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HIGH TEMPERATURE MATERIALS LABORATORY 
FOURTH ANNUAL REPORT 

(OCTOBER 1990 THROUGH SEPTEMBER 1991) 

V. J. Tennery and E M. Foust 

The High Temperature Materials Laboratory has completed its fourth year of 
operation as a designated Department of Energy User Facility at the Oak Ridge 
National Laboratory. Growth of the user program is evidenced by the number of 
outside institutions who have executed user agreements since the facility began 
operation in 1987. A total of 118 nonproprietary agreements (62 university and 
56 industry) and 28 proprietary agreements (2 university, 26 industry) are now in 
effect. Five other government facilities have also participated in the user program. 

Sixty-five nonproprietary research proposals (38 from university, 26 from 
industry, and 1 other government facility) and four proprietary proposals were 
considered during this reporting period. Research projects active in FY 1991 are 
summarized. 

1. INTRODUCTION 

The High Temperature Materials Laboratory (HTML) is a modern research facility which 
houses an array of special research equipment used to meet research needs for advanced high- 
temperature materials, including structural ceramics and alloys. The research instruments in the 
original four HTML User Centers provide a comprehensive set of tools for performing state-of- 
the-art determination of the structure and properties of solids. A key part of the HTML concept 
includes a staff of highly trained technical personnel who interact with industrial and university 
researchers in this Department of Energy (DOE)-designated National User Facility. The User 
Centers are organized to provide materials characterization support to appropriate university and 
industrial users and to research programs throughout the local DOE facilities. Support includes 
a wide range of involvements with rcsearch personnel such as (1) conducting research relating 
materials properties to structure, (2)  characterization of one-of-a-kind specimens, and (3) training 
qualified users and then providing them access to equipment to perform their own materials 
research. 

*Research sponsored by the Department of Energy, Assistant Secretary for Conservation 
and Renewable Energy, Office of Transportation Technologies, as part of the High Temperature 
Materials Laboratory User Program, under contract DE-AC05-840R21400 with Martin Marietta 
Energy Systems, Inc. 
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Two new user centers, (1) X-Ray Residual Stress and (2) Ceramic Specimen Preparation, 
were authorized in the previous report period. During this year, instruments werc identified and 
purchased for these two centcrs. Installation of these instruments is nearly complete. There has 
bccn in-house activity in the Ceramic Specimen Preparation User Center, and the first users in 
the X-Ray Residual. Stress arca are expected in the first half of I T  1992. 

User Agreements were developed which establish the intellectual property and liability 
rights of the user institution and Martin Marietta Energy Systems, Inca The first official User 
Agreement was signed on July 15, 1987. Since that time, 146 agreements have been executed. 
'I'hc first users from the university and industrial community started their research projects in 
August of 1987. 

Three advisory committees assist in the successful operation of the HTML User Program. 
These committees are listed below with a brief description of their organization, function, and 
activities during the past year. Membership of these committees i s  included in Appendix A. 

Advisory Committee. This senior committee has the responsibility of advising the HTML 
Director on policy for operation of the User Centers. It is composed of six members who 
represent the industrial and academic communities. The committee meets at least annually and 
more frequcntly when its advice is urgently required on particular matters. A formal report 
containing conclusions from a meeting of the Committee is submitted to the Associate Director 
for Physical Sciences and Advanced Materials of the Oak Ridge National Labortory (ORNL). 

User Advisory Committee. The responsibility of this committee i s  to review nonproprietary 
research proposals and make recommendations to the HTML Director as to their acceptability. 
It is composed of six members-two from industry, one from a university, one from DOE, one 
from the Metals and Ceramics (M&C) Division staff, and the HTML Director, who serves as the 
permanent chairman. This committee reviewed 65 nonproprietary research proposals in €9' 1991 
(November, March, June, and September). 

HTML User ExchanPe Groue. The second meeting of this group was held on March 21, 
1991. Prescnt, past, and potential IITML users arc invited to these meetings, which provide 
participants an opportunity to give advice on how the user program can be made more effective. 
rl%e agenda and a short summary of the I991 meeting are included in Appendix B. 

The two types of standard agreements utilized in the HTML User Program are: (1) "Non- 
proprietary Agreement" for research projects whose results arc reported in the open literature 
within six months of the completion of the project in the HTML and (2) "Proprietary Agreement" 
for all projects in which the user desires that the data and results be proprietary. Table 1 is a 
listing of institutions who have executed nonproprietary user agreements to date. 
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4. USERS 

A cumulative summary of user activity since the start of the User Program is included as 
Appendix C. 

Table I. Standard User Agreements executed July 15,1987, through September 30,1991 

UNIVERSITIES - 62 

Alfred University 
Auburn University 
Brown University 
Clemson University 
Cornell University 
Dartmouth College 
Georgia Institute of Technology 
Illinois Institute of Technology 
Johns Hopkins University 
Kent State University 
Lehigh University 
Louisiana State University 
Marquette University 
Massachusetts Institute of Technology 
Michigan State University 
Michigan Technological University 
NM Institute of Mining and Technology 
North Carolina State University 
North Carolina State A&T University 
Northwestern University 
Ohio State University 
Oklahoma Statc University 
Pennsylvania State University 
Rensseiaer Polytechnic Institute 
Rice University 
Rochester Institute of Technology 
Rutgers Univcrsity 
South Dakota State University 
Southern Illinois University 
Southern University 
Stanford University 

Tuskegee University 
University of Akron 
University of Alabama 
University of Arizona 
University of California/Los Angela 
University of CaliforniaBan Diego 
University of CaliforniaBanta Cruz 
University of Cincinnati 
University of Connecticut 
University of Dayton 
University of Delaware 
University of Denver 
University of Florida 
University of Illinois 
University of Kentucky 
University of Michigan 
University of Minnesota 
University of Missouri-Colombia 
University of Missouri-Rolla 
University of New Mexico 
University of North Carolina/Chapel Hill 
University of Pittsburgh 
University of Puerto Rico 
University of Southern California 
University of South Carolina 
University of Tennessee 
University of Utah 
University of Wisconsin 
Vanderbilt University 
VPI & State University 
Washington State University 
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Table 1- Continuedl 

INDUSTRIES - 54 

Alcoa Technology Center 
Allied-Signal 
Allison Gas Turbine Div./GM 
American Matrix, Inc. 
American Supcrconductor Corporation 
Aluminum Co. of America 
CarboMedics, Inc. 
Carborundum Company 
Ceramics Process Systems Corp. 
Certainteed Corporation 
Chrysler Corporation 
Church & M g h t  Company, Inc. 
Coors Ceramics Company 
Cummins Engine Company 
DG Trim Products 
Detroit Diesel Corporation 
Dow Chemical Company 
Dow Corning Corp.Midland 
E.I. du Pont de Nernours 
Eastman Chemical Company 
Eaton Corporation 
Energy Conversion Devices, Inc. 
Engelhard Corporation 
Ford Motor Company 
Fostcr-Miller, Inc. 
Goodyear Tire & Rubber Company 
Great Lakes Research 
GTE Laboratories, Inc. 

Im'I'ech Company 

Institute for Defense Analyses 
Ionic Atlanta, Inc. 
Litton Industries 
McDonnell Douglas Corporation 
Miniature Precision Bearings 
Monarch Tile, Tnc. 
Norton Company 
NortonKRW Ceramics 
Nuclear & Aerospace Materials Corporation 
Proctor & Gamble CB. 
Quadrax Corporation 
Refractory Test Associates 
ReMaxCo Technologies, Inc. 
SB&TD Business System 
Selee Corporation 
Solar Turbines, Inc. 
Southwest Research Institute 
Sullivan Mining Corporation 
Sundstrand Power Systems 
Teledyne Allvac 
Tennessee Center for R&D 
Textron Specialty Materials 
Thermacore, Inc. 
Third Millennium Technologies, Inc. 
Universal Energy Systems, Inc. 
United Technologics Corporation 

r m m ,  I ~ C .  

~- ~ 

Note: Due to the sensitive nature of many of the proprietary research activities, the names of 
the user institutions for proprietary agreements are not listed. 
- ....._ __. 



5 

The category of users 
HTNL operation are shown 

Table 2 

and number of user days accumulated during this fourth year of 
in Table 2. 

HTML F T  1991 User Exj~rienm 

Number of 
Type of User 

user institutions individuals days 

Industry 27 48 3201 
University 19 40 674 
Local Oak Ridge 2 90 5309 

users 

Figure 1 shows the total number of 8-h user days per quarter during FY 1991. The 
industdal user days varied from about 203 to 1613 during a particular quarter, university user days 
ranged from 121 to 213, and local user days ranged from 706 to 2275. Figure 2 shows the number 
of user days for all industrial and university users in the HTML for each quarter of F Y  1991. 

The capabilities of each User Center are described, and a short summary of the research 
performed by nonproprietary users in that Center is given for each User organization. A listing 
of publications and presentations resulting from user research projects is given in Appendix D. 

To date, 211 research proposals have been submitted to the User Program. A breakdown 
by user category of these proposals is given in Table 3. Access clearances have been initiated on 
291 individual researchers who were listed as principal investigators on these proposals. 

Table 3. Status of research proposals 
submitted July 1987 through 

September 1991 

Research proposals 
submitted 

Industry 77 

Total Nonproprietary 199 

University 118 
Other Government 4 

Proprietary 12 
Grand Totals 21 1 
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Fig. 2. Total industrial and university user days in the HTML in FY 1991. 
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A description of the capabilities and function of each user center is given here. Following 
the description of the user center are brief summaries of those research projects which had 
significant activity during this report period. Many projects were active in more than one User 
Center as indicated in the listing of projects summarized (page v). 

5.1 - T. A. NOLAN 

The MAUC utilizes electron microscopy and surface chemical analysis techniques to 
characterize the structure and chemistry of advanced structural materials. The information 
obtained from these characterizations is used to elucidate the mechanisms that control materials 
performance. 

Additional staff members in the MAUC are listed with the instrument for which they have 
primary operating responsibility: 

Dr. L. E: (Larry) Allard, JEOI, 4000EX ( E M )  and JEOL 2000FX (AEM); 
Dr. k (hshok) Choudhury, VG ESCNSIMSLAB2 and Auger; 
Ms. D. W. (Dorothy) Coffey, I-Titachi S-800 (FE-SEM) and sample preparation; 
Mr. T. J. (Tommy) Henson, JEOL, 733 Electron Microprobe; 
Ms. K. L. (Karren) More, JEBL 2000h;x (AEM) and JEOL 4OIMEX ( E M ) ;  and 
Mr. T. A. (Tad) Dodson, computer services support. 

During the past year, user activities with researchers from universities and industrial 
companies have continued at about the same level as during 1990. Use of the surface chemistry 
facilities by ORNL researchers has increased significantly. 

Several important new instruments are being added to the suite of user center instruments. 
A scanning probe microscope (SPM) incorporating both scanning tunneling and atomic force 
microscopy modes is being purchased. This instrument will have interchangeable heads that will 
allow the surfaces of large specimens to be imaged with near-atomic resolution. Another major 
new addition will be a Field Emission Gun-Transmission Electron Microscope (RG-TEM). The 
contract for a Hitachi HF-2000 200-kV EEG-TEM was placed in September 1991, and delivery 
is planned for June 1992. This instrument adds two major new capabilities. On specimens having 
ideal geometry, it provides the highest lateral resolution presently attainable for X-ray elemental 
analysis; elcmental composition of regions as small as 1 nm can be determined. The field emission 
source illuminates the specimen coherently, thus allowing electron holography to be performcd. 
Electron holograms preserve, image phase information (lost in conventional TEM techniques). 
Utilizing the additional phase information, leiis aberration corrections can be made that should 
result in greatly improved resolution (possibly reaching the 0.1-nm level). Also, magnetic flux 
quanta can be imaged, and specimen thickness variations of less than 0.05 nm can be determined. 
A Director’s Fund initiative to develop electron holography and demonstrate it €or solving 
materials characterization problems was approved, and work is under way. 
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Both internal and external user research projects have produced significant results during 
the past year. Analytical and high-resolution "EM have been used to determine mechanisms of 
creep and fatigue in Si3N, structural ceramics. These studies contributed to the reformulation of 
a U.S. manufacturer's Si3N, ceramic material, which greatly improved the high-temperature creep 
resistance and other properties. TEM techniques were utilized to identify pure edge vacancy 
loops and antiphase domain boundaries as the primary crystal defects in a-Si3N, grown by 
chemical vapor deposition (CVD). Aging secondary ion mass spectrometry was used to 
unequivocally detect intergranular lithium attack in Nb-Zr alloy (used in the SP-100 Space Power 
program) where none had been detected by conventional techniques. In association with the 
University of Tennessee and Pennsylvania State University, electron holography has been used 
for the first time to characterize details of ferroelectric domain walls in barium titanate. External 
user research projects with significant activity during this reporting period are summarized. 

b r s  Eledronic Status: Continuing 

Project Title: Use of Cobalt and Nickel as a Barrier to Diffusion of Nickel through Gold, 
K W. Buxter 

Using Auger surface and depth profile analysis, the effectiveness of various plated nickel and 
gold, nickelkobalt and gold coatings on tungsten metallized ceramics in resisting thermal diffusion 
and oxidation of nickel on plated gold surfaces was determined. Accumulation of nickel oxide 
on the gold surface can seriously degrade the solderability and bondability of ceramic package 
metallization. This project has demonstrated that, for typical electroplated layers of nickel having 
2 pm of electroplated gold, a surface concentration of about 30 at. % of nickel and oxygen is 
created by a 450°C, 15-min heat treatment in air. The nickel oxide extends 200 to 300 A into the 
gold layer. In most cases, this is enough to seriously degrade solderability and bondability. Some 
improvement was found when an electroplated nickcl-cobalt layer was substituted for the nickel. 
A W E - ,  process for depositing nickel and nickel/cobalt was also explored. Recent utilization of 
an electroless gold deposit process has resulted in even better heat resistance. Future work will 
focus on the effcctiveness of various post-plating heat treatments. 

Detroit Diesel Corporation status: Continuing 

Project Title: Identification of Typical Microstructures and Phases of Sintered Silicon Nitride 
Cam Roller Followers, Karen Weber 

The HTML X-ray diffraction (XRD), TEM, and scanning electron microscopy (SEM) 
equipment were used to study the intergranular phases and microstructure of various lots of new 
SN220 silicon nitride cam roller followers. These rollers were dry pressed, sintered, and fully 
machined with various production-viable techniques. All exterior surfaces were machined with 
at least one material removal process; some were machined with more than one process. Each 
of the exterior surfaces, representing different material removal processes as well as core samples, 
was examined. 
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The JEOL 2 0 F X  TEM was used to establish the glassy phase constituents of new silicon 
nitride cam roller followers. Three rollers from different lots were examined to dctermine 
lot-to-lot variation. The Hitachi S800 SEM was used to baseline the typical pore size and 
distribution thereof within the silicon nitride cam roller followers and the variation between 
different lots. Both outer machined surfaces and core samples were cxamined. Similarly, rollers 
which have been subjected to various typical and extreme loading were cxamined. This research 
has revealed that the silicon nitridc rollers consist of three crystalline phases: beta-silicon nitride, 
tungstcn silicide, and 'X', which is unknown at this time, and a nonrecrystallized amorphous phase, 
Si-Al-Y-0-Ca. Variation crystalline and amorphous phases within a part, part to part, and lot to 
lot were determined to be minimal. Also, the total amount of tungsten silicide and ' X  has been 
determined to be a constant. Minor traces of W-Fc-Si were detected but not 'X. Since these 
parts passed all of the functionality tests, the material and processing methods are considcrcd 
acceptable. It should be noted that minor grain pullout and limited microcracking were seen 
within the highly overloaded components. Based on these results, these particular ceramic rollers 
have been approved for production volume procurement. Similar examinations will be performed 
on SN220 rollers which havc experienced various modes of on-highway heavy-duty diesel truck 
(engine) operation. 

Status:. Cmntinuing 

Prokct Title: Characterization af Microstructural Changes Oxmring During High-Temperature 
I k f o m a t h  of NK 154, pi. Yeckley 

The modified HIP silicon nitride that exhibited improved fatigue life, as compared to 
matcrial characterized in a previous user project, had no observable amorphous grain-boundary 
phase at two grain boundaries (determined using the JEOL 4ooO EX high-resolution TEM). This 
is significantly different than the 2-nm amorphous film observed in the earlier NT154. The 
grain-boundary structure difference begins to explain the improved fatigue behavior of the 
modified HIP silicon nitride. 

e Allvac Status: Continuing 

During FY 1991, three areas of study were performe : (1) Effect of P and Y on the 
segregation of alloy 718, (2) effect of P and Y on the phase transformation in alloy 718, and 
(3) grain-boundaiy segregation and the ductility of Ni-base alloy. 

More studies will bc done in order to complete this project in FY 1992. 
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Themamre, hc. Status: Completed 

Proiect Title: Evaluation of Refractory Metal Coatings Applied to Carbon-Carbon Composites, 
John Hartenstitie 

The purpose of the research was to determine the structural and metallurgical compatibility 
of carbon-carbon composites with refractory metals to form vacuum-tight enclosures for high- 
temperature heat pipe applications. 

New Mexico Tech Status: Continuing 

Pmiect Title: Ceramic Pmtkle/Metal Matrix Composites, f i h a n  Chawla 

Preliminary SEM and analytical electron spectroscopy ( A E S )  experiments were done on an 
aluminum matrix composite reinforced by S ic  particles made by spray casting. The SEM 
examination of the samples showed a much mare uniform distribution of S i c  particles than that 
observed in the composite made by conventional casting. The A E S  results are being analyzed. 

North Carolina State University Status: Completed 

Proiect Title: High-Resolution Electron Microscopy on the Nucleation of Diamond Film, 
Jejfrey Glass 

Interfacial areas between diamond films and Si substrate were examined using the high- 
resolution electron microscope (JEOL-4O00 EX). We concluded that the diamond nucleated 
from an amorphous layer on top of the Si substrate. 

Pen& - nia State University Status: Continuing 

P m b t  Title: Microscopy of the Chemical Order Domains in Lead Perovskites, 
C h e  Randall 

High-resolution electron microscopy (HR.EM) studies are in progress on single crystals of 
Pb(Mg,nNts~~)O,:Pb~i~, ,  across the perovskite solid solution system. The role of ordering the 
B-site cations within these solid solutions is strongly correlated with the nature of the dielectric 
properties within these lead-based perovskites. The HREM study is beginning to be used to 
determine the atomic structure and distribution of these ordered regions. Computer simulations 
are in progress to determine ordered structures, as a function of imaging focus conditions, 
specimen thickness, and degree of order. The ordering in Pb(Mg,,Nb,)O, is in isolated domains 
approximately 40 8, in diameter and the volume fraction of ordered regions approximately 35 vol 
9%. The structure is based on a Fm3m2ao x 2a0 x 2a0 unit cell as confirmed from the simulations. 
The occupancy and degree of order within ordered domains is the final part of this project still 
to be completcd. 
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Status: Continuing 

W n g  to ferroelectricity being a coopcrative phenomenon, there exists a size effect which 
thermodynamically influences the stability of a given phase. In bulk BaTiO,, the stable 
ferroelectric phase is tetragonal at room temperature; however, recent work has shown that a 
particle size approximately 0.1 pin in diameter no longer has a stable room-temperature 
ferroelectric phase. Based on theorctical calculations we performed, a critical size much smaller 

A) than this was predicted. Convergent beam electron diffraction analysis on particles - 700 appears to imply a ferroelectric non-cubic symmetry exists. However, interpretation of 
patterns was much more difficult than originally anticipated, owing to diffuse scattering and 
particle morphology. 

The nature of the paraelectric-ferroelectric phase transitions in BaTiO, has long been 
debated. The phase transition shows evidence of both displacive and order-disorder 
characteristics. Diffuse scattering and microdomains existing within temperature ranges above the 
phase transition have previously been associated with an order-disorder behavior. The 
experiments performed at "IME did not show any evidence of microdomains above the Curie 
temperature. This was confirmed on crystals processed by different methods to eliminate this 
variable. In addition, the diffuse scattering presence was confirmed, but its temperature 
dependence was different than that previously reportcd by Comes ct al. Hence, we believe that 
this phenomena is also not related to the order-disorder dependence. 

A high-resolution SEM study of multi-ion-beam-sputtered IPb,~,,~a,TiO, thin films utilizing 
the JEOL 890 SEM revcaled a direct dependence of the Cerroelectrie hysteretic properties upon 
the microstructure of the fllrrrs. Film microstructures consist of fine grains approximately 20 to 
SO nm in diameter. Grain size and pore formation are greatly influenced by the Pb content of 
the films. Films with high Pb contents exhibit larger grains and high porosity, while films with low 
Pb content a rc  very dense, exhibit fine grains (20 nm or less), and also display a second large-scale 
structure consisting of approximately 1 prn groups of grains. This large scale-structure for the low 
Pb !&ns is bclicved to be related to a (100) preferred orientation, which is observed by XRD. 
Detailed E M  analysis of the microstructure and substrate-film interface rcactions of these fine- 
grained films is continuing. 
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status: Continuing 

Proiect Title: Development of an I m p d  Method for Determining Hardness and Elastic 
Modulus in Thin F b  and Small Volumes, George M. Pharr 

Micron and submicron indentations in soda-lime glass, fused silica, tungsten, aluminum, 
sapphire, quartz, and silicon produced using the nanoindenter were studied in the Hitachi S-800 
SEM, taking advantage of its low-voltage operating capability to avoid charging problems in 
insulating ceramics. Indentations in the first six materials were carefully imaged to document 
indentation size for comparison with predictions of a new anaiysis procedure for determining 
hardness and modulus from indentation load-displacement data. The procedure works weil, and 
the technique development is now complete. Indentations in the brittle materials were also 
examined to establish the extent of indentation cracking as it relates to our work on the 
development of a fracture toughness microprobe. SEM studies showed that we have successfully 
identified an indenter which encourages cracking in submicron indentations, thereby paving the 
way for further development of the technique. The nature of subsurface cracking was also studied 
using a special specimen of silicon which was cleaved to reveal the subsurface structure. Work 
on the development of the fracture-toughness microprobe will continue in thc forthcoming year. 

University of Delaware Status: Completed 

Proiect Title: The Investigation of Interphase Morphology and of an Sic-Whisker-Reinforced 
Mumba Composite Using KREM, A. Parvizi-Majidi 

HREM was undertaken on a hot-pressed 30 vol % Sic-whisker-reinforced Al,O, composite 
(Product CC7000, ACMC Corp.) to investigate any erfect of fracture temperature on the interface 
between whiskers and matrix. Samples were prepared from bend bars that were fractured at 20, 
1008, 1200, and 1400°C and underwent the same service life (i.e., same test cross-head speed). 
The morphology and any visual change in the interface (or interphase) thickness were investigated 
and analyzed as a function of the fracture temperature. 

University of Michigan Status: continuing 

Project Title: Characterization of Synthesiztxl Sic Whiskers, T. Y. Tien 

The research performed in the HTML involves the characterization of S ic  whiskers 
synthesized at the Department of Materials Science and Engineering, University of Michigan, and 
the investigation of thc interfacial characteristics of the ceramic (Si3N4) matrix composites 
prepared from one tailored Sic whisker synthesized at the University of Michigan and one 
commercial S ic  whisker. Whiskers synthesized under a variety of conditions have been 
characterized, and a mechanism of vara-solid growth has been proposed. 
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An Auger spcctroscopy analysis was conducted of the fracture surface facets of an Ni-20 at. 
% Mo alloy which was doped with Re  (approximately 0.1 wt %) in an attempt to make the alloy 
ductile. This alloy showed some plastic deformation upon bending, and fracture occurred 
iiilergranularly as well as transgranularly. In the binary Ni-Mo alloy, fracture is cntirely 
intergranular, and the material is very brittle. 

No evidence of the segregation of Bc to the high-angle grain boundaries was found, but the 
data did indicate that there i s  less Mo and P on these grain boundaries than in the bulk. 

pfoiqst Title: h of the Fracture Surfaces of Samples of a Hi -Temperature flange h l t  
Materid. Charlie R. Brook 

In using secondary ion mass spectroscopy (SIMS) analysis to locate the position of carbon 
atoms, such as in fine carbides, the problem exists as to which carbon ion (e.g., C24) or complex 
to case to best represent the sputtered carbon during imaging of the surface to locate carbon-rich 
areas. SIMS analyses have been carried out on a sainplc of a 0.5% carbon steel in which the 
location of the carbon was known, sirice the microstructure consisted of primary ferrite and 
pearlite. Thus, the carbon image should reflect the high concentration of carbon in the pearlite, 
or at high magnification in the carbide itself. Also, this sample has allowed us to evaluate the 
effect of cratering, which occurs due to the sputtering on the carbon image. 

Composites of 20 and 10 vol % SiC/AJ-alloy were pulse laser welded at selected pulse-duty 
cyclcs (50 to 91%). The extent of microstructural change increased with duty cycle. The 
microstructure of the laser-melted region was investigated using analytical electron microscopy 
(AEM), SEM, and electron microprobe analysis (EMA). The analysis revealed that the process 
produced complex precipitates such as N,C, and A1,Si,C, due to the rapid cooling rate. The 
associated rapid cooling also produced a kine distribution of nonequilibrium complex precipitates 
which remaincd unidentified as they are not referenced in the available literature. Further, 
attempts were made to characterize these unidentified phases using high-resolution transmission 
electron microscopy (€IRlX,M). Also, the HRTEM stiidy of subnanometer grain-boundary films 
and pal ticlc-matiix interface layer in the weld region is presently under way. 
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University of Tennessee/Knoxville Status: Continuing 

Prokt Title: Study of Thin Films of 316L Stainless Steel Exposed to Microbial Activity, 
A. J .  Pedraza 

Sputter-deposited 316L stainless steel films deposited on various substrates are characterized 
using TEM and X-ray diffractometry. The deposits are found to be fine grained, and the phases 
present in the films depend on the nature of the substrate. Films of various thicknesses deposited 
on microscope slides or oxidized stainless steel substrates contain a mixture of two phases: a body 
centered cubic (bcc) and a modified hexagonal e-phase. The hexagonal phase appears to be an 
ordered phase, as suggested by the a, value of the structure, which is twice that for the 
e-martensite found in many deformed stainless steels. These films are hard and brittle, as 
indicated by microhardness measurements. 

Films deposited on oxide-free austenitic stainless steel substrates, on the other hand, are 
mostly bcc and exhibit a dominant <200> texture. These films are softer and less brittle than 
those deposited on oxidized substrates. In-situ high-temperature X-ray diffractometry revealed 
that the e-phase transforms to bcc when the films are annealed at 773 K On annealing at 873 K, 
the bcc phase transforms to face center cubic, which remains stable on cooling to room 
temperature. These results agree with published data that suggest stability of the bcc phase up 
to 840 K. Some discrepancies from earlier published reports have been identified in the light of 
the present results. 

5.2 MECHANICAL PROPERTIES USER CENT33R (MPUC) - M. K. FFRBER 

The MPUC is dedicated to the study of the mechanical performance of high-temperature 
materials. A major thrust of the MPUC is to examine the influence of temperature, time, and 
applied stress level upon properties such as strength, toughness, fatigue, and creep resistance. 
The major research facilities include: (1) a Flexure Test Facility (FTF) comprising six high- 
temperature flexure load frames; (2)  a Tensile Test Facility (TTF) consisting of eight 
high-temperature tensile testing load frames, a fiber test machine, a composites test machine, and 
servo-hydraulic universal test machine equipped with tension/compression grips; (3) a general 
purpose testing lab comprising two universal test machines and a room-temperature tensile tester; 
and (4) a mechanical properties microprobc (nanoindenter). The major research activities 
initiated in the areas of tension, flexure, and indentation testing during FY 1991 are included. 
In the paragraphs that follow, detailed descriptions of the tension, flexure, and indentation 
research facilities are provided, along with appropriate examples of data generated by these 
facilities. 

The Group Leader of the MPUC is Dr. M. K Ferber. Other staff and their equipment 
expertise are: 

Dr. M. 6. (Michael) Jenkins, tensile and flexure test facilities; 
Mr. V. T. (Tyler) Jenkins, ceramic specimen preparation; and 
Ms. L. (Laura) Reister, flexure and nanoindenter. 
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During FY lW1, extensive flexure strength research was conducted using both the E T  and 
a universal test machine (UTM) equipped with a high-temperature furnace and ceramic retort. 
The FTF is dedicated to high-temperature fatigue studies of structural ccramic materials and 
consists of six test frames each having the capability of loading three flexure samples. For a given 
load frame, the specimen loading can be specified as a function of time. This feature permits the 
user to implement a number of standard fatiguc tests including (1) static fatigue (time to failure 
measured as a function of static stress), (2) dynamic fatigue (fracture stress measured as a 
function of loading rate), and (3) cyclic fatigue (cycles to failure mcasured as a function of cyclic 
stress). Fast--fracture testing is also possible. 

The UM electromechanical tester is an AIS Model 1220 instrument with a load capacity 
of 89 kN (20 kip). The test machine i s  currently configured to apply loads up to 20 kN (4490 lb) 
at test speeds ranging from 50 pm/rnin to 50 unrn/min. The instrument is capable of operating in 
displacemeist, load, or strain control. A built-in function generator provides for simple trapezoidal 
waveforms to control the displacement, load, or strain as a function of time. More complicated 
control waveforms can be generated by a computer equipped with a digital-to-analogue converter. 
Data gencrated during an experiment are transferred directly to the computer using an external 
data acquisition system. The test frame also includes a high-temperature clamshell furnace 
equipped with a ceramic retort. Both compression and flemrc tests may be conducted in air, inert 
gas, o r  vacuim up to 1500°C. 

Studies involving flexure testing have focused upon (I) the correlation of high-temperature 
strength of sialon ceramics with variations in the processing parameters, (2)  the effect of 
microwave annealing of silicon nitride upoii the creep and fatigue resistance, (3) the relationship 
between fracture toughness of whisker-reinforced alumina and cracbhisker orientation, (4) the 
evaluation of the stress intensity factor threshold for high-temperature crack growth in silicon 
nitride, (5) the effect of environment upon the fatigue resistance of silicon nitride, and (6) the 
correlation of flexural creep data with tensile creep data generated €or a high-performance silicon 
nitride. Specific cxamples are provided below. 

Prcqicxt Title: Evaluation of 'I"oughm of Si u&a Composites 
Fractured as a Function of Temperatures and Xx, 

A hot-pressed 30 vol % SIC-wisiski.,8-reinforce~ AZO,  composite (Product CC7000, ACMC 
Corp.) was chosen to investigate e€Cects of fracture ternperature (20, 1000,1200, and 1400°C) and 
loading rate (displacemen t-controlled cross-head speed) on the K,, toughness. Flexure bars were 
chevron-notched and four-point loaded to induce a crack plane and direction that were parallel 
and prrpcndicular to the hot-press axis, respectively. Resulting toughness values (= 5.5 MPaeJm) 
remaincd rclativcly constant through 1200" C and decreased to about 4 MPa*Jm at 1400" C. For 
all test temperatures, it appeared that as long as stable crack propagation was induced, the 
toughness appeared to be independent of the test cross-head speed (2, 5,  13, 32, and 79 d m ) .  
Fractography was used to understand the fracture mechanisms involved. 
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AuiedSignal - Aerospace Co. Status: Continuing 

hi& Etle: Determination of the High-Temperature Static Fatigue Limit in Highstrength and 
High-Toughness Silicon Nitride, Philip J.  Whalen 

The high-temperature static fatigue limit of GN-10 silicon nitride (fabricated in 1990 using 
an improved processing flowsheet) was determined at two temperatures, 1204 and 1371°C. The 
data obtained during this period will be compared to that obtained during 1990 on standard GN- 
10 to determine if the improved processing condition improved the high-temperature properties. 
The multi-stage, four-point flexure, high-temperature test stations were used for this research. 
For each temperature and load condition (five load levels), three flexure bars were statically 
loaded for 4 h and then fast fractured at high temperature. A drop in fast-fracture strength after 
the static exposure load indicated that slow crack growth (SCG) had occurred during the static 
load. The load-point displacement during the static load was also measured and will be used to 
determine if primary creep was effected by the improved processing of this silicon nitride. 

ceramics Process Systems Status: Continuing 

Proiest Title: Research on Duophase Sialons with a Controlled Grain-Boundary Phase, 
Ran-Rong Lee 

Duophase (a'/B') sialon is being developed for advanced engine applications by using the 
Quickset (TM) injection molding process, followed by pressureless sintering and a thermal 
treatment. The sialon had an average four-point flexural strength of 670 MPa at room 
temperature and 490 MPa at 1370" C. It survived flexural stress-rupture exposure at 1300" C and 
340 MPa for 190 h. XRD and TEM characterization showed that crystallization of the grain- 
boundary phase improved the high-temperature flexural strength of this sialon material. The 
creep behavior was also found to be affected by the crystallized grain-boundary phases. The 
formation of a yttrium aluminum garnet (YAG) phase and elongated grains yielded better creep 
resistance. The correlation between mechanical properties and microstructure was analyzed. 

Tuskegee University Status: Continuing 

Proiect Title: 
Temperatures, S. Jeeluni 

Characterization of Various AI,oJsiC Composites at Room and Elevated 

This project was to study the microstructure, defects, and fracture mechanisms of monolithic 
"u,O,, Sic whisker/A1,8,, and S ic  platelet/Al,O, composites. The flexural properties of both 
whisker- and platelet-reinforced SiC/iU203 composites were measured using four-point flexure 
strength measurements. Fracture toughness was determined for both straight and chevron- 
notched specimens, SEM examination reveals that there is lack of parallelism in platelet 
orientation, which necessitates the development of a technique to control the platelet orientation 
in processing. TEM examination of the specimens is under way to reveal the defects and 
interface characteristics of these alumina matrix composites. 
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- s Status: Completed 

Project Title: Study of Fast-Fmcturc, E)ynamk, and Static Fatigue Behavior of Kyocera SN235 
, Timothy M. Pathon 

The fast-fracture and SCG behavior of Kyocera SN235 silicon nitride were studied at room 
temperature, 800, and 1 "C using four-point flexure and a quarter-span geometry. Average 
strengths were found to be 966, 984, and 878 MPa with Weibull moduli of 9.7, 17.6, and 13.1 at 
room tcmperature, 800, and 1OOO" C, respectively. A load rate of 40 N/s was used. Fractographic 
analysis of low-strength specimens revcaled large grains to be the cause of failure. Thirty 
specimens were tested at each temperature. 

Dynamic fatigue measurements were performed at 800 and 1OOO"C using a 0.4 N/s loading 
rate. A least-squares regression performed on the test data yielded values of 125.0 and 13.5 for 
the fatigue exponent at 800 and 10oO°C, respectively. These values indicate that SCG is not a 
concern at 800°C; however, at 1000°C it i s  a serious problem. Again, 30 specimens were tested 
at each temperature. 

Static fatigue strength measurements at 10oO"C yielded a fatigue exponent of 15.9 when a 
least-squares regression was applied. Applied stresses of 345,482, and 600 MPa were used. Six 
specimens were tested at each stress level. 

The excellent agreement between dynamic and static fatigue test results clearly indicates that 
SGG is a serious problem at 1OOO"C and that SN235 i s  unsuitable for such applications as gas 
turbine rotors and nozzles. 

Norton Status: Continuing 

Project Title: High-Tempmature Deformation Behavior of NT 154, R. Yeckley 

In this project, the fatigue and creep properties of a mature, hot-isostatically pressed 
(HIPed) silicon nitride (Norton's NT 154) werc examined at 1370°C in both air and nitrogen 
environments. The fatigue behavior was determined from dynamic fatigue tests in which strength 
was measured as a function of stressing rate. Preliminary rcsults showed that the fatigue 
resistancc is  substantially higher in nitrogen. 'I'he presence of nitrogen slows the oxidation 
process, which has been shown to be responsible for the accumulation of creep damage in similar 
HIPed materials. Subsequent creep studies showcd that creep cavitation and microcracking were 
the predominant damage mechanisms in the NT 154 when measured at 1370°C in air. A 
comparison of the flexural creep data with the tensile data revealed a significant discrepancy 
between the measured stress sensitivities of the creep strain rates. This discrepancy was attributed 
to stress redistribution in the flexure specimens, which invalidates the equations normally used 
to calculate the crecp strain for this specimen geometry. 



5.2.2 Tensile Testing 

Proper tensile strength measurements for brittle materials require the minimization of 
bending and/or torsional components so as to create a uniform, uniaxial, tensile stress in the gage 
section of the test specimen. Two methods are available in the TTF for achieving this uniform 
tensile stress state. The first is a passive system that employs a "free-free" tension-only grip system 
(Instron Supergrip) utilizing hydraulic couplers in the loading train. These couplers can 
automatically reduce the bending and torsional components during testing such that about 1 to 
2% bending occurs at loads of 2250 N or greater. The second method is an active system 
(requiring user interaction) that employs a "fixed-fixed" tension-compression grip system utilizing 
an adjustable grip at one end of the loading train. 

Eight electromechanical tensile test machines (Instron Model 1380) in the ?TF are equipped 
with the Supergrip hydraulic couplcrs. The operation of all test machines is controlled with 
integral, electronic load controllers and function generators which allow three principal test 
modes: ramp at a conirolled rate, ramp and hold at a constant load, and tension-tension cyclic 
loading. All machines are also equipped with short (1100-mm) resistance-heated furnaces capable 
of 1600°C maximum temperature or 1500°C for sustained testing in ambient air. Six machines 
are equipped with contacting, capacitivc extensometers that have resolutions of approximately 
0.1 pm at room temperature and approximately 0.5 pm at 1500°C. A Keithley SO0 Data 
Acquisition System (DAS) and IBM-compatible microcomputer are used to monitor or control 
up to four test stations simultaneously. 

A servohydraulic test machine (Instron 1332 with 8500 series clectronics) is equipped with 
a tension-compression grip system. A unique feature of the servohydraulic test machine is the 
state-of-the-art digital control system that allows cither direct control (load or displacement) over 
the testing or remote control of testing by an IBM-compatible computer and custom software via 
a general-purpose interface bus (GPIB). Revcrsed cyclic loading can be accomplished at 
frequencies up to 25 Wz depcnding upon the maximum displacement. 

The test machines described above are designed for testing primarily cylindrical, button-head 
specimens. Two additional clectromechanical tensile test machines (Ins tron Model 1380) in the 
'ITF provide for the evaluation of the tensile mechanical properties of fibers and flat composite 
specimens. Fiber testing is achieved through the use of a pneumatically actuated, kinematic 
fiber-grip system. The water-cooled fiber grips are equipped with flat, titanium grip faces between 
which the fiber is squeezed without slippage or grip-related damage. The gripping force is 
adjustable through changes in the applicd pneumatic pressure. Fiber gage length can be varicd 
from 25 to 200 mrn for room-temperature measurements. Gage lengths of 155 to 200 mm are 
possible for high-temperature measurcments using a resistance-heated furnace capable of 
tempcratures up to 1400°C for sustained testing in ambient air. 

The second electromechanical tensile test machine is equipped with a hydraulically actuated, 
wedge-loaded grip system. The gripping force applied to a flat composite specimen is adjustable 
through changes in the applied hydraulic pressure. Specimen lengths can be varied from 175 to 
250 mm for room- and high-temperature testing. The resistance-heated furnace is capable of 
temperatures up to lSO(1"C for sustained testing in ambient air. 
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During EY 1991, extensive studies of the strength, creep, and fatigue behavior of silicon 
nitride button-head specimens were conducted at temperatures in the range of 900 to 1400°C. 
A major objective of these studies was to measure the temperature and stress sensitivities of the 
dominant failure mechanisms and then compare the resulting experimental data to model 
predictions. A major finding from this research was that when failure was controlled by creep 
damage generation and accumulation, the fatigue life was uniquely determined by the steady-state 
creep rate (Le-, Montman-Grant behavior). A second objective was to verify the expected 
improvements in creep and fatigue resistance of a HIPed silicon nitride, which resulted from 
proccssing modifications to the intergranular phase. Specific examples of these research activities 
are provided below. 

Norton Status: Continuing 

Project Title: Characterization of Mimustructural Changes Occurring During High-Temperature 
l k f ~ r ~ ~ ~ t i ~ n  of NT 154, X. Yeekley 

'I'hcse research activities have focused on the measurement of the tensile fatigue and creep 
properties of both "I' 154, a mature HIPed silicon nitride, and modified NT 154 material 
designated as NTX 164. Baseline data generated for the NT 154 at 1260 and 1370°C indicated 
that fatigue was controlled by the growth and coalescence of creep damage in the form of 
lenticular cavities formed between two-grain faces. In this temperature regime, the fatigue life 
was uniquely determined by the steady-state creep rate. These cavities were absent in the NTX 
164 material. At a givcn stress and temperature, the creep rate was a factor of 2 to 4 lower than 
for the NT 154 silicon nitride, while the fatigue life was a factor of 2 to 5 longer. These results 
have been instrumental to the introduction of the NTX 164 silicon nitride as a commercial 
material. 

Broiect ']Title: Mimmtmctmral Evaluation of Time- 
M. N. Menon 

dent Failure ol: N'r-154 Silicon Nitride, 

Extensive tensile creep and fatigue measurements were conducted on a commercially 
available HlPed silicon nitride (Norton NT 154). Tests were conducted at temperatures of 980 
to 1400°C. Results to date clearly show a transition in failure behavior from SCG to creep 
damage as the temperature is increased. 

The mechanical properties microprobe (nanoindenter) in the MPUC is a special 
microhardness tester capable of operating at loads in the microgram range (0 to 20 mN). A high 
load range (0 to 120 niN) is also available. Unlike conventional hardness testers, it is not 
necessary to determine the area of an indent optically in order to calculate hardness. Instead, the 
height of the indenter relative to the surface of the specimen is constantly monitored with a 
sensitive capacitance gage, thus allowing the depth of an  indent to be determined. The unique 
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feature of the nanoindenter is its ability to measure indent depths to +/- 0.2 nm. The area of the 
indent is then calculated from a knowledge of the geometry of the tip of the diamond indenter. 

e load is also constantly monitored, with the result that hardness is reported as a function of 
displacement. Measurements of sample stiffness from unloading data permit a separation of the 
plastic and elastic components of displacement, and the projected areas for indents can be 
calculated on the basis of the plastic depth of the indents. The elastic moduli of samples can also 
be estimated from stiffness data. 

Motion of the specimen stage in the x-y plane is also precisely controlled. The indenter can 
be positioncd within 2 pm of any chosen point on the specimen, and a series of indents, separated 
by steps as small as 0.1 pm, may be made in any geometrical pattern. The entire operation of the 
system is computer controlled, and one or several series of indents may be specified and carried 
ou t  without further operator intervention. 

During FV 1991, the nanoindenter was used to (1) evaluate the plastic and elastic properties 
of  thin ;films, ion-implanted surfaces, and laser-annealed surfaces; (2) generate Load-displacement 
curves for silicon microbeams; and (3) measure the interfacial properties of fiber-reinforced 
ceramic-ceramic composites. Examples of these rcsearch activities are provided below. 

Status: Continuing 

Project Title: Study of Wear Characteristics of Silicon Nitride, Harold Schock 

Hardness and elasticity measurements werc made using the HTML nanoindenter. Two types 
of specimens were examined to determine if radiation damage could be found (the samples were 
irradiated by a 2.5-MeV 20-Ne beam). The samples were silicon nitride and a martensitic stainless 
steel. The stainlcss steel was chosen because its martensite phase is metastable reverting to the 
austenite phase under kinetic energy transformation. Results of the studies showcd a damage 
threshold of lox4 ions/cm2 for the stainless steel and no discernable damage for the same dose 
implantcd in Si,N,. 

Stanford University Status: Compleled 

Project rfitk: Hardness and Elastic Mdulus Measurements of InGaAs/InP and GexSil-xlSi 
Suprlattices, D. A. Stevenson 

The nanoindentcr was used to measure the hardness of two sets of samples: (1) In,Ga,-$-ls/InP 
superlattices with varying x values and (2) Ge,Si,-Pi superlattices with varying x values. Elastic 
modulus values were a h  calculated from the elastic portion of the unloading curve. This work 
is continuing at Stanlord by the development of models and using TEM to study the dislocation 
structure of thc superlattices. 
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Stam: Continuing 

Project "Title: Ha Deflection Measurements of Silicon Mimhams, J. Almonte 

The load-deflection characteristics of micro-cantilever beams made of single-crystal silicon 
were measured. Thc beams were approximately 60 pm in width, 40 pm in thickness, and lo00 pm 
in length. The resulting data were compared with numerical calculations made at Clemson 
IJniversity. 

status: Continuing 

Fiberlmatrix interface modification with a view to obtain an enhanced fracture toughness in 
oxide/oxide composites is being done via application of coatings on fibers, tin dioxide on alumina 
+ zirconia (PRD-la), and boron nitride on mullite (Nextel 480) fiber. SIMS was used to 
characterize these composites with reasonable success. Flcxure strength measurements and 
nanoindentation cxperirnents were performed on these composites to evaluate thc effects of 
interface modification, 

Thermal stress distribution and the effcct of interface roughness and their effects on crack 
propagation in thesc composites were evaluated. It appears that in the case of the PRD-166 
fiber, the interface roughness effect predominates vis a vis thermal stress effect. Consequently, 
we were unable to slide the fibers in nanoindentation experiments. In the case of BN-coated 
Nextel 480, there was evidence of sliding. Fiber pullout was observed during the flexure tests. 

Several significant findings were obtained from this study: 

1. 

2. 

For as-produced samples, carbon-coated Nicalon/AIBo has a lowcr interfacial shear strength 
(ISS) than duplex-coated or uncoated Nicalon/AlBo composites. However, the ISS of 
uncoated NicalodAlBo composites i s  stronger than the other systems. The results imply 
that the toughness of the interface may be controlled by applying fiber-coating materials in 
CMC systems. 

Heat-treated samples of uncoated Nicalon/AlBo composites using the polymeric CPS binders 
sys tern and heat-treated samples of deep/ex-coated NicalonlNBo composites using the 
aqueous bindcr system show lower ISS than as-produced samples. It also shows that the 
toughness of the interface for these two systems is not shown significantly by trade-off by 
temperature. 
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From this research, we conclude that nanoindentation can be used for the determination of 
interfacial shear strength and the coefficient of friction in the fiber-matrix interface of ceramic 
matrix composites. 

5.3 PHYSKCAL PROPFXllES AND X-RAY DIFFRACTION USER CENTERS 

The facilities of these two User Centers provide both XRD and thermophysical property 
measurement techniques to characterize structure, phase content, stability, reactions, and thermal 
properties of advanced structural materials. The temperature range of the facilities is from room 
temperature to 1500°C and above. The knowledge obtained is used to improve synthesis, 
processing, and utilization of advanced materials and to develop models relating microstructure, 
phase content, and defect concentration to properties and performance. During the past year, 
overall user activity, both external and ORNL, increased steadily. A couple of examples are given 
below, along with a brief description of facility enhancements. Following these eFamples, a brief 
summary of research projects conducted within these centcrs is given for those projects with 
significant activity during this reporting period. 

The capabilities of the high-temperaturc X-ray diffractometer were extended with the 
addition of computer control of the temperature controller, the installation of capability to use 
hydrogen gas for reduction and hydrogen embrittlement studies, and the modification of the 
furnace system to permit studies well above 1500°C in 1-atm nitrogen. The latter capability will 
be important in pressureless sintering studies of nitrogen ceramics and was first used by Dow 
Chemical Company in a study of the temperature and compositional dependence of A120,-Y20, 
intergranular phases in A N .  The completion of the automated xenon flash instrument for room- 
temperature thermal diffusivity measurement complements the high-temperature laser flash 
system, enabling rapid and more accuratc measurements at room temperature. Work has 
commenced to develop a longitudinal bar thermal conductivity cryostat to provide thermal 
transport measurements from about 90 to 500 K, needed for modeling the contribution of 
microstructure and defects on thermal conductivity. 

The Group Leader of both the PPUC and the XRDUC is Dr. C. R. Hubbard. Other staff 
and their equipment expertise are: 

Mr. 0. EL (Burl) Cavin, all X-ray equipment; 
DP. Re B. (Ralph) Dinwiddie, laser flash diffusivity; and 
Mr. W. D. (Wally) Porter, STA, DSC, and dilatometer. 

With United 'Technologies Research Centcr (UTRC), thc thermal aging of plasma spray 
thermal barrier coatings was studied by laser flash themial diffusivity measurements in 
combination with SEM and dcnsity determinations. Together, models to predict the thermal 
conductivity and density as a function of aging time and temperature were developed. 
Simultaneous thermal analysis QSTA) and high-temperature X-ray diffraction (HTXRD) of 
polymer precursors for oxide ceramic synthesis were studied with a user from Cornell University. 
This study has led to a detailed understanding of the chemical processes and erystaliizalion OC 
ceramics involved in burnout and consolidation of the ceramic. The method holds promise for 
development of high-purity ceramics with unusually well-controlled chemical composition. STA 
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and HTXRD were also used to characterizc the conversion of ZrQ, and (Zr,Hf)O, gels prepared 
at the University of Kentucky Center for Applied Energy Research. The observation that either 
tetragonal or monoclinic zirconia could be formed by simply changing the rate of gel formation 
was clarified by determination that, in all cases, tetragonal zirconia forms upon heating above 
400°C and only on cooling to below 200°C does the monoclinic form of zirconia evolve in the 
rapidly precipitated gels. The differences were determined not to be due to differences in 
crystallite or agglomerate size. Utilizing studies with sulfate anions, we determined that the 
transformation to monoclinic is likely due to differcnces in anionic defects on the surlaces of the 
particles. 

The HTXRD study with Dow Chemical demonstrated furnace operation to above 2000" C 
and the ability, when combined with a position-sensitive detector (PSD), to study fast 
intergranular phase reactions and transformations in aluminum nitride ceramics at these extremely 
high temperatures. 

5.3.1 Rcsearcb Projects Perfomd in the Physical Properties User Center 

Proiect Title: High Thermally Cmnductive Carbon-Carbon Composites, James Sapp 

The thermal diffusivity was measured on different carbon-carbon composites, and the 
thermal conductivity was then calculated using literature values of the specific heat of graphite. 
The effects of composite density, fiber volume fraction, and fiber thermal conductivity were 
studied. 

The thermal Conductivity of four HIP silicon nitrides was characterized. The silicon nitrides 
were N T  154 and silicon nitride with three different ytterhia contents. Thermal conductivity 
dependence on rare earth type, amount, and silicon nitride grain size was determined. 

The research conclusions included: (1) silicon nitride with yttria had highcr conductivity 
than ytterbia, (2) thermal conductivity increased with volume fraction ytterbia, and (3) thermal 
conductivity exhibited a stronger dependence on volume fraction additive than silicon nitride grain 
size. 
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5.3.2 Research Performed in the X-Ray Dbction User Center 

American Superconductor Status: Completed 

Proiect Title: Phase Stability of Si.&Ca,Ch@x Supereonductor at High Temperatures, 
H. S. Hsu 

1. In situ phase formation from the melt was determined in the Bi,Sr,Ca,Cu,O, system for 
atmospheres of 0.Ql and 1.0% O,/He using the HTML "I'XRD equipment. 

2. STA was used to perform studies in 0.001, 0.10, 1.0, 7.6, 21, and 100% OdAr atmospheres 
for the Bi,Sr,Ca,Cu,O, system to complement and extend the results from HTXRD. 

These combined results have led to a better understanding of the role of kinetics and oxygcn 
partial pressure in the development of phases in the Bi2Sr2Ca,Cu,0, system. Such understanding 
is essential to effectively develop methods Cor processing of Bi-based high-temperature 
superconductors. 

DOW Ghemid Status: Continuing 

Pro-iiect Title: 
A. EL Knudsen 

Crystallization of Intergranular Phases in AlN with Y203 Sintering Aids, 

The development of crystalline yttrium aliiminate phases during the sintering of aluminum 
nitride was studied with HTXRD. Using a PSD, dynamic diffraction data were obtained at 
temperatures as high as 2200°C in a nitrogen atmosphere. In yttria-doped A N ,  Y,AI,O, forms 
at temperatures well below the liquidus. Recrystallization and melting occur at roughly 1800°C. 
In addition, crystallization of YN, YAIO,, and Y4M2O, from the melt was observed. At present, 
correlation of diffraction data with actual sample temperatures (via thermal expansion) is 
continuing. 

Ciernson University Status: Completed 

R~jiect Xtk: Study of the Character of Stresses Developed in an Iron-Based Alloy Subjected 
to Sulfidking Mixed Gases at Elevated Temperatures, I, James 5'. Wolf 

The primary objective of this research has been to provide information regarding the 
protective quality of scales formed in environments of interest at elevated temperatures. The 
crystallite nature of these scales and their microstructural evolution were studied for the case of 
type 310s stainless steel in oxidizing and sulfidizing atmospheres. Inferences were drawn with 
regard t 0  stress generation during corrosion and other mechanistic details. For these tasks, much 
of the data collection, processing, and analyses was done utilizing the XRD Facility of the HTML. 
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Proiect Title: 
to SulfJdizing 

Study of the Character of Stresses. Developed in an Iron-Based Alloy Subjected 
Gases at Elevated Temperatures, I& James S. Wolf 

This research has been directed toward the characterization of ceramic scales naturally 
formed on unalloyed nickel in oxygen at high temperatures. The priniary objcctive has been to 
investigate methods €or estimating the growth stresscs that naturally occur in such oxides. The 
crystalline nature of these scales and the stresses generated during oxidation were the primary 
topics of investigation. For these tasks, much of the data collection and proccssing was done 
utilizing the HTXRD Facility of the HTML at ORNL 

The experimental program is near completion with efforts currently being focused upon data 
analyses and interpretation. 

- -  Prsiect Xtk: Analytical Characterization of Ult nc Partida, John Stencel 

Data acquisition under Me and hydrogen cnvironments in the high-temperature X-ray 
diffractometer was performcd. Analyses of these data have not been as timely because of the 
tasks of data transfer to our laboratory and the specialized manipulation that is needed. 
Additional data will be acquired on the HTXRD equipment, which should confirm our initial 
interpretations. We are currently obtaining X-ray photoelectron spcctroscopy (XPS) and 
thcrmogravimetric analydrnass spectrometer (TGA/MS) data at our laboratory on the same 
samples that were examined by XKD and SEM at the MTML to enable a more detailed 
explanation of structural genesis as a function of high-temperature exposure. 

University of Kentucky Status: ci3mplcted 

HXXRD studies indicated that the crystallization temperatures varied with the Hf content. 
The results were essential to a technical poster presentcd at the Pacific International Conference 
on X-ray Analytical Mcthods in August 1B1. 

Pro-iecg Title: hdysis of High-Temperature Phase Transformation in Inconel 718, 
M. H. McCay 

The heating and cooling transforniation ternpcratures for liquid and solid phases of Inconel 
'718 are required to model the effects of laser-pulse welding on crack sensitivity of the material. 
A diffcreprtial scanning calorimeter (DSC) technique was used to determine temperature zones 
for different transforrnations in cast, wrought, and wrought grain-grown Inconel 718. The samples 
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were subjected to heating and cooling cycles with the rate of 40"C/min. Solid-to-solid-state 
transformation was studied by cycling the sample in the temperature range of 40 to 1200 to 400°C 
while solid-to-liquid and liquid-to-solid-state transformations were noted by cycling the sample in 
the temperature range of 40 to 1420 to 400°C. The solidus temperature is 12OO"C, and the alloy 
melts at 1275°C. At 1170°C a high-temperature phase formation occurs by solid-state 
transformation in cast samples, which is absent in wrought samples, The two-time deviation in 
the slope of the baseline in the temperature range of 570 to 870°C was present in all types of 
samples, which indicated the occurrence of some type of low-temperature event. Just before 
melting at about 6250"C, the presence of a shoulder peak shows the formation of low-melting 
eutectic phase. 

Univemitv of Wisconsin Status: completed 

Froiect Xtle: Supemlidus Investigation of the Bi-Sr-Ca-Cu Oxide System, 
Hichard Schaman 

HTXRD was used to characterize the solid phases present above the incongruent melting 
point of several oxides whose compositions were close to that of the Bi,Sr,CaCu,O, 
superconductor. The results did not agree with quench studies performed on the same oxides, 
leading us to question the applicability of the X-ray technique to this study. Two possible sources 
of error have been proposed. First, Pt was transferred from the heater to the sample during the 
experiment, and this altered the phase equilibria (suggested by Cam Hubbard and Brian Reardon 
of the HTML). Second, steep temperature gradients were present over the sample, which 
produced a nonequilibrium distribution of phases. 

5.4 (3iRAMIC SPECMEN PRJ3'ARATlOBI USER CENTER (CSPUC) - M. K. FERBER 

The CSPUC provides basic facilities for (1) investigating material removal processes 
associated with the machining of high-performance ceramics, (2) fabrication of new specimen test 
geometries required to evaluate the mechanical performance of structural ceramics, 
(3) dimensional inspection of machined specimens, (4) measurement of surface roughness and 
form, and (4) application of strain gages. Specific equipment includes a slicer/grinder with 
open-loop control, a computer numericaliy controlled (CNC) slicer/grinder, a CNC four-axis 
grinder, an optical comparator, and a computer-controlled profilometer. Facilities for the 
application of strain gages are also available. Gage outputs are monitored during testing using 
a dedicated computer and data acquisition system. 

During IT 1991, CSPUC played a major role in several in-house programs. For example, 
research activities in the International Energy Agency (IEA) Annex I1 Subtask 5 agreement 
required extensive utilization of both the optical comparator and strain-gage facilities. The IEA 
Subtask 5 effort is aimed at comparing flexure and tensile strengths of a silicon nitride ceramic. 
These strcngth measurements were conducted at 10 US. laboratories. A total of 450 flexure and 
150 button-head tensile specimens were fractured as part of the program. Because dimensional 
consistency is critical to the successful measurement of button-head tensile specimens, each 
specimen was inspected with the optical comparator and extensive data acquired. This inspection 
process resulted in identification of machining problems in the shank-to-button transitions of 
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several specimens by an industrial firm. By utilizing the inspection data, the machining source was 
able to correct the problem. Properly machined specimens were critical to the success of the IEA 
effort. 

For the IEA flexure strength measurements, a gaged flexure specimen was used to evaluate 
each participant's room- and high-temperature flexure fixtures. The strain measurements were 
made with the strain-gage data acquisition system. The resulting data revealed some seriou. 
design problems with many high-temperature fixtures. The strain-gage data acquisition system was 
also used to measure the strain at various locations in the gage section of each button-head 
tensile specimen during actual testing. These data were then used to calculate the percent 
bending as a function of applied load. 

Several special machining procedures were developed by CSPUC personnel. One procedure 
involved the fabrication of C- and O-ring specimens from both 2.5- and 5-in.-diam ceramic 
composite tubes. A minimum of 8 h has been required to machine one specimen from the 2.5-in.- 
diam tube while the preparation of specimens from the 5-in. tube was unsuccessful. Effective 
utilization of the CNC 4-axis grinder reduced the grinding time to a maximum of 15 min/specirnen 
(after setup) for both tube sizes. This work was instrumental for the timely completion of the 
mechanical testing tasks in the ORNL Advanced Industrial Heat Exchangers Program. 

Another example involving the CNC 4-axis grinder concerned the development of a 
procedure for machining 0.157- and 0.490-in.-diam disks of alumina from square blocks (0.28 x 
0.20 x 0.062 in. for the 0.157-in.-diam disks and 0.55 x 0.55 x 0.062 in. for the 0.490-in.-diam 
disks). This procedure necessitated fabrication of a special ceramic arbor for holding the square 
stock in the grinder. The circular disks were required for physical properties measurements, 
which were part of a DOE-OR0 milestone for the Modular High-Temperature Gas-Cooled 
Reactor-Ncw Production Reactor (MHTGR-NPR) Program. 

5.5 Residual Stress User Center (RSUC) - C. R HUBBARD 

The RSUC will initially consist of an XRD system for mapping macro rcsidual stresses on 
the surface of ceramic and alloy materials. Delivery of the instrument is expected in early FY 
1992. The system consists of a state-of-the-art stress and texture goniometer equipped with a 
Peltier-cooled solid-state detector and an 18-kW rotating anode generator. The system provides 
for complete flexibility in sample tilt and provides either divergent or parallel beam operation. 
Recruitment for a professional staff member is currently under way. User research is planned to 
begin in early 1992. 

To develop competence in measurement of residual stresses within solid objects, a Director's 
Fund R&D project, "Development and Demonstration of Neutron and X-ray Residual Stress 
Mapping," was proposed and funded. This project is being conducted in collaboration with the 
Neutron Scattering Group of the Solid State Division and utilizes an existing triple axis 
spectrometer. Attachments for sample positioning, data collection, and automation have been 
developed and successfully tested on the spectrometer. The first demonstration study was a 
wrnprehensive mapping of the residual stresses within a 12- x 2- x 1D-h ferritic plate containing 
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a multipass weld. The results will be used to develop and verify models for stresses in multipass 
weldments. Studies of macro stresses in ceramic and micro stresses in composites are also to be 
conducted. 

6. HONORS, AW-, AND PREsENTATIoplS 

Members of the HTML prepared and presented the three posters given First, Second, and 
Third place in the national competition in the non-student division at the 15th Annual 
Conference on Composites and Advanced Ceramics held at Cocoa Beach, Florida, Januaq 13-16, 
1991. 
creepw- - and F d p e  in a Si#, cerrunic," was prepared by Ted Nolan, Larry Allard, 
Matt Ferber, and Dorothy Coffey, all members of the HTML staff. The poster described the 
phenomenon of long-term damage accumulation that can result in mechanical failure at high 
temperatures in Norton NTX-154 high-performance Si,N, ceramic. The second-place poster, 
entitled "Creep of a Sic Whisker-Reinforced Si& Composite in C.ompressiOn and Bending," was 
prepared by HTML staff member Karren More, along with Dave Koester of the Microelectronics 
Center of North Carolina and Robert Davis of North Carolina State University. The third-place 
poster, entitled "Resitiual Sminr in AIflJSiC, Chymi te  f b m  2S-lO0O0C," was prepared and 
presented by Cam Hubbard of the HTML. Ben Ballard and Paul Predecki, HTML Users from 
the University of Denver, were also authors on this poster. 

The first-place poster, entitled " M i  Ch- OfTensilemrd- 





APPENDIX A 

LISTING OF THE ADVISORY COMMITITES 

HTML Advisory Committee Members 

Term Exuires 

Dr. Maxine L. Savitz, Director 
Ceramic Components Division 
Garrett Processing Company 
19800 South Van Ness Ave. 
Torrance, California 90509 

Mr. Woodie Nowe 
Coon Technical Ceramic Company 
1100 Commerce Park Drive 
Oak Ridge, Tennessee 37830 

Professor John J. Hren 
Head, Materials Science and Engineering 
North Carolina State University 
]Box 7907, Ydrborough Drive 
Raleigh, North Carolina 27695-7907 

Dr. Joseph N. Panzarino 
Norton Cmnpany 
Advanced Ceramics Division 
Goddard Road 
Northboro, Massachusetts 01532 

Dr. James W. Patten 
Director, Materials Engineering 
Cummins Engine Company 
500 Jackson Street 
Columbus, Indiana 47201 

1993 

1992 

1992 

1991 

1991 
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H M L  User Advisory Committee Members 

Dr. V. J. Tennery, Director of the HIML, is permanent Chairman of this Committee. 

Dr. J. C. Danko, Director 
Center for Materials Processing 
The University of Tennessee 
101 Perkins Hall 
Knoxville, Tennessee 37996-2000 

Mr. Lance Groseclose 
Allison Gas Turbine Operations 
General Motors Corporation 
Post Office Box 420 
Indianapolis, Indiana 46206-0420 

Dr. h i d  Pasto 
GTE Laboratories, Inc. 
40 Sylvan Road 
Waltham, Massachusetts 02254 

Ms. M. J. Rohr 
DOE Field Office, Oak Ridge 
P.O. Box 2008 
Oak Ridge, Tcnnessee 3783 1 

Dr. Linda Horton 
Metals and Ceramics Division 
Oak Ridge National Laboratory 
P. 8. Box 2008 
Oak Ridge, Tennessee 37831 

1991 

1992 

1 9 1  

1991 

1992 



APPENDIX B 

HIGH TEMPERATURE M A T E R M S  LABORATORY USER PROGRAM 

SECOND USERS GROUP MEETING 

THURSDAY, MARCH 21,1991 

OAK RIDGE, TENNESSEE 

Mr. k A. Chesnes, Assistant Deputy Secretary, Office of Transportation Technologies, U.S. 
Department of Energy, sponsor of the HTML User Program, attended the second HTML Users 
Group meeting, which was held in the HTML on Thursday, March 21, 1991, along with Mr. T. 
Vojnovich, Manager for the HTML User Program at DOE Headquarters. 

Attendees at this meeting included past and present users representing 20 outside institutions 
[IO universities (19 individuals) and 10 companies (14 individuals)] as well as Energy Systems 
users (24 individuals) and special guests. . 

The agenda included the following presentations based on research performed in the HTML 

Hi-&sohiim lhmminbn Electron M ~ m q  of Dispmkn-Tmghed Silicon “de 
Jesse Hefter, GTE Laboratories Incorporated, 40 Sylvan Road, Waltham, MA 02254 

FatrgUe and Creep Behavior of Hot IsostaticaUy fkssed S&on N i  at High Tempemlure 
R. L. Yeckley, Norton Company, Goddard Road, Northboro, MA 01532-1545 

lkwnal Conductivny of Plasma-Sp+ 2- as a Function of 23rermaI Aging H. Eaton, 
United Technologies Research Center, MS 129-26, Silver Lane, East Hartford, CT 06108 

Strases in AlflJSiC Wltirker-ReinfOrced Compo&m as u Furdon of T v t u r e  
P. K Predecki, University of Denver, Engineering Department, Denver, CO 80208 

e announcement was made at this meeting that the two new User Centers for the HTML User 
Program, Residual Stress and Ceramic Specimen Preparation, are expected to be fully operational 
early in calendar year 1992. 
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APPENDIX C 

HTML CUMULATIVE USER EXPERIENCE 

Figure C.l illustrates the cumulative user days for industry, university, and local users in the 
"TML User Program for the entire 17 quarters of operation to date. Approximately 59% of the 
user days have been from local researchers, while about 30% have been from industry and 11% 
from universities. 
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Fig. C.1. HTM[L cumulative user days from start of User Program. 
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APPENDIX D 

PUBLICATIONS AND PRESENTATIONS 

User Center Staff are indicated by an underline and the speaker by an asterisk. The User's 
home institution is listed at the end of the citation. These citations are listed in order of the 
name of thc User Institution. 

1 .  INDUSTRY USERS 

H. Hsu, I;. A. List, 0. B. Cavin, and C. R. Hubbard, "High-Temperature X-ray Diffraction 
Methods for the Study of the Y-Ba-Cu-0 and Bi-Sr-Ca-Cu-0 Superconductor Systems," presented 
at the Pacific-International Congress on X-ray Analytical Methods, Honolulu, Hawaii, 
August 1991. AMERICAN SUPERCONDUCTOR 

R.-R. Lee, B. E. Novich, G. V. Franks, D. Ouellette, M. K. Ferber, C. R. Hubbard, and 
K. L. More, "Mechanical Properties and Microstructure of Pressureless Sintered Dupphase 
Sialon," presented at the 4th International Symposium on Ceramic Materials and Components for 
Engines, Goteborg, Swedcn, June 1991; to be published in the Proceedings. CERPLMIC 
PROCESS SYSTEMS CORPORATION 

M. V. Parish and J. D. Nodge, "Simultaneous Thermal/Mass Spectrometric Analysis of YBa,Cu,O,- 
x Powder Compacts," prcscnted at the Third International Conference on Ceramic Powder 
Processing Science, San Diego, Calif., February 1990. CERAMIC PROCESS SYSTEMS 
CORPORATION 

R. R. Lee, B. E. Novich, G. Franks, D. Ouellette, M. IC Ferber, C. R. Hubbard, and 
K. I.,. More,* "Duophase Sialon FOF Ceramic Engine Component Applications," presented at the 
93rd Annual Meeting and Exposition of the American Ceramic Society, Cincinnati, Ohio, 
April 1991. CERAMIC PROCESS SYSTEMS CORPORATION 

B. E. Novieh, R.-R. Lee, C. V. Franks, I). Oucllette, and M. K. Ferber, "Fabrication of Low-Cost 
and High-Performance Ceramic Gas Turbine Engine Components," pp. 111-23 in Proceedings of 
the Annual Automotive TecdtnoloCy Developrnvni Cmlractors' Meeting, Society of Automotivc 
Engineers, Inc., Dearborn, Mich., October 1990. CERAMICS PROCESS SYSTEMS 
CORPORATIQN 

J. C. Birkbeck, L. S. Kastcn, D. S .  Foose, W. E. Moddernan, and L. E;. Allard," "Augcr, XPS, 
EDS, and T7XM Examinations of  Chromate Conversion G a t e d  Cadmium Metal," presented at 
the 13th Symposium on Applied Surface Analysis, Minneapolis, Minn., June 1991; to be published 
in Appficniicins in S U ~ Q C ~  Science, North Holland. EG&G MOUND APPLIED 
TECHNOLOGIES 

W. S. Hong, J. M. Sater, and N. A Rigdon, and M. G. Jenkins, "The Effect of Varying Test 
Parameters on the Measured High-Temperature Strength of SCS-6 Fiber," presented at the 15th 
Annual Conference on Composites and Advanced Ceramics, Cocoa Beach, Ha., January 1991. 
INSTITUTE FOR DEFENSE ANALYSES 
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M. G. Jenkins,* M. K. Ferber, W. S. Hong, J. M. Sater, and Michael A. Rigdon, "Effect of 
Exposure Time and Strain Rate on the Elcvated-Temperature Tensile Strength of S ic  
Monofilanients," presented at the International Conference on Fracture Mechanics of Ceramics, 
Nagoya, Japan, July 1991; to be published by Plenum Press, N.Y. INSTITUTE FOR DEFENSE 
ANALYSES 

R. B. Dinwiddie, J. W. Sapp,* and D. A Bowcrs, "Temperature Dependence of the Thermal 
Conductivity of Commercial Carbon/Carbon Composites," presented by James W. Sapp at the 
Symposiuni on Composites, Processing, Microstructure, and Properties, Orlando, Ha., 
November 1990, and prescnted by R. B. Dinwiddie at the 20th Biannual Carbon Conference, 
Santa Barbara, Calif., June 1991. MCDONNELL DOUGLAS MISSILE SYSTEMS. 

J, W. Sapp, Jr., D. A. Bowers, and R. €3. Dinwiddie, "Development of High Thermal Conductivity 
Carbon-Carbon Composites," presented at the 20th Biannual Carbon Conference, Santa Barbara, 
Calf., June 1991. MCDONNEEL DOUGLAS MISSILE SYSTEMS COMPANY 

J. W. Sapp, J. W. Davis, and J. R. Haines, "Carbon-Carbon Composites for CIT," Carbon 90, 
International Carbon Conference, Paris, France, June 1990. MCDONNELL DOUGLAS 
MISSILE SYSTEMS COMPANY 

H. C. Mantz, D. A. Bowers, F. R. Williams, J. W. Sapp, and M. A. Witten, "First Wall Inboard 
Limiter Design Development for the Compact Ignition Tokamak," Ninth Topical Meeting on the 
Technology of Fusion Energy, Oak Brook, Ill., October 1990; published in Fusion Technol. 19, 
(May 1991). MCDONNELL DOUGLAS MISSILE SYSTEMS COMPANY 

M. K Ferber, M. G. Jenkins, T. A. Nolx~,  and R. Yeckley, "Creep-Fatigue Response of 
Structural Ceramics: I. Comparison of Flexure, Tension, and Compression Testing," presented 
at the 37th Sagamore Conference on Structural Ceramics, October 1990; to be published in the 
Sagamore Conference Proceedings. NORTON COMPANY 

T. A. Nolan, L. F. Allard, _M, K. Ferber, D. W. Coffev, and R. E. Yeckley, "Microstructural 
Characterization of Creep Deformation and Fatigue in a Silicon Nitride Ceramic," presented at 
the 93rd Annual Meeting and Fxposition of the American Ceramic Society, Cincinnati, Ohio, 
April lW1. NORTONKRW 

C. R. Hubbard,* R. B. Dinwiddie, T. N. Tiegs, M. K. Ferber, and R. L. Yeckley, "Si,N, 
Intergranular Phases and Thermal Diffusivity," presented at the 93rd Annual Meeting and 
Exposition of the American Ceramic Society, Cincinnati, Ohio, April 1991. NORTON/TRW 

D. M. Ernst, J. R. Hartenstine, K. D. Worner-Richardson, J. E. Toth, "Refractory Metal Heat 
Pipes, Old Materials, New Problems," presented at the Advanccd Aerospace MaterialsProcess 
Conference and Exposition, Long Beach, Calif., May 1990. THERMACORE, INC. 
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9. R. VanValzah, H. E. Eaton,* and R. 3. Dinwiddie, "Thermal Aging Behavior in Plasma Sprayed 
Yttria Fully Stabilized Zirconia: Correlation of Thermal Conductivity Increase and Dimensional 
Shrinkage," presented at the International Conference of Metallurgical Coatings and Thin Films, 
§an Diego, Cali€., April 191, and presented by R. B. Dinwiddie at the 93rd Annual Meeting and 
Exposition of the American Ceramic Society, Cincinnati, Ohio, April 1991. UNITED 
TECHNOLOGIES RESEARCH CENTER 

V. Srinivasan, R. A. Padgett, A. Choudhum, "Sulfidation Behavior of Fe-25Cr-20Ni-Si in 
H,R,BIH,S/Ar at 700 C," Coros. 47(9), 703-12 (1991). 

2. INDUSTRY USERS' PENDING PUBLICATIONS AND PRESENTATIONS 

T. k Nolan, L. F. Allard, D. W. Coffey, C. R. Hubbard, R. k Padgett, M. H. Rawlins, and R. 
W. Niudorf, "Microstructure and Crystallography of Titanium Nitride Whiskers Grown by a V U  
Process," J. Am. Ceraan. SOC. (in press). AMERICAN MATRIX 

H. F. Wu and M. K. Ferber, "Interfacial Mechanical Properties Characterization of Nicalon Sic  
Fiber/Alumina-based Gxnposites," will be submitted to the Sixth Japan-US. Conference on 
Composite Materials, Orlando, Ha., June 1992. ALUMINUM COMPANY OF AMERICA 

E A. List, H. Hsu, 0. B. Gavin, W. D. Porter, T. J. Henson, 3. J. Reardon, C. R. Hubbard, and 
D. M. Qoeger, "Phase Development in the Bi,Sr,Ca,Cu,O, System: Effccts of Oxygen Pressure," 
lo be presented at the Materials Research Society Fall Meeting, Boston, Mass., December 3, 1991 
(poster session), and to be submitted to Physica C. AMERICAN SUPERCONDUCTOR 

I). A. Bowers and J. W. Sapp, "Thermal Characterization Tests of High Diffusivity Carbon 
Materials €or High Heat flux Applications," to be presented at the Fifth lnternational Conference 
on Fusion Reactor Materials, Clcarwater, Ha., November 1991. MCDONNELL DOUGLAS 
MISSILE SYSTEMS COMPANY 

3, UNIVERSITY USERS 

B. J. Reardon and C. R. Hubbard," "A Comprehensive Review of the XRD Data of the Primary 
and Secondary Phases Present in the 3SCCO Superconductor System," presented at the Pacific- 
Internationd Congress on X-Ray Analytical Methods, Honolulu, Hawaii, August 1991. ALFRED 
UNIVERSITY 

P. K Choudhury, €3. J. Rack, 0. B. Cavin,* and C. R. Hubbard, "Effect of V on Elevated- 
Temperature Phase Relations in Titanium Aluminides Containing 43 at. % A+,** presented at 
International Conference on High-Temperature Aiuminides and Intermetallics, San Diego, Calif., 
August 1991; abstract to be published in Mater. Sci. Eng. CLEMSON UNlVERSlTY 
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