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ABSTRACT 

 

Bischoff, Matthew L.  M.S. Department of Physics, Wright State University, 2012.  

Characterization of Ceramic Matrix Composite Materials using Millimeter-wave 

Techniques. 

 

 

This thesis describes studies that were carried out on Ceramic Matrix Composite (CMC) 

materials.  These materials were provided by the Air Force Research Laboratory for 

evaluation in the millimeter-wave frequency region with the goal of developing Non-

Destructive Evaluation techniques.  This thesis centers on describing the measured 

reflections from an Oxide/Oxide and SiC/SiNC CMC materials.  Models were derived 

from the Fresnel equations to account for the reflected and transmitted waves in these 

materials.  System models were developed to describe the power coupling of the spectra 

measured in three separate measurement systems.  Using these models the complex index 

of refraction was determined for the Oxide/Oxide material, and the front surface 

reflectance was determined for the SiC/SiNC material.  A discussion of changes in 

sample optical properties due to material fatiguing will be included.  This document will 

conclude with the complete spectra and statistical analyses of the Oxide/Oxide, and 

SiC/SiNC materials at 140-220, and 585-630 GHz.   
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I. INTRODUCTION 
1.1. Introduction to CMC Materials 

New materials are constantly being developed, but with the 

introduction of a new material come the responsibility of 

understanding how a material will react under load.  This thesis 

is part of larger body of work funded by the Air Force on newly 

developed ceramic matrix composite (CMC) materials.  It is 

desired that these lighter, more heat resistant materials will 

become the basis for component parts in future aircraft.  Stress 

has been found to cause measurable changes in some CMC 

materials’ dielectric constants in the infrared region, as identified 

by Dr. Cooney’s group [7]. The purpose of this research is to 

detect if these changes are detectable using millimeter wave 

techniques as these materials are stressed mechanically and 

thermally.  One goal of this research is to identify possible in-

situ non-destructive evaluation (NDE) techniques that could be 

used to determine the remaining life of these materials.  This 

thesis discusses the systems used to evaluate these materials, the 

models that were developed to understand the measured spectra, 

the results of these measurements, and conclusions that can be drawn from this work thus far.   

Ceramic matrix composite (CMC) materials were developed nearly four decades ago for use by 

the military. Initially carbon-carbon composites were developed for use as brakes in military and 

commercial aircraft.  The principle driver for use of these materials has been the Department of

Figure 1: Image of the C/SiC (A) 

SiC/SiNC (B) and Oxide/Oxide (C) 

CMC materials. The fiber 

reinforced nature of the material B 

and C is evident from the surface 

pattern, and laminate structure on 

the sides. Material A does not show 

these tendencies. The shown scale 

is in millimeters. 
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Defense’s effort to “lighten the force” [8].  The U.S. Department of Defense Handbook on 

Composite Materials provides a long but clear definition of these materials. 

“A composite is defined as a material containing two or more distinct phases (crystal/material 

structures) combined in such a way so that each one remains distinct.  Based on this broad 

definition of a composite, CMC’s are conveniently separated into two categories: discontinuous 

reinforced and continuous fiber reinforced composites…Continuous fiber ceramic composites 

(CFCCs) have required the development of infiltration (vapor, sol, melt, liquid preceramic 

polymers) methods that enable the  densification of various ceramic matrices in continuous fiber 

lay-ups and /or net shape woven fiber pre-forms.   Continuous fiber reinforced CMCs are further 

subdivided into carbon reinforced carbon composites… and other composites.” [8] 

The materials studied for this thesis are a form of the fiber reinforced material with the 

Oxide/Oxide being an eight ply material containing little carbon, and the SiC/SiNC  also being an 

eight ply material containing carbon as noted by this materials more absorptive nature.   The use 

of these material’s composite nature, “decrease’s the susceptibility of ceramic components to 

catastrophic thermal-structural brittle failure” by improving the “ceramic’s resistance to small 

flaws and crack propagation”, allowing these materials to “fail gracefully” [8].  This study is a 

proof of concept focused on attempting to track changes in the optical properties of these 

materials as they were fatigued that may enable the development of non-destructive evaluation 

(NDE) techniques to identify these material failure points in the millimeter wave region.   

1.2. INITIAL RESULTS 

Three materials were initially provided to Wright State University for evaluation, a C/SiC CMC 

of a discontinuous reinforced construction, and two continuous reinforced CMC’s labeled 

Oxide/Oxide and SiC/SiNC.  These CMC’s were evaluated in a Mach Zehnder transmission 

interferometer, with the resulting spectra shown in Figure 2.  This interferometer was built for 

evaluating transmission through thin fiberglass composites [23].  Three facts were evident from 

this evaluation; first the CMC’s were not as transmissive as the fiberglass materials, second there 
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was an order of magnitude change in the 

transmission through the different materials, 

and third tighter focusing optics were 

required for evaluating these materials.  The 

amount of variation in the material 

transmittance over this small frequency 

range was surprising.  After completing the 

reflection measurements it became apparent that the term ‘transmission’ was loosely used in 

Figure 2.  The ‘transmission’ measurement through the two carbon based samples was most 

likely standing waves that developed due to interference of the beam that diffracted around these 

samples and the rest of the optics system.  As a result of the difficulty in making these 

transmission measurements and the desire to develop NDE techniques for these materials, it was 

decided to evaluate these materials using reflection based measurements.  

This thesis will describe the measurement of reflection and transmission spectra from 12 samples 

each of the Oxide/Oxide, and the SiC/SiNC CMC materials.  Some samples from each group 

were subjected to a thermal stress treatment, a mechanical strain treatment, or a dwell treatment 

which consisted of a combination of both treatment types.  Reflection/Transmission Spectra from 

these materials were collected from both the original and stressed materials.  This thesis will 

describe the measurement systems used to record the reflection/transmission spectra from these 

materials, the models developed to understand these measured spectra and, the determined 

material optical properties from the recorded spectra.  Due to unforeseen manufacturing 

difficulties, the C/SiC CMC material was not given to Wright State in time for inclusion in this 

thesis. 

 

Figure 2: Transmission through the three CMC 

samples in the Mach-Zehnder interferometer 
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II. MEASUREMENT SYSTEMS 

2.1.  LITERATURE REVIEW OF VARIOUS CHARACTERIZATION SYSTEMS 

The initial transmission measures made of these materials caused the focus of this research to 

move to reflectivity measurements, as agreed upon by the other research groups in this 

collaboration: Dr. Deibel’s Time-Domain Spectroscopy group at Wright State and Dr. Cooney’s 

Infrared Spectroscopy group at Air Force Research Laboratory.  An additional reason for this 

switch, besides the initial transmission measures, was monitoring material reflectivity would lend 

itself to developing in-situ NDE techniques, a stated purpose of this work.  With this stated 

purpose in mind a system was designed to measure the reflectivity of these samples.   

One of the first thoughts in developing this reflection measurement system was to develop a 

reflection interferometer.  Using the source and detection diodes used in the Mach-Zehnder 

interferometer setup would enable the same computer control mechanism to be used, reducing the 

complexity of designing such a measurement system.  The interference pattern could be used to 

find the complex index of refraction of the tested material, as discussed in many papers and books 

on the subject.  In one such effort, the researchers discuss tracking the phase of the light from the 

sample by use of a movable mirror [18].  Another group reported using both the interference 

fringes of the radiation traveling multiple times through the material, and the interference pattern 

developed by the interferometer to develop the complex index of refraction [19].  The reports of 

these works describe using transmission spectra to determine the material optical properties.  This 

is the major reason why similar system designs were not built for this work.  There were a 

number of other groups which discussed using reflection interferometry in their reports [19, 25, 

27].  Two of these groups describe using a movable mirror to track the phase of the reflection   
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spectra [25,27].  From the reflectance and phase measurements, these groups were able to 

determine the complex index of refraction of the materials.  Lastly, a group at the University of 

Massachusetts-Lowell reported on determining the reflectivity of different metals to very high 

precision using a continuous wave (CW) laser source [19].  This report, while very thorough, had 

little impact on our eventual system design but was very informative concerning possible sources 

of error in the measurement systems used for this work.  All of these groups reported on 

interferometric measurements of some form by making use of the phase of the spectra from the 

sample.  With this phase information these groups were able to determine the complex index of 

refraction of the measured material.  As with most interference based measurements, the majority 

of the systems discussed by these groups made use of a moving mirror to create and track the 

beam interference off of the material.  While this was desired for the measurements made on the 

CMC materials, it was not necessary for the measurements requested.      

There are many other methods of determining the reflectance from these CMC materials between 

100 to 800 GHz other than interferometry.  Two such methods are the use of a vector network 

analyzer and ellipsometry.  Vector network analyzers (VNA) enable the experimenter to obtain 

all of the scattering parameters to the device under test, i.e. the sample.  These scattering 

parameters are related to the impedance matrix of the test [22].  In most cases, the VNA 

equipment is able to track the phase of the reflected or transmitted waves allowing one to easily 

determine the complex index of refraction for the material tested.  Drawbacks to this method are 

the expense of the VNA equipment and coupling a wave from the VNA into the CMC materials.  

The diffraction limited spot diameter for 100 GHz is 3 mm, and the samples had a target size of 

~10 mm square.  To effectively use a VNA technique with these materials, a tightly focused beam 

of radiation would be necessary, meaning the use of a standard horn antenna to propagate the 

radiation would require the use of further focusing optics.  Also, the thickness of the sample is 

important.  If the sample is near a multiple of one half a wavelength of the frequency tested 
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ambiguous results may be found from the resulting spectra [2].  This ambiguity is related to the 

instability of the Nicolson-Ross equation for low loss materials at multiples of one half integer 

wavelength [2].  The samples supplied by AFRL at the frequencies of evaluation were a half to 

three wavelengths thick.  Due to these difficulties the use of a VNA system was not pursued for 

this work.  

Ellipsometry is another popular method of determining optical properties from reflection 

geometry.  This method enables one to find the complex index of refraction through a set of 

documented measurements.  Ellipsometric measurements track changes in two complimentary 

polarizations of the light reflected or transmitted by the sample material [30]. These 

measurements can be made as a function of wavelength or as a function of the angle of incidence 

[30].  Thus there are two methods for applying this technique to these samples with the linearly 

polarized diode sources available for this work.  The first is to rotate the source / detector in 

relation to the sample and record the change in amplitude as a result of these rotations.  A second 

method would be to vary the angle between the sample and the source / detector system, such that 

there is a changing angle of incidence on the samples.  In either case, a special holding apparatus 

would need to be built or purchased.  In both cases, the fixture would need to control the 

simultaneous motion of the coupling optics, source and detector, or sample rotation and include a 

means to measure the amount of rotation of the sample to the source/detector.   With no such 

ellipsometry equipment readily available, these types of measurements were not pursued for this 

work.       

Based on constraints of time and money, a simple reflectivity system was built which focused a 

collimated radiation beam onto and off of these samples.  This system was designed such that a 

phase arm could be added.  This phase arm was found not to be necessary due to the wealth of 

information gathered from the simple reflection measurements.  Two different systems were built 

for this work: a reflection system at 200 GHz, and a reflection / transmission system at 600 GHz. 
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2.2.  MEASUREMENT SYSTEMS USED 

As stated at the start of this chapter, multiple research groups were collecting data from these 

samples.  To allow comparison across groups, eleven locations were indentified on the sample.  

All measurements were to be located in these specific locations, or ‘spots’ on the sample, which 

measured 9.5 by 11 mm in size.  Figure 3 shows a visual relation of these spots to the beam 

diameter from the 200 GHz reflection system on the sample.  The diffraction limited Gaussian 

spot diameter is approximately one wavelength when using an F#/1 optic, in the case of 200 GHz 

this was 1.5 mm diameter.  As a result of this large spot size, and the fact that these samples were 

manually loaded into the reflection system for evaluation, no further attempt was made to 

differentiate different regions of these eleven spots.  Attempts were made to mechanically scan 

the samples but this proved very difficult as the samples could not be considered optically flat 

(even for the wavelengths used in this study).  Results from the mechanical scans were very 

confusing as the sample moved in and out of the Rayleigh range of the reflectance system.  The 

Rayleigh range is an optical design approximation of the Gaussian beam profile in which near 

plane parallel beam fronts is assumed.  This region is dependent on the beam spot diameter, and 

the F# of the focusing optic.  This particular system had a Rayleigh range on the order of two spot 

diameters, a result of the low F# optics used.  In the Oxide/Oxide material, as the radiation 

penetrated through the material, the sample thickness needed to be fully in the system Rayleigh 

range for the measurement system to have high visibility of the material standing waves.  The 

SiC/SiNC material was more absorbing and the measurement system recorded only the 

reflectance from the front material surface.  By assuring these rules were met for the different 

samples it was found that the measured spectra from these samples contained many of the system 

standing waves.  Measurements made outside this region, would show similar effects, but the 

standing waves would show more variability due to the influence the curvature of the Gaussian 

beam has on the angle of the reflected beam.  More variability in the standing waves leads to a 
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larger variance in the final measurements.  Thus the manual placement of the sample was done to 

reduce the error in the material measurements.   The mechanical motion of the sample was 

replaced by a metal stop which constrained the unsupported length of the sample over a 50 mm 

region.  To determine the spot location of the sample a simple ruler was used to determine which 

particular sample spot was in the radiation beam.  By constraining the relatively short sample 

length in the radiation beam aided in maintaining the sample placement in the Rayleigh range of 

the focused Gaussian beam.   

The 200 GHz reflection system built was based on a VDI frequency multiplier chain and operated 

from 132 to 240 GHz.  Radiation was collimated using a plano-convex Teflon lens to 

approximately 45 mm in diameter.  The collimated beam was coupled into the reflection system 

using a mylar beam splitter.  The beam splitter is an optical component made of a thin film that 

reflected approximately 50% of the incident light while transmitting the rest.  Placing this thin 

film at a 45 degree angle in relation to the collimated beam balances the reflected and transmitted 

beams such that both the reflected and transmitted power is roughly equal.  The reflected energy 

was dumped into the phase arm; the transmitted beam was directed to the sample.  Difficulties in 

setting up the phase arm stemmed from the fact that the power levels in the two arms were not 

balanced.  The majority of the beam was directed into the transmitted beam with the resulting 

ratio between the transmitted and reflected beams being at 3 to 2.  While this discrepancy 

improved the intensity of the reflection measurements, it made the phase arm very difficult to set 

up.  To successfully use such a system, power would have to be balanced in both arms.  Adding 

the phase arm would have enabled the determination of the phase difference between both arms 

and aided in the determination of the complex index of refraction for both materials.  The 

transmitted portion of the radiation propagated from the beam splitter to an off-axis parabolic 

mirror.  This 90˚ off-axis parabolic mirror (F#/1) focused the radiation onto the sample.  To 

successfully propagate the sample reflection back to the sensing diode, the angle of the sample 
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front surface in relation to the focusing mirror was very important.  Normal incidence was found 

after many fine adjustments of the sample.  To assure this alignment was maintained for all future 

measurements, a hard stop was placed at this location and the front surfaces of all samples were 

placed against this stop. As mentioned above, this stop had a 50 mm space for the sample which 

constrained the sample over a small portion of its length making the samples surface normal to 

the incident beam.  Using this stop helped to control the amount of error due to variation in the 

 

Figure 3: 600-GHz reflectance/transmittance optical system, essentially this system was the original 

200 GHz reflection system without the transmission measuring components.  Top of figure shows one 

complete sample with all 11 spots identified.  All sample measurements were made of free standing 

samples.  

location and angle of the sample in the Gaussian beam, also known as sample walk-off.   By 

measuring free standing samples the step of de-convolving the sample measurement from 

reflections of a backing material were avoided, thereby reducing a point of error in the analysis 

process.  The mm wave source was comprised of a YIG oscillator that was swept from 22 to 40 

GHz by a control voltage that was swept from 5.5 to 10 volts.  This drove a VDI multiplier chain 

(6x) that emitted radiation in the 132 to 240 GHz frequency range with an output power of ~5 

mW.  The frequency sweep occurred over a 10 second time period, and the frequency resolution 

of this system was ~7.5 MHz. 

The goal of these measurements was to characterize the front surface reflectance of the CMC 

materials.  To best do this and successfully handle the sample front surface variation, the sample 

front surface was located at the Gaussian beam waist of the optical system, also known as the 
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center of the Rayleigh region.  As published by the horn manufacturer, 84% of the beam is a 

fundamental Gaussian mode [31].  Determining the beam spot diameter required measuring the 

beam width as a function of location by using the knife edge technique.  The knife edge technique 

consists of cutting into the radiation beam with a thin reflector at multiple locations and 

measuring the reflected power intensity.  The derivative of these measurements is taken resulted 

in the Gaussian beam profile at a particular cut as seen in Figure 4 inset.  Taking the 1/e point of 

this curve, designated at 33% of the height of this curve, results in the expected Gaussian beam 

diameter at a particular longitudinal location.  Using this method, measurements were made every 

0.13 mm in the transverse beam direction, and every 0.50 mm in the longitudinal beam direction.  

This series of measurements resulted in identifying the Gaussian beam focal point for this system 

at 140 and 200 GHz as seen in Figure 4. 

For the 200 GHz measurements, placing the material at the beam waist virtually assured that the 

full sample was within the Rayleigh range of the focused Gaussian beam propagated off of the 

focusing mirror.  The estimated Rayleigh range of the 200 GHz system was 3.5 mm.  At 600 

GHz, this type of beam characterization was not completed and was assumed that the beam focus 

point did not move, though the length of the Rayleigh range would be roughly a third of that seen 

in the 200 GHz system.  Thus, it is very likely that the full thickness of the Oxide sample was not 

in the beam’s Rayleigh range, meaning that there was a large amount of beam divergence as the 

beam traveled through the sample, a precursor of low material standing wave visibility.  A 

standing wave in a continuous wave system is the result of the interference between two waves at 

a slight phase difference.  Visibility of the standing wave relates to the coupling of this 

interference through the optical system, and is exhibited in the depth of these standing waves.  

These effects were not expected to influence the reflected signal from the SiC/SiNC material.  

The reflectance was a result of averaging over the system standing waves inherent in all 

measurements.  Due to this averaging the placement of the sample had no influence on the 
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measured reflectance from this material.  Figure 4 shows the Gaussian beam profile for the 200 

GHz system, one can see the effects of beam diffraction off of the knife edge especially at the 

Gaussian beam focus point. 

In an attempt to better understand the complex index of refraction for the Oxide/Oxide CMC, a 

separate system was built at 600 GHz.  This system was designed to measure the reflection and 

transmission spectra over a frequency sweep from 580 to 660 GHz.  This system used the same 

optical setup as the first reflection system, but included a second off-axis parabolic mirror placed 

 

Figure 4: Beam waist measurements from using the knife edge technique.  The inset shows one 

longitudinal measurement, and the accompanying derivative.  The points in the larger plot are the 

1/e points of the Gaussian beam.  The line of best fit is based on the combination of both frequency 

measurements (140 & 200 GHz) along each axis (X or Y).  

behind the sample to couple the transmitted beam to a second detector diode, as seen in Figure 3.  

The desire for the transmission spectra was to further develop the optical constants of these CMC 

materials that were responsible for the reflection spectra.  In the case of the SiC/SiNC CMC, the 

samples were so absorptive that there was literally no transmission spectrum to be recorded using 

this system.  Further measurements of this material with a multimeter resulted in a measured 

resistance on the order of 200K ohms, thus this material was definitely a conductive dielectric.  

Understanding the large changes in the measured reflection and transmission spectra for the 

Oxide/Oxide CMC across many samples was very difficult to understand, especially when 

compared to the reflection spectra measured in the 200 GHz system.   As mentioned in the last 
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paragraph, this system had a much shorter Rayleigh range, meaning that the sample was not fully 

located at in this range.  This meant that there was a large amount of beam divergence as the 

beam traveled through the sample, which explains the lack of depth in the material standing wave 

in these measurements.  Also, a feature found in the Oxide/Oxide transmission spectra developed 

with a separate system further describes why the spectra from this system were so erratic.  This 

system was powered by a VDI multiplier chain (48x) which was supplied by an Agilent 

synthesizer supplying a FM sweep in frequency centered at 9 GHz.  The FM sweep was based on 

3 second time window, and had a frequency resolution of 25 MHz.  This system had a peak 

power output of 0.80 mW at 610 GHz.  

The 600 GHz measurements provided more insight into the Oxide/Oxide material, but were not 

enough to fully determine the complex index of refraction due to the limited frequency ranges 

available from this system.  Consequently, a laser driven Teraview CW400 continuous-wave THz 

system was used at IDCAST in Dayton, OH to generate a sweep in frequency from 200 to 1,000 

GHz.  This frequency generation was accomplished through the use of photo-mixing technology 

[29].  This system had two optical heads which were used to generate and detect the continuous 

wave (CW) radiation through the sample.  The specification sheet for this system stated that the 

beam profile was Gaussian [29].  These two heads were placed 10 cm apart, with the spherical 

lenses 3 cm above the 

metal optical table.  A 

profile of the beam 

propagated by this system 

was not verified other than 

to find the maximum beam 

diameter midway between 

the heads or 5 cm from the 

Figure 5: CW400 Beam diameter power measurements.  Any power 

not propagating through the eye either diverged or reflected out of the 

system. 
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generation head.  This was done using an adjustable iris diaphragm to measure the diameter of the 

beam midway between the heads.  Multiple measurements at different iris diameters show 

similarity between iris diameters 4 and 6 mm and the reference sweep, seen in Figure 5.  The 

design of this system incorporated a spherical collimating lens as the radiation leaves the 

source/detector heads.  In actuality, it is probable that the beam continued to slightly diverge once 

the radiation left the head.  Also there was the possibility of interference with the beam and the 

optical table.  What was measured by the adjustable iris was the diameter of the radiation midway 

between the heads that made it into the receiver head.  This assumption is evidenced by the very 

low amplitude of the material standing wave measured with this system through a reference piece 

of high density polyethylene (HDPE) as well as through the Oxide/Oxide CMC material. 

One of the issues with this system was the apparent lack of static discharge protection for these 

source/detector heads.  To avoid damaging this equipment when making these measurements, a 

tent was placed around the heads and the humidity was elevated using a humidifier.  Due to the 

distance of the beam from the optical table, and not having lenses and mounts to correctly handle 

this spacing to the table, no external coupling optics were added to this system to improve the  

propagation of the radiation in free space.  To make these measurements the Oxide/Oxide 

samples were placed midway between the optical heads.  This system was setup for measuring 

transmission, thus the system would need to be reconfigured if reflection measurements were 

desired.  As a result of time constraints, and setup issues no measurement of the SiC/SiNC sample 

was made.  Most of the scans made with this system had a frequency resolution of 150 MHz. 

In all of the three measurement systems, the sample measurement was compared to a reference.   

For transmitted signals, this reference was simply a measure of the power through the optical 

system without any sample in place.  The reflection measures were compared to a metal reference 

that replaced the sample.  Early on, two alternative metal references were purchased from the 

Wright State University Instrument shop, one aluminum, and the other copper.  These reflectors 
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were machined to the same dimensions as the CMC samples and care was taken to assure that the 

reflecting surfaces of these references were as smooth as possible based on the capabilities of the 

shop.  This meant Scotchbrite was used to further smooth these surfaces.  These references were 

routinely compared with the standard reference obtained from the Materials Directorate.  At the 

start of the project there was very good agreement between these references.  As the project 

continued and the standard reference was continually used, the reflecting surface became marred, 

and a slight bend was found at location 10.  Thus the eleven spots were not as consistent as at the 

start of the project.  In these cases, the alternative references were more consistent than the 

standard reference.  On any given day, the most consistent reference was used as the reflection 

reference.  Several reasons for deviations of the measured reflectance of the reference material 

were specular reflections from the reflecting surface, oxide forming on the material surface, or the 

surface of the reference not being held normal to the optical system as a result of a warp in the 

metal plate.  In most cases these deviations were minor, and will be quantified in the results 

chapter.  On any given day these deviations could be compared thus allowing the error from a 

reference to be tracked in relation to the other metal references.  Lastly, all data from the 200 and 

600 GHz systems were measured using a Lock-in amplifier.  This technique reduced the amount 

of noise gathered in the spectra, and was referenced to the internal modulation of the Lock-in 

device for the 200 GHz measurements, and the internal modulation of the Agilent synthesizer for 

the 600 GHz measurements.  Chapter 4 will discuss how this equipment affected our 

measurement interpretation. 
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III. Modeling 

It is one thing to make a measurement; it is another to understand the underlying fundamental 

properties which cause the behavior.  To understand the phenomena behind the CMC 

transmission and reflection spectra in the context of the different optical systems, a series of 

mathematical models were developed based on physical theory.  Adjusting the optical constants 

used in these models made it possible to emulate the material measurements.  The understanding 

gained with these models allowed limits to be placed on the material properties used to fit the 

measured data ensuring physically tenable results.  Two models based on the Fresnel equations 

were developed for the materials.  To accurately model the Oxide/Oxide CMC spectra, in 

particular the depth of the standing wave (etalon) pattern (also known as the fringe or standing 

wave visibility), a separate system dependent Gaussian beam propagation model was developed.    

Both the system model and the material model were used to form a general model which was 

used to fit the measured Oxide/Oxide spectra allowing the determination of the complex index of 

refraction.  A material model was derived for the SiC/SiNC material but the measured spectra 

was etalon free and thus this model had little meaning other than to reaffirm the derivation of the 

reflectance from the measured spectra. 

3.1.  MATERIAL MODELING 

The SiC/SiNC material can be modeled as an absorbing dielectric. This statement stems from the 

fact that the material had a measurable conductivity between 100 - 200 K-ohms and did not 

transmit radiation at the measured frequencies.  It reflected roughly 30% of the radiation directed 

at it.  Using the standard Fresnel equations identified in any optics book, one finds the following 

equations for the reflection coefficient: 
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             Eqn. 1 

         
      

      
             Eqn. 2 

In these equations, A is the complex magnitude of the incident electric field containing both the  

magnitude and the phase of the field, ncom is the complex index of refraction of the material 

divided by the index of refraction of air (the surrounding material) [4]. The mm-wave sources 

used in this study were linearly polarized meaning the radiation was oriented “vertically” in 

relation to the sample, but at normal incidence Equations 1 and 2 become equivalent.  Thus these 

measurements could be described as S, or P polarized.  The parallel (rpara) and perpendicular 

(rperp) reflection components become the material reflectivity by [4]: 

   
     

     
 
 

   
     

     
 
 

   
      

      
 
 

 
    

    
           Eqn. 3  

In this thesis, the reflectivity (R) that is recorded for the SiC/SiNC material is the reflected power 

(Pmat) off the front material surface divided by the reflected power from the reference metal (Pref).   

The reflection and transmission spectra 

from the Oxide/Oxide material were 

not as easily understood.  From the first 

transmission measurements, a material 

standing wave was detected.  At any 

surface there is a reflected and a 

transmitted beam. A standing wave will 

be detected when the absorption 

coefficient of the material is not large 

Figure 6: Figure 4.3 in O.S. Heavens book showing the 

multiple reflected and transmitted waves, r1 and t1 are 

the initial reflected and transmitted waves.  The samples 

in this study were surrounded by air (n0 = n2). 
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enough to absorb this secondary reflected radiation traveling back through the material.  These 

secondary waves are propagated back through the sample from the rear material surface.  When 

these waves reach the front surface a second time, a portion is transmitted out of the sample, and 

the rest is reflected back into the sample.  These reflected internal waves eventually are released 

out of the sample, or absorbed.  This reflected radiation is released, at a phase difference from the 

initial transmitted or reflected beam leading to an interference pattern, or standing wave based on 

the material thickness.   Figure 6 shows this process very succinctly [15].  The interference 

patterns have fringes based on the material thickness and the real part of the material index by the 

following relation: 

           Eqn.4 

In this equation c is the speed of light, n is the real part of the material complex index of 

refraction, t is the thickness of the material, and νfs is the frequency of fringe separation.   Two 

methods of modeling such a material are a model based on a lossy Fabry-Perot cavity or a 

derivation from the Fresnel equations. 

Fabry-Perot cavities are used quite often in laser systems as regenerative cavities and components 

for the mode locking in pulsed laser systems.  They are also used for spectroscopy to allow for 

multiple passes through a gas or liquid sample.  In this model, the material side walls are viewed 

as the cavity mirrors, and the material between the walls is the lossy dielectric cavity [26].   

     
                

                  
          

                

                  
        Eqn. 5 

In these equations, t1, t2, r1, and r2 represent the reflected and transmitted portion of the beam at 

the material surfaces.  In these equations, α is the absorption coefficient of the material, d is the 

material thickness, and ω is the frequency.  The absorbance coefficient was found from the 

CW400 system measurements or derived from the extinction coefficient found via the reflection / 
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transmission measurements from 580-660 GHz.  The first and second reflections and 

transmissions are based on the Fresnel equations at the material / air interfaces.  These quantities 

were measured in all of the spectra gathered from the Oxide/Oxide material but are combined.  

Thus the measured reflected spectra contain of t1, r1, and r2 and the transmitted spectra consisted 

of t1, t2, and r2.  Also, as both the reflected and transmitted spectra were on the same order, and 

had significant depth it was difficult to make an assumption that any term was insignificant.   

Instead of attempting to de-convolve these quantities, a separate model was developed based on 

the Fresnel equations.   

To derive the Fresnel equation model, one must start with the equations at the front and rear 

surfaces of the material and require that there is continuity at these interfaces between the 

material and the surrounding material (air for a free standing sample).  There are many papers 

which reference these equations [19, 20, 24, 25].  The difficulty with these articles, as it related to 

our measurements, is they deal with transmission measurements; the majority of measurements 

for this work were reflections.  Also, a number of these articles used identical equations with 

differences in the method of simplification causing the presented equations to have a different 

appearance.  Noted sources which derived these equations were Heaven’s text, Ward’s text, 

Abele’s article and Girard and Delisle’s article [1, 6, 11, 15, 33].   Girard and Delisle’s 

description is noteworthy in that the equations derived are for a material with a thickness of the 

same order as the radiation wavelength thus the phase difference between the first and secondary 

reflection/transmission waves are included in the model.  Using these sources as references, the 

following models were developed which base the material reflectance and transmittance on the 

complex index of refraction and the material thickness: 

     
                      

                                 
  Eqn. 6 
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   Eqn. 7 

   
    

 
  Eqn. 8 

    
          

             Eqn. 9 

                          Eqn. 10 

Where: c is the speed of light  

d is material thickness 

n is the real part of the material complex index of refraction 

κ is the imaginary part of the material complex index of refraction 

ν is the frequency of the measurement 

  

These formulas were independent enough that either reflected or transmitted spectra would have 

sufficed to properly use these formulas, but this research worked out in such a way that both types 

of spectra was gathered.  Thus, a form of each of these models was used to fit the material 

standing wave, allowing the complex index of refraction for the Oxide/Oxide CMC to be based 

on all the measured spectra. Figure 7 shows this model as a function of frequency. 

 

Figure 7: Modeled (left) and Measured Spectra (right) for the Oxide/Oxide sample.   

All of the material models that were discussed did not consider scattering.  It is known from 

scattering theory that surface roughness on the order of a tenth of a wavelength will generate a 

significant amount of scatter [35].  At a surface roughness below this threshold scattering 

becomes insignificant.  During this project, measurements were made of the material surface 
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roughness using a surface profilometer.  These values ranged from about 1.6 μm for the 

Oxide/Oxide material to 2.2 μm for the SiC/SiNC material.  Several measures made of the C/SiC 

material produced a material roughness of 4.9 μm.   The wavelengths used for sample evaluation 

ranged from 2.3 to 0.5 mm.  This left two orders of magnitude between the surface roughness of 

the material and the measurement wavelength well within the Rayleigh scattering regime.   The 

profilometer measurements were made by averaging the movement 

of the needle of this device over several periods of the surface 

weave.  These measurements were made both along the length of 

the sample, and across the width of the sample, with insignificant 

differences between these directional measures.  Figure 8 shows 

what the surfaces of the SiC/SiNC sample looked like after various 

treatments, the inset spots are estimated beam diameters of the 200 

and 600 GHz systems. 

3.2.  SYSTEM MODELING 

As seen in Figure 7, there were major discrepancies in the depth of 

the modeled Oxide standing waves, or visibility, versus the 

measured standing waves for this material.  The Gaussian power 

coupling coefficient was used to correctly understand the visibility 

of the standing waves in the Oxide/Oxide measurements.  This 

coefficient will be described in the following paragraphs as it 

relates to a simple transmission measurement system for a sample 

of high density polyethylene (HDPE).   By adjusting the material 

model to include a visibility coefficient, a single model was built that could be used on the three 

different Oxide/Oxide spectra that were measured.  

Figure 8: View of the 

SiC/SiNC material surfaces.  

Arrows represent the 

directions of the surface 

profilometer measurements.   

The stressed sample weaves 

stands out more than the 

baseline sample weaves.  Red 

spots are the approximate 200 

GHz radiation spot size, 

yellow spots are the 600 GHz 

approx. spot size. 
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To better understand system effects on the standing 

wave visibility, a simple transmission system was built. 

In this system, two cases were tested and modeled.  The 

first case included a set of collimating lenses between 

the horns with the sample being placed between these 

lenses.  This system attempted to conserve all of the 

power and consequently maximized the signal to noise 

ratio.  As a result, measurements from this system were sensitive to all possible standing waves in 

the system.  In this system, two primary standing waves were expected; one associated with the 

horn to horn measurement, and the other associated with the HDPE material. The second case did 

not include the collimating lenses, but instead allowed the Gaussian beam to diverge through the 

sample.  Without these lenses, it was expected that both standing waves would be reduced due to 

a diverging beam propagating through the system.  This second system was similar to the setup 

used for the measurements made of the Oxide/Oxide CMC using the CW400 Teraview system.  

Figure 9 depicts this simple transmission system. 

To model these effects, optical system ABCD matrices were assembled for all of the components 

between the horns of the transmission system.  Various sources discuss the ABCD matrix 

construction notably a paper by Halbach entitled ‘The matrix representation of Gaussian 

optics’[14, 16].  In this paper, similar to other sources, a Gaussian vector was ‘propagated’ 

through the standard optical matrix system.  This Gaussian propagation vector q consists of two 

components: a real component for the radius of curvature of the spherical beam front defined as 

R, and an imaginary component of the radius of the beam defined as r.       

 

 
  

 

 
 

  

   
  Eqn. 11 

 

   
       

       
   

           
 

    Eqn. 12 

 

Figure 9: Transmission system  
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Multiplying the matrix of the system by this vector, one can find the Gaussian beam parameters 

throughout the system.  With this information, the coupling of the Gaussian beam between system 

elements could be determined via use of the power coupling coefficient (Eqn 13).  This 

coefficient is actually the square of the overlap integral or coupling coefficient (Eqn 14), and 

describes how similar the Gaussian beam components are at two distinct locations in the optical 

system.  An example of using Equation 13 would be to determine the power coupling from either 

side of the HDPE slab, or at the source and detector horns.  To determine the power coupling 

coefficient one must determine the Gaussian beam components at both locations in the optical 

system using the ABCD matrices and the Gaussian propagation vector.  These Gaussian beam 

fronts are referenced as ua, and ub in Figure 9.  These components are then placed into Equation 

13.  Very similar beam components have a unity coupling coefficient (Cab~1); whereas a low 

coupling coefficient is evidence of divergence of the Gaussian beam through that portion of the 

optical system [12, 13, 21].  In Eqn. 14 the u represents the Gaussian beam as a function of 

radius. 

              
 

                                           Eqn. 13 

         

                 
 

 
   Eqn. 14 

 

This coupling is related to the amplitude of the standing wave, thus a poorly coupled standing 

wave has lower amplitude than a strongly coupled standing wave as evidenced in Figure 10. 

Using Equation 13 the coupling coefficients between the source/detection horns and both sides of 

the slab were calculated.  In Table 1, 

‘Average Output Volts’ is the 

detector output from the Lock-in 

Amplifier averaged over one full 

frequency sweep from 72 to 120 

GHz.   

Table 1: Result of the system coupling model (72-120 GHz). 

Kab  Kab  
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From Table 1, the ratio of the horn to horn coupling with and without the collimating lenses was a 

factor of 19.8.  Comparing this calculated number to the measured average detector voltage, we 

find a measured factor of 20.2 times, thus the horn to horn coupling is a true measure of the 

power that the detector is measuring.  Looking at the unsmoothed transmission data measured 

with this system (Fig. 10), many interesting things are noticeable.  First, the horn to horn standing 

waves really drown out the material etalon in the collimated lens system.  This is due to the 

similarity between the two coupling coefficients for this system setup, 0.86 (horn to horn) and 

0.99 (dielectric slab).   Looking at the un-collimated system measurement with no focusing 

optics, one can readily see the material etalon in the raw transmittance data in the regions 

associated with high diode power output only, 95 to 110 GHz.  These regions seen in both raw 

transmission data plots correspond to the peak power output of the diode system.  Thus much of 

the ‘noise’ associated with the horn to horn standing waves below 95 GHz, as opposed to the 

material standing wave, which was not readily sensed by the detector.   The frequency period of 

the horn to horn standing wave was ~375 MHz which corresponds to a horn to horn distance of 

40 cm, and ~13 GHz for the Black HDPE which corresponds to a material thickness of 19 mm.   

 

In order for either of 

these standing wave 

patterns to be fit 

using the material 

models discussed in 

the last section, a 

data smoothing technique is necessary.  By using a simple box smoothing technique, the horn to 

horn standing waves are readily washed away leaving the smoothed transmission wave with the 

material etalon, as seen in Figure 10.   

 

Figure 10: Transmission data from the HDPE transmission measurements.  

The center thick line is the smoothed collimated lens data. 
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3.3.  COMBINED MODELS 

With this understanding of system visibility turning to the Oxide/Oxide material measurements, 

all of these effects become clearer. In both the 200 and 600 GHz measurement systems, the 

sample was placed to maximize the reflected signal from the front material surface by placing the 

CMC front surface at the Gaussian beam focal point.  The Oxide/Oxide materials varied in 

thickness up to 0.15 mm.  This variation can be translated to nearly 30% of the sampling 

wavelength at the 600 GHz system.  Just the thickness variation of the sample alone would lead to 

a variance in the sample placement in the 600 GHz system’s Rayleigh range of more than 20%.  

Using Equation 13 at 600 GHz the estimated power coupling coefficient through the Oxide 

sample is           with the deviation due to the material thickness variation.  This led to a 

~30% phase shift, and a loss in the amplitude of the material standing wave between the spot to 

spot measurements as shown in the next chapter.  The CW400 system measurements which made 

use of no focusing optics thus a significant portion of the signal was lost due to the diverging 

beam.  The method of dealing with these varying system characteristics was to multiply the 

material reflectance and transmittance equations (Eqns. 6 and 7) by a coupling coefficient, similar 

to those calculated in the last section.  Thus the adjusted model used to fit these varying 

measurements is found in equation 15.   

                                              eqn. 15        

A decrease in standing wave visibility does not decrease the material reflectance/transmittance 

but does decrease the amplitude of the material standing wave. The added term,     maintains 

this relationship by returning the reflectance/transmittance to its true value.  When using this 

model to fit the measured Oxide/Oxide data, empirical estimates were made for V, or the visibility 

of the system.  In the case of the 600 GHz system with simultaneous reflectance and 

transmittance measures, the same visibility factor was used for both the transmission and 

reflection measurements.  Thus, these values ranged from 0.6 to 0.3.  For the CW400, the system 
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visibility ranged from 0.2 to 0.5.  Finally, for the 200 GHz measurements a visibility of 1 was 

used.  In this case the added constant was not used. 

By modeling the Fresnel equations at the material interfaces, understanding of the reflection and 

transmission spectra was gained.  The model for the Oxide/Oxide material developed the 

relationship between the measured reflection as a function of frequency, sample thickness, and 

the complex index of refraction.  By modeling the Gaussian beam coupling throughout an optical 

system, one can determine the amplitude of the standing waves.  The three different optical 

systems used to measure the Oxide/Oxide material each exhibited different standing wave 

amplitudes.  This amplitude change was due to varying coupling coefficients of the Gaussian 

beam components on either side of the material.  By choosing a visibility factor and adding this 

factor to the Fresnel model for the Oxide/Oxide material, one model could be used to fit all three 

data sets.  For the SiC/SiNC CMC, the measurement system did not detect the interference due to 

the multiple reflections in this material, thus this material was able to be modeled using the 

Fresnel equation from the front surface only.  The next chapter discusses the error in these 

measurement systems.  
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IV. Measurement Technique 

With the background of the optical system used and the models used to interpret our results, this 

chapter will discuss the methodology used to interpret the errors in our system and how the 

quantities of interest were determined from these measurements.  Following is a brief description 

of how each system was used to determine the CMC optical properties. 

The 200 GHz system, shown in Figure 3, was used to make our first reflectance measures for 

these materials.  This system was used to collect the bulk of the data presented in this thesis.  

Having a large amount of power compared to the other systems, this system was the easiest to use 

and the data was relatively noiseless.  Many of the base line samples were measured three times 

in this system, with minor adjustments being made with each measure to improve the fidelity of 

the results.   

Desiring more information about the CMC optical properties the 600 GHz reflection/transmission 

system was constructed.  There were two motivations for building this system.  It was hoped that 

the complex index of refraction for the material could be extracted from the reflection and 

transmission spectra.  Our second motivation was Dr. Deibel’s group saw interesting signatures in 

the reflection spectra from the samples at 600 GHz.  It was hoped to find similar signatures in the 

CW spectra.   At this point in the study, the true absorptive nature of SiC/SiNC had not been fully 

realized, thus at the time, there was the hope that transmission spectra could be measured from 

this material as well.  After setting up this system and making measurements, a few things 

became apparent.  First, the diodes which powered this system had roughly a third of the power 

of the 200 GHz system.  As a result, this data had drastically more noise than that found with the 

200 GHz measures as the optics of the system did not change.  Prior transmission measurements 
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of the SiC/SiNC material showed that this material had an absorptive nature, but it was hoped that 

with focusing optics that a small amount of transmission could be detected.  With the reduced 

power of the 600 GHz diode chain, it quickly became apparent that there was no hope of seeing 

transmission through this material even with focused optics.  Second, the 600 GHz diode chain 

exhibited a 50% decrease in power during the frequency sweep [32].  For the SiC/SiNC reflection 

measurements, this meant very little.  For the Oxide/Oxide, it made things very difficult.  It was 

anticipating a continuous standing wave pattern for the full 80 GHz sweep in frequency sweep of 

this diode chain could be measured.  Prior measurements had a material standing wave period of 

roughly 20 GHz.  Due to the low power from this diode and the power drop, a continuous 

standing wave pattern over 32 GHz, or roughly 1.6 periods of the standing wave pattern was 

possible.  Once the CW400 measurements were completed for the Oxide/Oxide material, it 

became apparent from features in these spectra that the associated drop in the 600 GHz 

reflectance/transmittance values was actually associated to an absorption/scattering feature at 600 

GHz and not the drop in diode power.  As a result of these difficulties, this system was not as 

easy to operate as the 200 GHz system, and only resulted in one set of complete data for all the 

samples.     

The last attempt to gather spectra for the Oxide/Oxide sample occurred using the Teraview 

CW400 system at IDCAST.  As mentioned in Chapter 2, this continuous wave (CW) source was 

able to generate CW frequencies from 100 GHz to 1.5 THz.  For the Oxide/Oxide samples, the 

usable portion of this span was 200 to 800 GHz.  This system, while cumbersome to use, 

provided enough data to develop κ for this CMC, the imaginary part of the complex index.  Also 

the data from the Oxide/Oxide CMC included many features which only became apparent after 

studying all the spectra.  Due to the absorptive nature of the SiC/SiNC CMC and the length of 

time necessary for these measurements, no attempt was made to measure the SiC/SiNC material 

on this system.   
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4.1.  ERROR PROPAGATION 

In order to increase the signal to noise ratio of the system, a Lock-In amplifier was used.  The 

Lock-In was referenced to its own internal AM modulation for the 200 GHz measurements and 

AM modulation from the Agilent synthesizer for the 600 GHz measurements.   This device 

greatly reduced the 1/f noise in these measurements to such a level that much of the initial data, 

gathered with the 200 GHz diode chain, did not even have to be smoothed to get rid of this noise.  

For most measurements, the time constant (τ) was left at 1 mS enabling the use of a 1 kHz 

sampling rate.  The AM modulation frequency was 10 kHz.  The time constant is the length of 

time the measurements were integrated over by the amplifier.  This integration constant, as well 

as the length of time for measurement (Tmeas.), determined the number of independent points in 

the collected data.   Equation 16 describes this relationship.  In the 200 GHz system Tmeas was 10 

seconds.  For the 600 GHz measures, this quantity was 3 seconds.    

                     Eqn. 16 

Using Equation 16, the number of independent points for the 200 GHz measures was 1000, and 

300 for the 600 GHz measures.  By using a box smoothing technique, the data was effectively 

smoothed, further reducing the true amount of independent points, but effectively getting rid of 

unwanted standing wave system noise.  The Oxide data was fitted with a program in IGOR Pro 

which enabled the use of the model described in the last chapter.  These model fits were based on 

the complex index of refraction and the material thickness.  As a result of this fitting function, 

one set of parameters was determined for each spectrum of data, the complex index of refraction.  

Thus this data was not reduced in any way to reflect systematic deviations of the independent 

points in the data.   The SiC/SiNC measures were initially smoothed to a lesser degree due to the 

lack of noise in the data using the box smoothing technique.  Eventually, the SiC/SiNC 

reflectance was further down sampled to a point every 2 GHz.  This was done to reflect the 
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number of independent points in the data due to the relatively featureless reflectance spectrum, 

but also to deal with the remaining standing waves that were inherent in all of the data.  As a 

result of this re-sampling the SiC/SiNC 200 GHz data, 51 points are presented.  For the 600 GHz 

data, 36 points are presented.   This down sampling in both cases maintained the trends of the 

data but reduced the standing wave effects that dominated the oversampled data. 

Each measurement set included a set of metal reflector measures.  There were many reasons for 

doing this.  First, the diodes used are known to have minor power variations from day to day.  

Comparing the sample spectra to a metal reference gathered the same day removed the need to 

determine the degree of power variation for the measurements.  A second reason for using such a 

reference is that it gave a quick check as to the alignment of the system.  A change in the 

incidence angle would greatly reduce the reflectance from the metal reference, a quick check of 

the alignment of the system.  The variation in the measured reflectance was coupled to the 

flatness of the sample.  

By having multiple 

metal references that 

were evaluated 

throughout the project, 

it was assured that if one 

reference was damaged due to reference flatness or surface defect another reference which had 

been continuously characterized could take its place.  When determining the calculated 

reflectance, the sample measurement of a spot was compared to the same spot on the metal 

reference.  This helped to further reduce the angular error as sample and the metal reference were 

held in the same jig, and being the same size they both would have a similar angular relationship 

to the reflection system.  Due to this fact, no attempt was made to quantify the measurable affect 

angular changes had on the measured reflectance.  Figure 11 shows all of the metal references 

Figure 11: Metal references evaluated for this project.  Bottom is the 
original supplied aluminum reference, middle is copper, and top is the 
aluminum reference.   
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that were characterized during this project.  As the project progressed, it was noticed that spot 10 

from the original reference was returning less radiation than at the project start.  Evaluation on a 

flat surface revealed a slight bend at this location.  Figure 12, below, shows the reflectance 

measured from all references shown in Figure 11.   These plots were made with the 200 GHz 

system at the relative start of the project.  A measure of the variance of the provided aluminum 

reference was 3.8% while the two purchased references had variances of 1.7% for copper, and 

0.3% for the new aluminum reference.  These drastic differences were due to the surface 

treatments of the copper and aluminum reference dealing with surface roughness, also when these 

references were made they showed less than 0.2 mm variation in flatness over their entire length. 

The 600 GHz measurements, seen in Figure 12, were made with the final data set used in this 

thesis.  These reference power curves show the expected power curves from VDI diode chains 

used in these systems.  In these plots, both y-axis’s have similar arbitrary units based on a 1 mV 

lock-in sensitivity.  The large amount of deviation in the 600 GHz reflection measures was due to 

angular variation in sample placement.  As mentioned earlier, the 600 GHz diodes transmitted 

roughly a third of the power that the 200 GHz diodes propagated. 

Figure 12: Measured reflectance from the metal references used in this project with one standard 
deviation error bars.  As mentioned earlier the power from the 600 GHz diode chain was one third of 
the 200 GHz chain according to the VDI data sheets.   

The project statement was to find the front surface reflectance of these materials.  In Chapter 3, 

Equation 3 showed that front surface reflectance at normal incidence as: 

                  Eqn. 3 
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with R as the reflectance, Ps as the power reflected by the sample and Pm as the power reflected by 

the metal reflector.  The standard deviation of R found using error propagation techniques is 

described via Equation 17[34]: 

      
  

  
 

 
  

  

  
 

 
          Eqn. 17 

In this equation, σ is the standard deviation of the sample or reference measurement depending on 

the subscript.  To determine this, standard deviation equation 18 was used: 

               
                  Eqn. 18 

Equation 18 is required for finding the sample standard deviation based on the fact that   , the 

sample average, was found by averaging the sample set.  This decreases the overall degrees of 

freedom of this measure [34, 3].  When evaluating the measures, it is assumed that the index of 

refraction was equivalent across a single sample.  As a result of this assumption,    is the average 

value determined from the 11 spot measurements made on one day from one sample.  The 

standard deviation, calculated from Equation 18, is calculated from this    for the same sample.   

The standard deviations calculated for a sample provided a measure of the system error inherent 

in this measurement system.  A comparison of the different sample means over multiple samples 

provided an understanding of the variance of the variations in the samples’ optical properties.  

Equation 19 was used to define error in these situations.  This     is also called standard error. 

               Eqn. 19 

In Equation 18 n represents the number of measures made on one sample, and m in Equation 19 

represents the number of samples being combined. For the stressed sample cases, this comparison 

of multiple sample means was not possible due to having one stressed sample. In these cases, the 

system error (Eqn. 18) was used as the treatment standard deviation.  It is now possible to discuss 
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the analysis of the Oxide/Oxide and SiC/SiNC CMC materials with this understanding of the 

error propagation.     

4.2.  SiC/SiNC MEASUREMENTS 

As used in all measures, the reflectance was defined as the power reflected from the sample 

divided by power reflected from the metal reference, or Ps/Pm.  Figure 13 shows the raw reflected 

reference signal that was recorded from the 200 and 600 GHz systems.  Following this is Figure 

14 which shows the calculated reflectance using this formula.  To remove the noise inherent in 

this calculation, the data was smoothed and then down sampled to reflect independent 

measurement points.  The noise at the start and end of the Figure 14 is due to the low power from 

the diode chain.  The variations seen at the ends of the sweep are not real and the effect of 

dividing a small number by an even smaller number, in essence noise over noise.  The ends of the 

data were chopped off when they could not be smoothed. 

Figure 13: Raw reflectance measures from a SiNC sample at 200 GHz (left), and 600 GHz (right). 

Figure 14: Calculated reflectance from a SiC/SiNC sample at 200 GHz (left) and 600 GHz (right). 

As mentioned in the Error Propagation section, these waves were smoothed to mitigate the 

remaining standing wave effects seen in Figure 14.  Once these waves were smoothed they were 
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down sampled to 51 points for the 200 GHz measures and 36 points for the 600 GHz measures.  

Figure 15 shows these smoothed / down sampled waves with the averaged data plotted.  The 

standard deviation was calculated using Equation 18.  When combining multiple sample 

measures together Equation 19 was used, as in the case of the baseline measurements.   As seen in 

Figure 15, the increased signal to noise ratio of the 200 GHz system is apparent.  Spot 11 in the 

200 GHz system was considered an outlier, but this same spot in the 600 GHz system had to be 

considered part of the sample set due to larger sample variation.  

Figure 15: Finalized reflectance plots for SiC/SiNC sample 38; 200 GHz measures (left), 600 GHz 
measures (right).  Notice the scale change between the two plots, the 200 GHz measures had less 
variation than the 600 GHz measures.   

For the SiC/SiNC CMC, the front surface reflectance was found.  The fact that this material has 

the more absorptive carbon causes these materials to be fairly absorbing meaning there was no 

chance of seeing a material standing wave with this material.  

4.3.  OXIDE/OXIDE MEASUREMENTS 

In the initial transmission measurement of the Oxide/Oxide sample a very strong material 

standing wave was observed.  This material etalon was so strong that an FFT of the measured 

signal from this material showed the presence of this wave over the system noise of the 

measurement for the 200 GHz system.  This section will present the measurements from the three 

different systems and discuss how they were used to derive the complex index of refraction for 

the Oxide/Oxide CMC material using this inherent standing wave.   Initial measurements were 

made of this material using the 200 GHz reflection and 600 GHz reflection and transmission 
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system.  Figure 16 shows the measured spectra for the Oxide/Oxide material using the 200 and 

600 GHz system.  Figure 17 depicts the calculated reflectance / transmittance found by dividing 

the spectra from the material by reference spectra as referenced in Equation 3.  Fitting the 

material standing wave seen in these figures with Equation 15 enabled the determination of the 

complex index of refraction for this material.  Figure 18 shows some of the final fits of this 

Oxide/Oxide material using the adjusted material model, Equation 15.  

Figure 16: Raw Oxide/Oxide reflection (red)/transmission (blue) spectra from the 200 GHz system (left), 
and the 600 GHz system (right).  The 200 GHz system exhibited a much higher standing wave visibility 
than the 600 GHz system.    

Figure 17: Plot of calculated reflectance/transmittance for the Oxide/Oxide CMC.  These plots were 
smoothed using a box smoothing technique to enable the fitting formula to better fit the standing 
wave. 

Initial attempts were made to determine the complex index from only the 200 and 600 GHz 

spectra.  These attempts did not consider the visibility term in the fitting formula, and there was 

no initial guess to use for the complex refractive index.  Thus these fits were made without any 

predetermined understanding of what to expect.  Using the 600 GHz data provided some 

difficulties which must be explained, beyond the small usable frequency sweep of data.  First, the 

transmission and reflection scans showed inconsistencies.  The spectra for a sample sometimes 
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exhibit a large transmittance (~.60), and other times a low transmittance (~.20).  The macro 

structure of the CMC material and spot size of the system provide possible explanations for this 

phenomena.  It is possible that the radiation spot size was small enough to fit in between the 

initial weave layer, as evidenced in Figure 8.  If this was the case, the measures were actually 

optically sampling the different components of the composite material, instead of the optical 

properties of the complete composite macrostructure, or just simply a thinner sample.  Another 

possible reason for these inconsistencies could be the expansion of the beam size in the material.  

The reflectance system was designed to reflect off the front surface of the material, thus this 

location was always at the same location in the Gaussian beam profile.  Depending on the 

thickness of the material, the back surface of the material could have very well been outside the 

Rayleigh range of the Gaussian beam waist leading to a very low coupling of the power off of the 

front and back material surfaces.  As mentioned in the last chapter, expansion of the beam in a 

material would lead to a decrease in the visibility of the sample’s standing wave.  It is probable 

that these effects, as well as others discussed in the next few paragraphs, contributed to the 

inconsistency of these measurements.  Figure 18 shows the fitted waves.  It was expected that the 

reflection and transmission waves would be 180˚ out of phase.  The fitting formula did not track 

phase thus the data fits did not necessarily reflect this phase shift.  

Figure 18: Oxide/Oxide fitting results with residuals.  For the 200 GHz system there were 4 to 5 periods 
to fit.  For the 600 GHz system the reflected beam usually had 2 to 3 periods to fit, for the transmitted 
beam it was usually less.  In both cases the residuals for the 600 GHz fits were of the same order.    

The CW400 results, shown in Figure 19, presented their own set of difficulties. This system was 

used to collect transmission spectra from 100 to 800 GHz on multiple days.  Initial measurements 
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were made with a frequency resolution of 275 MHz while the remaining measures were made 

with a frequency resolution of 150 MHz.  The resulting FFT of these scans show the presence of 

the standing waves between the Tx/Rx heads and the sample, but not the material standing wave 

as seen in similar FFT’s for the 200 and 600 GHz systems.  As seen in the modeling chapter, the 

amplitude of the material standing wave was greatly reduced as a result of the poor coupling of 

the Gaussian beam traveling through the material.   The result of this reduced standing wave 

visibility made fits using the adjusted transmittance model nearly impossible and provided very 

divergent results when they were made.  

Figure 19: Transmission and corresponding absorbance (α) values for the baseline samples.  One 
interesting feature of these measures was the decrease in transmittance at 160, 300, and 600 GHz.  
These drops in transmission did not occur in similar measures of HDPE, or other reference measures 
leading one to believe these features are real in the Oxide/Oxide spectra. 

Transmittance was found by dividing the material transmitted spectra by the system measured 

spectra as seen in Figure 19.  As with the rest of the spectra gathered for this project, a box 

smoothing technique was used to decrease the noise in these measurements.  As a first order 

approximation to the value of kappa (κ), the imaginary index of refraction, the absorption 

coefficient (α) found using Beer’s law from this transmittance data was used.    The relationship 

between κ and α is found in Equation 20.  The problem with this approximation is that Beer’s law 

does not take Fresnel’s loss, or the material’s reflectance into account, thus the α found using this 

relation was artificially high.    Subsequent steps were used to understand the true absorbance of 

the material in terms of κ the imaginary part of the complex index of refraction.      
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Thus, finding the complex index of refraction was an iterative process.  This was because there 

were three different sets of data.  Also, it was found that the fitting formula was very sensitive to 

the real index changes, but very insensitive to changes in kappa.  When fitting data for both 

quantities with limits on both n and κ, it was found that the fitted κ had values ranging over an 

order of magnitude.  There are many papers which discuss pulling these quantities from 

transmission and reflection data [28, 17, 5].  Many of these methods deal with known material 

properties or apply the spectra to an existing solid state model, none of which apply to these 

materials.  The method of solving for the complex index is as follows:  

1.)  Beer’s law without the Fresnel correction was used to find the absorption coefficient for 

the Oxide measured spectra.  The relationship relating absorption coefficient (α) and 

wavelength (λ) to κ is found in Equation 20 [4]. 

               Eqn. 20 

Figure 20: First order approximation of the kappa for the heat treated Oxide/Oxide sample.  As noted 
this absorption was found from the CW400 transmission using Beer’s law.  This method resulted in a 
first order approximation of κ (Eqn. 20).  Averages of this ‘κ’ waves near 200 and 600 GHz were used for 
κ in step 2. 

2.) Using the κ wave found in step 1, a segment around 200 and 600 GHz was averaged and 

selected as the κ value to be utilized in the modified reflection and transmission formulas 

(Eqn. 15).  These formulas were applied on a small subset of the data from 200 and 600 

GHz system data.  This small subset coincided with the scanned samples measured in the 

CW400 system.  From these fits, the real part of the index for 200 GHz and 600 GHz 
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were found.  In this fitting, everything was held fixed except for the real part of the 

complex index. 

Figure 21: Fitting of the 200 GHz reflection and the CW400 transmission data.  The 200 and 600 GHz 
data was used to determine the real part of the index of refraction and the CW400 spectra was used to 
find the imaginary part of the index of refraction (κ).  In this process it was found that the reflectance 
and transmittance models reacted very little to changes in κ.  This process was completed on the 27 
spots sampled with the CW400. 

3.) Using the real index of refraction 

values found in step 2, the 

modified transmittance formula 

was used to fit the CW400 data 

over the 200 and 600 GHz region 

of data.  In this fitting everything 

was held fixed except the κ 

(kappa) values.  These κ’s were compared to the κ’s found in step one.  After this step, if 

the two κ values were found to be statistically different, the process required going back 

to step two with the new κ values.  This happened a couple times until the two κ’s were 

found to be insignificantly different.  Table 2 shows the evolution of kappa as a result of 

these steps.  As seen in Figure 21, fitting for kappa proved difficult due to the reduced 

visibility of the standing wave at high frequencies.  Due to this effect fitting for kappa 

was not possible beyond 300 GHz.  As stated earlier the Oxide material model was very 

insensitive to changes in κ, and making these fits required placing limiting values on κ.  If 

a fit for κ resulted in this limiting value that wave was no longer used in the process.  

Table 2: Kappa (κ) values from the CW400 spectra 1
st

 step 
data was found using Beer’s Law, 3

rd
 step found using the 

adjusted transmittance formula (Eqn 15).  In most cases 
these fits resulted in a pre-determined minimum value.  
These values were thrown out reducing the sample size of 
κ values. 

Step 1 Step 3 -1      Step 3 - 2 
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Because of this rule the number of κ’s in the final iteration of this process was the 

minimum possible, three, leading to the aborting of this process.  The general trend that 

was noted in making these fits was that κ settled to the minimum value in this fitting 

process, meaning that this value was very insignificant and could easily have been set to 

zero.      

4.) Once a κ value was found it was used in the modified reflectance and transmittance 

models to fit all of the samples.  In this fitting, as before, a visibility was chosen and 

everything was held fixed but the real part of the index.  These are the results that will be 

reported for the Oxide/Oxide CMC sample. 

One question that is often asked when examining these spectra is why there was not another 

material standing wave associated with the ply thickness.  The CMC’s studied were made of a 

stack of eight woven ceramic matrices that were joined together using a separate material.  It is 

expected that the refractive index of the ceramic matrix will be different than that of the joining 

material, but the magnitude of this index change will be much lower than that of the air / material 

surface.  Thus the Fresnel reflection (Eqn. 3) at these interfaces will be much weaker than at the 

exterior material interface.  It is expected that the visibility of this wave will be very weak when 

compared to the full material standing wave that was detected.  Also if such a standing wave was 

visible it would be over a much longer frequency, as the etalon formula (Eqn. 4) would still hold.  

The only system that could fully resolve such a wave would be the CW400 system, but the 

visibility of these spectra was so low that such a standing wave would have been hidden by 

system noise.   Another reason may stem from the fact that the baking / pressurizing process 

utilized in making the CMC is actually a chemical process.  As such the plys are forming bonds, 

and the materials are actually joining to form one material.  The most probable reason stems from 

the fact that these measurements were with long wavelength light, thus the phase shift from a 

multiple reflected beam is very small and the interference pattern is not seen.  It is expected that 
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changes in the etalon pattern will occur once these materials start to separate or have sharp and 

distinctive boundaries.  This was seen in the initial measures made on the initial broken samples 

provided at the start of this project.  Also, as the ply’s separate a different optics problem forms as 

one would then see two thin samples with a void in between.  One very interesting thing to note is 

in all of the 200 GHz Oxide spectra the visibility of the material standing wave is greatly 

decreased at ~160 GHz, for example see Figure 21 left side.  The expected standing wave for one 

ply is 160 GHz, as the ply thickness is on the order of 0.34 mm.  This decrease in reflection at 

160 GHz does not correspond to an increase in transmission at 160 GHz, as would be expected 

with a Fabry-Perot model of this material.  It is expected that this noted decrease in reflection is 

due to absorption / scattering behavior related to the weave density and will be further analyzed in 

the next chapters.           

With this understanding of these materials and our measurement techniques, the next chapter will 

discuss the measurement results for each material, and if the differences are statistically 

significant.  
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V. Measurement Results  

The last chapter went into detail as to how these results were determined from the reflectance and 

transmittance measurements.  This chapter discusses the results of these measurements, and 

compares the various treated CMC samples to the CMC sample baseline measurements.  In this 

analysis, a series of hypothesis tests were used to evaluate if the means associated with the treated 

samples were different than the baseline samples.  To complete these tests, the Student T-test was 

used.  This test allows one to compare statistics from two different sized sample sets (Devore, 

2004).  This style of test results in a calculated t-value seen in Equation 21.  The t value has an 

associated degree of freedom, and corresponds to a normalization of the set to a Gaussian 

distribution [3, 9].  A standard Gaussian distribution has a mean centered at zero, thus the t-test 

takes the data which has a mean at value A, and transforms it to zero.  Thus α is the location of 

one mean related to another in terms of the standard Gaussian distribution.  Alpha (α) describes 

the probability of the two means used in the test are different in terms of the normalized Gaussian 

curve.  For a t-test with an α value of greater than 0.05, the separation between the two means is 

not significant, leading one to accept the hypothesis that        otherwise this hypothesis would 

be rejected [3, 9].    

    
     

       
    Eqn. 21 

In Equation 21,    and    are the average values for the two datasets to be compared;     and     are 

the standard error, seen in Equation 19, associated with the above average values.  Finally,    is 

the t-test value with the associated degree of freedom [3].  To use Equation 21    would be the 

mean associated with the baseline samples, and    the mean associated with the stressed sample. 
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Equation 19 was used to compare multiple samples together and equals Equation 18 for a single 

sample.  Thus the calculation of     is based on multiple samples, and     is based on the single 

stressed sample.  The test degree of freedom for a t-test was determined summing the number of 

measures in each group and subtracting two [3, 9].  For the SiC/SiNC measures the t-value was 

calculated based on the measured material front surface reflectance.  For the Oxide/Oxide t-value 

the comparisons were made using the calculated material front surface reflection, using the 

Fresnel reflection coefficient seen in Equation 3.  Thus these calculations were made after finding 

the material complex index of refraction.    

The three specific stressed treatments were applied to a subset of the samples that were then 

compared to the baseline measures.  One treatment was applying a thermal load to a sample 

where a CMC sample was heated for a number of hours; introducing a thermal stress into the 

sample.  Another treatment was made by applying a bending stress to the length of the sample 

with this load reversed for a number of repetitions, introducing a strain into the sample.  Lastly, a 

dwell test was completed.  This test consists of applying a stress and holding that stress while 

heating the sample.  Due to the nature of this test the heat was maintained to the specified heat 

value at the central spot of the sample, but was not constant over the entire length of the sample 

also termed as a thermal gradient.  When looking at the dwell treated spots no specific trends 

were detected due to this thermal gradient.  If there was an effect due to the thermal gradient it 

would be expected that the central spot would have the least reflectance, and the outside spots 

would have higher reflectance’s which was not seen in the sample that was tested.  For this 

analysis the central nine spots were combined and viewed as one sample even though they 

received slightly different amounts of thermal load.  The following table described the particulars 

about these different treatments.  Most of these stressed samples were evaluated in the 600 GHz 

system due to the dates the stressed samples were returned to Wright State. 
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Table 3: Table of treatment amounts applied to the Oxide/Oxide and the SiC/SiNC CMC samples 

The front surface reflectance was found for these stressed samples with the null hypothesis being 

that the means of the stressed sample were the same as the baseline sample.  These tests would be 

rejected if α associated with these t-tests were      .  Otherwise this null hypothesis would be 

accepted meaning that this level of stress would be insignificant to measure as a NDE technique.       

5.1.  SiC/SiNC Results 

For the baseline SiC/SiNC measurements the base reflectivity was found to be              at 

200 GHz, and            for the 600 GHz measures.  A plot of the baseline reflectivity is 

shown in Figure 22. Figure 23 shows the stressed samples.  The averages and standard deviations 

found in Table 4 were gathered using average of the flat portion of these curves.  For the 200 

GHz data this extended from 135 to 230 GHz, and 580 to 630 GHz for the 600 GHz system.  As 

expected these values change very little with frequency, evidenced in Table 4.  The only 

deviation from the frequency invariance of the reflectance is seen in the strained SiC/SiNC 

sample.  The strained sample measured at 200 GHz was different then the strained sample 

measured at 600 GHz.  This particular case shows the importance of having continuous spectra 

for a sample throughout the life of the CMC part.  Lastly, it was very interesting to see the effects 

on the dwell treated sample.  As this sample received both treatments one could expect the 

reflectance to be greatly decreased since reflectance decreases for the thermal and strain stress 

type separately.  This did not occur; leading one to ask if the mode of failure due to heat stress is 

the same as for mechanical stress.  Looking at the stressed samples in Figure 23, it is evident that 

there was a reduction in the signal to noise ratio for the 600 GHz system.  To quantify differences 

 Oxide/Oxide SiC/SiNC 

Heat Treat 1000˚C & 1100˚C for 100 Hrs 1000˚C for 10 & 100 Hrs 

Strain Treat 280 MPa for 1000 rep. 225 MPa for 1000 rep. 

Dwell Treat 1100˚C & 40 MPa for 40 rep. 

15 min dwell time each repetition 

1200˚C & 150 MPa for 40 rep. 

15 min dwell time each repetition 
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Figure 22: Plots of the baseline reflectance for the SiC/SiNC CMC material.   

Figure 23: Stressed sample waves for the 200 GHz system (left), and the 600 GHz system (right).  

between the stressed samples and the baseline samples, a series of hypothesis tests were made.  In 

all these tests, the assumption was that the stressed and the baseline measures were considered 

equal.  Using Equation 21 on the data in Figure 23 and 22, the t-values were found and shown in 

Figure 24.  For the SiC/SiNC sample, all of the results were beyond the threshold of α < 0.05 

meaning the hypothesis          would be rejected.  The hypothesis tests that were evaluated 

were: 

1. Heat treated average reflectance = Baseline average reflectance 

 

2. Strain treated average reflectance = Baseline average reflectance 

 

3. Heat treated average reflectance = Strain treat average reflectance (valid for 200 GHz 

only).  This was not evaluated for the 600 GHz samples due to the similarity in values 

evidenced in the right side of Figure 23.  

 

4. Dwell treat average reflectance = Baseline average reflectance (valid for 600 GHz only) 

 

5. Heat treat average reflectance = Untreated sample reflectance (valid for 200 GHz only) 

 

6. Heat treat 100 hrs = Heat treat 10 hrs (valid for 600 GHz only) 
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In every one of these cases, the t-value was found to have a significant α associated with the 

exception of test 6.  The significance of α is also a measure of how significant the difference 

between the means are.  One definition of α is this variable tells how near, in Gaussian 

distribution terms, the two means are.  By choosing an alpha value of < 0.05 means the two 

Gaussian curves associated with the two means overlap in the tail regions of the distribution, thus 

for a significant α we must reject the hypotheses that the values are equal.  From this analysis, it 

is shown that there is a significant difference between the stressed samples and the baseline 

samples.  In the case of test 6, relating the 10 and 100 hour heat treated samples a non-significant 

α was found meaning that a NDE technique probably could not detect any difference between 

these values.   

From this analysis, it appears NDE techniques may work for this material.  Further work is 

necessary to determine how much these materials were stressed and if the reflectance will further 

decrease with further stressing, and if similar results 

are found with more samples.  These results are 

based on one set of samples only.  Figure 24, above, 

shows the t-values as well as the degree of freedom 

associated with this test.  The associated α value can 

be found at the right end of the plot legends.  

 

Figure 24:  T-values for the five hypotheses tests completed on SiC/SiNC comparing the baseline and 
stressed samples.  This test says nothing of the actual difference of these values, but if they are 
statistically similar or not.   

 

 

Table 4: Condensed SiC/SiNC results. 
Empty cells are for measures that did not 
occur.  Strain treated samples were 
different for 200 and 600 GHz. 
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5.2.  Oxide/Oxide Results 

The Oxide/Oxide reflectivity was based on the complex index of refraction that was found for 

this material.  By using Eqn. 3 the front surface reflectance could be determined.  This reflectance 

excludes the effects of interference from the rear material surface.  These samples had a front 

surface reflectance of             in the 200 GHz region, and             in the 600 GHz 

region.  Table 5 and 6 show the 200 and 600 GHz measurements respectively.  Similar hypothesis 

testing was completed to determine the significance in the shift between the stressed Oxide 

reflectance metric to the baseline Oxide metric.  From these tests, it was found that the claim that 

the stressed and baseline reflectance’s were equal had to be accepted.  This statement is based on 

the fact that α has a value greater than 0.05.  One caveat to this statement is that the residuals of 

the fitted model, which were non-negligible, were not included in determining the variance in the 

complex index of refraction and including these in the analysis could change this conclusion.  

   
Table 5: Front surface reflectance values for the Oxide/Oxide CMC at 200 GHz. 

  
Table 6: Front surface reflectance values for the Oxide/Oxide CMC at 600 GHz. 
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One aspect of the Oxide/Oxide spectra that has not been considered was the decrease in 

transmission seen in the CW400 measured results at ~160, 300, and 600 GHz.  These features 

were not expected and could be results of resonant scattering (i.e. a diffraction grating) set up by 

the fiber grid in the material.  The reasoning for this explanation stems from the sub-wavelength 

spacing of the weave pattern, and the fact that these decreases in transmission are evenly spaced, 

140, and 300 GHz apart.  Therefore the 160 to 300 GHz ‘absorption’ is associated with distance 

between the weaves, and the 300 to 600 GHz absorption is associated with the distance between 

the plys.  These effects are shown in Figure 25 to 27 which show these features measured in the 

stressed and the baseline data and include the statistics of these features.  It is hoped that these 

features maybe useful for possible NDE feature characterization.  Initial scans with the CW400 

system characterized the 100 GHz region.  Subsequent scans in an effort to save time did not 

make measurements of this frequency region.  As a result of this choice, the 160 GHz feature is 

not defined in the baseline and the dwell treated sample measurements.  Again, the stressed 

sample results are based on one sample where the baseline samples are based on multiple samples 

thus the smaller variance in the stressed samples could be due to this fact alone.  The fact that 

these features exist in this spectra explains many of the interesting features seen in the 200 and 

600 GHz measurements.   First, the 160 GHz feature explains the decrease in the standing wave 

amplitude measured in the 200 GHz reflection spectra.  This decrease in the reflection was seen at 

approximately 160 GHz, thus it was most likely due to this feature.  Also the erratic spectra 

gathered with the 600 GHz system is due to the widely varying feature which was centered at 612 

GHz and varied by ~15 GHz.  
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Figure 25: Baseline samples with the statistics of the features.  All figures show the first line with the average 
central frequency, and the standard deviation of the frequency, the second line has the average width of the 
feature, and the standard deviation of the feature width. 

 

Figure 26: Dwell treated sample with the features defined.   
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Figure 27: Strained and heat treated features defined measurement made with ~300 MHz resolution. 

5.3. Discussion 

From the hypothesis testing, the SiC/SiNC stressed samples were found to be significantly 

different than the SiC/SiNC baseline samples.  For the Oxide/Oxide samples, this was not found 

to be the case.  Possible reasons for this could be the result of errors inherent in the refractive 

index fitting process in its inability to capture the salient changes.  Features found in the CW400 

show promise in the further development of NDE techniques for these materials.  Appendix A 

shows a complete set of SiC/SiNC reflectance plots, and a complete set of the fitted Oxide/Oxide 

real index values, and a list of the reflectance values sorted by sample. 
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VI. Summary and Conclusions 

This thesis discussed measuring the optical properties from two CMC materials: Oxide/Oxide and 

SiC/SiNC.  Both of these materials had a weave pattern on the material surface with a structure 

repetition rate of approximately 4 mm.  These materials were characterized in a 200 GHz 

reflectance measuring system and a 600 GHz reflectance/transmittance measuring system.  These 

systems propagated a collimated radiation beam to an off-axis parabolic mirror which was used to 

focus the radiation on to the material surface.  The beam spot size for the 200 GHz system was ~4 

mm, and ~1.2 mm for the 600 GHz system.  The location of the front material surface was 

located at the focal point of these radiation beams.  From the 200 GHz system measurements, it is 

assumed that the sample was fully in the Rayleigh range of this system which resulted in a highly 

coupled standing wave (etalon) pattern in the data.  The reduced visibility of the etalon in the 600 

GHz measurements show that there was poor Gaussian beam coupling between the front and back 

material surfaces.  The reason for this poor coupling was the material’s thickness was larger than 

the systems Rayleigh range. Using this system, reflectance measurements were made at 200 GHz 

and reflectance/transmittance measurements were made at 600 GHz for the Oxide/Oxide CMC 

material, and reflectance spectra were collected for the SiC/SiNC CMC material.  Lastly, a 

continuous wave system was used to collect transmission spectra from the Oxide/Oxide materials 

from 200 to 800 GHz.  Using all the spectra from these systems, the complex index of refraction 

for the Oxide/Oxide material was found and the front surface reflectance of the SiC/SiNC 

material was found.  

In this thesis, models were discussed to describe the reflectance off the front surface of the 

SiC/SiNC material, the front and rear surfaces of the Oxide/Oxide material and to describe the  
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visibility of sample standing waves in an optical system with varying coupling optics.  Using 

these models, the material standing wave of the measured Oxide/Oxide spectra was fit for the 

complex index of refraction.  The material model of the SiC/SiNC material, which consisted of 

dividing the material spectra by a system reference, described the measured reflectance of this 

material.  After propagating error through the system, it was found the baseline SiC/SiNC 

reflectance to be            for both the 200, and 600 GHz measures.  The Oxide/Oxide 

material had a front surface reflectance of             at 200 GHz, and             at 600 

GHz.  The reflectance was determined by using the Fresnel equation for normal incidence on the 

front material surface using the fitted complex index of refraction that was found.  When 

comparing the baseline reflectance’s to the stressed samples, the Oxide/Oxide stressed samples 

were found to be insignificantly different from the baseline sample by a series of hypothesis tests 

using the Student t-test.  This null result could very well be due to the fitting procedure that was 

necessary to implement due to the significant etalon patterns present in the data.  Further analysis 

of the Oxide/Oxide residuals may result in the difference from the baseline to the stressed 

samples being significant; in the analysis that was completed for this thesis these residuals were 

not included in the variance of the refractive index.  Using a similar t-test method, the reflectance 

from the SiC/SiNC stressed samples was found to be significantly different from the baseline 

reflectance.  Also, a series of ‘absorption’ or ‘scattering’ features were identified in the CW400 

transmission spectra of the Oxide/Oxide material at 160, 300, and 600 GHz.  It is possible that 

these features are due to diffraction/scattering off of the CMC materials fiber matrix.    

From these results, there is a possibility that reflection electro-magnetic NDE techniques can be 

developed for the SiC/SiNC material.  Further work is needed to verify the relationship between 

the material fatigue or the remaining material life and the material reflectance.  It is very 

interesting that there appears to be a trend of a stressed material having a lower material 

reflectance.  Possibilities for this relationship could be a result of changes in the material 
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microstructure.  No understanding as to the modes of failure for a heat stressed sample and a 

mechanical stressed sample were provided or found experimentally, but based on the results 

given, they very well could be similar.  If these modes are similar then using reflection measuring 

method described in this thesis may prove to be a very interesting method to determine the in-situ 

state of the material due to both stressing factors, heat and strain, and thus provide an additive 

measure of material state.  If these modes are different, further work is needed to understand why 

and if the measured reflectance drop will continue until material failure, or if this reflectance drop 

is a onetime phenomenon that happens with the first applied material stress.           
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APPENDIX A 

Complete set of CMC data 

 

SiC/SiNC Plots………………………………………53 

Oxide/Oxide Fit Data……………………………………67 

 

Definition of the materials: (name on provided packages)  

 

SiC/SiNC:  SiNC  

S200H [0/90] 8 ply Hi-Nicalon SiNC 

SS:L157 W12.5 for NDE study 

17Q0001750 – xx | 11-Byy 

 

 xx is the referenced sample number: 2, 29 to 40 

 yy is sequential ranging from 60, 87 to 98 

 Sample number ‘2st’ was a mechanically 

strained sample supplied to WSU.  We do not 

have a baseline measure of this sample.  

 

Oxide/Oxide:  N610/AS [0/90] S 

   SS:L157 W 12.7 

ATKC01C 1445-7-A-xx | 11-6yy 

 

 xx is the referenced sample number: 29 to 40 

 yy is sequential ranging from 12 to 23
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SiC/SiNC 1
st
 Heat Treat (1200˚ C for 100 Hrs.) 

 

Figure A- 1: Heat treated SiC/SiNC sample 29 (B87) 1
st

 measure 200 GHz 

 

Figure A- 2: Heat treated SiC/SiNC sample 29 (B87) 2
nd

 measure 200 GHz 

 

Figure A- 3: Heat treated SiC/SiNC sample 29 (B87) 600 GHz 
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SiC/SiNC 2
nd

 Heat Treat (1200˚ C for 10 Hrs.) 

 

Figure A- 4: 2
nd

 Heat treated SiC/SiNC sample 32 (B90) 600 GHz 

 

SiC/SiNC Dwell Treated (Max. Stress = 150 MPa, R = 0.05,  f = 

1Hz, 1200˚ C  40 cycles for 10 hrs 15 min. dwell) 

 

Figure A- 5: Dwell treated sample 31 (B29) 600 GHz 
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SiC/SiNC Mechanically Strained (Max. Stress = 225 MPa,  

R=0.05,  N=1000, f = 1Hz) 

 

Figure A- 6: Strain treated SiC/SiNC sample 2 (B60) 1
st

 measure 200 GHz 

 

Figure A- 7: Strain treated SiC/SiNC sample 2 (B60) 2
nd

 measure 200 GHz 

 

Figure A- 8: Strain treated SiC/SiNC sample 30 (B88) 600 GHz  
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Baseline SiC/SiNC Samples

 

Figure A- 9: Baseline SiC/SiNC sample 29 (B87) 200 GHz 

 

Figure A- 10: Baseline SiC/SiNC sample 30 (B88) 200 GHz

 

Figure A- 11: Baseline SiC/SiNC sample 31 (B89) 200 GHz 
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Figure A- 12: Baseline SiC/SiNC sample 32 (B90) 200 GHz 

 

Figure A- 13: Baseline SiC/SiNC sample 33 (B91) 200 GHz 1
st

 measure 

 

Figure A- 14: Baseline SiC/SiNC sample 33 (B91) 200 GHz 2
nd

 measure 
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Figure A- 15: Baseline SiC/SiNC sample 33 (B91) 200 GHz 3
rd

 measure

 

Figure A- 16: Baseline SiC/SiNC sample 34 (B92) 200 GHz 1
st

 measure 

 

Figure A- 17: Baseline SiC/SiNC sample 34 (B92) 200 GHz 2
nd

 measure 
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Figure A- 18: Baseline SiC/SiNC sample 34 (B92) 200 GHz 3
rd

 measure 

 

 

Figure A- 19: Baseline SiC/SiNC sample 35 (B93) 200 GHz 1
st

 measure 

 

 

Figure A- 20: Baseline SiC/SiNC sample 35 (B93) 200 GHz 2
nd

 measure 
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Figure A- 21: Baseline SiC/SiNC sample 35 (B93) 200 GHz 3
rd

 measure 

 

Figure A- 22: Baseline SiC/SiNC sample 35 (B93) 600 GHz  

 

Figure A- 23: Baseline SiC/SiNC sample 36 (B94) 200 GHz 1
st

 measure.  
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Figure A- 24: Baseline SiC/SiNC sample 36 (B94) 200 GHz 2
nd

 measure 

 

Figure A- 25: Baseline SiC/SiNC sample 36 (B94) 200 GHz 3
rd

 measure 

 

Figure A- 26: Baseline SiC/SiNC sample 37 (B95) 200 GHz 1
st

 measure 
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Figure A- 27: Baseline SiC/SiNC sample 37 (B95) 200 GHz 2
nd

 measure 

 

Figure A- 28: Baseline SiC/SiNC sample 37 (B95) 200 GHz 3
rd

  measure 

 

Figure A- 29: Baseline SiC/SiNC sample 37 (B95) 600 GHz  
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Figure A- 30: Baseline SiC/SiNC sample 38 (B96) 200 GHz 1
st

 measure 

 

Figure A- 31: Baseline SiC/SiNC sample 38 (B96) 200 GHz 2
nd

 measure 

 

Figure A- 32: Baseline SiC/SiNC sample 38 (B96) 200 GHz 3
rd

 measure 
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Figure A- 33: Baseline SiC/SiNC sample 38 (B96) 600 GHz  

 

Figure A- 34: Baseline SiC/SiNC sample 39 (B97) 200 GHz 1
st

 measure 

 

Figure A- 35: Baseline SiC/SiNC sample 39 (B97) 200 GHz 2
nd

 measure 
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Figure A- 36: Baseline SiC/SiNC sample 39 (B97) 200 GHz 3
rd

 measure 

 

Figure A- 37: Baseline SiC/SiNC sample 39 (B97) 600 GHz  

 

Figure A- 38: Baseline SiC/SiNC sample 40 (B98) 200 GHz 1
st

 measure 
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Figure A- 39: Baseline SiC/SiNC sample 40 (B98) 200 GHz 2
nd

 measure 

 

Figure A- 40: Baseline SiC/SiNC sample 40 (B98) 200 GHz 3
rd

 measure 

 

Figure A- 41: Baseline SiC/SiNC sample 40 (B98) 600 GHz  
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Oxide/Oxide CMC reflectance data 

Table A- 1: Fitted baseline Oxide/Oxide CMC data from the 200 GHz system 
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Table A- 2: Fitted stressed Oxide/Oxide data 200 GHz 

 

 

Table A- 3: Fitted baseline Oxide/Oxide CMC data from the 600 GHz system 

 

 

Table A- 4: Fitted stressed Oxide/Oxide 600 GHz 
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Table A- 5: CW400 fit data for the Oxide/Oxide material. 

 

 

Table A- 6: Oxide/Oxide baseline reflectance values 200 GHz 
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Table A- 7: Oxide/Oxide baseline reflectance values 600 GHz 

 

Table A- 8: Oxide/Oxide baseline reflectance values CW400 system 
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Appendix B.  

Derivation of the Transmission and Reflection model for a thin 

dielectric film with thickness on the order of λ 

It was originally thought that Abele’s paper on the matrix method of thin film optics would 

describe the interference models described in chapter 2 of this thesis[1].  Further research into this 

paper on the reflections and transmission of thin films reveals that assumptions made in that 

paper rapidly degrade for films greater than λ/10 in thickness.  By using this thin film 

approximation Abele’s presentation was able to avoid the phase difference at the front and rear 

material surface.   Realizing this model would not be sufficient further research eventually 

brought a paper by Girard and Delisle to light [11].  This paper describes the case of 

monochromatic radiation onto a material where the material thickness and wavelength are of the 

same order [11].  This paper also proceeds to discuss the case of a non-monochromatic source.  

Monochromatic light is the assumption that only one frequency is propagating in the material at a 

time.  Our work made use of a swept frequency, but the sweep time was such that the coherence 

time meets this criterion by several orders of magnitude.  Reference (11) assumes that a plane 

wave is propagating in the material.  As noted in the thesis, this was valid approximation for the 

200 GHz system but was not for the 600 GHz system (when comparing the thickness of the 

material to the Rayleigh range of the Gaussian beam).  To use one model for all Oxide/Oxide 

spectra gathered for this thesis the power coupling coefficient was introduced to explain the 

variations in the etalon amplitude from the different optical systems.  Adding this coupling 

coefficient to the multiple reflection / transmission model successfully described the differences 

between the Oxide/Oxide spectra’s gathered with the different optical systems.  With these 

caveats, the presentation of the derivation of the Fresnel equations to these models mirrors the 

derivation by Girard and Delisle, and will show how the models derived here are the same as 

presented in the thesis. 

 

Figure B- 2: Image of problem materials 0, and 2 are air, material 1 is the absorbing dielectric.  

The electric fields in the different regions of this material are as follows:    

     
         

               
  

   
  

     Eqn. B-1 
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      Eqn. B-2 

  
    

         
              

  
  

   
  

    
   Eqn. B-3 

  
    

         
              

  
  

   
  

    
   Eqn. B-4 

                           
  

   
       Eqn. B-5 

At the interfaces Snell’s law of reflection and refraction is: 

                  for i,j= 0,1,2 Eqn. B-6 

The vector field amplitudes must satisfy the boundary conditions.  These measurements were 

made with a transverse electric wave with all systems thus      , where A is the modulus of the 

field vector.  At z = 0, i.e. the 0 to 1 interface: 

     
    

        
    

    Eqn. B-7 

Similarly at the z = d, i.e. the 1 to 2 interface the following equation is: 

     
       

     

 
    

        
     

 
             

     

 
   Eqn. B-8 

Where              and nj is the complex index of refraction.  As these systems made use of 

normal incidence this relation reduces to:      . With this development the two boundary 

equations have forms like        which can be reduced to the form         where j=0,1,2.  

In this equation       depending on if uj is in the direction of ua . These above relations reduce 

to: 

  
    

    
    

   Eqn. B-9 

   
    

        
    

      Eqn. B-10 

  
       

     

 
    

        
     

 
          

     

 
   Eqn. B-11 

   
       

     

 
    

        
     

 
               

     

 
     Eqn. B-12 

The relations of the reflectance and transmittance from the measured material properties can be 

written as: 

  
  

 

  
     

  

  
     Eqn. B-13 

Using the Fresnel equations at the interface: 

    
                 

                 
       

         

                 
  Eqn. B-14 

Where:  i=0,1  j=i+1 
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Note that           corresponds to a phase change of π when the incident beam moves from j to 

i we can therefore represent rij as:  

                    Eqn. B-16  

Where:             

In this δij is the phase change on reflection.  The left-hand side equations have the Nj designation.  

The right-hand side equations assume normal incidence on the sample, a complex index for 

material 1, and non-absorbing material for materials 0, and 2 with a real index of 1.  Similar 

equations are found in Born and Wolf’s discussion of propagation in a homogeneous dielectric 

[4]. 

  
           

       
 

            
       

 

 
           

            

 

            
            

 

  Eqn. B-17 

  
          

             

 

            
       

 

 
          

                

 

            
            

 

     Eqn. B-18 

The material reflectance and transmittance can be written in the following forms: 

    
  

  
  

           
 

           
 

  
        

        
   

   
    

   

   
    

   

      
  

      
  

   
  

 

  
   

  
 

  
  

 
      Eqn. B-19 

    
  

  
  

           
 

           
 

  
        

        
   

      
  

   
    

   

             

           
   

   
  

  
   

  

  
  

              

           
   

      

Eqn. B-20 

Using the preceding equations the following relations develop: 

   
                                

 

                                 
    Eqn. B-21 

   
        

                                    
  

       Eqn. B-22 

Assuming normal incidence the following simplifications are made: 

                         
   

 
   

       
      

 
            

       
 

        
 

       
 

        
 
           

    
    

  

       
 

        
 
 

          
        

   
    

      
    

  
  

Further simplification is possible by assuming a non-absorbing material for materials 0 and 2: 
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 Adding these to our ρλ and τλ equations above the following equations develop: 

   
                     

 

                         
   

                   
   

  
                      

 
                         

  
                      

   

 Eqn. B-21 

 

   
        

                                    
  

 
 

  
                      

  Eqn. B-22 

 

The intermediate step was to multiply the both of these equations by a   
  enabling the 

reorganization of the reflectance to include a cosh term, and reduce the transmission term 

numerator to remove the exponential term.  These reflectance and transmittance equations match 

those found as equations 6 and 7 in the thesis. 
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