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Methods for in-situ monitoring of high temperature composite materials are 

important in a number of technological applications. In this work a method is developed 

that makes use of solid cylindrical waveguides to monitor the change of elastic properties 

and the oxidation reaction of carbon-carbon composites with change in temperature. The 

apparatus is designed to allow ultrasonic measurements to be performed in a controlled 

atmosphere at temperatures up to llOO°C. Signal processing required to obtain 

quantitative information is considered for the experimental apparatus described. 
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Chapter 1 

INTRODUCTION 

1.1 Motivation 

Advancement of technologies such as those proposed for a number of new missile 

and satellite technology programs are pushing the thermal requirements of materials to 

new levels. These programs will require components to operate on high-maneuvering 

targets in a severe aero-thermal environment. A variety of new materials must be 

engineered in order to survive these severe environments while performing their 

individual tasks. Composite materials are currently being designed to meet these 

demanding criteria. These recently developed materials require a thorough knowledge of 

their mechanical properties as well as their failure mechanisms. Evaluation and 

monitoring techniques must be developed to aid in the design and fabrication of such 

materials. The composite material that will be considered in this work is made up of 

carbon fiber reinforced carbon. 

Carbon-carbon composites are appropriate materials for applications that require 

high specific strength at elevated temperatures. Currently, limited information is 

available in the open literature that focuses on the behavior of the mechanical properties 

of carbon-carbon composites at elevated temperatures. Significant effort has been 

directed toward the development of protective coatings used on carbon-carbon 

composites. The interest in coatings is due to the reaction between carbon and oxygen at 

high temperatures that result in loss of material. Typically these protective coatings have 

a limited life, so the oxidation reaction of carbon-carbon composites is of great 



importance. Limited information exists on the effects this reaction has on the modulus 

and other mechanical properties of carbon composites without coatings. This thesis will 

focus on monitoring the change in modulus of carbon - carbon composites with 

temperature and will consider the effects of the oxidation process on the elastic modulus 

of the material. 

1.2 Carbon - Carbon Composites 

Carbon-carbon (CIC) composites are materials that consist of carbon fibers 

embedded in a carbonaceous matrix. The particular carbon composite analyzed in this 

work is composed of a 3-dimensional, orthogonal, carbon fiber weave. The woven fiber 

preform is coated with the matrix material using chemical vapor infiltration to provide 

initial structure to the material. After depositing a thin layer of matrix on the fibers, the 

material is impregnated with a "thermoset" polymer resin and then heat treated in an inert 

atmosphere. This resin inhsion process is repeated several times in order to increase the 

density of the matrix. At each step the heating turns the resin into a carbon matrix of 

increasing density. Repeating the procedure several times reduces the porosity of the 

material as the resin is forced into the pores of the matrix. The final product is a carbon 

fiber reinforced anisotropic carbon matrix composite that has a high strength to weight 

ratio. The material is used in applications for temperatures well above 1000°C. In fact, 

the strength of CIC composites increases with increasing temperature up to 2200°C 

because of the improved coupling between fiber and matrix [Rozak, 19841. Figure 1.1 

resembles the 3-dimensional orthogonal weave of the CIC composite studied in this 

work. The interstices in the weave are filled with the carbon matrix. 



Figure 1.1. Sketch of 3 - dimensional carbon fiber weave. 

The C/C composite specimens studied in this work are anisotropic materials, 

which have properties that are different in all directions at any given location. The 

anisotropy of the material leads to mechanical properties that must be considered 

carehlly. Because of the 3-dimensional orthogonal weave, the original block of the 

material is nominally orthotropic with three planes of symmetry. Due to small size of the 

specimens cut from the original block and any irregularities within the weave, the 

specimens are considered to be anisotropic. The elastic properties of C/C composites 

cannot be represented by two terms as in isotropic material. Instead, at least nine elastic 

components of the stifhess tensor are required. Because of the uncertainty in the sample 

orientation and lay-up, as many as twenty-one independent elastic constants may be 

required [Sun, 20021. In this work the C1, term is the single elastic constant that is 

monitored. This is the elastic constant that corresponds to the normal modulus of the C/C 



composite in one of the primary axes of the material. Figure 1.2 is a photo of a sample of 

the CIC composite studied in this work. 

Figure 1.2. A piece of the actual CIC composite studied in this work. 

One major limitation to carbon - carbon composites is the oxidation at high 

temperatures. The reaction between the carbon and oxygen occurs at elevated 

temperatures. Carbon readily reacts with oxygen at temperatures above 400°C. This 

reaction results in a rapid material loss (primarily of the matrix) and degradation of the 

mechanical properties of the material. As the material reacts with the oxygen, both the 

strength and the modulus of the material will change as structural material is lost. 

Consequently, protective coatings are often deposited on the CIC composite in order to 

prevent this reaction from occurring in high temperature environments. While in current 

applications of CIC composites these protective coatings are normally used, they 

typically crack and otherwise degrade in use. When intact, the coatings form a diffision 

barrier that keeps oxygen from reacting with the carbon. Because of the mechanical 

properties, this coating lowers the overall strength to weight ratio but helps extend the life 

of the CIC component. Numerous experiments have been conducted in order to study 

and improve these protective coatings [Savage, 19931. However, a continuing need 

exists to perform experiments to better understand the oxidation process. Currently, no 



in-situ method exists to study the effects on mechanical properties of oxidation of CIC 

composites. 

This work is focused on devising a method to monitor the oxidation process and 

to study the affects on the carbon-carbon composites. The overall goal is to measure and 

record the changes in material properties during controlled oxidation experiments. These 

results can then be compared to modulus - temperature experimental results obtained 

fiom mechanical testing in an inert atmosphere to better understand how oxidation affects 

the modulus as well as exploring the potential for using modulus as a measure of 

oxidation. With this modulus information, as well as strength testing at specific levels of 

oxidation, engineers will be able to apply a finite life design of carbon - carbon 

composites. 

1.3 Applications of CarbonlCarbon Composites 

Developed for aerospace applications, carbon-carbon composites exhibit low 

density, high thermal conductivity, low thermal expansion and excellent mechanical 

properties at elevated temperatures in excess of 2000°C. These materials are ideal for 

rocket nozzles and re-entry nose tips, diverter valves and have been used in the nose and 

leading edges of the NASA space shuttle seen in figure 1.3. 



Figure 1.3. The NASA Space Shuttle and the use of CIC composites [Savage, 19931. 

Commercial applications of this technology exist in areas such as aircraft brake 

systems, race car brake systems and other high temperature, high strength applications 

[Peterson, 20023. CIC composites have demonstrated the ability to retain strength, and to 

resist wear when sliding against another CIC component. CIC composite brakes allow 

higher operational temperatures and produce the same amount of stopping distance 

without generating unwanted additional weight. Compared to their metallic counterparts, 

CIC composite brakes save the Boeing 747 almost 800 kg of excess mass [Savage, 19931. 

Although the cost of CIC composites for aircraft brakes is high, the high strength, high 

specific heat, and large weight savings make them very cost effective for such 

applications. Figure 1.4 is a picture of an aircraft braking system containing CIC 

composite brake pads that have been sectioned. 



Figure 1.4. Sectioned C/C brakes from a conmercial airliner [Savage, 19931. 

C/C composites have also been manufactured into mechanical fasteners. These 

fasteners are used in high temperature applications that require high strength, high heat 

resistance. C/C composites are a good choice for such applications because of the ability 

to retain their mechanical properties at elevated temperatures. 

Figure 1.5. High temperature mechanical fasteners [Savage, 19931. 

Among other aerospace applications, C/C composites can be used as rocket 

nozzles. Extremely hot gases pass through these nozzles that act as divergent exits. The 



materials in these applications are short lived, but the static and dynamic loading are 

combined with very intense heating [Savage, 19931. The exit nozzles are typically coated 

to delay oxidation and degradation of the component. If the component were to fail, the 

trajectory could no longer be properly controlled and the rocket targeting would be lost. 

Thus the C/C composite exit nozzle must possess excellent stability and strength under 

extreme conditions for a specified amount of time. However, the operational time is 

usually no more than one minute. A sketch of the rocket motor and nozzle is shown in 

figure 1.6. 

The motivation for C/C composites as 

aircraft engine components has recently 

accelerated. Many countries are exploring the 

potential to construct hypersonic aircraft capable 

of flying at speeds of up to mach 5 [Savage, 

19931. C/C composites are extremely appealing in 

these applications due to their toughness at 

extreme temperatures. The strength to weight 

ratio of the C/C composites compared to 

alternative materials is an added bonus for this 

newly developing application. However, firther 

progress in design applications will be facilitated 

Propenant 
Chamber 

-- Dense 

' coating 

Figure 1.6. Rocket nozzle. 

by a more thorough knowledge of their mechanical properties and the oxidation behavior 

at elevated temperatures. 



1.4 Need for In-Situ Properties 

Design for finite life for applications such as diverter nozzles, requires a thorough 

knowledge of the residual properties of a material. In high temperature design 

applications, C/C composites can be used as high strength components without adding 

the weight or complexity of oxidation resistant coatings. These components can maintain 

their physical properties in an oxidizing environment for a specified time. Similar 

applications include exhaust components for fighter aircraft and structures for space 

defense satellites [Carbon, 19951. 

New in-situ monitoring methods are required to help materials researchers to 

better understand the mechanisms and reactions of C/C composites at elevated 

temperatures. Currently ex-situ methods exist that measure the material properties of 

C/C composites without destroying the sample as well as destructive testing. These 

methods require that a sample be removed &om the testing environment during different 

stages of oxidation. Once a sample has been removed from the heated environment, the 

sample can no longer be tested. In order to acquire substantial knowledge of these 

material properties of a composite, several samples must be tested. Depending on the 

testing method, testing many samples can take a very long period of time. 

In order to determine the degree of oxidation, a sample is weighed before and 

after an experiment. Degree of oxidation is usually reported based on the weight loss 

during the experiment. The technique developed in this work, will allow a sample to be 

tested in-situ. The oxidation process will not only be based on weight loss, it will also be 

controlled by the amount of oxygen allowed into the testing environment. The apparatus 



will allow a controlled amount of air into the testing environment while the elastic 

properties are actively monitored. Also, an inert gas can be used to test the change in 

modulus with temperature. This will allow multiple tests to be performed on the same 

sample if the inert atmosphere tests are performed prior to oxidation. This method will 

prove to be beneficial in the studying of dynamic properties of materials in an elevated 

temperature environment by allowing the properties to be monitored in-situ and reaction 

processes including oxidation and densification to be measured in real time. 

1.5 Alternative Technologies 

A number of techniques exist for measuring the elastic properties of a solid. 

Examples of these methods that are widely used are the ultrasonic immersion testing, 

static or mechanical test methods and vibration testing. Some of these alternative 

approaches are briefly discussed in the following sections. 

1.5.1 Mechanical Testing Methods 

Mechanical testing methods present perhaps the most well established methods 

for obtaining the elastic properties of a material. In addition, mechanical testing is the 

only practical method of obtaining strength information on materials. The scale of the 

specimens is dependent on a number of issues associated with the acceptable length 

scales of materials and edge effects in the sample preparation methods. Using modem 

three or four point bend fixtures it is possible to obtain visco-elastic properties as well as 

strength for small (less than 60 mm long) beams cut fiom composite materials. In 

addition it is possible with mechanical testing to perform the tests at elevated 

temperatures. Kimura and co-authors [I9821 found the change in modulus with 



temperature of a C/C composite 3mm x lOmm x 60mm long using this four point 

bending technique. Young's modulus of a sample was measured from the stress strain 

relations recorded from the experiment and compared to another sample evaluated at a 

higher temperature. While static testing in mechanical fixtures is possible, larger 

specimens create significant cost and complexity to develop even the basic elastic 

properties of an anisotropic sample. 

Other static testing methods that have been used on composite materials are 

compression and tensile testing. Much like the three and four point bending technique, 

these tests measure stress and strain of a sample with an applied load. Stress and strain 

are measured by monitoring the change in length of a specimen. This is achieved by 

attaching strain gages to the sample or by monitoring the displacement of sample. 

Unfortunately in high temperature applications, most strain gages cannot withstand the 

extreme temperatures. Clamp on extensometers with the electronics located outside of 

the hate are typically used and make it possible to obtain the modulus in the direction 

of the strain [Walls, 20021. Clamping components needed for tensile testing also create 

significant problems when testing in elevated temperatures so the standard test is 

compression. However in this configuration extensive high temperature compression 

testing is possible at temperatures as high as 3000°C. For anisotropic material multiple 

samples oriented at different directions to the fiber directions are required for full 

characterization. 



1.5.2 Dynamic Testing 

Dynamic methods are an important alternative to mechanical testing methods. 

Unlike mechanical testing methods, dynamic testing is typically limited to the acquisition 

of elastic properties. These methods range from standard methods such as dynamic 

mechanical analysis @MA) to more recent techniques such as resonance spectroscopy 

measurements [Dual, 20011. Standard dynamic mechanical analysis is used in 

commercial instruments for characterizing polymers. In this method a small sample is 

tested dynamically in a very similar manner to the mechanical test methods. DMA uses 

either sweep of temperature or frequency to acquire the elastic and visco-elastic 

properties of the material. Composite materials are typically tested in a three-point bend 

fixture. DMA is typically limited to the same temperature range considered in this work, 

1100 -1400°C. 

Resonance spectroscopy is a more general method than DMA since it allows the 

full visco-elastic tensor of a general anisotropic material to be obtained. Resonance 

spectroscopy makes use of a known regular geometry and excites resonance modes 

through the material thickness for a specific frequency range [Demarest, 1971 & Ohno, 

19761. The typical sample is a regular parallelepiped with dimensions on the order of 3-5 

mm. Unlike DMA and mechanical testing, resonance spectroscopy has only been used 

for a limited temperature range. While it is possible to perform these tests at elevated 

temperature, resonant spectroscopy uses transducers that must be placed outside of the 

furnace. Most importantly, when compared to DMA or mechanical testing, resonance 

spectroscopy allows the full visco-elastic tensor to be recovered from a single sample. 

This allows materials with significant inhomogeneity and anisotropy to be investigated. 



1.5.3 Ultrasonic Methods 

Ultrasonic methods, the current approach, have been used to extensively measure 

the elastic properties of composite materials [Dual, 2001 & Huger, 19991. The approach 

that is perhaps best accepted is immersion testing of samples. Bulk wave transit-time 

measurements are utilized as the principal mechanism for characterizing the elastic 

response of a material [Kline, 20011. Water is used as a coupling between specimen and 

transducer. Because water is the immersion medium, only longitudinal waves are 

generated at the source. Mode conversion is used to excite transverse waves in the 

composite. Specimens of various sizes can be tested using this technique if a water tank 

is available to perform the experiments. Like resonant spectroscopy, the full visco-elastic 

tensor can be obtained fiom a single sample using an optimization technique. However, 

also like resonant spectroscopy, only a small range of temperatures can be used. The 

working fluid can be varied in temperature within a small range. An alternative, air or 

inert gas coupled ultrasonics is also possible, but greatly reduces the signal to noise ratio 

and can increase the complexity significantly. 

Another technique that has recently been the subject of much interest has been 

laser generation and the detection of ultrasound. Laser generation is a very promising 

technique for testing material properties in high temperature environments. However, the 

use of laser ultrasound will require significant additional understanding before 

measurements at elevated temperatures can be developed. Perhaps the most promising 

approach is a hybrid approach that would make use of laser generation of ultrasound with 

a buffer rod used for the detection of the ultrasound. Laser detection of ultrasound on a 



black surface in the presence of significant particulate matter as well as convective air 

currents presents significant challenges. 

1.6 Ultrasonic Theory 

A typical human being can hear sound in the range of 2 Hz to 20 kHz. 

Frequencies higher than this are considered ultrasonic. The typical frequency range 

normally used for ultrasonic nondestructive testing is 100 kHz to 50 MHz. In this work 

lMHz central frequency transducers are used which results in a wavelength of Srnrn, 

depending on the material tested. 

Piezoelectric transducers are typically used for nondestructive ultrasonic testing. 

A sketch of an ultrasonic transducer and its components is shown in figure 1.7. The 

mechanical energy is transmitted from the transducer into the waveguide. Three main 

components of an ultrasonic transducer are the active element, backing and an impedance 

matching plate. The active element is a piezoelectric ceramic. This material converts the 

electrical energy into the ultrasound. The backing is a highly dense material that controls 

the vibration of the transducer by absorbing the energy radiating from the back face of 

the active element and thus shaping the pulse. 

Ultrasonic transducers have a maximum exposure temperature, the Curie 

temperature of the piezoelectric material. If transducers are exposed to temperatures past 

their Curie temperature, the active element loses its properties and becomes 

nonfunctional. In order to assure that the transducers do not get damaged, it is necessary 

to keep the transducers below their Curie temperature. 



CONNECTOR 

PLATE 

Figure 1.7. A sketch of the components of an ultrasonic transducer. 

1.7 Waveguides 

Ultrasonic waveguides or buffer rods are used to transmit the ultrasonic wave into 

the furnace and through the carbon-carbon composite. The waveguides prevent damage 

to the ultrasonic transducers. This technique was previously used to monitor the reaction 

bonding of Silicon Nitride [Peterson, 19941. In this work, solid cylindrical rods are used 

to guide an ultrasonic signal from a transducer, to a sample and into a receiving 

transducer. Cylindrical rods have boundaries that have strong impedance mismatch to 

the surrounding medium. Waves impinging on these boundaries are reflected back in the 

structure, thus the structure is said to be a waveguide [Dual, 20011. Appropriate signal 

processing techniques are used to remove the effects of the waveguides and to calculate 

the phase velocity from the ultrasonic signal through the sample [Peterson, 19941. While 

the waveguides transmit the signal, the waves in the sample can be approximated as a 1- 

D signal. 



The group velocity of an ultrasonic wave at normal incidence between 

transducers, waveguides and C/C composite sample is measured. In order to maintain 

normal incidence, the contact surfaces of the waveguides and sample must be parallel and 

flat. The parallel surface conditions ensure that longitudinal waves propagate through the 

setup. The velocity of the ultrasonic wave is calculated by recording the time for a signal 

to propagate through the sample. 

Longitudinal waves propagate through the CIC composite specimen. To obtain 

the changes in material properties of the specimen, measurements are most effectively 

performed in the principle material axes. Orienting the specimen in a principle material 

axis reduces the complexity of the received signal. The general three-dimensional 

differential wave equation is written as [Cracknell, 19801: 

where u ,v&w are the wave displacements in the positive x, y & z-directions 

respectively, c is the velocity of the signal and t is time. Equation 1.1 can be reduced to 

the one-dimensional case: 

due to the wave 

principal material 

propagation occurring in only one direction (x-direction) along a 

axis. The one-dimensional case is not valid for the waveguides, but 

can be applied to the specimen because of the dimensions of the specimen. It is assumed 

that the effect of the waveguides is removed. A general solution to equation 1.2 can be 

written as: 



where A, is the amplitude of a wave propagating in the positive x-direction, A2 is the 

amplitude of the wave propagating in the negative x-direction, t, is the time, k, the wave 

number, can be related to the wavelength, h, and frequency, f, by: 

or alternatively is the angular frequency, a, divided by the wave velocity, c .  The wave 

velocity can be calculated by dividing the sample thickness by the total time for a signal 

to propagate through the sample. 

Relating the wave velocity to material properties such as Young's modulus is one 

of the objectives of this work. For example, the modulus of type 316L stainless steel is 

monitored in this work along with a CIC composite. As the temperature of a sample of 

stainless steel increases, the modulus decreases. For an isotropic solid material, such as 

type 316L stainless steel, wave velocity is related to the material density and Young's 

modulus by the following generalized equation: 

where E is Young's modulus, p is the material density, u is Poisson's ratio, and c is the 

calculated wave velocity through the sample. Referring to equation 1.5, if the modulus of 

a stainless steel sample decreases as temperature increases, the wave velocity, c, should 

also decrease, providing the density does not drastically change as well. The flexure 

modulus of a carbon composite slightly increases with temperature [Savage, 19931. If 

this is the case for the CIC composites studied in this work, the modulus should slightly 



increase, assuming that the density of the material remains the same. Rearranging 

equation 1.5, the change in modulus of an isotropic material corresponding to the change 

in temperature can be expressed as the following: 

where TI is the lower temperature and TZ is the higher temperature and c is the wave 

velocity through a sample at these temperatures and p is the respective material density at 

these temperatures. The density of a material will slightly change with increase in 

temperature if the volume or weight of the material changes. In the case of an isotropic 

material such as type 316L stainless steel, the density decreases linearly from 7900m3/kg 

at room temperature to 7500m3/kg at 1 OOO°C. The modulus calculations using a constant 

density are compared to the modulus calculations using varying density in the results 

discussion of 316L stainless steel. The equations for calculating the change in modulus 

of an anisotropic material, such as the CIC composite, will be discussed in chapter 4. 

1.8 Thesis Statement 

A method is developed for testing carbon-carbon composites that allow the 

changes in elastic properties with increase in temperature to be evaluated as well as the 

effect of oxidation to be monitored in real time. Methods for in-situ monitoring of high 

temperature composite materials during oxidation are important in a number of 

technological applications. The apparatus in this work makes use of solid cylindrical 

waveguides and is designed to allow for ultrasonic measurements through a sample. The 

specimen can be in either an inert atmosphere or a controlled oxidizing environment with 

varying temperatures. The velocity of an ultrasonic wave will be measured in a carbon- 



carbon composite. This work will also include preliminary work on the attenuation in the 

sample and the on the signal processing required to obtain quantitative information from 

the experimental apparatus described. 

Adequate evidence is needed to demonstrate that the above technique can provide 

correct and accurate material property information. In order to accomplish this task, 

preliminary tests are conducted using a material that has known modulus - temperature 

characteristics. The material chosen for these preliminary test is stainless steel type 

3 16L, where temperature data up to 850°C is available from several sources. 



Chapter 2 

EXPERIMENTAL APPARATUS 

2.1 Introduction 

A primary focus of this work is the design and assembly of an apparatus for in- 

situ testing of carbon-carbon (C/C) composites at high temperatures. The apparatus 

allows the changes in elastic properties with change in temperature of a C/C composite to 

be monitored. In particular, it is possible to monitor the oxidation of a C/C composite in 

real time. The apparatus used consists of a high temperature tube style h a c e ,  an 

ultrasonic pulse generator, transmitting and receiving ultrasonic transducers, and the 

setup required to contain and seal the monitoring system. The apparatus on each side of 

the h a c e  is essentially the same, although the left side will be described. The next few 

sections will go into some detail about the different parts and describe their purpose. 

2.2 Furnace Setup 

Monitoring the changes in elastic properties of carbon-carbon (C/C) composites 

with change in temperature is possible using elastic waves. The experiments that monitor 

these changes are conducted with the ultrasonic transducers located outside of the h a c e  

and waveguides to transmit the signal. The h a c e  is a conventional tube type, 3-zone 

h a c e  (Lindberg Model 55346, Watertown WI) that has three individual embedded 

alloy heating elements (type LGO), located near the center. The h a c e  is capable of 

producing temperatures up to 1 100°C. The three heating elements surround a 40mm 

outer diameter (32rnm inner diameter) mullite tube (Anderman Ceramics, model EWF 

.6 10, London UK) that runs horizontally through the h a c e  extending out the right and 



left hand sides. Alumina fiber insulation also surrounds the mullite tube through the 

furnace. The mullite tube allows the entire apparatus, shown in figure 2.1 on the 

following page, to be sealed from the outside of the furnace. This allows the CIC 

composite to be held in a controlled atmosphere furnace. Without the tube extending out 

of the furnace, sealing the CIC composite sample inside a high temperature atmosphere is 

difficult. 
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Figure 2.1. A sketch of the furnace employed in this work. 



2.3 Ultrasonic Transducers 

The transducers used in this work are broadband nominal 1 MHz (central 

frequency units) contact transducers (Panametrics model V103, Waltham MA). Standard 

room temperature transducers are used in this work rather than high temperature 

transducers. High temperature transducers still have a Curie temperature significantly 

lower than the temperatures of interest in these experiments. High temperature 

transducers are also significantly less efficient than their room temperature counterparts. 

Room temperature transducers are able to transmit large signal amplitudes, which are 

ideal for this application. Large signal amplitudes are required because of the attenuation 

that occurs in the CIC sample and through the dry coupling that is used between 

waveguides and the sample. 

Initial testing was performed on the transducers to check the frequency response 

of the transducers. One transducer, acting as the transmitting transducer, was connected 

to a spike pulser (Panametrics model 5072PR, Waltham MA) while the receiving 

transducer was connected directly to an oscilloscope (Tektronix model TDS520A, 

Beaverton OR) without using a pre-amp. A piece of aluminum, 50mm thick was used as 

the reference material. The recorded signal was processed to generate the response of the 

setup. The spectrum that was provided with the transducers is similar to that obtained, 

assuring that they are functional. A picture of the initial transducer testing setup with the 

aluminum is shown in figure 2.2. Figure 2.3 shows the response of the ultrasonic 

transducers. 



Figure 2.2. Initial testing setup of ultrasonic transducers through aluminum. 
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Figure 2.3. Response of the ultrasonic transducers. 



2.4 Possible Waveguide Materials 

Ultrasonic measurements can be performed at temperatures much higher than the 

allowable working temperature of the transducers when using waveguides. 

Unfortunately the required waveguides result in a received signal that is quite complex. 

The process for removing the effect of the waveguides and the coupling between the 

sample and waveguides are described in chapter 4. However changes in attenuation, 

strength and stiffness with change in temperature should still be considered when 

choosing the material for the waveguides. 

The waveguide material is selected primarily on the ability to retain sufficient 

stiffness at temperatures up to 1 100°C. The waveguides should be resilient at elevated 

temperatures due to the pressure load obtained when the waveguides are intermittently in 

contact with the sample. The material should have relatively low ultrasonic attenuation at 

the temperatures of interest. If the waveguides attenuation change is low, the attenuation 

change will be generated from the sample and the dry coupling between the sample and 

waveguides. 

The choices for the waveguide materials were selected by using the material 

information from several material property charts and graphs, obtained from the 

Cambridge Engineering Selector (CES) software. Some examples of the graphs used are 

compressive strength vs. temperature, relative cost vs. temperature and loss coefficients 

vs. temperature. The loss coefficient measures the degree to which a material dissipates 

vibrational energy [Ashby, 19991. The loss coefficient is another way to describe the 

attenuation of a material. It is desired to keep the loss coefficient as small as possible 



when selecting the waveguide material. The compressive strength vs. temperature, 

fi-acture toughness vs. temperature and relative cost vs. temperature charts are shown in 

figures 2.4,2.5 and 2.6, respectively. 

The base criteria for this application was relatively high compressive strength at 

temperatures up to 1 100°C and low material cost. The choices that met the criteria for 

this particular application are labeled in these charts as machinable glass, silicon and 

thorium based products. Fused quartz is a "machinable glass" and also meets the criteria. 

Silicon and thorium based products are relatively expensive compared to the machinable 

glass materials which make them less attractive selections. Sapphire was another 

possible choice for waveguide material but was also found to be extremely expensive 

compared to hsed quartz when ordering long cylindrical rods. 

Due to the intermittent contact between the rods and the sample, it is preferable to 

use a material that can be easily replaced at relatively low cost. Therefore, hsed quartz 

was the material chosen for this waveguide application. Fused quartz is inexpensive and 

has adequate compressive strength at high temperatures. Fused quartz also has ample 

thermal properties such as high resistance to thermal shock at the temperatures 

experienced in this work. Quartz is also easily machinable and can be cut to the desired 

length using a tile saw. Fused quartz will also soften at the higher temperatures 

experienced in this work, which will improve the contact between waveguide and sample. 

The modulus of the hsed quartz waveguides slightly increases with temperature 

[Fukihara, 19991, which will affect the velocity of the signals propagating through the 

setup with varying temperatures. This is discussed further in chapter 5. 
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Figure 2.6. Cost vs. temperature chart for possible waveguide material. 



2.5 Endcap Setup 

There are three major components to the apparatus that are located outside of the 

furnace on the left and right hand sides. These components, shown in figure 2.7, are the 

endcaps, the water-cooling system and the endcap housing foundation. The setup 

contains smaller more detailed working mechanical components that are fastened to the 

endcaps and held in place by the endcap housing foundation. 

MOVEABLE 

FURNACE 

Figure 2.7. A sketch of the three major components outside of the h a c e .  

This setup is held by a setscrew on two cradles, made fiom Plexiglas, that are fastened to 

an adjustable platform, also shown in figure 2.7. The purpose of the endcaps is to house 

the ultrasonic transducers and allow for proper sealing of the entire apparatus while 

protecting the transducers fiom the extreme heat of the fiunace tube. The individual 

components will be described in the following sections. Each side of the h a c e  has 

similar endcaps and components, thus only the left-hand side of the furnace will be 

discussed. 



2.5.1 Water-Cooling System 

One of the most important components of the apparatus is the water-cooling 

system. The waveguide and the environment are cooled before they contact the 

ultrasonic transducer. The water-cooling setup is located between the exit of the furnace 

tube and the endcap housing foundation, shown in figure 2.7. The water-cooling system 

consists of copper piping wound around a cylinder that houses ball bearings, which 

support the waveguide. Figure 2.8 is a sketch of the water-cooling setup showing the 

water inlet and exit and the location of the bearings. 

Figure 2.8. Water-cooling setup with ball bearings. 

The ball bearings help cool the waveguide through conduction from the water that 

passes through the copper piping. The copper piping is sized to provide ample cooling to 

the waveguide and the surrounding environment. The faceplate of the water-cooling 

setup has a chamfer that is !4 inch deep machined with a !4 inch ball nose endrnill around 

the perimeter of the plate to provide a seat for an o-ring seal. When the water-cooling 



system is fastened to the sealing setup (described in section 2.5.4), the O-ring becomes 

compressed and provides an airtight seal between the two. 

The ball bearings are held in place with a piece of aluminum that was machined to 

fit into the cylinder and secured with three screws and springs. The springs keep constant 

pressure on the piece of aluminum that ensures the ball bearings are held in place and 

properly support the waveguide. If excess torque is applied to the screws, more pressure 

is applied to the bearings and more force is applied to the waveguide. This force would 

constrict the inward and outward movement of the waveguides. Therefore, the torque is 

applied to the screws to support the waveguides without restricting their movement. 

2.5.2 Air Cylinders 

Intermittent contact between waveguide and sample is required to allow the 

sample to be evenly heated when no ultrasonic measurements are being taken and to 

obtain reference signals. Air cylinders, with a linch range, are used to move the 

waveguides into contact with the sample and to retract them. The air cylinders are placed 

in the endcaps and fastened to a faceplate as shown in figure 2.9. The faceplate is used to 

hold the air cylinders and to provide a proper seal for this portion of the setup. 

The faceplate has a %inch deep chamfer machined using a %inch ball nose 

endmill around the perimeter to provide a seat for an O-ring seal. The O-ring seal is 

compressed when the endcap is bolted to the faceplate and endcap housing foundation. 

The intermittent contact between waveguide and sample is obtained by attaching the 

ultrasonic transducer setup to the end of the air cylinder rod. This endcap has a sealed 



port that allows the transducer cable on the inside to connect to a cable from the outside. 

There are two other ports that connect the air cylinder to their proper hookups. 
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Figure 2.9. The endcap configuration with the air cylinder. 

Preliminary experiments were performed using compressed air as the working gas 

in the air cylinders to test the cylinders for possible leaks into the setup. A CIC 

composite sample was placed inside the fiunace and the entire apparatus was sealed, 

evacuated, backfilled with an inert gas and heated to 1000°C. It was concluded that the 

cylinders leaked air into the apparatus fiom the visible oxidation experienced by the CIC 

composite sample after prolonged exposure in a controlled environment. It is for this 

reason that the same gas used for the inert atmosphere will be used as the working gas for 

the air cylinders. 

2.5.3 Ultrasonic Transducer Setup 

The ultrasonic transducers are secured in a clamp that holds one end of the 

waveguide against 

the air cylinder rod 

the face of the transducer. This clamping setup was then attached to 

as shown in figure 2.10. 
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Ultrasonic transducer setup with clamp attached to air cylinder rod. 

The transducer clamp has a small through hole that allows the transducer cable to exit 

and connect to the port located at the rear of the endcap. The clamp is connected to a 

plate with three screws and springs that is connected to the air cylinder rod with a single 

bolt. The holes on this plate were machined slighter larger than the diameter of the 

screws to allow the screws of the transducer clamp to move freely through the plate. This 

allows the springs to absorb any unwanted excessive force generated by the air cylinder 

while moving the transducer setup. The springs act as a safety feature to prevent damage 

to the quartz waveguide when using intermittent contact. 

The waveguide enters the endcap housing foundation through the water-cooling 

system. During installation, the ultrasonic transducer is secured in the clamp and the 

waveguide is then firmly pressed against the face of the transducer and secured with the 

setscrew. If excess torque is applied to the setscrew, the end of the quartz waveguide will 

shatter. A coupling is used between the waveguide and transducer to provide an 



improved surface contact between the two. A high temperature, vacuum grease (Dow- 

Corning, #976, Midland MI) is used as the coupling in this application. After the 

waveguide and transducer are secured in the clamp and fastened to the air cylinder rod, 

the entire setup is fastened to the endcap and secured to the endcap housing foundation. 

The whole transducer setup can be extended or retracted one full inch fiom the sample. 

2.5.4 Endcap Housing Foundation and Sealing 

The water-cooling system and the endcap setup, described in the previous 

sections, are fastened to the endcap housing foundation. This foundation is a large brass 

cylinder with a 114.3mm ( 4 4  inches) outer diameter and a 63.5mm ( 2 4  inches) inner 

diameter and is 165mm (6.5 inches) long. A chamfer was machined around the perimeter 

on each end of the foundation using a '/4 inch ball nose endmill that is '/4 inch deep, to 

provide a seat for an o-ring seal. When the endcap and water-cooling setup are fastened 

to the foundation, the O-ring seals compress and the setup becomes airtight. Some of the 

vacuum grease that was used as coupling between the waveguide and transducer is 

applied to the O-rings to ensure a sealed setup. Three holes were drilled and tapped linch 

deep around the perimeter of each end of the foundation to allow '/-20inch screws to be 

used to fasten the endcap and water-cooling setup. A single hole was also drilled and 

tapped for a '/ - 20 inch setscrew % inches deep on the base of the foundation to secure 

the foundation to the moveable platform. Figure 2.1 1 is a sketch of the endcap housing 

foundation resembling the location of the holes and o-ring chamfer. 
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Figure 2.1 1.  The endcap housing foundation. 

The entire setup described in the previous sections is sealed around the furnace 

tube that extends out of the sides of the furnace. The setup used to seal the endcap 

components around the furnace tube is similar to the setup used on the endcap housing 

foundation. Two faceplates were machined to hold and compress a high temperature O- 

ring seal around the furnace tube. The faceplates are fastened to the water-cooling setup 

using three bolts. The O-ring seal is compressed around the furnace tube when the 

faceplates are secured together. A chamfer was machined around the inner diameter of 

one faceplate to prevent the high temperature O-ring seal from spreading away from the 

furnace tube. This design forces the seal to compress against the furnace tube. The 

sealing faceplates are shown in figure 2.12. 
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Figure 2.12. The faceplates that seal the setup around the furnace tube. 

The faceplate closest to the furnace also has a small chamfer around the perimeter that 

holds a small copper pipe that is joined to the water-cooling system. The left hand image 

of figure 2.13 shows the white high temperature O-ring that seals the endcap setup around 

the furnace tube shown in the right hand image. A picture of the entire setup is shown in 

figure 2.14. 

Figure 2.13. h e r  high temperature seal (left) sealed around the furnace tube. 



Figure 2.14. The entire left hand endcap setup sealed around the h a c e  tube. 

2.6 Waveguide Deflection 

The proposed waveguide technique allows a signal to propagate through a sample 

located inside the h a c e  while the ultrasonic transducers are located outside the b e .  

The transducers and waveguides must be aligned on center in order for the transmitted 

signal to propagate through the setup. The waveguides normally 58.5cm (23inches) in 

length. They are clamped at one end and supported with a ball-bearing setup under a 

water-cooling system. This leaves almost 43.5cm of waveguide material unsupported as 

shown in figure 2.15. Due to the tolerance in the clamping components around the 

waveguide, the fiee end of the waveguide cannot be supported as shown in figure 2.15. 
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Figure 2.15. Waveguide and clamping setup showing bearing location. 

In order to avoid creep deflection of the waveguide, an alumina fiber tube is used 

to support the hsed quartz waveguide. The outer diameter of the alumina tube is the 

same as the inner diameter of the furnace tube. The inner diameter of the alumina tube is 

the same diameter as the waveguide diameter. Each side of the furnace has an alumina 

tube that supports the waveguides. The total length of each alumina tube is 5cm 

(-2inches) less than the total length of furnace tube divided in half. This leaves an 

opening between the alumina tubes for a composite sample. Figure 2.16 is a sketch of 

how the alumina tube, waveguide and sample interact. It also shows the general location 

of the ball bearings, air cylinder, CIC sample and the platform that secures it. 
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Figure 2.16. A sketch of the alumina tube and waveguide setup. 

This setup allows the sample to rest directly on the fiunace tube between small 

platforms that were cut from one end of each alumina tube. The platforms secure the 

sample using the bottom portion and allow the remaining portion of the sample to be 

evenly heated. The sample could be insulated from the heat if the alumina tubes were 

used to secure the entire width of the sample. Figure 2.17 are pictures that show the 

interaction between the alumina tubes, waveguides and a C/C composite sample. The left 

hand figure shows the waveguides in contact with a sample. The waveguides are 

withdrawn from the sample in the right hand figure. These figures show the setup with a 

C/C sample but were taken outside of the h a c e  tube. This entire setup slides into the 

fiunace tube, which will be described along with the h a c e  preparations in chapter 3. 



Figure 2.17. Alumina tubes, waveguides and CIC sample. 

2.7 Testing of WaterlCooling System 

While the sample is held at the center of the furnace tube and monitored at 

temperatures ranging b m  room temperature to 1 100°C, the ultrasonic transducers 

outside of the hot zone must remain below the Curie temperature of the piezoelectric 

material. Therefore, the temperature outside of the hot zone of the furnace where the 

transducers are located, as well as the temperature at the center of the furnace where the 

sample is held, must be monitored. 

The furnace has three independent heating elements, located near the center, with 

separate digital controllers. The controllers have two temperature readouts, one for the 

setting point and one for the furnace temperature. The temperature inside the furnace 

tube will not necessarily be the same as the controller readouts because of the mullite 

tube and spacing of the elements. A preliminary test was performed, without the 

transducers or a sample, to determine the temperature gradient inside the furnace, the 

temperature at the center of the furnace and the temperature at the transducer mounting 

location. This preliminary test also determined if the digital controllers display the 

correct temperature on the inside of the furnace. The spacing of the three individual 

heating elements and the mullite tube is shown in figure 2.1. 



A preliminary test of the h a c e  recorded temperatures on the left hand side of 

the h a c e ,  the center, and the left hand transducer location. Six K-type thermocouples 

(Omega, #XC-20-K, Stamford CT) were attached to a quartz waveguide using a two-part 

high temperature quick set epoxy (Manco Inc, #TM-51, Avon OH). The first 

thermocouple was attached to the quartz rod at the left end of the h a c e  and used as a 

reference. The other thermocouples were attached every lOcm (- 4inches) on the left 

hand quartz rod, shown in figure 2.18, and placed inside the furnace tube. A seventh 

thermocouple was placed at the left hand transducer mounting location. The temperature 

at this location was monitored to see if it exceeded the Curie temperature of the 

transducers. The wiring for all of the thermocouples exit out of the left hand end of the 

h a c e  and were connected to a multiple channel temperature-measuring device 

(Newport Electronics, Model INFBT 10-000 1 -TC, Santa Ana CA). Figure 2.18 shows the 

preliminary temperature test with the placements of the thermocouples. 

The apparatus was sealed from the atmosphere to simulate an experiment and the 

furnace was heated to its maximum temperature of 1100°C. After the furnace idled at 

1 100°C for one hour, the temperature was recorded at each of the seven thermocouples. 
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Figure 2.18. The preliminary temperature testing setup with thermocouples. 

After the thermocouple readings are recorded, the furnace temperature was lowered in 

100°C increments and left to idle for one hour at each temperature. The process was 

repeated down to 300°C. The temperature readings recorded at 800°C to 1000°C are 

shown in table 2.18. Figure 2.19 is a graphical representation showing the temperatures 

recorded at the thermocouple positions one through six. 

From figure 2.19, the temperature near the center of the h a c e  is quite close to 

the set point. Table 2.1 shows the temperatures recorded at each thermocouple location. 

The temperature at the transducer location never went above 46°C. The Curie 

temperature of the transducers is slightly above 60°C. Thus the cooling system on the 

furnace appears to be sufficient to prevent damage to the transducers fiom the heat of the 

furnace. 



Table 2.1. Detailed thermocouple recordings inside the furnace tube. 

------- * - -+ 

-+ Temp (900) - Temp (1 000) 

Furnace Setting 

8OO0C 
9OO0C 
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1 1 ooOc 

Position (in) 

10 15 
Position (in) 

Figure 2.1 9. Change in h a c e  temperature with change in position through tube. 

Recorded Thermocouple Temperatures (OC) 

From the sample position, at 20 inches, in table 2.1, the difference between the set 

point and the recorded temperatures is small, - 1%. The difference is even smaller, 

0.06% at elevated temperatures. At 800°C, the recorded thermocouple temperature is 

within 9OC of the actual furnace setting. At llOO°C, the recorded thermocouple 

temperature is within 1°C of the actual h a c e  setting. When performing experiments 

with C/C composites, the temperature at the center of the h a c e  can be recorded from 
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the controllers with minimal error. The transducers in the end-cap housing will be 

sufficiently cooled by the water-cooling system. 

2.8 Equipment Setup 

A total of six ultrasonic signals are needed to acquire the changes in material 

properties of the sample. The instrumentation and setup will be described and the 

settings needed to perform the experiments will be discussed. 

2.8.1 Pulser, Oscilloscope and Pre-amp 

An ultrasonic signal is used to monitor the elastic modulus change with 

temperature in the sample. A conventional spike pulser (Panarnetrics Model 5072PR, 

Waltham MA) is used to create the energy that is converted to an ultrasonic signal within 

the piezoelectric material of the transmitting transducer. The spike pulser is shown in 

figure 2.20. 

Figure 2.20. Conventional spike pulser used in this work. 

The energy fiom the spike pulser is used at the highest setting possible, in this case the 

pulser energy was set at "4", or 400 volts. The energy is needed due to the attenuation of 

the signal when propagating through the waveguides and sample. The damping on the 



pulser is adjusted to lower the noise of the received signal, in this case the damping is set 

at "3" or 50 ohms. The spike pulser is also used to receive pulse-echo signals required 

for hture signal processing. This pulser has a built in pre-amp that was set to 50db of 

gain when receiving pulse-echo signals. 

For through transmission signals, a receiving transducer is connected to a separate 

pre-amp (Panametrics 5660C, Waltham MA), shown in figure 2.21. The separate pre- 

amp improves the signal isolation which is needed due to the low signal to noise ratio. 

The dry coupling between the sample and waveguides and the vacuum grease between 

the waveguides and transducers combine to attenuate the signal significantly. Without 

the use of the pre-amp, the received signal would be very minute and difficult to detect, 

compared to the initial transmitted signal. The pre-amp used in this work has two gain 

settings, 40db and 60db. The through transmission signals recorded in this work are 

amplified using the 60db gain. 

t 

Figure 2.21. Ultrasonic pre-amp used in this work. 

The amplified signal is sent to an oscilloscope (Tektronix Model TDS 520A, 

Beaverton OR). It is critical that the proper settings on the oscilloscope be used to enable 

the received ultrasonic signal, which changes over the course of the experiment, to be 

acquired for later analysis. The oscilloscope used in this work is shown in figure 2.22. 



Figure 2.22. Actual oscilloscope used in this work. 

The oscilloscope is used with the following settings: 

0% Trigger position 
15000 points per record 
250 Mega samples per second 
195 psec time delay 

Signal averaging is set at 50 signals which is necessary to improve the signal to noise 

ratio as well as minimizing random errors. The time delay is dependent on the thickness 

of the sample. The sampling rate, of 250 Mslsec, makes it possible to measure time 

delays within the sample to a precision of about 4 nanoseconds [Peterson, 19961. It was 

found that a signal took about 200 psec to travel the entire distance of the waveguide 

setup. For this reason, a delay of 190 pee is used to ensure the initial rise was visible. 

The signal processing is described in chapter 4. A schematic drawing of the instrument 

setup is shown in figure 2.23. 





2.8.2 Acquiring Six Signals 

Six signals are needed for signal processing at each temperature. Two through 

transmission signals and four pulse-echo signals are required at each temperature setting. 

The six signals are shown in figure 2.24 along with the notation used to describe them. 

Figure 2.24. The six signals needed for fbture signal processing. 

The signals X and X1 are through transmission signals obtained when the air cylinders 

are extended and the waveguides are in contact with the sample. Signals Y and Y1 are 

the pulse-echo signals obtained with the waveguides extended and in contact with the 

sample. Signals Z and Z1 are the pulse-echo signals obtained from the free end of the 

waveguides when the air cylinders are retracted from the sample. A, B, C, D, E and F 

denote the post-scripts of the recorded data files saved at each temperature and is the 

order of which each signal is recorded. The naming conventions for the six signals along 

with some example signals recorded through a CIC sample can be seen in appendix. 



It is important when extending and retracting the waveguides to monitor the 

pressure in the air cylinders. Initial pressure should be limited to 5-8 lbs when extending 

and retracting the waveguides. The fused quartz waveguides have low toughness and 

will shatter if brought in to the sample too quickly while extending or retracting the 

waveguides. Once the waveguides have been extended and have contacted the sample, 

added pressure can then be applied. In most of the experiments in this work, a total of 

25psi is used to provide consistent pressure between waveguides and sample once the 

two were in contact. 



Chapter 3 

EXPERIMENTAL PREPARATIONS AND PROCEDURES 

The main objective of this work is to evaluate the dynamic elastic properties of a 

carbon-carbon (CIC) composite at elevated temperatures. The design and setup of the 

apparatus capable of measuring the modulus of a sample was previously described in 

chapter 2. The experimental procedures required to measure the modulus change with 

temperature will be discussed. Sample and h a c e  preparation along with the testing 

parameters and final measurements will be discussed in the sections that follow. 

3.1 Sample Preparation and Measurements 

Fiber Materials Incorporated (FMI) in Biddeford Maine produced the CIC 

composite sample material that was the primary focus of this work. Additional 

commercially produced carbon-carbon material was obtained fiom Goodfellow in 

Berwyn Pennsylvania. The original block of CIC obtained through Applied Thermal 

Sciences (Sanford, ME) was 123.825mm x 122.238mm by 41.275mm (-5 x 5 x 1.5 

inches). The uncut block is shown in figure 3.1. Sections of CIC were initially cut fiom 

the original block using a tile saw (MK Diamond Products, model MK101, Torrance 

CA). The final specimens were cut fiom these sections using a low speed diamond wheel 

saw (South Bay Technology Inc., model 650, San Clemente CA). The opposing sides of 

the test specimens are cut as close to parallel as possible in order obtain accurate data. 

Signal complexity due to anisotropy and accuracy of the measurements fiom the 

ultrasonic signal are reduced if opposite sides of the specimens are not parallel. 



Figure 3.1. The original C/C composite block obtained fiom FMI. 

The size of each specimen was kept constant throughout the cutting process. The 

most important dimension to note was the thickness of each specimen. The thickness has 

a direct effect when calculating wave velocity through a specimen. Keeping the overall 

dimensions of all C/C composite specimens similar simplifies the experiments and 

calculations. The thickness of each specimen was cut to 1 Omm ( f . 0 1 mm). The height 

and width of the samples were cut to 20mm and 22mm ( f .Olmm) respectively. 

All of the specimen dimensions are carefilly measured using calipers (Cole 

Parrner, #EW-97231-02, Vernon Hills IL), accurate to O.Olmm, recorded and placed in a 

small, labeled plastic bag. The bags were labeled with the date that the sample was 

tested. Each specimen is weighed, using a tabletop scale (Davis Instruments, model SV- 

200 Baltimore MD) accurate to 0.01 gm. The density of each specimen is calculated by 

dividing the mass of the specimen by the total volume of the specimen. The volume is 

calculated fiom the measured dimensions. Data for the test samples is given in the 

appendix. Three-dimensional drawings were made using AutoCAD to record the 



locations of the test specimens. Some of the test specimens that were cut fiom the 

original block are shown in figure 3.2. Once these specimens have been cut, measured 

and recorded, they are ready to be tested. 

Figure 3.2. Sketch of original CIC block and locations of a few test specimens. 

3.2 Furnace Preparations and Procedures 

Assembly and atmospheric sealing of the h a c e  is critical in this work. For 

example, the o-ring gaskets located between each faceplate and endcaps, described in 

chapter 2, are coated with high vacuum grease @ow-Corning #976, Midland MI). Figure 

3.3 is a picture of a faceplate fiom the endcap setup that contains an o-ring gasket and 

applied vacuum grease. 



Figure 3.3. O-ring gasket with applied vacuum grease. 

Once the vacuum grease has been applied to the endcap and air cylinder faceplate, 

the transducer is placed into the transducer-housing clamp and the waveguide is secured 

against the transducer with a setscrew. A small portion of vacuum grease is used as 

coupling between the transducer and waveguide. This is the only location where any 

coupling is used. A detailed sketch of the transducer and waveguide setup can be seen in 

section 2.5.3. Figure 3.4 is a photo of the transducer-housing clamp that holds the 

transducer in contact with the secured waveguide. 

Figure 3.4. Transducer housing clamp and waveguide. 
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Figure 3.5. An exploded 3-dimensional view of the endcap setup (LHS). 

After the transducer and waveguide have been assembled, the endcap containing 

the air cylinder is fastened to the endcap housing foundation. With vacuum grease 

applied to the remaining o-ring gaskets, the rest of the endcap setup, including the water- 

cooling system is secured to the endcap housing foundation. A three-dimensional 

exploded drawing of is shown in figure 3.5. Once the endcap setup is secured and sealed, 

the specimen is placed inside the furnace tube. A photograph of the procedure to load the 

specimen into the furnace tube is shown in figure 3.6. 



Figure 3.6. C/C composite sample loaded into furnace tube. 

The entire endcap setup on the left hand side of the furnace was designed to slide 

away from the fiunace to allow a specimen to be positioned at the opening of the furnace 

tube. Once the specimen is positioned inside at the end of the furnace tube, the entire 

endcap setup is then slowly slid back towards the furnace and the waveguide, sample and 

alumina tube slide into the furnace tube. Figure 3.7 shows the endcap setup withdrawn 

from the furnace and the alumina tube entering the furnace tube. 

Figure 3.7. Actual alumina tube entering the furnace tube. 



The platform at the end of the alumina tube, described in section 2.6, guides the specimen 

to the center of the furnace tube while holding it in position. A sketch of the alumina 

tube and specimen can also be seen in section 2.6. 

After the endcap setup and specimen have been slid into the furnace, the two 

faceplates that seal the endcap to the furnace tube, described in section 2.5.4, are fastened 

together. These two faceplates force a high temperature Kalrez Perfluoroelastomer o-ring 

(McMaster-Cam, Dayton NJ) to compress around the furnace tube and seal the furnace. 

The left hand image in figure 3.8 is the high temperature o-ring that compresses around 

the furnace tube. The right hand image shows the endcap setup and faceplates sealed 

around the fUmace tube. 

Figure 3.8. High temperature gasket and faceplates sealed around furnace tube. 

3.3 Inert Atmosphere Procedures 

After the entire endcap setup is secured together and sealed around the furnace 

tube, the furnace atmosphere must be evacuated and back filled with an inert gas. Each 

water-cooling system on the endcap setup has a small tube that extends fiom the inner 



atmosphere of the furnace to the outside atmosphere of the setup. These are the fittings 

that are used to evacuate and backfill the furnace. The atmosphere within the firnace is 

evacuated using a medium vacuum pump (Marvac Scientific, Model #R-10, Concord 

CA) to lOOkPa or 14.5psi. A control valve was placed within the vacuum line that is 

closed once the atmosphere has been filly evacuated. With the control valve closed, the 

atmosphere is then back filled with an inert gas. The valve is closed to prevent the inert 

gas from flowing out the vacuum line. 

In this work, nitrogen is the inert gas that is used to back fill the atmosphere and 

supply the pressure to the air cylinders. A flowmeter is placed on the nitrogen supply 

line to help monitor the flow of gas to the atmosphere. The primary purpose of the 

flowmeter is to aid in the detection of leaks from the furnace. If gas was detected flowing 

through the meter once the atmosphere was completely back filled, then a leak was 

present. These leaks are then found and repaired. A pressure regulator is also placed 

within the nitrogen supply line to keep the pressure in the line slightly above 

atmospheric. If the gas pressure in the nitrogen supply line is not maintained above 

atmospheric pressure, any small leak within the setup is likely to contaminate the furnace 

atmosphere with oxygen. 

A secondary task of the inert gas flowmeter is to monitor the amount of gas 

allowed into the furnace atmosphere. Any desired gas could be easily connected to the 

supply line that flows through the flowmeter and into the furnace setup. This flow can be 

adjusted to a desired rate with a valve located on the flowmeter. Experiments with 

oxidizing material will require that the amount of gas that passes through this flowmeter 



be monitored. Flowing gas can be used to compare the degree of oxidation that 

corresponds to a particular level of change in material properties and material weight. 

Once the atmosphere has been evacuated and back filled, the process is repeated a 

second time. Repeating this process ensures that only inert gas is present in the furnace. 

A schematic drawing of the vacuum and pressure system along with the air cylinder setup 

is shown in figure 3.9 on the following page. This is the setup configuration used to 

control the atmosphere in the fiunace. The only sealed penetrations through the furnace 

and endcaps are the inert gas supply line, the vacuum line, the two transducer cables for 

the ultrasonic system and the air cylinder inlets. Now the six signals can be recorded in 

an inert atmosphere. 





3.4 Oxidation Procedures 

The apparatus in this work is capable of controlling and monitoring the oxidation 

process of the CIC composite sanlples. The oxidation experiments are performed much 

like the inert atmosphere experiments. The atmosphere is evacuated and backfilled with 

the inert gas twice, as described in section 3.3, and gradually heated to 700°C. The six 

signals are recorded before any oxidation occurs. Once the signals have been recorded 

the atmosphere is evacuated again and medical air is connected to the atmosphere supply 

line while the vacuum pump remains running. Air is allowed to flow through the setup at 

0 .8sch for 10-minute increments. After the completed time, the inert gas is reconnected 

to the atmosphere supply line and the vacuum pump remains running for one minute and 

then shut down and the six signals are recorded. The process is repeated until 

120rninutes of air has flowed through the setup. After the experiment is complete, the 

fiunace is allowed to cool and then the specimen is weighed and recorded. A second 

oxidation procedure is performed on a different CIC sample that is similar to the 

previous, but the specimen is allowed to cool, removed fiom the fiunace and weighed at 

every 20-minute increment. 

3.5 Measurements and Observations 

After elevated temperature testing has been performed on the sample, the sample 

is removed fiom the furnace. Initial visual observations including loss of matrix fiom the 

composite or marks on the surface of the sample fiom the waveguides are made. Marks 

found on the composite inflicted fiom the waveguides can impact the results and should 

be noted. After these observations are recorded, the sample is weighed in the same 



manner as prior to the temperature testing. Loss in sample weight is normally used to 

quantify oxidation of CIC composites. A gain in weight is likely to be caused by alumina 

residue on a CIC sample and the alumina cement from the alumina tube guides. 

After the sample has been weighed, the dimensions are recorded as prior to 

testing. Changes from the initial sample geometry would suggest localized oxidation of 

the sample. The left hand specimen in figure 3.10 is a CIC sample that was tested up to 

1 100°C in a contaminated atmosphere. Oxidation is visible from the exposed carbon 

fibers and absence of carbon matrix. The right hand block is shown for comparison. 

This is a similar CIC sample that was held at 1 100°C but did not oxidize due to careful 

control of the atmosphere making sure to keep an inert atmosphere. This sample is much 

smoother and did not lose carbon matrix. 

Figure 3.10. Oxidized (left) and non-oxidized CIC composite samples. 



Chapter 4 

SIGNAL PROCESSING 

4.1 Introduction 

It is necessary to perform appropriate signal processing to evaluate the dynamic 

properties of a C/C composite. The waveguides result in a complex signal that must be 

interpreted. The ultrasonic signal requires almost 200pec to propagate through two 

waveguides and a lOmm thick sample. An example of a signal recorded through a C/C 

composite sample at 1 100°C is shown in figure 4.1. Pulse echo signals fiom the fiee end 

of the waveguide also recorded at 1 100°C. An example of a pulse-echo signal is shown 

in figure 4.2. 

C/C Sample Through Transmission Signal at 1100C 
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Figure 4.1. A transmission signal through a C/C sample at 1 100°C. 
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Figure 4.2. A pulse-echo transmission from the free end of the waveguide at 1 100°C. 

A 190psec time delay occurs before the start of the data shown in figure 4.1 and in figure 

4.2. No data is shown in this time interval because the range of the oscilloscope, at a 

sufficient sampling rate, is less than the total amount of time a signal propagates through 

the setup. 

The received signal contains electronic noise from the initially transmitted signal 

along with reflections generated from within the sample. Most significantly, the dry 

coupling between waveguides and sample result in a low signal-to-noise ratio and very 

high attenuation. The top image of figure 4.3 was recorded from the system after 

transmission through a stainless steel sample. Significant noise is evident in the received 

signal. The bottom signal in figure 4.3 was recorded through a CIC composite sample, 

which has less noise in the received signal. The received signal requires processing in 



order to extract the first arrival from the multiple reflections and to lower the signal to 

noise ratio. This data will then be used to generate the dynamic property changes of a 

sample with change in temperature. 

Windowed transmission signal through steel sample 

20m 

Windowed transmission signal through C/C sample 
I I I 

Figure 4.3. Windowed through transmission signals for stainless steel (top) and carbon- 
carbon (bottom) used for signal-to-noise comparison. 

4.2 Processing Recorded Data 

The complexity of the signal shown in figure 4.1 makes it difficult to extract the 

desired dynamic properties of the sample. Windowing is needed to isolate the first part 

of the recorded signal from the reflections from within the sample. The first part of the 



signal is a directly transmitted signal that has propagated through the entire setup. From 

the initial portion of the signal, the change in modulus as a function of temperature can be 

determined. 

The window used to isolate the signal of interest is a Hanning window. A 

Hanning window is computed from the following equation: 

(4.1) 

where w(n) is an n-point Hanning window. The Hanning window can be adjusted to fit 

0 

S(1-cos(2xX.5)) 

w(x) = 1 

S(1-co~(2xX.5)) 

0 

the length of any signal. However, the desired length should be kept constant when 

windowing a group of signals. The accuracy of the velocity calculations using the cross- 

x < A  

A d x 6 B  

B < x 6 (D-B) 

(D-B) < x 6 D 

x > D  

correlation process is dependent on the consistency of the signal windowing technique. 

The unprocessed through-transmission signals are graphed using MathCAD and 

the first two peaks are located. Then the peaks of the through-transmission signals 

(Signal X and X1 in section 3.3.2) are windowed using a MatLab program that applies a 

Hanning window and generates an output file. The output file will be used in the cross- 

correlation. The MatLab program used to window the signals, is included in the 

appendix. In this program, the number of data points before the start of the Hanning 



window, the width of the Hanning window, the number of data points between the 

Hanning window and the end of the Hanning window are input for each signal. 

The pulse-echo signals fiom the fiee end of the waveguide must also be 

windowed (Signal Z and Z1 in section 3.3.2). The pulse-echo signals are windowed 

around the first 5 or 6 peaks using the same method as the through transmission 

windowing but with a slightly more narrow Hanning window. Figure 4.4 shows an 

unwindowed through-transmission signal and the Hanning window. The lower trace in 

figure 4.4 is the windowed signal that will be used in the cross-correlation. From these 

windowed signals it will be possible to calculate the time delay between two signals 

recorded at different temperatures. 

1 o ' ~  Original Signal 
I I I I I 

x 1 0 ' ~  Windowed Signal 
2 

1 
h 

-3 
Q) 

E? 0 
r 

P 
-1 

-2 
0 1 2 3 4 5 6 

Time(s) 10" 

Figure 4.4. A C/C through transmission signal (X) before and after windowing. 
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Figure 4.5 shows a pulse-echo signal and the Hanning window. The lower trace in figure 

4.5 is the windowed signal that will be used in the cross-correlation. 
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Figure 4.5. A pulse-echo signal (Z) before and after windowing. 

4.3 CrosslCorrelation 

The relative arrival time of an ultrasonic signal is obtained from the cross- 

correlation of known to an unknown signal. The known signal is recorded under standard 

conditions with a reference specimen using the apparatus described in chapter 2. The 

unknown signals are from samples recorded at different temperatures. The cross 



correlation of the known signal and the unknown signal is then calculated from [Peterson, 

1 9961: 

The relative delay between the two signals corresponds to the point of maximum 

amplitude, T,, of the cross correlation of the two signals. The accuracy of the arrival time 

of the unknown signal obtained using this method is dependent on the sampling rate of 

the recorded signal. The consistency of the location of the Hanning window will also 

have an effect on the accuracy of the cross-correlation program. 

A signal through a C/C composite sample is cross-correlated with a signal through 

a piece of aluminum to calculate the wave velocity through the C/C composite. The 

pulser, preamp and oscilloscope have the same settings for each signal. The two signals 

are cross-correlated and a relative time delay is found. The arrival time for the signal 

through the aluminum is calculated using known properties. The relative time delay is 

then added to the calculated reference arrival time to obtain the arrival time through the 

C/C composite sample. This time is used in the calculation of the wave velocity through 

a C/C composite sample at room temperature. The time at room temperature will be the 

reference point when calculating the change in time with change in temperature. 

4.4 Modulus Calculations 

The change in the modulus of a sample with change in temperature is obtained 

from the change in ultrasonic velocity. The change in velocity is calculated by dividing 

the width of the sample by the time for a signal to propagate through the sample. The 

relative time delay is obtained by using four of the signals at each temperature (X, XI, Z 



and Z1 discussed in section 3.3.2). After windowing, a cross-correlation program finds 

the relative change in time between two signals. The relative time delay through a 

sample with change in temperature is calculated using the following: 

where Atx is the relative time delay between X(TI) and X(T2), Atxl is the relative time 

delay between X1 (TI) and X1 (T2), Atz is the relative time delay between Z(T1) and Z(T2), 

Atzl is the relative time delay between Z1(T1) and Z1(T2), and Atsample is the relative time 

delay through the sample between TI and T2. The modulus is calculated from the relative 

delay through the sample. Preliminary experiments were performed on type 316L 

stainless steel. The temperature dependence of the modulus was compared to handbook 

values [Bernstein, 19771. Equation 2.5 is rearranged to solve for the change in Young's 

modulus of a stainless steel sample with change in temperature (equation 2.6). 

The CIC composite specimens studied in this work are an anisotropic material. 

Tests on the CIC composites are performed such that waves propagate along one of the 

primary axes. A primary axis will be assumed to be an axis that lies parallel with one of 

the orthogonal carbon fibers. Propagating the signals through a primary axis of the CIC 

samples gives the following relationship for the velocity: 

where c is the wave velocity through the sample, p is the material density and CI I is the 

normal modulus in the xl direction. Equation 4.3 is rearranged to give: 

~cll=c,,(~,)-~ll(~2)=I[p(~l)l~~~(~l)l'-b(~2)l~~~(~*~l'l (4.5) 



where TI is the lower temperature, T2 is the higher temperature and c is the wave velocity 

through a sample at these temperatures. The density, p is found for both of these 

temperatures. If no oxidation occurs in the C/C samples, it will be assumed that the 

density of the material will stay constant. During oxidation, however, the C/C composite 

sample will lose some of its primary matrix and the density of the material will change. 

Drastic loss of material and significant changes in material density are experienced at 

temperatures higher than 700°C [Savage, 19931. This change must be considered in order 

to obtain an accurate measure of the modulus change within an oxidizing environment. 

Initially, the density of the material will be calculated by dividing the mass of the 

sample by the product of the dimensions of the sample. This is the sample density that 

will be used when calculating the change in the modulus of the sample when no oxidation 

occurs. The accuracy of calculating the modulus change is dependent on the measured 

signal time change through the sample. 

4.5 Material Attenuation using Deconvolution 

Another dynamic material property of concern is the attenuation of ultrasound 

through the material studied. An ultrasound is propagated through a medium and the 

intensity of the ultrasound is measured at two points, X I  and x2. Attenuation is used to 

describe the total reduction in the intensity of the ultrasound through the medium. 

Attenuation results fiom the absorption of energy by the medium between the two points 

and fiom the deflection of the energy fiom the path of the ultrasound by reflection, 

refiaction, diffraction and scattering [Cracknell, 1 9801. 



The absorption involves the conversion of ultrasound into energy such as heat or 

displacement. The absorption of the ultrasound is dependent on the nature of the medium 

and can therefore be beneficial when studying the physical properties of the medium. 

The reflection, refraction, diffraction and scattering losses are dependent on the geometry 

and boundaries of the medium. If the porosity of a medium increases with temperature, 

the attenuation of the medium will increase due to reflections generated from the pores. 

Calculating the attenuation of a C/C composite material is not one of the objectives in 

this work, however, showing that the attenuation change of the material can be calculated 

will be useful for future work. 

The attenuation of a specimen is calculated using six signals (X, XI, Y, Y 1, Z and 

Z1 in section 3.3.2). A deconvolution method is used in order to separate the effects of 

the sample from the other effects generated within the system from the temperature 

changes. Deconvolution is required since a larger number of parts in the proposed setup 

are affected by heat and other changes that occur during an experiment [Peterson, 19941. 

Examples of these changes are the variation in coupling between the waveguides and 

transducers, waveguides and sample and changes in wave velocity within the 

waveguides. To calculate a value for the material attenuation through a sample from an 

ultrasonic signal, the magnitude of the spectrum of these six signals must be obtained. 

A fast Fourier transform is performed on each windowed signal that yields the 

spectra, X(o), Xl(o), Y(o), Yl(o), Z(o) and Zl(o) from their respective signal. In 

mathematical form, the signals may be shown as the convolution of the contributing 

response functions (multiplication in the frequency domain) [Peterson, 19941: 
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where A,,(a) = response spectrum of transducer n (transmit or receive mode, 

respectively), Htb(a) = spectrum of coupling response fiom transducer to waveguide, 

Hb(a) = spectrum of response of waveguide, Tbs(a) = spectrum of transmission response 

of dry coupling between waveguide and sample, &,(a) = spectrum of reflection response 

of dry coupling between waveguide and sample, &(a) = Spectrum of reflection 

response of h e  end of waveguide (assumed equal to -1) and HS(o) = spectrum of 

response of sample. The other three signals, XI, Y1 and Z1 are represented in the same 

manner however the transmitting and receiving transducers are reversed. 

These six spectra are used along with equation 4.6 in order to solve for the 

response of the sample: 

The amplitude of Hs is the attenuation of the through-transmission signal with other 

effects fi-om the system removed. Similarly, the phase of Hs is the time delay as a result 

of the C/C sample. This calculation of the time delay will not be as accurate as the one 

obtained fiom the cross-correlation program, however, it can be used to compare the two. 



Chapter 5 

RESULTS 

In the following sections initial proof of concept tests are described which were 

performed on stainless steel samples. Tests that were performed on carbon-carbon in 

both an inert and in an oxidizing environment are also described. 

5.1 Stainless Steel 

Two, 316L stainless steel samples were tested in-situ from room temperature up 

to 11 OO°C in an inert atmosphere. The change in the arrival time of an ultrasonic signal 

propagating through the samples was measured using the cross-correlation (equation 4.3). 

Figure 5.1 shows the time delay that was calculated at various temperatures through the 

stainless steel sample relative to room temperature. The time delay is obtained from the 

change in time from the four signals acquired (X, XI, Z and Z1) (also shown in figure 

5.1). The delay time for the stainless steel samples is shown in figure 5.2. 

From the time delay, the change in modulus of the stainless steel sample was 

calculated for two samples using equation 2.6. The calculated modulus change with 

change in temperature for both stainless steel samples is compared to values obtained 

from the Handbook of Stainless Steels [Bernstein, 19771 shown in figure 5.3. The 

remaining data from the stainless steel experiments is shown in the appendix. 
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Figure 5.1. Change in sample time of a type 316L stainless steel sample. 
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Figure 5.2. Change in signal time in both stainless steel samples with temperature. 
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Figure 5.3. Modulus change of stainless steel samples. 

5.2 Carbon - Carbon 

Multiple samples of C/C composites were tested in both an inert and in a 

controlled oxidizing atmosphere. A drawing that shows the location of the C/C samples 

cut from the original block obtained fiom FMI is shown in figure 5.4. 



Figure 5.4. Location of CIC samples cut from original block obtained from FMI. 

A single CIC composite sample from FMI, was tested four times in an inert atmosphere 

to show the repeatability of the experiment. A total of four different CIC composite 

samples from FMI were also tested in an inert atmosphere to show sample-to-sample 

variation. Two CIC composite samples, also from FMI, were also tested to show the 

change in modulus during controlled oxidation and compared to the oxidation reaction of 

a commercially produced carbon-carbon sample (Goodfellow, #C413050, Bewyn PA). 

Figure 5.5 shows the change in time through one CIC composite sample extracted from 

the change in time from the four signals (X, XI, Z and 21). The other CIC composite 

sample time graphs are shown in the appendix. 
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Figure 5.5. Change in time of a single CIC composite sample along with changes in 
delay time found for each of the four component signals. 

5.2.1 Repeatability 

Tests were performed on a single CIC composite sample with four repetitions to 

show the uncertainty of the calculated data. The change in modulus of the CIC sample, 

measured in an inert atmosphere is shown in figure 5.6 from the four separate tests. 
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Figure 5.6. Modulus change calculations of C/C sample CCIII fiom four tests. 

5.2.2 Sampbt6arnple  Variation 

The change in modulus of four C/C samples measured in an inert atmosphere is 

shown in figure 5.7 to illustrate the sample - to - sample variation. The change in 

modulus of the commercial C/C composite sample is shown in figure 5.8. 
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Figure 5.7. Modulus change fiom four C/C composite samples. 
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Figure 5.8. Modulus change fiom the commercial C/C sample. 



5.2.3 Oxidation 

The change in modulus of three CIC samples was monitored during controlled 

oxidation. Measurements were recorded after medical air was flowed at a rate of 0.8sch 

through the seal h a c e  at 700°C. The air was flowed for 10 minutes and then switched 

to the inert atmosphere. In the inert atmosphere the in-situ measurements were then 

performed. The sample was then weighed at every 20-minute increment until a total of 

120 minutes of air exposure occurred. The oxidation of the CIC samples from FMI is 

illustrated in figure 5.9 by the weight loss. The resulting modulus change of the CIC 

sample periodically removed fkom the h a c e  is compared to a sample that was not 

weighed at every 20-minute increment also in figure 5.9. The left hand image of figure 

5.10 shows the CIC sample before oxidation and the right hand image shows the sample 

after exposed to 120 minutes of air at 700°C. The modulus change fkom oxidation of the 

commercial CIC sample is shown in figure 5.1 1. The data for the remaining CIC samples 

are shown in the appendix. 
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Figure 5.9. Modulus and weight change during oxidation of two CIC samples at 700°C. 

Figure 5.10. CIC composite sample from FMI before (left) and after oxidation. 
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Figure 5.1 1. Modulus change during oxidation of the commercial carbon composite 
sample at 700°C. 

5.3 Discussion of Results 

5.3.1 Stainless Steel 

The change in modulus of the stainless steel samples was calculated and 

compared to reference book values to prove that the waveguide technique works. The 

modulus change for the two stainless steel samples is shown in figure 5.3 along with the 

reference values. The initial room temperature modulus values were calculated by cross- 

correlating a signal through the steel sample with a signal through an aluminum reference 

sample. The cross-correlation between the two signals gave a time delay that was then 

added to the arrival time of the signal through the aluminum. This gave the actual arrival 

time through the steel sample at room temperature that was used to calculate the initial 

room temperature modulus. The slope of the monitored samples is different than the 



slope of the reference values by about 15%. Due to the close similarity between the two, 

it can be concluded that the proposed technique can qualitatively measure the change in 

modulus of a sample with change in temperature. 

5.3.2 Carbon - Carbon 

The change in modulus with change in temperature of CIC composite samples is 

monitored by measuring the change in the arrival time of a signal with change in 

temperature. The change in signal arrival time is obtained from the four acquired signals 

shown in figure 5.4. An increase in the arrival time through a sample is a result of a 

slower wave velocity through the sample. A slower wave velocity can be the result of a 

decreasing modulus andlor an increasing density. All of the CIC composites experienced 

a drastic reduction in modulus until 400°C, but then remained consistent up to 1 100°C. 

The coefficient of thermal expansion for carbon was found to be much less than lo4 per 

"C for the temperature range experienced in this work. It is assumed that the density of 

the material will not change with temperature because the expansion coefficient is 

negligible. It is suggested that the modulus changed and not the density of the material 

due to no weight gain or loss and the dimensions of the sample remained the same. The 

results show that the CIC composites retain their elastic properties at temperatures above 

400°C in an inert atmosphere. 

The repeatability of the testing method described in this work was also studied. 

Figure 5.5 shows the results of four separate tests performed on the same CIC composite 

sample while in an inert atmosphere. The general trend of each test shows an initial drop 

in the modulus until 400°C and then remained consistent up to 1 100°C. The weight of 



the sample was recorded and found to be the same before and after the testing using the 

same scale accurate to 0.01 grams. Weighing the sample before and after ensured that no 

oxidation had occurred during testing. Testing the same C/C sample several times can 

have the same effect on the sample as heat-treating. Depending on the heat treatment of 

C/C composites, the reaction of the modulus with temperature change will vary [Savage, 

19931. This would help explain the variation between the four test results of the same 

sample. Also, variation in the testing setup, such as alumina fiber build-up on the free- 

end of the waveguides, would also contribute to the variation in results by interfering 

with the through-transmission signals. The free-end of the waveguides were cleaned 

between each test, but could have experienced the alumina build up during intermittent 

contact with the sample. 

The change in modulus of four different C/C composites samples from FMI, 

shown in figure 5.6 and the commercial C/C sample, shown in figure 5.7, was also 

monitored in an inert atmosphere. Figure 5.6 shows the sample-to-sample variation of 

modulus change with temperature change. These results also show the initial decrease in 

modulus up to 400°C and then a consistent modulus up to 1 100°C. However, the 

commercial C/C sample had an initial increase in modulus up to 300°C and then 

decreased until 900°C, shown in figure 5.7. The difference in modulus change between 

the two samples could be explained by the difference in manufacturing techniques. The 

densities of the FMI samples were 27% larger than the commercial samples. The 

different densities will yield a different initial modulus value for C/C samples of the same 

geometry. 



The modulus change along with the change in weight of two C/C composites 

shown in figure 5.8 was monitored during controlled oxidation. The weight was 

monitored to measure the degree of oxidation. The modulus initially decreased 

drastically within the first 20 minutes of airflow, followed by a steady decrease for the 

remainder of the test. The left hand image in figure 5.10 shows the C/C sample before 

oxidation and the right hand image shows the sample after oxidation. The surface of the 

sample appears to have lost the primary matrix of the material exposing the carbon fiber 

weave. As a result, the modulus decreased by almost 77% as the specimen experienced a 

17.25% weight loss. This shows that the C/C composite samples lose a significant 

amount of their modulus during 120 minutes of oxidation. 

The modulus of other C/C composites obtained fiom the same manufacturer did 

not change fiom room temperature up to 800°C. These results were obtained fiom 

compression testing using extensometers while in an uncontrolled oxidizing environment 

[Walls, 20021. These C/C specimens had a smaller volume on average compared to the 

specimens in this work by 55%. However, the specimens experienced a 45% weight loss 

while in the uncontrolled oxidizing environment at 600°C after 120 minutes. The larger 

specimens in this work only experienced on average a 17% weight loss after 120 minutes 

of exposure to a controlled airflow. The difference between these results could be 

explained by the qualitative measurements performed on the specimens as well as the 

difference in specimen size and testing procedures. 

The modulus change during oxidation of the commercial C/C sample is shown in 

figure 5.9. The signals through this sample were much more complex compared to the 



signals through the FMI samples, mainly due to the rough surfaces of the samples. The 

amplitudes of the received signals were smaller as was the signal to noise ratio compared 

to the FMI samples. This could account for the erratic change in modulus yet almost no 

change in weight during the oxidation test. If no weight loss were experienced during the 

oxidation process, it would be expected that no decrease in modulus would occur. 

The time delay through the quartz waveguides was calculated using the pulse- 

echo signals that were recorded during a temperature test while in an inert atmosphere as 

well as the during an oxidation test. Calculating the time delay through the quartz shows 

how the waveguides experience their own material changes with temperature. The 

material changes within the waveguides may contribute to any inaccuracies during signal 

measurements. Figure 5.12 shows the time delay within the quartz waveguides during 

temperature testing in an inert atmosphere. This data is compared to the time delay 

through the quartz during an oxidation test at 700°C, also on the same graph. The time 

delay through the quartz during the oxidation test remains consistent for the duration of 

the test while at 700°C suggesting that the material is not changing with time. However, 

the time delay through the waveguides changes with increase in temperature suggesting 

that the modulus of the material is also increasing. These results are consistent with data 

that was referenced [Fukuhara, 19991. Figure 5.13 shows the time delay within the 

quartz comparing measured pulse-echo signal time delays with the time delays measured 

fiom transmission signals through a C/C sample. 
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Figure 5.12. Time delay changes in quartz during temperature changes and oxidation. 

5 7 9 11 13 15 17 19 2 1 

At Change in time (pec) 

Figure 5.13. Time delay changes through quartz and sample during oxidation. 



Chapter 6 

CONCLUSIONS 

6.1 Summary 

A method was developed to measure the ultrasonic wave velocity of materials at 

temperatures up to 1 100°C in a controlled oxidizing atmosphere. A high temperature 

apparatus was designed to create a controlled atmosphere that is capable of testing a 

lOmm thick sample in either an inert or in an oxidizing environment. The method 

developed makes use of solid cylindrical waveguides to monitor the change of elastic 

properties and the oxidation reaction of carbon-carbon composites with change in 

temperature. 

The apparatus was designed to allow ultrasonic measurements to be performed on 

a sample while in a controlled oxidizing atmosphere with varying temperatures. The 

apparatus encloses the ultrasonic transducers within the atmosphere and outside of the 

furnace. Waveguides are used to transmit the signal through a sample located inside the 

controlled atmosphere furnace. Extensive signal processing was performed using 

MatLab to obtain quantitative information from the experimental apparatus. The change 

in Young's modulus of a C/C composite was monitored with change in temperature in an 

inert atmosphere and during controlled oxidation at 700°C for 120 minutes. 

Verification of the method was based on testing using stainless steel samples with 

known change in modulus and by repeatability testing using carbon composites. 

Experiments were performed using two type 316L stainless steel samples. The modulus 

change with temperature of the stainless steel samples calculated using this method was 



within 15% of the modulus change of the handbook values. The resulting similarities 

between the calculated data and the reference data suggest that this technique can 

qualitatively measure the change in modulus of a sample. 

There are many factors that contribute to the calculated error within the 

experiments. A large portion of the error is generated from the significant change in 

modulus with change in temperature of the waveguides. The modulus of fused quartz 

slightly increases with temperature almost 7% from room to 1 100°C [Fukuhara, 19991. 

An increase in modulus will have an affect on wave velocity through the waveguides and 

consequently will affect the wave velocity through the sample. Although the effects of 

the waveguides are removed using four signals and equation 4.3, accurately extracting the 

small time change through the sample from the larger time change through the 

waveguides is difficult. For this reason, an alternative waveguide material is suggested. 

An ideal material for waveguides would be diamond. Diamond has a large 

modulus that remains relatively constant within the temperature range experienced in this 

work. Also, the loss coefficient of diamond is 0.0002, compared to the fused quartz 

value of 0.002, [Granta, 20001. The overall extremely high cost of diamond did not make 

it a possible choice for waveguide material in this work. Sapphire is recommended for 

waveguide material due to a consistent modulus value at higher temperatures along with 

a low loss coefficient that is equal to quartz and relatively low cost (1 100$/lb) compared 

to diamond (100000$/lb). 



Another factor that may contribute to the calculated error in the experiments 

would be the sampling rate. The sampling rate in this work was 250 mega samples per 

second. This sampling rate is capable of recording a 4qsec time change within a signal. 

This time delay is equivalent to a 0.17 124Gpa modulus change within a sample. A time 

change smaller than 4qsec would not be recorded. The average modulus change in the 

stainless steel was 20GPa per degree Celsius and in the C/C specimens was 2GPa per 

degree Celsius. Therefore, the accuracy of this technique is limited by factors other than 

the sampling rate used to record the data. Testing a material that has a modulus change 

much smaller than the changes in this work would require a higher sampling rate in order 

to obtain or increase the accuracy of the measurements. 

Testing the same C/C composite sample four times was another method used in 

this work to verifjr the accuracy of this method. However, the results show significant 

error between the four tests of the same C/C specimen. The sample fiom each test 

experienced on average a 78% modulus decrease plus or minus 8% when heated fiom 

room temperature up to 1 100°C while in an inert atmosphere. 

The spectrum of the input signal (figure 6.1) is compared to the spectrum of a 

received through transmission signal (figure 6.2) to show the differences between the 

two. The spectrum of the input signal was acquired using a small reference sample made 

fiom aluminum and the spectrum fiom the received through transmission was acquired 

fiom a signal through the entire setup containing a C/C specimen. The spectrum of the 

transmitted signal shows significantly less energy at high frequencies than the input 

spectrum, which reduces the time resolution of the cross-correlation. To increase the 



accuracy, received signals that are shorter in time with greater frequency content is 

required. Ideally, the received output spectrum should resemble the input spectrum. 

Frequency (Hz) x 10' 

Figure 6.1. Spectrum of the input signal. 

Frequency (Hz) lo5 

Figure 6.2. Spectrum of received through transmission signal. 



Tests were also performed on four different C/C composite samples in an inert 

atmosphere to monitor the change in modulus with change in temperature. The general 

change in modulus of the C/C composites was found to initially decrease fiom room 

temperature up to 400°C and then remained relatively constant up to 1 100°C. The overall 

modulus decrease was found to fall within the error range generated by the repeatability 

study. The initial decrease might suggest that the material is undergoing heat-treating. 

The consistency of the modulus change after the initial decrease suggests that the carbon 

composites can retain the modulus at elevated temperatures while in an inert atmosphere. 

The changes in the modulus at temperatures fiom room to 1 100°C of all the specimens 

tested were well within the 8% range. 

Oxidation tests were also performed on C/C composites so that the change in 

modulus could be compared to weight loss studies. The change in modulus of the C/C 

samples was found to steadily decrease to almost 30% while only experiencing a 17.25% 

weight loss after exposed to a controlled oxidizing environment at 700°C. The large 

decrease in modulus even with modest weight loss might suggest that the matrix of the 

material is disbanding. The bond between the matrix and the fibers might be weakened 

thus decreasing the modulus. Therefore the weight loss is unlikely to show the sufficient 

material sensitivity to oxidation. Alternatively, the modulus is better to weight studies 

when categorizing the oxidation of carbon composites. 



6.2 Future Work and Recommendations 

The results of this work and fkture work using this technique should be compared 

to other C/C composite results that are obtained from high temperature mechanical 

testing. A high temperature compression-testing machine has recently become available 

that has the ability to test C/C specimens in either an inert or in a controlled oxidizing 

environment. The comparison of the results between the two testing procedures may aid 

in the understanding of the oxidation reaction and the modulus change of CIC composites 

with change in temperature. 

Further coupling studies should be conducted with the described setup to decrease 

the percent of error generated from the modulus calculations from the repeatability study. 

Dry coupling was used for these experiments to avoid contamination of the samples 

during testing. A gold leaf could be used as coupling between the waveguides and 

sample but fiuther knowledge is required to understand the effects that the gold leaf may 

have on the modulus calculations. Other possible couplings should be researched and 

tested to help improve the waveguide-to-sample contact. 

Future experiments should be performed on multiple C/C composites to acquire a 

better understanding of the oxidation reaction and the effects on modulus. The oxidation 

reaction of C/C composites increases rapidly at higher temperatures; therefore higher 

temperature oxidation studies are recommended. Different components of the existing 

furnace could be used to achieve higher temperatures than those experienced in this work. 



The modulus information acquired fiom the recorded signals is dependent on the 

accuracy of the signal processing. Each of the four windowed signals (X, XI, 2, and 21) 

must be cross-correlated individually with the signals fiom the previous temperature. It 

took the cross-correlation program, written in MatLab, approximately two and a half 

minutes to run for one signal that contained 15000 data points. The development of 

automated signal processing would be highly beneficial in future studies. Software that 

could record and process the signals without additional programming would greatly 

decrease the amount of time needed to generate the material property changes of the 

samples. Most importantly, techniques must be developed to reduce the length and 

complexity of the received signal. A signal that has compact support in the time domain 

is likely to significantly improve the accuracy of the technique presented. 
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APPENDIX A - Experimental Procedures 

Inert Atmosphere 

Weigh and measure sample. 

Place sample in furnace tube. 

Slide alumina guide slowly, such that it pushes the sample until the whole 

alumina guide is in the furnace tube. 

Fasten the three bolts, around the sealing faceplate, to seal the setup. 

Make sure the atmosphere supply line valve is in correct position. 

Evacuate using vacuum pump then close vacuum regulator. 

Fill with inert gas until flowmeter does not register. 

Open vacuum regulator and evacuate again, then close regulator. 

Fill with inert gas again and leave supply line open. 

Turn on water to cooling system and check for leaks. 

Acquire six signals at room temperature. 

Acquire signals at every 100°C increment. 

Allow firnace to cool gradually before removing the sample with a shop 

vacuum and hose. 

Weigh sample and record any observations. 

Controlled Oxidizing Environment 

1. Repeat steps 1 - 10 of the inert atmosphere procedures. 

2. Gradually heat furnace to desired oxidation temperature. 

3. Acquire six signals at time = 0. 

4. Open vacuum pump regulator and turn vacuum pump on. 



5.  Switch gas supply line to a compressed medical air tank. 

6.  Record flowmeter and let the air flow for 10 minutes. 

7. Switch gas supply line back to the inert gas leaving the vacuum pump running 

for an additional minute. 

8. Close vacuum regulator and shut off the vacuum pump. 

9. Record six signals. 

10. Repeat steps 4 - 9 until either no signal can be acquired or until desired 

amount of airflow has been reached. 

1 1. Allow furnace to gradually cool before removing sample. 

12. Weigh sample and record any observations. 



APPENDIX B - Signal Processing MatLab Programs 

Cross-Correlation Preparation (Through Transmission) - "XprepThru" 

clear W2 
re~extread('D:\Shaun\Thesis\Carbon\CCm(6-5-02)\5OOWiveA.dat'); 

ref(:,2) = ref(:,2)-ref(l0,2); %Lines up verticle to zero 
req:,2) = ref(:,2)./(1000); %Divides by 1000 because of Pre-Amp set on 60db 

A = 1700; %Number of zeroes at beginning of signal 
B = 400; %1/2 of the Hanning Window used judged by looking at plot of signal 
C = 5700; %Data point to end window 
D = 14995; %Total number of Data points recorded 

newref(:,2)=ref(:,2).*W2'; %Windows Amplitude column in ref 
newreg:, l)=ref(:, 1); %Copies over time column 

subplot(3,1,1); 
plot(ref(:,2)); 
title('Origina1 Signal'); 
xlabel('Time(s)'); 
ylabel('Voltage(v)'); 

subplot(3,1,2); 
plot(W2); 
title('Hanning Window'); 

subplot(3,1,3); 
plot(newref(: ,2)); 
title('Windowed Signal'); 
xlabel('Time(s)'); 
ylabel('Voltage(v)'); 



Cross-Correlation Preparation (Pulse-Echo Transmission) - "XprepPEn 

clear W2 
ref%extread('D:\Shaun\Thesis\Carbon\CCIII(6-5-02)\ 500WiveF.dat1); 

ref(:,2) = ref(:,2)-ref(l0,2); %Lines up verticle to zero 
ref(:,2) = ref(:,2).l(10A2.5); %Divides by 10A2.5 because of Pulser Pre - Amp set on 50db 

A = 3100; %Number of zeroes at beginning of signal 
B = 200; %I12 of the Hanning Window used judged by looking at plot of signal 
C = 6700; %Data point to end window 
D = 14995; %Total number of Data points recorded 

newref(:,2)=ref(:,2).*W2'; %Windows Amplitude column in ref 
newref(:, l)=ref(:, 1); %Copies over time column 

subplot(2,1,1); %Plots Hanning window over original 
plotyy(ref(:, l),ref(:,2),ref(:, 1),W2); 
title('Origina1 Signal'); 
xlabel(Time(s)'); 

subplot(2,1,2); %Plots new signal 
plot(newref(:,2)); 
title('Windowed Signal'); 
xlabel(Time(s)'); 
ylabel('Voltage(v)'); 



Program to Graph New Signals- uNewsigCheckn 

%This program lets you look at any graphs you specify. 
clear; 

REF 1 =textread('D:\Shaun\Thesis\Carbon\ CCIII(6-5- 
02)U(PrepOutRoomRoomA.DAT1); 
REF2=textread('D:\Shaun\Thesis\Carbon\CCIII(6-5-02)WrepOut\200\TWOC.DAT'); 
REF3=textread('D:\Shaun\Thesis\Carbon\CCIII(6-5-02)WrepOut\300\THREEC.DAT'); 
REF4=textread('D:\Shaun\Thesis\Carbon\CCIII(6-5-02)WrepOut\400WOURC.DAT'); 
REF5=textread('D:\Shaun\Thesis\Carbon\CCIII(6-5-02)WrepOut\SOOWIVEC.DAT'); 
REF6=textread('D:\Shaun\Thesis\Carbon\CCm(6-5-02)WrepOut\600\SD(C.DAT'); 
REF7=textread('D:\Shaun\Thesis\Carbon\CCII1(6-5-02)Wrep0ut\700\SEVENC.DAT'); 
REF8=textread('D:\Shaun\Thesis\Carbon\CCm(6-5-02)Wrep0ut\800E1GHTC.DAT1); 
REF9=textread('D:\Shaun\Thesis\Carbon\CCm(6-5-02)WrepOut\900~C.DAT'); 
REF 1 O=textread('D:\Shaun\Thesis\Carbon\CCIII(6-5-02)WrepOut\ 1 OOO\TENC.DAT'); 
REF1 l=textread('D:\Shaun\Thesis\Carbon\CCIII(6-5-02)WrepOut\11 OOElevenC.datl); 

subplot(1 1, 1,l); 
plot(REF1(:,2)); 
%axis([O 15000 -.00001 .00001]); 
title('Thru Transmission Signal of CCIII(6-5-02) (A)'); 
ylabel(Room); 



Cross-Correlation Program - "XcorrSinglen 

clear; 

input=textread('D:\Shaun\Thesis\Carbon\CCIU(6-5-02)V(PrepOut\600\SixA.dat'); 
input l=input(:,2); 

for m=2:n 
shift yl =[input 1 (m:n);zeros(m-1 , I)]; 
crol (m)=dot(ref,shift yl ); 



shift y2=[ref(m:n);zeros(m- 1, I)]; 
cro2(m)=dot(input 1 , sh i f t s ) ;  

end 
crol (l)=dot(ref,inputl); 
cro2(1)=dot(inputl, ref); 

[yl ,index l]=max(cro 1); 
[y2,index2]=max(cro2); 

if yl>y2 
n 1 ;  
indexy-index 1 ; 
cro=cro 1 ; 

else 
y=y2; 
indexy-index2; 
cro=cro2; 

end 

delay=interval*(abs(index 3 ) -  1 ) %Displays time delay between signals 
index y %Displays shift in signal 

%If a negative "index y" then input signal is slower then reference signal 
%If a positive "index y" then input signal is faster then reference signal 



APPENDIX C - Samples of Non-Oxidized & Oxidized C/C Signals 

Pulse-Echo Signal (RHS) of CClIl(6-5-02) (E) 

0 

Figure C. 1. Sample of pulse-echo signals from free end of right hand waveguide 
shown with a temperature range of room to 1 100°C. 



lom5 Thru Transmission Signal of CClll(6-5-02) (A) 

Figure C.2. Sample of through-transmission signals through a CIC composite sample 
in an inert atmosphere shown with a temperature range of room to 1 100°C. 
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Figure C.3. Sample of through-transmission signals through a C/C composite sample 
during oxidation at 700°C. 



APPENDIX D - Sample Data Sheets 

Temp 
C 
22 
200 
300 
400 
500 
600 
700 
800 
900 
1000 
1 100 

Sample Thickness: 
Sample Heiaht: 
Sample Width: 

Sample Weiaht (a): 

Temp 
"c 
22 

200 
300 
400 
500 
600 
700 
800 
900 
100 

Total t, 
w= 
10 

7.924 
7.568 
7.068 
6.544 
5.596 
5.008 
4.32 
3.856 
4.06 
3.148 

(m) 
0.00994 
0.02014 
0.02199 

8.52 

trl (thru) 

w= 
0 

2.028 
0.404 
0.456 
0.468 
1.092 
0.376 
0.74 
0.64 

-0.0084 
0.78 

Sample (5-2902) 

A L w  - Time 
sec sec 
0 2.22E-06 

-8.0000E-09 2.23E-06 
-7.5400E-07 2.98E-06 
-4.5800E-07 3.44E-06 
-4.1400E-07 3.85E-06 
2.3600E-07 3.62E-06 
-1.9800E-07 3.82E-06 
1.3600E-07 3.68E-06 
-1.3000E-07 3.81 E-06 
-6.3420E-07 4.44E-06 

Total dl 
wet 
10 

7.972 
7.568 
7.1 12 
6.644 
5.552 
5.176 
4.436 
3.796 

3.8044 
3.0244 

Sample Density: 

Wave Speed 
mls 

4477.477 
4461.400 
3333.333 
2889.535 
2579.139 
2747.374 
2604.822 
2701.087 
2608.924 
2236.623 

Total t, 
wet 
10 

8.088 
7.012 
6.164 
5.336 
4.552 
4.032 
3.552 
2.816 
2.272 
1.816 

1100 1935.39 2.7000E-07 4.17E-06 2381 295 10.97475 1 

Figure D. 1. Sample of a CIC data sheet [CCIV(5-29-02)] (no oxidation). 



Total t, 

Removed Sample (6-23-02) 

Modulus 
Gpa 

38.981 7602 
21 5857503 
19.6885362 
16.4439003 
15.5427883 
14.5027459 
12.949272 
10.5835412 
10.4181654 
9.61003117 
9.42396037 
5.96804838 
6.0104281 

WE) 

PS= 
0 

-0.292 
-0.148 
-0.009 
0.004 
-0.02 
-0.016 
-0.044 
0.048 
-0.072 
0.08 

-0.124 
0.05 

Time Weight 
min gm 
0 7.68 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 6.58 

Figure D.2. Sample of a C/C data sheet [CCT4(5-24-02)] (with oxidation). 

(m) kglm' 
Sample Thickness: 0.0095 Sample Densftv: 1992.63 

Sample Helaht: 0.01887 
Sample Width: 0.0215 

Sample Welaht (a): 7.68 

Constant Sample (6-24-02) 

Tlme Weight p A Wave Speed Modulus 
min gm kg/m3 5 8 ~  sec mls Gpa 
0 7.68 1992.63 0 2.22Ea 4279.279 36.48955 
10 7.59 1968.85 -3.3400E-07 2.55Ea 3719.655 27.24067 
20 7.50 1945.07 9.20OOE-08 2.46Ea 3858.652 28.96045 
30 7.41 1921.28 -2.9500E-08 2.4s- 3812.964 27.93293 
40 7.31 1897.50 -2.6400E-07 2.76Ea 3447.650 22.55422 
50 7.22 1873.71 -2.1-47 2.97E-06 3199.192 19.17715 
60 7.13 1849.93 -6.4000€48 3.03E-06 3131.696 18.14324 
70 7.04 1826.1 5 -2.0600€-07 3.24E-06 2932.551 15.70461 
80 6.95 1802.36 -3.1000E-07 3.55E46 2676.433 12.91087 
90 6.86 1778.58 -3.2600E-07 3.W- 2451.297 10.68723 
100 6.76 1754.80 4.6000E-07 3.42Ea 2781.438 13.57580 
110 6.67 1731.01 -5.7200E-07 3.99Ea 2382.445 9.82531 
120 6.58 1707.23 1.5900E-07 3.83Ea 2481.390 10.51 191 

Total t,, 

W 
10 

10.384 
10.264 
10.132 
10.204 
10.3 

10.256 
10.44 
10.608 
10.932 
10.364 
11.004 
10.804 

tx (m, 
W 

0 
-0.36 
0.072 
0.168 
-0.112 
-0.04 
0.016 
-0.224 
-0.176 
-0.288 

0.6 
-0.624 
0.188 

Total t, 

ClsM 
10 

10.36 
10.288 
10.12 
10.232 
10.272 
10.256 
10.48 
10.656 
10.944 
10.344 
10.968 
10.78 

txl (th,,,) 
lrsm 

0 
-0.384 
0.12 
0.132 
-0.072 
-0.096 
0.044 
-0.184 
-0.168 
-0.324 
0.568 
-0.64 
0.2 



APPENDIX E - Individual C/C Results 

i I -tx (thru) 1 

Temperature (C) 

Figure E. 1. Change in signal arrival time of CCIV(5-29-02) (inert). 

[+ Sample (529-02) 1 

0 200 400 600 800 lo00 1200 

Temperature (C) 

Figure E.2. Change in modulus of CCIV(5-29-02) (inert). 
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Figure E.3. Change in signal arrival time of CClII(6-5-02) (inert). 
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Figure E.4. Change in modulus of CCIII(6-5-02) (inert). 
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Figure E.5. Change in signal arrival time of CCT2(6-11-02) (inert). 

0 200 400 600 800 loo0 1200 
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Figure E.6. Change in modulus of CCT2(6-11-02) (inert). 
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Figure E.7. Change in signal arrival time of CCTS(6- 12-02) (inert). 
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Figure E.8. Change in modulus of CCTS(6- 12-02) (inert). 
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0 20 40 60 80 100 120 140 
Time (rnin) 

Figure E.9. Change in signal arrival time of CCVI(6-23-02) (oxidation). 

60 80 

Time (min) 

Figure E. 10. Change in modulus of CCVI(6-23-02) (oxidation). 
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Time (min) 

Figure E. 1 1 .  Change in signal arrival time of CCT4(6-24-02) (oxidation). 
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Figure E. 12. Change in modulus of CCT4(6-24-02) (oxidation). 
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Figure E. 13. Change in signal arrival time of Goodfellow 1 (6-25-02) (inert). 
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Figure E. 14. Change in modulus of Goodfellow 1 (6-25-02) (inert). 
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Figure E. 15. Change in signal arrival time of Goodfellow2 (6-26-02) (oxidation). 

Figure E. 16. Change in modulus of Goodfellow2 (6-26-02) (oxidation). 



APPENDIX F - Furnace Materials 

Wavwuides: 

Material: 

Order from: 

Part number: 

Description: 

Alumina Guides: 

Material: 

Order from: 

Part number: 

Description: 

Furnace Tube: 

Material: 

Order from: 

Part number: 

Description: 

Fused quartz 

Quartz Scientific Inc. 
819 East St. 
Fairport Harbor, OH 44077 

QRlO 

1 Onm diameter x 4' long clear fused quartz 

Alumina fiber 

Zircar Ceremics 
1 1 0 North Main St. 
Florida, NY 1092 1 

ASH 

1.25" O.D. x 0.390" I.D. x 12" long ASH insulation 
cylinder 

High dense Mullite 

Earthwaterfire.com 
An Anderson & Company Ltd. 

40mm x 32mm x 1 OOOnm long Mullite tube 
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