�t�i�o�n� �e�q�u�a�t�i�o�n�:� 

�s�i�n�a� �=� �m�a�f� �+� �s�i�n�p�,� �(�2�.�1�)� 

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

�a� �d�i�f�f�r�a�c�t�i�o�n� �o�r�d�e�r�,� �4� �i�s� �t�h�e� �w�a�v�e�l�e�n�g�t�h�,� �a�n�d� �f� �i�s� �t�h�e� �f�r�e�q�u�e�n�c�y� �o�f� �t�h�e� 

�g�r�a�t�i�n�g�.� 

�A�'�,� �t�h�e� �f�i�r�s�t� �d�i�f�f�r�a�c�t�i�o�n� �o�r�d�e�r� �o�f� �i�l�l�u�m�i�n�a�t�i�n�g� �b�e�a�m� �A�,� �a�n�d� �B�'�,� 

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

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

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

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

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

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

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

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

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

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

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

�a�s�s�i�g�n�e�d� �n�u�m�b�e�r�s� �c�a�l�l�e�d� �f�r�i�n�g�e� �o�r�d�e�r�s�,� �d�e�f�i�n�e�d� �b�y� �E�q�u�a�t�i�o�n� �(�2�.�2�)�:� 
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�N�=�S�4�C�,� �(�2�.�2�)� 

�w�h�e�r�e� �W�N� �i�s� �t�h�e� �f�r�i�n�g�e� �o�r�d�e�r�,� 

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

�t�h�e� �w�a�v�e�f�r�o�n�t�s�,� 

�X� �i�s� �t�h�e� �w�a�v�e�l�e�n�g�t�h� �o�f� �l�i�g�h�t�,� 

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

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

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

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

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

�t�h�e� �a�n�g�l�e� �o�f� �i�n�c�i�d�e�n�c�e�.� 

�2�.�2� �I�n�-�p�l�a�n�e� �M�e�a�s�u�r�e�m�e�n�t� 

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

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

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

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

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

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

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

�(�2�.�3�)�:� 
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�U�(�x�,�y�)� �=� �a�n�e� �N�y� �(�x�y�)�;� �(�2�.�3�a�)� 

�V�i�x�,�y�)� �=�  ��4 �� �N�(�x�)�,� �(�x�,�y�)� �>� �s�i�n�d� �y�(�X�%�¥�)� �(�2�.�3�b�)� 

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

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

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

�s�t�r�a�i�n�s� �( ¬�x�,�  ¬�y�)� �a�n�d� �e�n�g�i�n�e�e�r�i�n�g� �s�h�e�a�r� �s�t�r�a�i�n� �(�y�y�y�)�,� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� 

�f�r�o�m� �t�h�e� �s�t�r�a�i�n�-�d�i�s�p�l�a�c�e�m�e�n�t� �r�e�l�a�t�i�o�n� �s�h�o�w�n� �i�n� �E�q�u�a�t�i�o�n� �(�2�.�4�)� �w�h�e�n� 

�t�h�e� �d�i�s�p�l�a�c�e�m�e�n�t� �g�r�a�d�i�e�n�t� �i�s� �s�m�a�l�l�:� 

�a�U� �,� �O�N�,� �=� �=�A� �=�x�;� �2�.�4� 
 ��x� �d�X� �2� �s�i�n�@� �o�x� �(�2�.�4�a�)� 

�e�y� �=�2�V� �2�a�,� �(�2�.�4�b�)� 
�d�y� �2� �s�i�n�d� �o�y� 

�_�9�U� �,�9�V�_�_� �4� �~�|�0�U� �o�v� 
�T�r�y� �o�x� �d�y� �2� �s�i�n�d� �a�2�.�)� �(�2�.�4�¢�)� 

�2�.�3� �C�o�n�t�r�a�s�t� �o�f� �t�h�e� �I�n�t�e�r�f�e�r�o�g�r�a�m� 

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

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

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

�i�n�t�e�n�s�i�t�y� �o�f� �t�w�o� �e�m�e�r�g�e�n�t� �b�e�a�m�s� �i�s� �d�e�f�i�n�e�d� �i�n� �E�q�u�a�t�i�o�n� �(�2�.�5�)�:� 
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�l�=� �1�,�4�1�,� �t�2�v�q� �I�,� �c�o�s�(�2�n�8�)�,� �(�2�.�5�)� 

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

�a�n�d� �S� �i�s� �t�h�e� �p�h�a�s�e� �d�i�f�f�e�r�e�n�c�e�.� �T�h�e� �m�a�x�i�m�u�m� �(�I�m�a�x�)� �a�n�d� �m�i�n�i�m�u�m� 

�(�I�m�i�n�)� �r�e�s�u�l�t�a�n�t� �i�n�t�e�n�s�i�t�i�e�s� �c�a�n� �b�e� �r�e�p�r�e�s�e�n�t�e�d� �i�n� �E�q�u�a�t�i�o�n�s� �(�2�.�6�)�:� 

�I�m�a�x� �=� �I�y�+�l�o� �+� �2�v�i�y�I�9�;� �(�2�.�6�a�)� 

�l�m�i�n� �=� �l�y�t�l�o� �-� �O�v� �l�,� �I�n�.� �(�2�.�6�b�)� 

�T�h�e� �c�o�n�t�r�a�s�t� �o�f� �t�h�e� �i�n�t�e�r�f�e�r�o�g�r�a�m� �i�s� �d�e�f�i�n�e�d� �i�n� �E�q�u�a�t�i�o�n� �(�2�.�7�)�:� 

�p�e�r�c�e�n�t� �o�f� �c�o�n�t�r�a�s�t� �=� �I�m�a�x�  ��I�m�i�n� �x� �4�0�0�%�.� �(�2�.�7�)� 
�m�a�x� 

�T�h�e� �c�o�n�t�r�a�s�t� �i�s� �i�n�s�e�n�s�i�t�i�v�e� �t�o� �t�h�e� �i�m�p�u�r�i�t�y� �o�f� �i�n�t�e�r�f�e�r�e�n�c�e� �[�4�]�.� 

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

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

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

�I�n� �h�i�g�h�-�t�e�m�p�e�r�a�t�u�r�e� �m�o�i�r�é� �i�n�t�e�r�f�e�r�o�m�e�t�r�y�,� �t�h�e� �g�l�o�w� �f�r�o�m� �t�h�e� 

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

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

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

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

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

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

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

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

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

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

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

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

�t�e�m�p�e�r�a�t�u�r�e� �m�e�a�s�u�r�e�m�e�n�t� �i�s� �d�e�m�o�n�s�t�r�a�t�e�d� �i�n� �C�h�a�p�t�e�r� �5�.� 

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

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

�b�e� �e�x�p�r�e�s�s�e�d� �a�s� 

�[�'�=� �l�b� �+� �I�,� �(�2�.�8�)� 

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

�i�n�t�e�n�s�i�t�y� �o�n� �t�h�e� �i�n�t�e�r�f�e�r�o�g�r�a�m� �a�s� �e�x�p�r�e�s�s�e�d� �i�n� �E�q�u�a�t�i�o�n� �(�2�.�5�)�.� �I�n� 

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

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

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

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

�E�q�u�a�t�i�o�n� �(�2�.�6�b�)�.� �T�h�u�s�,� �t�h�e� �m�a�x�i�m�u�m� �(�I�'�m�a�x�)� �a�n�d� �m�i�n�i�m�u�m� �(�I�'�m�i�n�)� 

�i�n�t�e�n�s�i�t�i�e�s� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �i�n� �E�q�u�a�t�i�o�n�s� �(�2�.�9�)� �a�s� 
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�V�m�a�x� �=� �'�b� �+� �I�m�a�x�:� �(�2�.�9�a�)� 

�I �� �n�i�n� �=� �|�b�»� �(�2�.�9�b�)� 

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

�I�'�m�a�x� �a�n�d� �I�'�m�i�n�.� �T�h�e� �r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �c�o�n�t�r�a�s�t� �l�o�s�s� �a�n�d� �t�h�e� 

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

�e�x�p�r�e�s�s�e�d� �i�n� �T�a�b�l�e� �2�.�1�.� �I�t� �s�h�o�w�s� �t�h�a�t� �t�h�e� �h�i�g�h�e�r� �t�h�e� �i�n�t�e�n�s�i�t�y� �r�a�t�i�o� 

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

�c�o�n�t�r�a�s�t�.� 

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

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

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

�i�n�t�e�r�f�e�r�o�g�r�a�m�;� �t�h�e�r�e�f�o�r�e�,� �t�h�e� �r�a�t�i�o� �o�f� �I�b�/�I�m�a�x� �i�n�c�r�e�a�s�e�s�.� �T�h�i�s� 

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

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

�t�h�e� �r�a�t�i�o� �o�f� �I�p�/�I�m�a�x�,� �t�h�e� �h�i�g�h�e�r� �t�h�e� �c�o�n�t�r�a�s�t�.� �F�o�r� �t�h�i�s� �r�e�a�s�o�n�,� �a� 

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

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

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

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

�l�b�/�I�m�a�x� �l�'�m�a�x�/�I�m�a�x� �m�i�n�/�I�m�a�x� �C�o�n�t�r�a�s�t� 

�E�q�.� �(�2�.�9�a�)� �|� �E�q�.� �(�2�.�9�b�)� �{�|� �E�q�.� �(�2�.�7�)� 

�1�%� �1�.�0�1� �0�.�0�1� �9�9� �%� 

�5� �%� �1�.�0�5� �0�.�0�5� �9�5�.�2� �%� 

�1�0� �%� �1�.�1� �0�.�1� �9�0�.�9� �%� 

�2�0� �%� �1�.�2� �0�.�2� �8�3�.�3� �%� 

�5�0� �%� �1�.�5� �0�.�5� �6�6�.�7� �%� 

�1�0�0� �%� �2� �1� �5�0� �%� 

�2�0�0�%� �3� �2� �3�3�.�3�%� 

�N�o�t�e�s� 

�l�b� �:� �I�n�t�e�n�s�i�t�y� �o�f� �b�a�c�k�g�r�o�u�d� �n�o�i�s�e� 

�I�'�m�a�x� �:� �M�a�x�i�m�u�m� �r�e�s�u�l�t�a�n�t� �i�n�t�e�n�s�i�t�y� 

�I�'�m�i� �.� 
�m�i�n�:� �M�i�n�i�m�u�m� �r�e�s�u�l�t�a�n�t� �i�n�t�e�n�s�i�t�y� 

� 



�2�.�4� �A�c�h�r�o�m�a�t�i�c� �I�n�t�e�r�f�e�r�o�m�e�t�e�r� �[�3�5�]� 

�T�h�e� �m�o�i�r�é� �i�n�t�e�r�f�e�r�o�m�e�t�e�r� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �i�s� �a�n� �a�c�h�r�o�m�a�t�i�c� 

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

�i�n�t�e�r�f�e�r�o�m�e�t�e�r�.� �A� �t�y�p�i�c�a�l� �m�o�i�r�é� �i�n�t�e�r�f�e�r�o�m�e�t�e�r� �i�s� �s�o� �s�e�n�s�i�t�i�v�e� �t�o� 

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

�w�i�t�h� �v�i�b�r�a�t�i�o�n� �i�s�o�l�a�t�i�o�n�.� �W�h�e�n� �t�h�e� �t�e�s�t� �e�n�v�i�r�o�n�m�e�n�t� �h�a�s� �s�o�m�e� �s�l�i�g�h�t� 

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

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

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

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

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

�(�2�.�1�)� �b�e�c�o�m�e�s� 

�s�i�n�a� �=� �m�A�f�o�,� �(�2�.�1�0�)� 

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

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

�t�h�e� �o�r�d�e�r� �v�a�l�u�e�s� �+�1� �a�n�d� �-�1� �a�r�e� �r�e�f�l�e�c�t�e�d� �b�y� �t�h�e� �m�i�r�r�o�r�s� �a�n�d� 

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

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

�o�f� �l�i�g�h�t�.� �N�o�t�e� �t�h�a�t� �t�h�e� �i�n�c�i�d�e�n�c�e� �a�n�g�l�e� �@� �i�s� �t�h�e� �s�a�m�e� �a�s� �t�h�e� 

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

�d�e�f�i�n�e�d� �i�n� �E�q�u�a�t�i�o�n� �(�2�.�1�1�)�:� 
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� � �s�e�n�s�i�t�i�v�i�t�y� �=� �(�2�.�1�1�)� 
�2� �s�i�n�a� 

�S�i�n�c�e� �t�h�e� �d�i�f�f�r�a�c�t�i�o�n� �o�r�d�e�r� �(�m�)� �e�q�u�a�l�s� �1� �i�n� �t�h�i�s� �a�r�r�a�n�g�e�m�e�n�t�,� 

�E�q�u�a�t�i�o�n� �(�2�.�1�0�)� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�s� 

�f�_�  �� �s�i�n�a� 
�c� �4� �(�2�.�1�2�)� 

�B�y� �c�o�m�p�a�r�i�n�g� �E�q�u�a�t�i�o�n� �(�2�.�1�1�)� �a�n�d� �E�q�u�a�t�i�o�n� �(�2�.�1�2�)�,� �t�h�e� 

�s�e�n�s�i�t�i�v�i�t�y� �c�a�n� �b�e� �o�b�t�a�i�n�e�d�,� �w�h�i�c�h� �e�q�u�a�l�s� �1�/�(�2�f�c�.�)�.� 

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

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

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

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

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

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

�b�y� �u�s�i�n�g� �a� �l�a�s�e�r� �d�i�o�d�e�.� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�d�u�r�i�n�g� �t�h�e� �t�e�s�t�.� 

�2�.�5� �S�p�e�c�i�m�e�n� �G�r�a�t�i�n�g� �P�r�e�p�a�r�a�t�i�o�n� 

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

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

�p�r�o�c�e�d�u�r�e� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�4�.� �T�h�e� �m�o�l�d� �g�r�a�t�i�n�g� �c�a�n� �b�e� �a� �r�u�l�e�d� 

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

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

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

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

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

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

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

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

�F�i�g�u�r�e� �2�.�4� �S�p�e�c�i�m�e�n� �g�r�a�t�i�n�g� �r�e�p�l�i�c�a�t�i�o�n� �p�r�o�c�e�d�u�r�e�.� 
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�h�o�l�o�g�r�a�p�h�i�c� �p�l�a�t�e� �i�s� �c�h�o�s�e�n� �i�n� �o�u�r� �r�o�u�t�i�n�e� �a�p�p�l�i�c�a�t�i�o�n�s� �b�e�c�a�u�s�e� �o�f� �i�t�s� 

�e�a�s�e� �o�f� �u�s�e�.� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�c�r�e�a�t�e�d�.� 

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

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

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

�t�e�m�p�e�r�a�t�u�r�e� �o�f� �1�0�0�0�°�C�,� �a� �n�e�w� �a�p�p�r�o�a�c�h� �m�u�s�t� �b�e� �u�s�e�d�.� �_� �I�t� �i�s� 

�d�i�s�c�u�s�s�e�d� �i�n� �C�h�a�p�t�e�r� �4�.� 

�3�1



�3� �H�I�G�H�-�T�E�M�P�E�R�A�T�U�R�E� �M�O�I�R�E� �I�N�T�E�R�F�E�R�O�M�E�T�E�R� 

�T�h�e� �e�x�i�s�t�i�n�g� �d�i�f�f�i�c�u�l�t�i�e�s� �f�o�r� �e�x�t�e�n�d�i�n�g� �t�h�e� �m�o�i�r�é� �t�e�c�h�n�i�q�u�e� 

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

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

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

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

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

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

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

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

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

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

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

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

�m�e�a�s�u�r�e�m�e�n�t�s�.� 

�3�.�1� �H�i�g�h�-�t�e�m�p�e�r�a�t�u�r�e� �V�a�c�u�u�m� �O�v�e�n� 

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

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

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

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

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

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

�3�2



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

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

�t�h�e� �e�v�a�c�u�a�t�e�d� �s�p�a�c�e�.� 

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

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

�(�4�5�0� �m�m�)� �s�t�e�e�l� �p�i�p�e�s� �w�e�l�d�e�d� �t�o�g�e�t�h�e�r� �t�o� �f�o�r�m� �a� �T�.� �O�n�e� �i�s� �u�s�e�d� �a�s� 

�t�h�e� �s�p�e�c�i�m�e�n� �c�o�m�p�a�r�t�m�e�n�t� �w�h�i�c�h� �i�s� �7�5�0� �m�m� �h�i�g�h�.� �B�o�t�h� �e�n�d�s� �a�r�e� 

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

�a�n�d� �f�i�x�t�u�r�e�s�.� �O�n�e� �s�m�a�l�l� �o�p�e�n�i�n�g� �(�2�5� �m�m� �d�i�a�m�e�t�e�r�)� �o�n� �t�h�e� �b�o�t�t�o�m� 

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

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

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

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

�l�o�a�d�i�n�g� �f�r�a�m�e�.� 

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

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

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

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

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

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

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

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

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

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

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

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

�t�h�e� �t�r�a�n�s�f�e�r� �o�f� �v�i�b�r�a�t�i�o�n�.� �A� � �v�i�b�r�a�t�i�o�n�-�i�n�s�e�n�s�i�t�i�v�e� �i�n�t�e�r�f�e�r�o�m�e�t�e�r� 

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

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

�e�x�p�e�r�i�m�e�n�t�.� 

�3�.�2� �T�h�e� �M�o�i�r�é� �I�n�t�e�r�f�e�r�o�m�e�t�e�r� 

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

�m�a�t�e�r�i�a�l�s�-�t�e�s�t�i�n�g� �e�n�v�i�r�o�n�m�e�n�t� �w�a�s� �l�e�s�s� �s�e�n�s�i�t�i�v�e� �t�o� �v�i�b�r�a�t�i�o�n�s� �t�h�a�n� 

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

�c�h�o�s�e�n� �f�o�r� �t�h�e� �h�i�g�h�-�t�e�m�p�e�r�a�t�u�r�e� �w�o�r�k�.� �H�o�w�e�v�e�r�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� 

�2�.�3�,� �t�h�e� �l�o�c�a�t�i�o�n� �o�f� �o�n�e� �o�p�t�i�c�a�l� �c�o�m�p�o�n�e�n�t� �i�s� �v�e�r�y� �c�l�o�s�e� �t�o� �t�h�e� 

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

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

�m�a�c�h�i�n�e� �t�o� �s�y�n�c�h�r�o�n�i�z�e� �t�h�e� �m�o�t�i�o�n� �w�i�t�h� �t�h�e� �s�p�e�c�i�m�e�n�.� � �I�n�_� �h�i�g�h�-� 

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

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

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

�(�1�5�0� �m�m�)� �b�e�t�w�e�e�n� �t�h�e� �s�p�e�c�i�m�e�n� �a�n�d� �t�h�e� �n�e�a�r�e�s�t� �o�p�t�i�c�s� �b�u�t� �t�o� 

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

�s�c�h�e�m�a�t�i�c�a�l�l�y� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �3�.�2�.� �A� �c�o�l�l�i�m�a�t�e�d� �b�e�a�m� 

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

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

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

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

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

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

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

�s�e�n�s�i�t�i�v�i�t�y� �o�f� �t�h�e� �s�y�s�t�e�m� �i�s� �4�1�7� �n�m�,� �a�n�d� �t�h�e� �i�n�t�e�r�s�e�c�t�i�o�n� �a�n�g�l�e� �i�s� 

�4�9�.�4�°�,� �w�h�i�c�h� �c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �w�a�v�e�l�e�n�g�t�h� �o�f� �6�3�2�.�8� �n�m� �b�y� �u�s�i�n�g� �a� 

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

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

�A�r�g�o�n� �l�a�s�e�r�,� �w�h�i�c�h� �r�e�q�u�i�r�e�s� �a�n� �i�n�t�e�r�s�e�c�t�i�o�n� �a�n�g�l�e� �o�f� �3�8�.�0�8�°� �b�e�c�a�u�s�e� 

�o�f� �i�t�s� �s�h�o�r�t�e�r� �w�a�v�e�l�e�n�g�t�h� �o�f� �5�1�4� �n�m�.� �T�h�e� �a�r�g�o�n� �l�a�s�e�r� �c�o�u�l�d� �b�e� �u�s�e�d� 

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

�m�i�n�i�m�i�z�e� �t�h�e� �e�x�p�o�s�u�r�e� �t�i�m�e�.� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�[�4�4�]�.� 

�3�.�3� �F�e�a�t�u�r�e�s� �o�f� �t�h�e� �W�h�o�l�e� �S�y�s�t�e�m� 

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

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

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

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

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

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

�F�i�g�u�r�e� �3�.�4�,� �t�h�e�r�e�b�y� �r�e�d�u�c�i�n�g� �t�h�e� �r�e�q�u�i�r�e�m�e�n�t�s� �f�o�r� �t�h�e� �s�i�z�e� �o�f� �t�h�e� 

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

�r�e�d�u�c�e�d�.� 
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�A�s� �m�e�n�t�i�o�n�e�d� �i�n� �S�e�c�t�i�o�n� �2�.�4�,� �a� �s�m�a�l�l� �a�n�g�u�l�a�r� �m�o�v�e�m�e�n�t� �o�f� �t�h�e� 

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

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

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

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

�f�e�a�t�u�r�e� �m�a�k�e�s� �t�u�n�i�n�g� �o�f� �t�h�e� �s�y�s�t�e�m� �e�a�s�i�e�r�.� 

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

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

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

�e�l�e�m�e�n�t�s�.� �O�n�e� �i�s� �f�o�r� �U� �f�i�e�l�d� �m�e�a�s�u�r�e�m�e�n�t�,� �a�n�d� �t�h�e� �o�t�h�e�r� �i�s� �f�o�r� �V� 

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

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

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

�T�h�e� �s�i�z�e� �o�f� �t�h�e� �i�l�l�u�m�i�n�a�t�i�o�n� �a�r�e�a� �i�s� �2�5�m�m� �x� �2�5�m�m�,� �w�h�i�c�h� �i�s� �s�u�i�t�a�b�l�e� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�t�h�e� �b�e�a�m�.� �T�h�e� �s�y�s�t�e�m� �i�s� �v�i�b�r�a�t�i�o�n�-�i�n�s�e�n�s�i�t�i�v�e� �a�n�d� �p�r�o�v�i�d�e�s� �m�a�n�y� 

�c�o�n�v�e�n�i�e�n�t� �f�e�a�t�u�r�e�s� �s�u�c�h� �a�s� �e�a�s�e� �o�f� �c�o�n�t�r�o�l�.� 
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�4� �H�I�G�H�-�T�E�M�P�E�R�A�T�U�R�E� �S�P�E�C�I�M�E�N� �G�R�A�T�I�N�G� 

�T�h�e� �e�p�o�x�y� �g�r�a�t�i�n�g� �c�a�n� �w�i�t�h�s�t�a�n�d� �u�p� �t�o� �2�2�0�°�C�,� �a�n�d� �t�h�e� �s�i�l�i�c�o�n�e� 

�r�u�b�b�e�r� �g�r�a�t�i�n�g� �s�t�a�r�t�s� �t�o� �d�e�g�r�a�d�e� �a�r�o�u�n�d� �3�5�0�°�C�.� �T�o� �b�e� �s�p�e�c�i�f�i�c�,� �t�h�e� 

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

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

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

�a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �a�s� �h�i�g�h� �a�s� �1�0�0�0�°�C�,� �a� �n�e�w� �m�e�t�h�o�d� �o�f� �s�p�e�c�i�m�e�n� 

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

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

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

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

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

�i�n�v�e�s�t�i�g�a�t�e�d� �a�s� �t�h�e� �s�p�e�c�i�m�e�n� �g�r�a�t�i�n�g� �b�y� �s�o�m�e� �r�e�s�e�a�r�c�h�e�r�s� �[�4�0�,�4�9�]�.� 

�F�o�r� �e�x�a�m�p�l�e�,� �S�c�i�a�m�m�a�r�e�l�l�a� �e�t� �a�l�.� �[�4�9�]� �e�l�e�c�t�r�o�e�t�c�h�e�d� �d�i�r�e�c�t�l�y� �o�n� �t�h�e� 

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

�t�h�i�n� �m�e�t�a�l�l�i�c� �l�a�y�e�r� �o�n� �t�o�p�.� �T�h�e� �e�t�c�h�e�d� �g�r�a�t�i�n�g� �h�a�d� �a� �f�r�e�q�u�e�n�c�y� �o�f� �4�0� 

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

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

�a� �h�i�g�h�-�s�e�n�s�i�t�i�v�i�t�y� �s�p�e�c�i�m�e�n� �g�r�a�t�i�n�g� �w�a�s� �s�t�u�d�i�e�d� �i�n� �[�4�0�]� �b�y� �M�o�r�t�o�n� 

�a�n�d� �C�z�a�r�n�e�k�,� �b�u�t� �n�o� �h�i�g�h�-�t�e�m�p�e�r�a�t�u�r�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �r�e�p�o�r�t�e�d�.� 

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

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

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

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

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

�4�.�1� �M�e�t�a�l�l�i�c� �L�a�y�e�r� 

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

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

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

�o�f� �s�e�v�e�r�a�l� �m�a�t�e�r�i�a�l�s� �i�s� �g�i�v�e�n� �i�n� �T�a�b�l�e� �4�.�1� �[�5�0�]�.� �I�n� �g�e�n�e�r�a�l�,� �a�t� �l�o�w�e�r� 

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

�h�i�g�h� �r�e�f�l�e�c�t�a�n�c�e�.� �T�h�e� �l�o�w� �m�e�l�t�i�n�g� �p�o�i�n�t� �(�o�n�l�y� �a�b�o�u�t� �6�6�0�°�C�)� �a�n�d� �t�h�e� 

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

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

�t�e�m�p�e�r�a�t�u�r�e� �m�o�i�r�e�.� 

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

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

�p�o�i�n�t� �a�s� �h�i�g�h� �a�s� �1�0�6�0�°�C�.� �A�n�o�t�h�e�r� �s�t�r�e�n�g�t�h� �i�s� �t�h�a�t� �t�h�e� �r�e�f�l�e�c�t�a�n�c�e� �o�f� 

�g�o�l�d� �i�s� �h�i�g�h� �a�t� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e�s�.� �A�l�s�o�,� �g�o�l�d�'�s� �s�o�f�t�n�e�s�s� �m�a�k�e�s� �i�t� 

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

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

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

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

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

�r�e�a�s�o�n�,� �t�h�e� �c�o�s�t� �o�f� �t�h�e� �s�e�t�u�p� �f�o�r� �g�r�a�t�i�n�g� �m�a�k�i�n�g� �w�i�l�l� �b�e� �r�a�i�s�e�d� �i�f� 
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�T�a�b�l�e� �4�.�1� �M�e�l�t�i�n�g� �p�o�i�n�t�s� �o�f� �s�e�v�e�r�a�l� �m�a�t�e�r�i�a�l�s�.� 

� � 

� � 

� � 

� � 

� � 

� � � � � � � � 

�M�a�t�e�r�i�a�l� �M�e�l�t�i�n�g� �P�o�i�n�t� �(�°�C�)� 

�A�l�u�m�i�n�u�m� �6�6�0�.�3�7� 

�G�o�l�d� �1�0�6�4�.�4�3� 

�l�r�o�n� �1�5�3�5� 

�S�i�l�v�e�r� �9�6�1�.�9�3� 

�T�u�n�g�s�t�e�n� �3�4�1�0� 
� � 
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�t�u�n�g�s�t�e�n� �i�s� �u�s�e�d�.� �T�u�n�g�s�t�e�n� �i�s� �a� �p�o�o�r� �a�l�t�e�r�n�a�t�i�v�e� �u�n�l�e�s�s� �v�e�r�y� �h�i�g�h� 

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

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

�t�e�m�p�e�r�a�t�u�r�e� �w�o�r�k�.� 

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

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

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

�t�e�s�t�e�d�.� �H�a�v�i�n�g� �a� �s�t�a�n�d�a�r�d�i�z�e�d� �c�o�a�t�i�n�g� �m�a�k�e�s� �g�r�a�t�i�n�g� �p�r�e�p�a�r�a�t�i�o�n� �a� 

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

�4�.�2� �P�l�a�s�m�a�-�E�t�c�h�e�d� �G�o�l�d� �G�r�a�t�i�n�g� 

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

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

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

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

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

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

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

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

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

�t�h�i�c�k�n�e�s�s� �o�f� �t�h�i�s� �l�a�y�e�r� �w�a�s� �o�n� �t�h�e� �o�r�d�e�r� �o�f� �1�0�0� �A� �(�A�n�g�s�t�r�o�m�)�.� 

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

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

� � 

� � 

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

� � 

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

� � 

� � 

�s�u�c�c�e�s�s�i�v�e� �s�t�a�g�e�s� �o�f� 
�i�o�n� �e�t�c�h�i�n�g� 

� � 

� � � � � � 

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

�F�i�g�u�r�e� �4�.�1� �P�r�e�p�a�r�a�t�i�o�n� �p�r�o�c�e�d�u�r�e� �o�f� �e�t�c�h�e�d� �g�r�a�t�i�n�g� �f�o�r� �h�i�g�h�-� 
�t�e�m�p�e�r�a�t�u�r�e� �a�p�p�l�i�c�a�t�i�o�n�s�.� 
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�d�r�a�g�g�i�n�g� �m�e�t�h�o�d�,� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �g�e�o�m�e�t�r�y� �o�f� �t�h�e� �s�p�e�c�i�m�e�n�.� �T�h�e� 

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

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

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

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

�t�h�i�c�k�n�e�s�s�.� �O�n�c�e� �c�o�a�t�e�d� �w�i�t�h� �p�h�o�t�o�r�e�s�i�s�t�,� �t�h�e� �s�p�e�c�i�m�e�n� �w�a�s� �b�a�k�e�d� �i�n� 

�a�n� �o�v�e�n� �a�t� �9�0�°�C� �f�o�r� �3�0� �m�i�n�u�t�e�s�,� �o�r� �a�t� �6�0�°�C� �f�o�r� �1� �h�o�u�r�.� �A�n� 

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

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

�t�o� �y�e�l�l�o�w� �l�i�g�h�t�.� 

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

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

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

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

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

�w�i�t�h� �v�i�o�l�e�t� �c�o�l�o�r� �a�n�d� �a� �w�a�v�e�l�e�n�g�t�h� �o�f� �4�1�3� �n�m� �w�a�s� �u�s�e�d� �a�s� �a� �s�o�u�r�c�e� 

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

�w�a�s� �s�t�i�l�l� �a�r�o�u�n�d� �6�0� �s�e�c�o�n�d�s� �a�t� �t�h�e� �p�o�w�e�r� �i�n�t�e�n�s�i�t�y� �o�f� �6�2� �u�W�/�c�m�2� �o�n� 

�t�h�e� �s�p�e�c�i�m�e�n�.� �A� �H�e�C�r� �l�a�s�e�r� �a�t� �4�3�0� �n�m� �c�a�n� �b�e� �a�n� �a�l�t�e�r�n�a�t�i�v�e� �s�o�u�r�c�e� 

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

�f�r�e�q�u�e�n�c�y� �o�f� �i�n�t�e�r�f�e�r�e�n�c�e� �p�l�a�n�e�s� �w�a�s� �c�h�o�s�e�n� �t�o� �b�e� �6�0�0� �l�i�n�e�s� �p�e�r� 

�m�i�l�l�i�m�e�t�e�r�.� 

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

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

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

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

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

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

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

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

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

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

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

�d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �e�t�c�h�i�n�g� �t�i�m�e�.� 

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

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

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

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

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

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

�4�.�3� �H�e�a�t�i�n�g� �M�e�t�h�o�d� 

�T�h�e�r�e� �a�r�e� �t�h�r�e�e� �m�o�d�e�s� �o�f� �h�e�a�t� �t�r�a�n�s�f�e�r�:� �c�o�n�v�e�c�t�i�o�n�,� �r�a�d�i�a�t�i�o�n�,� 

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

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

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

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

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

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

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

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

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

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

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

�A�s� �t�h�e� �t�e�s�t�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�s� �a�r�e� �b�e�l�o�w� �6�0�0�°�C�,� �c�o�m�m�e�r�c�i�a�l� 

�r�e�s�i�s�t�a�n�c�e� �h�e�a�t�e�r�s� �s�u�c�h� �a�s� �k�a�p�t�o�n� �h�e�a�t�e�r� �(�a�p�p�r�o�x�i�m�a�t�e�l�y� �u�p� �t�o� 

�2�0�0�°�C�)� �a�n�d� �s�t�r�i�p� �h�e�a�t�e�r� �(�a�p�p�r�o�x�i�m�a�t�e�l�y� �u�p� �t�o� �6�0�0�°�C�)� �a�r�e� �a�v�a�i�l�a�b�l�e�.� �A� 

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

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

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

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

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

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

�m�i�n�i�m�i�z�e� �t�h�e� �s�i�z�e� �o�f� �t�h�e� �h�e�a�t�e�r�.� �F�i�g�u�r�e� �4�.�2� �d�e�p�i�c�t�s� �t�h�e� �p�r�e�p�a�r�a�t�i�o�n� 

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

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

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

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

�u�p� �t�o� �1�1�5�0�°�C�.� �A� �t�h�i�c�k�e�r� �c�o�p�p�e�r� �w�i�r�e� �w�a�s� �u�s�e�d� �t�o� �c�o�n�n�e�c�t� �t�h�e� 
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�c�e�m�e�n�t� �t�o� �c�u�r�e� �t�h�e� 
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�F�i�g�u�r�e� �4�.�2� �P�r�e�p�a�r�a�t�i�o�n� �p�r�o�c�e�d�u�r�e� �o�f� �c�e�r�a�m�i�c� �h�e�a�t�e�r� �f�o�r� �h�i�g�h�-� 
�t�e�m�p�e�r�a�t�u�r�e� �a�p�p�l�i�c�a�t�i�o�n�s�.� 
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�r�e�s�i�s�t�a�n�c�e� �w�i�r�e� �t�o� �a�n� �e�l�e�c�t�r�i�c� �o�u�t�l�e�t� �t�o� �a�v�o�i�d� �t�h�e� �e�x�p�o�s�u�r�e� �o�f� �t�h�e� 

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

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

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

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

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

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

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

�M�e�a�s�u�r�e�m�e�n�t�s� �a�t� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e�s� �a�r�e� �d�e�m�o�n�s�t�r�a�t�e�d� �i�n� �C�h�a�p�t�e�r� �5�.� 

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

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

�p�e�r�f�o�r�m�e�d� �u�p� �t�o� �7�0�0�°�C�,� �a�t� �w�h�i�c�h� �p�o�i�n�t� �t�h�e� �w�i�r�e�s� �s�u�d�d�e�n�l�y� �b�u�r�n�e�d� 

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

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

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

�v�a�c�u�u�m� �h�a�d� �b�e�e�n� �a�c�h�i�e�v�e�d�.� 
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�5� �M�E�A�S�U�R�E�M�E�N�T�S� �A�T� �H�I�G�H� �T�E�M�P�E�R�A�T�U�R�E�S� 

�A� �n�e�w� �m�e�t�h�o�d� �f�o�r� �h�i�g�h�-�t�e�m�p�e�r�a�t�u�r�e� �m�e�a�s�u�r�e�m�e�n�t�s� �u�s�i�n�g� �m�o�i�r�é� 

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

�t�e�m�p�e�r�a�t�u�r�e� �m�o�i�r�é� �s�y�s�t�e�m� �w�a�s� �s�e�t� �u�p�,� �a� �n�u�m�b�e�r� �o�f� �e�x�p�e�r�i�m�e�n�t�s� 

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

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

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

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

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

�t�r�a�n�s�f�e�r�r�i�n�g� �a�d�h�e�s�i�v�e�.� �T�h�i�s� �w�o�r�k� �w�a�s� �i�n�t�e�n�d�e�d� �t�o� �e�x�t�e�n�d� �t�h�e� 

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

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

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

�1�0�0�0�°�C�.� 

�5�.�1� �S�i�l�i�c�o�n�e� �R�u�b�b�e�r� �G�r�a�t�i�n�g� 

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

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

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

�w�o�r�k� �o�f� �K�a�n�g� �e�t� �a�l�.� �[�3�0�]�.� �I�n� �o�u�r� �e�x�p�e�r�i�m�e�n�t�a�l� �s�t�u�d�y�,� �g�o�l�d� �w�a�s� �u�s�e�d� �a�s� 

�a� �m�e�t�a�l�l�i�c� �l�a�y�e�r�,� �w�h�i�l�e� �t�h�e� �s�i�l�i�c�o�n�e� �r�u�b�b�e�r�s� �G�E� �R�T�V� �6�3�0� �a�n�d� �G�E� �R�T�V� 

�3�1� �w�e�r�e� �u�s�e�d� �a�s� �t�h�e� �a�d�h�e�s�i�v�e�.� 
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�B�a�s�i�c�a�l�l�y�,� �t�h�e� �p�r�e�p�a�r�a�t�i�o�n� �p�r�o�c�e�d�u�r�e� �i�s� �s�i�m�i�l�a�r� �t�o� �t�h�a�t� �f�o�r� �t�h�e� 

�e�p�o�x�y� �g�r�a�t�i�n�g�.� �F�i�g�u�r�e� �5�.�1� �g�i�v�e�s� �a� �d�e�t�a�i�l�e�d� �i�l�l�u�s�t�r�a�t�i�o�n� �o�f� �t�h�e� 

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

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

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

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

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

�v�i�s�c�o�u�s� �t�h�a�n� �P�C�1�0� �e�p�o�x�y�.� �S�i�n�c�e� �t�h�e� �c�u�r�i�n�g� �t�i�m�e� �i�s� �a�r�o�u�n�d� �4�8� �h�o�u�r�s�,� 

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

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

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

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

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

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

�r�e�p�l�i�c�a�t�i�o�n�.� 

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

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

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

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

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

�1�2�0�0� �l�i�n�e�s�/�m�m� �f�r�e�q�u�e�n�c�y� �w�a�s� �r�e�p�l�i�c�a�t�e�d� �b�y� �t�h�e� �u�s�e� �o�f� �G�E� �R�T�V� �6�3�0� 

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

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

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

�a� �M�o�l�d� �g�r�a�t�i�n�g� �S�p�e�c�i�m�e�n� 

�S�i�l�i�c�o�n�e� 

�r�u�b�b�e�r� 

� � 

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

�p�o�u� �4� �~� � � � � 
� � 

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

�F�i�g�u�r�e� �5�.�1� �P�r�e�p�a�r�a�t�i�o�n� �p�r�o�c�e�d�u�r�e� �o�f� �s�i�l�i�c�o�n�e� �r�u�b�b�e�r�.� 
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�w�a�s� �a�b�o�v�e� �3�5�0�°�C�,� �t�h�e� �s�p�e�c�i�m�e�n� �g�r�a�t�i�n�g� �b�e�g�a�n� �t�o� �d�e�g�r�a�d�e�.� �T�h�e�n� �t�h�e� 

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

�w�e�r�e� �a�t� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �3�5�7�°�C�.� �A�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �5�.�3�,� �t�h�e� �l�o�s�s� 

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

�s�o�m�e� �r�e�g�i�o�n�s�.� �T�h�i�s� �r�e�s�u�l�t� �m�a�t�c�h�e�s� �w�e�l�l� �w�i�t�h� �t�h�e� �m�a�n�u�f�a�c�t�u�r�e�r�'�s� 

�d�a�t�a� �s�h�e�e�t�,� �a�c�c�o�r�d�i�n�g� �t�o� �w�h�i�c�h� �t�h�e� �r�e�c�o�m�m�e�n�d�e�d� �w�o�r�k�i�n�g� 

�t�e�m�p�e�r�a�t�u�r�e�s� �r�a�n�g�e� �u�p� �t�o� �2�0�4�°�C�.� 

�R�T�V� �3�1� �s�i�l�i�c�o�n�e� �r�u�b�b�e�r� �f�o�r� �h�i�g�h�-�t�e�m�p�e�r�a�t�u�r�e� �a�p�p�l�i�c�a�t�i�o�n�s� �w�a�s� 

�a�l�s�o� �t�e�s�t�e�d�;� �t�h�e� �h�i�g�h�e�s�t� �t�e�m�p�e�r�a�t�u�r�e� �o�b�t�a�i�n�e�d� �w�a�s� �a�r�o�u�n�d� �3�5�0�°�C�.� �I�n� 

�s�u�m�m�a�r�y�,� �a�c�c�o�r�d�i�n�g� �t�o� �o�u�r� �e�x�p�e�r�i�m�e�n�t�a�l� �r�e�s�u�l�t� �a�n�d� �m�a�n�u�f�a�c�t�u�r�e�r�'�s� 

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

�4�0�0�°�C�.� �I�t� �i�s� �c�o�m�f�o�r�t�a�b�l�e� �t�o� �u�s�e� �b�e�l�o�w� �3�5�0�°�C� �f�o�r� �a� �s�h�o�r�t� �t�e�r�m� �t�e�s�t�.� 

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

�m�o�i�r�é� �t�e�c�h�n�i�q�u�e� �u�p� �t�o� �a�r�o�u�n�d� �3�5�0�°�C�;� �h�o�w�e�v�e�r�,� �t�h�i�s� �d�o�e�s� �n�o�t� �m�e�e�t� �t�h�e� 

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

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

�5�.�2� �P�l�a�s�m�a�-�E�t�c�h�e�d� �G�o�l�d� �G�r�a�t�i�n�g� 

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

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

�d�e�s�c�r�i�b�e�d� �i�n� �C�h�a�p�t�e�r� �4�.� �T�o� �c�o�n�f�i�r�m� �t�h�a�t� �t�h�e� �a�p�p�r�o�a�c�h� �s�e�l�e�c�t�e�d� �f�o�r� 

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

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

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

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

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

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

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

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

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

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

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

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

�p�e�r�i�o�d�s� �o�f� �t�i�m�e�.� 

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

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

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

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

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

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

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

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

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

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

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

�5�9



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

�f�r�e�q�u�e�n�c�y� �o�f� �6�0�0� �l�i�n�e�s�/�m�m�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �s�e�c�o�n�d� �d�i�f�f�r�a�c�t�i�o�n� �o�r�d�e�r� 

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

�4�1�7� �n�m� �p�e�r� �f�r�i�n�g�e� �o�r�d�e�r�.� �E�q�u�a�t�i�o�n�s� �(�2�.�1�)�,� �(�2�.�1�0�)� �a�n�d� �(�2�.�1�1�)� �c�a�n� �g�i�v�e� 

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

�t�h�e� �s�p�e�c�i�m�e�n� �g�r�a�t�i�n�g�.� 

�5�.�3� �S�i�l�i�c�o�n�-�C�a�r�b�i�d�e� �C�e�r�a�m�i�c� 

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

�w�r�a�p�p�e�d� �w�i�t�h� �t�h�e� �r�e�s�i�s�t�a�n�c�e� �w�i�r�e� �(�N�i�c�k�r�o�m�e� �w�i�r�e�)� �a�n�d� �p�o�s�i�t�i�o�n�e�d� �i�n� 

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

�e�l�e�m�e�n�t�,� �a�n�d� �w�a�s� �a�b�l�e� �t�o� �w�i�t�h�s�t�a�n�d� �t�e�m�p�e�r�a�t�u�r�e�s� �u�p� �t�o� �1�1�5�0�°�C�.� 

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

�h�e�a�t�e�d� �s�l�o�w�l�y� �t�o� �a�b�o�v�e� �5�0�0�°�C�.� �T�h�e� �v�a�c�u�u�m� �w�a�s� �k�e�p�t� �a�t� �a� �p�r�e�s�s�u�r�e� �o�f� 

�1�.�1� �t�o�r�r�s�.� �T�h�e� �h�i�g�h�e�s�t� �t�e�m�p�e�r�a�t�u�r�e� �a�t� �w�h�i�c�h� �a� �p�a�t�t�e�r�n� �w�a�s� �r�e�c�o�r�d�e�d� 

�w�a�s� �5�2�0�°�C�.� �S�o�o�n� �a�f�t�e�r�w�a�r�d�s�,� �t�h�e� �r�e�s�i�s�t�a�n�c�e� �w�i�r�e� �b�u�r�n�e�d�.� �T�h�e� 

�r�e�c�o�r�d�e�d� �p�a�t�t�e�r�n� �i�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �5�.�4�.� 

�5�.�4� �M�e�t�a�l�/�M�a�t�r�i�x� �C�o�m�p�o�s�i�t�e� 

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

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

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

�6�1



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

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

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

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

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

�c�o�n�t�r�a�s�t� �f�r�i�n�g�e� �p�a�t�t�e�r�n� �w�a�s� �r�e�c�o�r�d�e�d� �a�t� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �4�3�4�°�C�,� 

�a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �5�.�5�.� 

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

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

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

�t�e�m�p�e�r�a�t�u�r�e� �r�o�s�e� �t�o� �6�5�0�°�C�,� �t�h�e� �s�p�e�c�i�m�e�n� �s�u�r�f�a�c�e� �s�t�a�r�t�e�d� �t�o� �g�l�o�w�,� 

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

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

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

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

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

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

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

�a�t� �t�h�e� �f�o�c�a�l� �p�o�i�n�t�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �5�.�6�.� �T�h�e� �s�i�z�e� �o�f� �t�h�e� �a�p�e�r�t�u�r�e� 

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

�b�u�t� �i�t� �s�h�o�u�l�d� �n�o�t� �d�i�s�t�u�r�b� �t�h�e� �i�n�f�o�r�m�a�t�i�o�n� �b�e�a�m�s�.� �F�i�g�u�r�e� �5�.�7� �s�h�o�w�s� 

�t�h�e� �p�a�t�t�e�r�n� �a�t� �7�6�5�°�C� �w�i�t�h� �t�h�e� �f�i�l�t�e�r� �a�r�r�a�n�g�e�m�e�n�t�;� �t�i�n�y� �c�a�r�r�i�e�r� 

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

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

�F�i�g�u�r�e� �5�.�5� �M�o�i�r�é� �p�a�t�t�e�r�n� �r�e� 
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�f�i�e�l�d� �d�u�e� �t�o� �t�h�e�r�m�a�l� �d�e�f�o�r�m�a�t�i�o�n� �o�f� �a� �m�e�t�a�l�/�m�a�t�r�i�x� 
�F�i�g�u�r�e� �5�.�7� �M�o�i�r�é� �p�a�t�t�e�r�n� �r�e�p�r�e�s�e�n�t�i�n�g� �t�h�e� �h�o�r�i�z�o�n�t�a�l� �d�i�s�p�l�a�c�e�m�e�n�t� 

�c�o�m�p�o�s�i�t�e� �s�p�e�c�i�m�e�n� �a�t� �7�6�5�°�C�.� 
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�W�h�e�n� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �w�e�n�t� �u�p� �t�o� �8�0�0�°�C�,� �t�h�e� �i�n�t�e�r�f�e�r�e�n�c�e� 

�p�a�t�t�e�r�n�'�s� �c�o�n�t�r�a�s�t� �g�r�a�d�u�a�l�l�y� �d�e�g�r�a�d�e�d� �a�n�d� �a�t� �a�r�o�u�n�d� �8�3�0�°�C� �w�a�s� 

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

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

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

�7�6�0�°�C�.� �T�h�e� �v�a�c�u�u�m� �t�e�s�t�i�n�g� �e�n�v�i�r�o�n�m�e�n�t� �r�e�t�a�r�d�e�d� �t�h�e� �o�x�i�d�a�t�i�o�n� �r�a�t�e�.� 

�5�.�5� �Q�u�a�r�t�z� �S�p�e�c�i�m�e�n�s� 

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

�p�l�a�s�m�a�-�e�t�c�h�e�d� �g�r�a�t�i�n�g� �i�s� �t�h�a�t� �t�h�e� �f�l�a�t�n�e�s�s� �o�f� �t�h�e� �s�p�e�c�i�m�e�n�'�s� �s�u�r�f�a�c�e� 

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

�c�o�n�v�e�c�t�i�o�n� �c�u�r�r�e�n�t�s�.� �I�n� �o�r�d�e�r� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� �c�o�s�t� �a�n�d� �t�i�m�e� �r�e�q�u�i�r�e�d� 

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

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

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

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

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

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

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

�m�a�x�i�m�u�m� �u�s�e�f�u�l� �t�e�m�p�e�r�a�t�u�r�e�s� �f�o�r� �t�y�p�e�s� �K� �a�n�d� �E� �r�a�n�g�e� �u�p� �t�o� �1�2�5�0�°�C� 

�a�n�d� �9�0�0�°�C�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �S�o�,� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �r�e�a�d�i�n�g� �c�a�n� �b�e� 

�m�o�n�i�t�o�r�e�d� �p�r�e�c�i�s�e�l�y� �f�r�o�m� �t�h�e� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �t�o� �1�0�0�0�°�C�.� 
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�T�h�e� �f�i�r�s�t� �t�e�s�t� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �q�u�a�r�t�z� �u�t�i�l�i�z�e�d� �a� �c�i�r�c�u�l�a�r� �d�i�s�k� 

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

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

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

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

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

�e�f�f�i�c�i�e�n�c�y� �o�f� �a�n� �e�t�c�h�e�d� �g�r�a�t�i�n�g�.� �F�i�g�u�r�e� �5�.�8� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �f�r�i�n�g�e� 

�p�a�t�t�e�r�n� �a�t� �a� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �6�8�0�°�C�.� �A� �s�m�a�l�l� �c�a�r�r�i�e�r� �f�r�i�n�g�e� �o�f� 

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

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

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

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

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

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

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

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

�w�r�a�p�p�i�n�g�.� �M�e�a�s�u�r�e�m�e�n�t�s� �a�b�o�v�e� �8�0�0�°�C� �w�e�r�e� �d�e�m�o�n�s�t�r�a�t�e�d� �a�s� 

�f�o�l�l�o�w�s�.� 

�E�v�e�n� �t�h�o�u�g�h� �t�h�e� �a�b�o�v�e� �f�i�l�t�e�r� �a�r�r�a�n�g�e�m�e�n�t� �(�F�i�g�u�r�e� �5�.�6�)� �w�o�r�k�e�d� 

�a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �a�r�o�u�n�d� �8�0�0�°�C�,� �t�h�e� �o�p�t�i�c�a�l� �n�o�i�s�e� �e�m�i�t�t�e�d� �f�r�o�m� �t�h�e� 

�c�e�r�a�m�i�c� �h�e�a�t�e�r� �w�a�s� �t�o�o� �h�i�g�h� �a�b�o�v�e� �8�5�0�°�C�.� �T�h�e� �o�r�a�n�g�e� �g�l�o�w� �f�r�o�m� �t�h�e� 

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

�t�h�e� �c�o�n�t�r�a�s�t� �o�f� �t�h�e� �i�n�t�e�r�f�e�r�o�g�r�a�m� �w�a�s� �m�e�n�t�i�o�n�e�d� �i�n� �S�e�c�t�i�o�n� �2�.�3�.� �A� 

�n�a�r�r�o�w� �b�a�n�d� �i�n�t�e�r�f�e�r�e�n�c�e� �f�i�l�t�e�r� �w�i�t�h� �t�h�e� �c�e�n�t�r�a�l� �w�a�v�e�l�e�n�g�t�h� �a�t� �6�3�2� 
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�n�m� �(�t�h�e� �w�a�v�e�l�e�n�g�t�h� �o�f� �t�h�e� �l�a�s�e�r� �s�o�u�r�c�e�)� �a�n�d� �h�a�l�f� �b�a�n�d�w�i�d�t�h� �o�f� �1�0� �n�m� 

�w�a�s� �u�s�e�d� �t�o� �f�u�r�t�h�e�r� �m�i�n�i�m�i�z�e� �t�h�e� �b�a�c�k�g�r�o�u�n�d� �n�o�i�s�e�.� �F�i�g�u�r�e� �5�.�9� 

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

�5�.�6�;� �h�e�r�e�,� �t�h�e� �i�n�t�e�r�f�e�r�e�n�c�e� �f�i�l�t�e�r� �w�a�s� �p�l�a�c�e�d� �i�n� �f�r�o�n�t� �o�f� �t�h�e� �v�a�c�u�u�m� 

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

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

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

�e�x�p�o�s�u�r�e� �w�a�s� �n�e�c�e�s�s�a�r�y�.� �F�i�g�u�r�e� �5�.�1�0�a� �s�h�o�w�s� �t�h�e� �p�a�t�t�e�r�n� �w�i�t�h�o�u�t� �t�h�e� 

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

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

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

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

�t�e�m�p�e�r�a�t�u�r�e� �o�f� �8�8�0�°�C�.� �A�s� �c�a�n� �b�e� �s�e�e�n�,� �t�h�e� �c�o�n�t�r�a�s�t� �i�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� 

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

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

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

�o�f� �9�8�0�°�C� �a�f�t�e�r� �s�e�v�e�r�a�l� �a�t�t�e�m�p�t�s�.� �T�h�e� �s�p�e�c�i�m�e�n� �w�a�s� �a� �q�u�a�r�t�z� �p�l�a�t�e� 

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

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

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

�o�f� �s�t�r�e�s�s�e�s� �h�i�g�h� �e�n�o�u�g�h� �t�o� �f�r�a�c�t�u�r�e� �t�h�e� �q�u�a�r�t�z� �p�l�a�t�e�.� �F�i�g�u�r�e� �5�.�1�1� 

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

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

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

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

�(�a�)� �T�h�e� �m�o�i�r�é� �p�a�t�t�e�r�n� �a�t� �8�6�0�°�C� �w�i�t�h�o�u�t� �f�i�l�t�e�r�,� �a�n�d� 
�(�b�)� �m�o�i�r�é� �p�a�t�t�e�r�n� �a�t� �8�8�0�°�C� �w�i�t�h� �f�i�l�t�e�r�.� 
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�T�h�i�s� �l�a�s�t� �e�x�p�e�r�i�m�e�n�t� �p�r�o�v�e�s� �t�h�a�t� �m�e�a�s�u�r�e�m�e�n�t�s� �c�a�n� �b�e� 

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

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

�a� �s�h�o�r�t� �e�x�p�o�s�u�r�e� �t�o� �t�e�m�p�e�r�a�t�u�r�e�s� �a�s� �h�i�g�h� �a�s� �1�1�0�0�°�C� �a�t� �a�n� 

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

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

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

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

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

�5�.�6� �S�u�m�m�a�r�y� 

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

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

�o�f� �3�5�0�°�C�.� �B�y� �u�s�i�n�g� �t�h�e� �p�l�a�s�m�a�-�e�t�c�h�e�d� �g�r�a�t�i�n�g�,� �t�h�e� �o�b�j�e�c�t�i�v�e� �o�f� 

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

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

�h�i�g�h�-�t�e�m�p�e�r�a�t�u�r�e� �m�o�i�r�é� �s�y�s�t�e�m� �w�i�t�h� �v�a�c�u�u�m� �t�e�s�t�i�n�g� �e�n�v�i�r�o�n�m�e�n�t� 

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

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

�i�n�s�t�a�b�i�l�i�t�y� �o�f� �p�a�t�t�e�r�n�.� �F�o�r� �t�e�s�t� �t�e�m�p�e�r�a�t�u�r�e�s� �a�b�o�v�e� �6�5�0�°�C�,� �t�h�e� 

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

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

�m�e�n�t�i�o�n�e�d� �f�i�l�t�e�r� �s�y�s�t�e�m�s�.� 

�7�3



�S�e�v�e�r�a�l� �s�u�c�c�e�s�s�f�u�l� �t�e�s�t�s� �w�i�t�h� �a� �h�i�g�h�-�q�u�a�l�i�t�y� �i�n�t�e�r�f�e�r�e�n�c�e� 

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

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

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

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

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

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

�m�e�a�s�u�r�e�m�e�n�t�.� 

�7�4



�6� �A�P�P�L�I�C�A�T�I�O�N�S� 

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

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

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

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

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

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

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

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

�c�u�t�t�i�n�g� �t�o�o�l� �b�i�t�.� 

�6�.�1� �T�h�e�r�m�a�l� �E�x�p�a�n�s�i�o�n� �o�f� �A�l�u�m�i�n�u�m� 

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

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

�w�i�t�h� �a� �t�h�i�c�k�n�e�s�s� �o�f� �6�.�7� �m�m�.� �T�h�e� �s�p�e�c�i�m�e�n� �g�r�a�t�i�n�g� �w�a�s� �r�e�p�l�i�c�a�t�e�d� 

�w�i�t�h� �a� �c�r�o�s�s� �r�e�f�l�e�c�t�i�v�e� �g�r�a�t�i�n�g� �w�i�t�h� �a� �f�r�e�q�u�e�n�c�y� �o�f� �1�2�0�0� �l�i�n�e�s�/�m�m�.� 

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

�o�v�e�n� �a�n�d� �h�e�a�t�e�d� �t�o� �a�r�o�u�n�d� �2�2�0�°�C�.� �T�h�e� �v�a�c�u�u�m� �w�a�s� �k�e�p�t� �a�t� �a� �p�r�e�s�s�u�r�e� 

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

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

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

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

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

�A�l�u�m�i�n�u�m� �i�s� �i�s�o�t�r�o�p�i�c�;� �t�h�u�s�,� �a� �o�n�e�-�d�i�m�e�n�s�i�o�n�a�l� �m�e�a�s�u�r�e�m�e�n�t� 

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

�t�h�e�r�m�a�l� �e�x�p�a�n�s�i�o�n�.� �T�h�e� �h�o�r�i�z�o�n�t�a�l� �U� �d�i�s�p�l�a�c�e�m�e�n�t� �p�a�t�t�e�r�n�s� �a�t� 

�d�i�f�f�e�r�e�n�t� �t�e�m�p�e�r�a�t�u�r�e�s� �a�r�e� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e�s� �6�.�1�a� �a�n�d� �6�.�1�b�.� 

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

�w�a�s� �a�d�d�e�d�.� 

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

�(�2�.�4�a�)�.� �H�e�r�e�,� �A�/�(�2� �s�i�n�é�)� �i�s� �e�q�u�a�l� �t�o� �1�/�2�4�0�0�.� �T�h�e�n� �E�q�u�a�t�i�o�n� �(�2�.�4�a�)� 

�b�e�c�o�m�e�s� �E�q�u�a�t�i�o�n� �(�6�.�1�)�:� 

�e�,� �=� �1�_�4�N�x� �-�_�1�_�_�  ��N�p� �(�6�.�1�)� 
�2�4�0�0� �A�x� �2�4�0�0� �(�A�x�,�/�M� �)� 

�w�h�e�r�e� �A�N� �x� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �o�f� �f�r�i�n�g�e� �o�r�d�e�r� �b�e�t�w�e�e�n� �t�w�o� 

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

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

�t�h�e� �d�i�s�t�a�n�c�e� �A�x�p� �i�n� �t�h�e� �p�h�o�t�o�,� �a�n�d� �M� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �m�a�g�n�i�f�i�c�a�t�i�o�n� 

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

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

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

�c�a�n� �p�r�o�v�i�d�e� �p�r�e�c�i�s�e� �i�n�f�o�r�m�a�t�i�o�n� �f�o�r� �i�s�o�t�r�o�p�i�c� �m�a�t�e�r�i�a�l�s�.� �F�i�g�u�r�e� �6�.�2� 
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