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Preface

This Final Technical Report was developed under Air Force Contract F33615-90-C-5944,
Contributive Research and Development. This contract was sponsored by the Wright Laboratory,
Materials Directorate, Wright Patterson Air Force Base, Ohio 45433-6533. The Materials Directorate

Project Manager was Ms. Angela McPherson. The SYSTRAN Project Manager was Mr. Milton
Zellmer.
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1.0 OVERVIEW

This final report for Contract F33615-90-C-5944 describes the objectives and accomplishments of
SYSTRAN Corporation from contract inception to the end of the technical effort on 15 March 1995.

During this period, SYSTRAN administered this Contributive R&D contract in response to the
need to provide highly specialized scientists for short-term studies vital to the objectives of the Wright
Laboratory.

1.1 Approach

Meeting the contractual requirements. for this effort, SYSTRAN provided all technical and
administrative management control over the project and the assigned researchers.

SYSTRAN identified and assigned a principal researcher(s) for each task requested by the
Government. These researchers conducted investigations in the physical and engineering sciences and
provided a level of effort in accordance with task assignments. The effort involved theoretical and
analytical studies, measurement techniques, and evaluation of systems, devices, and concepts. Areas of
investigation included chemistry, solid and plasma physics, metallurgy and ceramics, nondestructive
evaluation and solid mechanics. A majority of the technical work was conducted at Wright-Patterson
AFB in Laboratory facilities.

SYSTRAN exercised management control over all the administrative aspects of the contract
including budgets, schedules, and project management reports. All support requirements including
software, graphics, and documentation were provided by SYSTRAN’s support staff. All reports were
prepared in accordance with CDRL requirements.




2.0 ACCOMPLISHMENTS

A total of 262 tasks were defined during this contributive research and development program. Of
this total, 246 tasks were completed, 14 were cancelled, and 2 were not issued. Tasks 3 and 4 which
were included in the initial contract request for proposal were not issued after contract award.

For each technical task completed under this contract, a final report was submitted upon
completion of the technical effort. Abstracts of these final reports are included in this document. Each
abstract provides a summary of major activities for each completed task. No abstract has been prepared
for either administrative or canceled tasks.

2.1 Documentation/Graphics

SYSTRAN completed all documentation and graphics requirements. Monthly R&D status reports
were submitted for each task. In addition, performance and costs reports were submitted monthly for
each task, accounting for current and cumulative manhours and funds expended per task. Manhour
expenditure charts were prepared. Final technical reports were submitted for each completed task from
the original input of each researcher. SYSTRAN has provided all graphics support for presentations
and documentation.

2.2 Software

Software developed under any of the technical tasks was delivered at the completion of the task.
Software was delivered on the media supporting the computer system within the Materials Directorate
Branch for which the research was performed. User’s manuals/instructions were developed and
submitted to support this software, when required.

2.3 Equipment

All equipment and materials purchases to perform specific tasks during the project were transferred
to the Government.




3.0 TASK ABSTRACTS
This section contains abstracts for all technical tasks completed under this contract. Abstracts
appear in numerical order by Task Number.
TASK: 1
TASK TITLE: Project Management/Administration

TASK OBJECTIVE: To provide support activities necessary to establish project task orders and overall
contract administration.

PROGRAM_ MANAGER:Milton E. Zellmer
DESCRIPTION OF WORK:

The contributive research and development project required extensive management and
administration activities that were not readily charged to a specific task. These activities fell into three
general categories:

1. Those contract management administrative requirements to establish planning and control

procedures that applied to the project as a whole. Examples are status reporting, project

management meetings, and other general overall project reporting.

2. Those management activities required to establish each of the task assignments. These activities
could not be charged to the task since the task was not yet approved during this phase.

3. Recording and reporting the performance and cost for the overall management and
administrative activities.

This task provided project management/administration from 26 December 1990 through 25 June
1991.
TASK: 2
TASK TITLE: Discovery Systems for Materials Research

TASK OBJECTIVE: To couple a discovery system to a transmission electron microscope (TEM) and
enable autonomous diffraction pattern recognition.

SCIENTIST: Jack Park, ThinkAlong Software, Inc.




DESCRIPTION OF WORK:

The discovery system, called QDPA (Qualitative Diffraction Pattern Analyzer), is being
implemented to analyze crystal diffraction patterns produced during TEM (Transmission Electron
Microscopy) sessions. The effort included development of a crystallography data base for QDPA,
development of interface software to couple TEM to the discovery system, and evaluation of the
discovery system performance on both known and unknown lattice structures.

Crystallographers collect data in the form of diffraction patterns by means of x-ray or electron
microscopy. Diffraction pattern studies have traditionally been characterized by a by-hand measure and
calculate exercise. Recently, the rise of personal computers has resulted in the introduction of several
computer programs for diffraction pattern analysis (c.f. Park 1988). All programs introduced to date
focus on methods we call syntactic. These methods are computerized versions of the measure and
calculate tradition. They do not cover the analysis of the diffraction pattern beyond indexing and zonal
analysis. Further, they do not offer scope control functions for automation of the data acquisition phase
of a materials experiment.

This project developed a portion of one such set of tools: a crystallographers tool for controlling
the transmission electron microscope (TEM) and for studying the diffraction patterns of interesting
materials. Two important aspects of this research were symmetry detection and analogical analysis.

The primary approach to this research was that of evolutionary development of a software tool for
crystallographers. The project started with an underlying expert system shell called The Scholar’s
Companion (TSC) (Park & Wood, 1989). Layers of new programming were then added to the sheil
to achieve the desired software performance. The layers, as they were developed during this research,
are broken into syntactic and semantic layers.

The WDPA system applies syntactic methods to the analysis of dot patterns collected (eventually,
under its control) at a TEM. Further analysis is provided by the shallow and deep theories of semantic
analysis.

The detailed, development, and evaluation results are reported in Contributive Research and
Development Final Report, Volume 7, Crystallography Discovery System.

TASK: 3

This task was not issued by the government.

TASK: 4




This task was not issued by the government.
TASK: 5
TASK TITLE: Knowledge Base Development for Qualitative Process Automation

TASK OBJECTIVE: To improve the strategy for controlling voids in autoclave cured advanced
composites.

SCIENTIST: Moshe Ungarish, Ph.D.
DESCRIPTION OF WORK:

A knowledge base for curing of advanced composites based on dielectric in situ measurements was
developed. The entire process is controlled by the knowledge base using QPA(Qualitative Process
Automation) procedures, with cure cycle parameters such as the temperature and duration of the final
hold and pressure application being inferred from the situ sensed information.

The knowledge bases developed in this study are written in the Qualitative Process Automation
Language (QPAL) following the various rules and procedures required by its specific syntax. This is
a syntax used to develop a program that is executed, consisting of interrelated object definitions that
contain the user’s heuristics about the control of a target process. The knowledge bases are based on
previous work by the author, which showed that the dielectric losses exhibit a common behavior for
different families of resinous materials. Generally three regions could be identified in the dielectric
dissipation factor vs.time curves. Firstly, the softening or flow region, where the curves exhibited a first
peak or a plateau. In this region the viscosity attains low values. Secondly, the reaction peak, obtained
when the curve reaches maximum, which is indicative of the crosslinking reaction. Finally, a region in
which the dissipation factor approaches asymptotically a constant value, indicating completion of curing.
An optimization procedure combining laboratory experiments with autoclave processing was used in the
past. This was a two stage approach in which a cure cycle was devised after the various regions of the
dielectric curve for a given material were identified in a laboratory experiment, which was followed by
experimentation in an autoclave. The cure cycles could not be modified in situ during autoclave
processing, requiring an iterative procedure in order to take into account the inevitable changes
occurring when scaling up from the laboratory to the industrial environment of the autoclave.

QPA developed at the Materials Directorate (WL/MLBC) eliminates the peed of the two-stage-
approach and the iterative adjustment of the cure cycle, while still using the information accumulated
on the behavior of the dielectric curves. The knowledge base has general applicability, and was
specifically tested for curing carbon/phenolic prepregs with Borden SC1008 resin. The influence of
heating strategy and pressure application as reflected by dielectric measurements and laminate quality
were investigated. The knowledge base developed here was successfully applied to curing the above
material, recommendations for optimal processing being formulated as a result of the study.




The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 21, Knowledge Base Development for Qualitative
Process Automation (QPA).

TASK: 6

TASK TITLE: Growth of Nonlinear Optical Crystals by Aqueous‘ Solution Growth

TASK OBJECTIVE: To grow and characterize non-linear optical crystals for frequency conversion.
SCIENTIST: Uma B. Ramabadran, Ph.D.

DESCRIPTION OF WORK:

Nonlinear optical crystals of good quality and high frequency conversion efficiency were grown by
the aqueous solution temperature reduction method. The success of strategic technologies, such as laser
driven inertial confinement fusion may depend on the availability of new, high performance nonlinear
materials. In addition, these materials are required to generate broadband electro-optic modulators.
The need to grow, characterize and develop new non linear materials is therefore immediate.

The key issues of materials selection for frequency conversion may be summarized as follows: 1)
high conversion efficiency, 2) high damage threshold, 3) wide phase-match and transparency range, 4)
large size with good optical homogeneity, 5) low cost and easy fabrication, and 6) chemical and
mechanical stability.

To utilize a nonlinear crystal, properties such as its refractive index, second harmonic generation
efficiency, electro-optic coefficient and dielectric constant must be measured.

Nonlinear optical crystals of good quality and high frequency conversion efficiency were grown by
the aqueous solution temperature reduction method. The widely used potassium dihydrogen phosphate
(KDP) was grown as a test material. These crystals were then doped with .0024 % copper chloride
(Cu:KDP) and variations in the nature of the growth process investigated. Suppression of growth along
the X and Y principal axes was observed. The more recently discovered nonlinear crystal L-arginine
phosphate was also grown by a similar technique. These crystals were then characterized by measuring
the electro-optic coefficients using a Mach-Zehnder and the piezoelectric coefficients using a Michelson
interferometer. The electro-optic coefficients of KDP( y;), Cu:KDP (¥,;) and Strontium Barium Niobate
[SBN(y,3)] were measured to be 11.0pm/V,11.07/V, and 47.39pm/V respectively. The y,;, v,5, and
Y53 electro-optic coefficients of the new material zinc tristhiourea sulphate were measured to be 1.74,
0.4232,and 1.495pm/V. The piezoelectric coefficient of SBN was determined to be 29.984pm/V. The




accuracy in these measurements was estimated to be +/-10%. Second harmonic generation in these
crystals was identified using continuously tunable Titanium:Sapphire laser and the range of conversion
determined. The Cu:KDP crystal was cut for phase matching and exhibited second harmonic generation
in the wavelength range of 850-1000mm. A separate effort involved study of the possibility of growing
a new nonlinear crystal, triallyl thiourea copper chloride.

The detailed project description, method, results, and discussion are repented in Contributive
Research and Development, Volume 16, Aqueous Solution Growth Optical Characterization of
Nonlinear Crystals.

TASK: 7
TASK TITLE: Acoustic Emission Techniques in Materials Characterization

TASK OBJECTIVE: To use acoustic emission (AE) techniques to characterize complex materials
systems such as titanium aluminides, metal matrix composites, and ceramic
matrix composites in support of research activities in the Metals and Ceramic
Division. To set up the hardware and software systems for novel AE testing
techniques.

SCIENTIST: Itzhak Roman Ph.D.
DESCRIPTION OF WORK:

Acoustic emission is frequently produced during deformation and fracture of monolithic and
composite materials. Acoustic emission monitoring has been employed extensively over the last two
decades in order to gain insight into dynamic behavior of a variety of material systems undergoing
deformation and fracture.

The applicability of utilizing AE as a means of gaining better understanding of the deformation and
fracture mechanisms that operate in advanced titanium based materials was examined. Several different
combinations of materials and loading modes were employed in this study, namely, tensile testing of
monolithic titanium aluminide alloy, interfacial properties study of titanium model composites, tensile
testing of Ti24A1-11Nb/SCS-6 composite and thermal fatigue testing of a Ti-24A1-11Nb/SCS-6

composite.

The work completed in the first phase of this on-going study, consisted of room temperature testing
of a monolithic «, alloy, Ti-25A1-10Nb-3V-1Mo and interfacial properties characterization of two
titanium mode! composites, Ti-6A1-4V/SCS-6 and Ti-24A1-11Nb/SCS-6. The findings obtained can be
summarized as follows: ~

1) The effect of microstructure on Acoustic Emission (AE) behavior during tensile deformation




and fracture was investigated in a titanium aluminide intermetallic alloy of nominal composition Ti-
25A1-10Nb-3VMo (atomic percent), tested at ambient temperature.

Both a, +8 and B processing routes were utilized to produce different microstructures. Forging
was done at either 1021°C or 1049°C for a, + 8 processing and at 1104°C for 8 processing. Post-forge
heat treatment consisted of salt quench at 815°C for 30 minutes. Half of the material was then
annealed at its forging temperature for 1 hour and given a direct age at 815°C for 2 hours.

The resulting microstructure for the «, +B processing route consisted of 15-25 v/o equiaxed
primary «,,ina secondary «, plate/B2 matrix, and the 8 processed material obviously contained only a
transformed e, plate/B2 matrix microstructure. The material in the annealed and aged condition had
much coarser secondary «, plates than the direct salt quenched microstructure.

Acoustic emission (AE)activity was monitored during tensile deformation.  Yielding was
characterized by a peak in the continuous AE level, the intensity of which depended largely on the
amount of primary a, was absent(8 forged material) and increasing activity with v/o equiaxed primary
@,. Refining the transformed microstructure resulted in reduced intensity of the continuous AE activity.

Burst type AE preceded imminent final failure in all of the samples tested. Metallographic
sectioning indicated that when the microstructure contained equiaxed primary a,, the burst activity was
due to microcracks traversing the primary «, grains, and arresting in the transformed microstructure.
Conversely, SEM fractographic studies indicated that in the 8 forged material with no primary a,, the
burst activity stemmed from intergranular fracture along the prior 8 grains.

2) The interfacial region between continuous SiC fiber and titanium alloy matrix, in monofilament
metal matrix composites, was characterized. The study utilized SCS-6 SiC fibers and two titanium alloys:
Ti-64A14V and Ti-24A1-11Nb. The interfacial shear strength(ISS) was determined by two different
techniques, indentation and fragmentation.

Results indicate that load is transferred from the matrix to the fiber through the bonding between
fiber and matrix and by friction, which is due to residual compressive thermal stresses and surface
roughness. [Each fiber fracture produced a multiplicity of small pieces between adjacent larger
fragments, and was accompanied by distinct, intense acoustic emission with a characteristic waveform.

The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 24, Acoustic Emission Characterization of Advanced
Titanium Base Materials.

TASK: 8

TASK TITLE: Behavior of Mesophase Pitch in Fabrication of Graphite Foams




TASK OBJECTIVE: To study and characterize the rheological properties of mesophase pitch when
mixed with both bubble nucleative agents and to determine the oxygen
stabilization conditions for the foams produced therefrom.

SCIENTIST: Phillip G. Wapner, Ph.D.

DESCRIPTION OF WORK:

It was the purpose of this research project to explore the feasibility of the creation of lightweight,
porous carbon foam starting with mesophase pitch. It may or may not have carbon (or other) fibers
incorporated into it.

Carbon foams up to now, have always employed an isotropic pitch or resin as feedstock or were
made by simply carbonizing polymeric foams such as polyurethane. Strengths were low and little reason
existed to believe they could be improved. This may not be the case with highly anisotropic mesophase
pitch. Briefly, what needs to be done to turn a material into a foam is to first discover a suitable
foaming agent for it. The classic example is soap and water. Pure water will not foam. The addition
of soap considerably lowers water’s surface tension and bubbles become stable. This is the criteria for
a good foaming agent, and the one selected for this experimental study with mesophase.

An apparatus was designed and constructed which measures surface tension of mesophase pitches
using the maximum differential bubble pressure technique. This method overcomes several problems
associated with previous apparatus constructed to make these measurements (pendent drop techniques).
Data was taken on pure AR mesophase solvent-doped AR mesophase, and AEROCARB 60, 70, and
80.

The detailed report description, method, results and discussion are reported in Contributive
Research and Development Final Report, Volume 6, Behavior of Mesophase Pitch In The Fabrication
of Graphite Foams.

TASK: 9

TASK TITLE: Synthesis of Ordered Polymers

TASK OBJECTIVE: The SYSTRAN scientist shall investigate the synthesis of rod-like polymers which
would be expected to exhibit strong conductive and semiconductive behavior.
The effort shall include synthesis of the requisite monomers as well as study of

polycondensation conditions.

SCIENTIST: Kevin L. Cooper, Ph.D.




DESCRIPTION OF WORK:

The synthesis as well as the thermal characteristics of segmented and tri-block polymers composed
of an amorphous, glassy,poly(arylene ether keton) (PEK) engineering thermoplastic, and an anisotropic,
liquid crystalline poly(benzothiazole) (PBT) were investigated. In particular, it was discovered that high
molecular weight polymers could be synthesized that displayed excellent thermoxidative resistance as
well as a softening or glass transition temperature.

In addition, a method for the synthesis of arlyene, dihydroxy, dicarboxylic acid monomers was
utilized in the preparation of several monomers for use as starting blocks of in-situ forming intrinsic
conductive organic polymeric fibers.  However, attempts to synthesize the pseudo-ladder
poly(benzothiazole) PBT polymer were unsuccessful. The solubility of 1,5-dihydroxynaphthalene-2,6-
dicarboxylic acid in polyphosphoric acid (PPA) was determined to be very low (1 wt%), limiting its
reactivity, and hence, the corresponding molecular weight of the pseudo-ladder PBT polymer. Syntheses
of several derivatives of the above monomer were also attempted, but were unsuccessful.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 3, Synthesis and Characterization of Poly(Arylene
Ether Ketone)- Poly(Benzothiazole) Copolymers and Poly(Benzothiazole) Conducting Polymers.

TASK: 10

TASK TITLE: Polymer

TASK OBJECTIVE: Synthesis of ordered polymers.
SCIENTIST: Dale Hill, Ph.D.

DESCRIPTION OF WORK:

Rigid-rod molecular composites (RRMC) have recently become an important area of research. A
RRMC is a composite material consisting of a rigid-rod like polymer which is dispersed on the
molecular level in a flexible-coil like polymeric matrix. A true molecular composite has higher modulus
and greater strength than a conventional macroscopic composite because of the high aspect
ratio(length/diameter) which is achieved from a single rigid rod polymer molecule. Recently, an
example of a new class of rigid-rod molecular composite polymers which have a specific ionic interaction
between the coil matrix and the rigid-rod was prepared using blends of poly(p-phenylene
benzobisthiazole) (PBZT) and polyamide having pendants terminated with sulfonic acid groups (ASPA).
The blends were made in order to determine if a significant reduction in rod aggregation could be
achieved by blending a coil component which does not have a high entanglement weight. It was
determined that a high entanglement molecular weight was necessary to prevent the loss of significant
amounts of the coil polymer during coagulation.

10




The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 1, Synthesis of Rigid-Rod Polymers.

TASK: 11

TASK TITLE: Molecular Beam Epitaxy of Strained Layer Superlattices

TASK OBJECTIVE: Develop and apply techniques for MBE growth of strained layer superlattices of
InGaSb/InAs and characterize these films as potential IR detector materials.

SCIENTIST: Michael A. Capano, Ph.D.
DESCRIPTION OF WORK:

The primary function performed during this project was to characterize Group II-V and Group
IV semiconductor heterostructures using double-crystal x-ray diffractometry (DXRD), thin film x-ray
diffractometry (TFD) and x-ray topography. X-ray topography was used to study strain relaxation in
SiGe on Si(001). Group II-V heterostructures, including the systems InGaAs/InP, AlGaAs/GaAs,
GaSb/GaAs and InAs/GaSb/GaAs, were characterized by DXRD to determine the epilayer
composition and assess the general quality of the epilayers. Both DXRD and TFD were needed to
determine whether the low-temperature GaAs (Lt-GaAs) layers were polycrystalline or single-crystalline.
LT-GaAs layers were polycrystalline when grown on a GaAs(111) substrates but were single-crystalline
when grown on GaAs(001) substrates.

The detailed project description, method, results, and discussion are reported in Contributive

Research and Development Final Report, Volume 2, Molecular Beam Epitaxy of Strained Layer
Superlattices.

TASK: 12

TASK TITLE: Intelligent Systems Design

TASK OBJECTIVE To examine application of intelligent systems techniques to the design of batch
manufacturing processes.

SCIENTIST: Alley Butler, M.S.

DESCRIPTION OF WORK:

The present research project describes the development of an expert system which effectively

11




duplicated the professional judgement of a skilled tribologist in the selection of rolling element hearings.
The research included the completion of a literature survey on the application of intelligent systems to
computer aided design, a literature survey on umiversity based research in feature based design, and
research into the use of symbolic logic for reliability based design. Each of these is included in a
separate appendix to ensure completeness of the report regarding the work accomplished.

Included in the work is a report on use of the Dempster-Shafer theory to represent evidence in an
expert system for the selection of rolling element bearings. Much of the research conducted over the
last three decades has focused on expanding the capability of Computer Aided
Design/Engineering(CAD/E)  systems, and this work continued in this trend by illustrating the use of
the Dempster-Shafer theory to expand the computer’s role in a CAD/E environment. In this study an
expert system was created using Dempster-Shafer methods which effectively modeled the professional
judgement of a skilled tribologist in the selection of rolling element bearings. A qualitative and symbolic
approach was used, but access to simple quantitative models was provided to the expert system shell.
The Dempster-Shafer theory was found adequate in all respects for replicating the expert’s judgement;
however, an understanding of the basic theory is required for interpreting the results.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 27, Computer Aided Design/Engineering of Bearing
Systems Using the Dempster-Shafer Theory.

TASK: 13
TASK TITLE: Crystallography Discovery System for Material Design

TASK OBJECTIVE: To develop a self-improving system for analyzing TEM diffraction patterns and
characterizing crystal lattices and structures as a basis for extending (through
abduction, analogy and generalization) expert knowledge regarding fundamental
relationships between crystals and material properties for use in automating the
process of ‘material design’. '

SCIENTIST: Allen G. Jackson, Ph.D.
DESCRIPTION OF WORK:

Research into developing a self-improving computer based system for analyzing TEM diffraction
patterns was conducted. The research was divided into muitiple pattern problem, standardized cubic
patterns and symmetries, and application of symmetry recognition. Single diffraction patterns can be
analyzed by use of syntactic files containing equations related to the crystallography of the structure
producing pattern. Qualitative aspects of the pattern such as the observed symmetry can also be used
for analysis by appealing to the algorithm approach developed in an earlier effort. Separation of
multiple patterns can be accomplished by determining the nature of the overlap present. Tilting to
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specific diffraction conditions can be handled once the pattern is recognized and the zone axis identified.
Rotation, mirror reflection, and twinning cases were examined, and an approach to this problem was
developed.

Specific details of standardized diffraction patterns from cubic lattices were listed. Use of these
standardized patterns in the self-learning environment was explored through the scaling of the patterns
to fit the experimental patterns.

Symmetry in the cubic crystal system was explored in some detail and the symmetries obtainable
from a two dimensional pattern were enumerated. The connection of these symmetries with the
symmetry recognition algorithm produce an extension that allows quantitative information on the crystal
system to be found.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 4, Crystallography Discovery System For Material
Design.

TASK: 14

TASK TITLE: Crystal Orbital Investigations of Electrical Conductivity Mechanisms in Conjugated
Polymers

TASK OBJECTIVE: Prediction of chemical structure modifications on conduction processes in
polymers.

SCIENTIST: Jorge Medrano, Ph.D.
DESCRIPTION OF WORK:

This project was based on the application of the conceptual and computational tools of the
Quantum Theory of Molecular Orbitals and the Quantum Theory of Crystal Orbitals. The goal was to
make progress in the field of conducting polymers, with both the purpose of gaining insight into the
conduction process inorganic polymers and finding some examples of very low bandgap materials. This
was done at the semi-empirical level of the theory, using the programs MOPAC 5.0,MOPAC 6.0,and
MOSOL.

Three main lines of research were undertaken. Firstly,an attempt was made to find some exampies
of polymers with very good intrinsic conductivity,i.e.,a very low bandgap. And in fact some examples
were found. Secondly, a line of research was started directed to achieve a better understanding of the
role of quasi-particles such as solitons, polarons, and bipolarons in the conductivity phenomenon in
organic polymers. And thirdly, a study was initiated of ways for obtaining the wavefunction of infinite
systems incorporating some degree of electronic correlations.

13




The utilization of a semi-empirical approach, applied for the first time in these contexts, proved
to be a very apt method, givinga good compromise between accuracy and computational cost. In some
of the examples described in the report semi-empirical approach is the only one to render the
calculation feasible due to the huge requirements of CPU time. That is the case for example, of the
quasi-particle calculations.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 22, Theoretical Studies of Conductivity in Infinite
Polymers.

TASK: 15
TASK TITLE: Synthesis of Processible Nonlinear Optical Polymers

TASK OBJECTIVE: To synthesis conjugated aromatic high molecular weight enyne and
polyanthrylene vinylene polymers which are soluble in organic solvent.

SCIENTIST: Thomas Hall, Ph.D.
DESCRIPTION OF WORK:

This research directly addressed the Air Force’s need for new third-order nonlinear optical (NLO)
materials which can be used to fabricate electro-optical devices for advanced information processing and
communication systems. Extended-chain and rigid-rod type polymers are attractive NLO materials
because of their high degree of pi-electron conjugation. Both these types of polymers, however, are
typically poor optical media due to their strong tendency to scatter light. Molecular composites of an
organic polymer dispersed in an inorganic glass matrix have shown to improve the optical quality of
materials over the pristine organic polymer. This research concentrated on the synthetic efforts to
prepare two novel
molecular composites which incorporate a poly(anthrylene vinylene) and a poly(phenylene
bisbenzothiazole), respectively, into a silica-glass matrix.

The detailed project description, method, resuits, and discussion are reported in Contributive
Research and Development Final Report, Volume 26, The Synthesis of Novel Third-Order Nonlinear
Optical Molecular Composites.

TASK: 16

TASK TITLE: Synthesis of Aromatic-Heterocyclic Polymers

TASK OBJECTIVE: To synthesize novel aromatic-heterocyclic polymers for nonlinear optical
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applications.
SCIENTIST: B. Robert McKellar, Ph.D.

DESCRIPTION OF WORK:

This research focused on the problem of improving optical quality and processibility of polymers
with nonlinear activity by working toward synthesizing block and graft copolymers containing thiophene
and benzobisthiazole aromatic heterocycles—a block copolymer approach would include a TPBT block
and a 6FPBO block.

Monomers necessary for the synthesis of TPBT and 6FPBO were prepared. TPBT and 6FPBO
homopolymers of differing molecular weights and terminated with the appropriate end functional groups
were synthesized by varying the proportions of certain monomers. Two different approaches were
employed to synthesize block copolymers. The first approach involved reacting the two homopolymers.
The second approach involved reacting TBPT homopolymers with 6FPBO monomers. In each
experiment the products were extracted with tetrahydrofuran (THF) to remove 6FPBO homopolymer.
The existence of the products as copolymers could not be conclusively demonstrated by thermal analysis;
i.e.the Tg for these materials was not significantly greater than the Tg of 6FPBO homopolymer. In a
controlled experiment more 6FPBO could be extracted from a physical blend (using encapped TPBT)
than from a comparable copolymer reaction, but extraction was not quantitative.

The graft copolymer approach involved the synthesis of a thiophene polybenzobisthiazole (TPBT)
with aryl ether pendant groups on the thiophene ring. The phenyl ring of the pendant provides a graft
site for the formation of a graft copolymer with a thermoplastic matrix such as with a poly ether ketone
(PEK). In addition, the aryl ether pendants serve as electron donating substituents, which have been
‘shown to enhance the x* NLO response in model compounds.

A procedure was developed to synthesize 3-(2,6-Dimethylphenoxy)thiophene, 3-(2,6-
dimethylphenythio)thiophene,  3-(2,6-dimethylphenythio)thiophene-2,5-dicarboxylic  acid, 3-(2,6-
dimethylphenythio)thiophene-2,5-dicarbonyl chloride in very good overall yield and purity. Model
compounds were made by reaction with 2-aminothiophenol. Reaction of these monomers with 2,5-
diamino-1,4 benzenedithiol dihydrochloride using a wide variety of conditions in polyphosphoric acid
(PPA) and in polyphosphoric acid trimethylsilyl ester (PPSE) produced omnly low molecular weight
polymer. The most important factor for these results is the instability of these thiophene monomers in
PPA at elevated temperatures.

An additional project involved the synthesis of copolymers containing N-aryl Benzobisimidazoles.
The N-arylimidazole moiety is of interest as the second dimension in potential two-dimensional NLO

materials.

1,7-Diphenyl-2,6-di-[2-(5-carboxythienyl)]benzo{1,2-d:4,5-d’bisimidazole was synthesized in good
yield and purity by a multi-step synthesis. A polymer reaction was conducted by reaction of this

15




compound with 2,5-diamino-1,4 benzenedithiol dihydrochloride.

The detailed project description, method, results and discussion are reported in Contributive
Research and Development Final Report, Volume 13, Synopsis of Copolymers as Nonlinear Optical
Materials.

TASK: 17
TASK TITLE: Episodal Associative Memory for Support of the Rapid Design System

TASK OBJECTIVE: To collaborate in the development of a memory for maintenance and
organization of design information.

SCIENTIST: Kam Komeyli, M.S.

DESCRIPTION OF WORK:

This project continued the research and development of an Episodal Associative Memory (EAM)
with storage and retrieval utilities for machined parts. EAM will be used in conjunction with a feature
based design system (RDS) which provides means for design, fabrication planning, or inspection
planning of mechanical machined parts. Parts are designed using a pre-defined feature set. Goal of
the EAM in design stage is to guide the designer by retrieving from a design database, the
design/designs which are most similar to the current design under construction. Similarity in design
stage is a measure which is described by the type of features which make the design. Similarity measure
can also be defined in other components of the RDS (i.e.,in manufacturing, inspection). EAM can also
be used in manufacturing and inspection modules to perform the storage and retrieval tasks of most
similar designs. Development during this effort concentrated on the translator, standardization, store,
and retrieval modules of the EAM.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 20, Episodal Associative Memory.

TASK: 18
TASK TITLE: Properties of Laminated Ceramic Composites

TASK OBJECTIVE: Determine the mechanical properties of laminated model composites and
evaluate the applicability of laminate theory.
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SCIENTIST: Anuradha Venkateswaran, Ph.D., AdTech Systems Research
DESCRIPTION OF WORK:

This research was aimed at determining whether flaws in ceramic fibers can be tolerated provided
their spacing is greater than a certain “critical” value. The model system chosen to study damage
propagation in composites with and without fiber flaws is SiC(SCS-6)/Sodium Borosilicate glass.

Fiber-reinforced ceramic matrix composites, (CMC’S) are attractive candidates for high-
temperature structural applications given their low density, chemical inertness and environmental
stability, and significantly higher fracture toughness and reliability when compared to monolithic
structural ceramics. Flaws in ceramic fibers, which serve as a reinforcement in ceramic matrix
composites, can limit their usage to their fullest potential.

Owing to the difficulty in introducing coatrolled flaws into a fine diameter fiber such as Nicalon
(available in bunched tows), monofilament SCS was selected as the reinforcement. It was decided to
introduce flaws by scribing onto pre-wound filament tapes. Flaw-lines were scribed at 1" spacings, at
a 45°angle over the SCS-6 tapes, using a diamond scribe. By shifting the origin of the scribe lines from
tape to tape, over 8 tapes a degree of randomness was achieved in the composite. The 45°angle was
chosen as intermediate between a 0°(flaws along fiber axis) and a 90° one which would severely bias
failure in the composite. A 1" spacing was selected as being representative of typical test gage-lengths
reported in such composites. Scribing was performed at intermediate pressures, sufficient to penetrate
beyond the external C-coating, but insufficient to break the fiber during subsequent handling. Flaw
depths were subjective, owing to the non-automated procedure, and their surface size ranged from 50
to >100um, at 45°,depending on the pressure and the extent of rolling of the filaments.

Most of the single fiber tests were run on a screw-driven Instron (ATS) with a 500N load cell
(Interface) at a cross-head speed of 0.02mm/sec. For the SCS-6 filaments the loads were high enough
that a tab-free technique was found to work better than the standard ASTM D-3379-75 (1984) tabbing
technique. Displacements were measured directly on the fiber surface using a LaserMike optical light
source. For each test, fresh foil surface was used as the fiber cuts through the foil during the test.

For flawed fiber testing, several 7-8"lengths of fibers were arranged together such that their spacing
was about that in the filament wound tapes and cellotape strips were applied at the top and bottom.
1" spaced flaws were scribed at 45°. For a 9-10 cm gage length this yields 3 flaws per fiber. Earlier
experiments revealed that the distance between scribed flaws, provided it is large enough that flaw
interactions do not occur, is not important as a strength determinant in SCS-6, and that strength is
governed by the most severe flaw. Scribing was done such that the LaserMike flags could be positioned
between the flaws.

The detailed project description, method, results & discussion are reported in Contributive

Research & Development Final Report, Volume 30, Effect of Fiber-Flaws on Damage in SiC/Sodium
Borosilicate Composites.
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TASK: 19

TASK TITLE: Investigation of the Interactions of Carbon-Carbon Materials with Hydrocarbon and
Inert Gas Mixtures

TASK OBJECTIVE: To model and experimentally verify the thermochemical stability and reaction
kinetics of hydrocarbon and inert gas mixtures in contact with uncoated,
uninhibited carbon-carbon substrates.

SCIENTIST: Sarwan S. Sandhu, Ph.D., University of Dayton
DESCRIPTION OF WORK:

The overall goal of this theoretical work was to establish a practical scheme for protecting a
structural carbon-carbon composite from oxidation in a high temperature gas environment. Carbon-
Carbon composites are structural materials consisting of a carbon matrix reinforced with carbon fibers.
To exploit the outstanding elevated temperature mechanical properties of carbon, considerable effort
has been devoted to overcoming its oxidation susceptibility via oxygen barrier coatings. Failure to
simultaneously provide a coating material which is oxidation resistant and possesses adhesion, thermal
expansion matching, and chemical compatibility with the carbon substrate renders such coating system
partially or totally ineffective. Theoretical investigation of the idea of protecting a carbon-carbon
material in a hostile environment by exposing it to gas mixtures in equilibrium with structural carbon
was the subject of this research.

The investigation was conducted in four phases. In the first phase the principle of minimization
of Gibbs free energy was employed to obtain information on solid carbon-gas equilibrium compositions
at a number of temperature and pressure conditions. In the second phase, a mathematical model was
developed to predict oxidation carbon mass loss from the interior surface of a cylindrical tube made of
a carbon-carbon material in the presence or absence of protection provided by the inert nitrogen gas
boundary layer flow. In the third phase, a mathematical model was developed to predict the oxidation
carbon mass loss from the interior surface of a carbon tube with additional protection provided by the
presence of carbon monoxide in the protective gas flow. In the fourth phase, the cylindrical geometry
model differential equations and boundary conditions were formulated for the prediction of oxidation
carbon mass loss from a carbon tube surface for the situation of augmented protection provided by
slightly wet (with water) carbon monoxide in the protective boundary layer gas flow.

The information generated theoretically on the equilibrium gas mixtures was found to be in good
agreement with that reported in the literature. The predicted carbon mass loss was reduced by a factor
of three at 2000K for the case of protection provided by the nitrogen gas boundary layer flow along the
surface of a carbon composite tube. A synthetic gas mixture of 30 mole per cent of carbon monoxide
and 70 mole per cent of nitrogen flowing in free form of protective boundary layer along the tube
surface shows additional reduction in the average carbon mass rate by 21% at 2000K.
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The detailed project description, method, results, and discussion we reported in Contributive
Research and Development, Volume 37, Carbon-Carbon Surface Oxidation Protection.

TASK: 20
TASK TITLE: Nonlinear Optical Characterization of Biopolymers

TASK OBJECTIVE: To characterize the chi(2) and chi(3) properties of biopolymers being developed
in the materials in-house research programs.

SCIENTIST: Rama Vuppuladhadium, M.S.
DESCRIPTION OF WORK:

A novel technique was developed to study the third order nonlinear susceptibility coefficient, x®,
by utilizing the intensity dependent dispersion relation of surface plasmons. The third order nonlinear
coefficient x® is a very important optical property of the materials because of its contribution to
numerous nonlinear optical processes. The degenerate third order nonlinear susceptibility has shown
a growing interest in all-optical signal processing. The nonlinear changes in the dielectric constants e(%)
also contribute to well known effects such as self-focusing, self-trapping, and seif-bending of light and
phase conjugation.

Surface plasmons are electromagnetic surface waves which propagate along the metallic surface
with a maximum intensity at the surface and exponentially decaying into the space perpendicular to the
surface. One can excite these surface plasmon by coupling the light through the prism (called
attenuated total reflection) or through a grating. The strong enhancement at the surface is correlated
to the strong reduction in the reflected intensity, indicating the complete transformation of the incoming
light to surface plasmons. If the metallic film is further coated with nonlinear media, the degenerate
third order nonlinear susceptibility x causes a change in intensity of the waveguide mode, which results
in the change in the resonant coupling angle. In this research, both the prism coupling and the grating
method were used to measure the third order nonlinear susceptibility. Holographic sine wave gratings
were made successfully with peak to peak amplitude of 5000 A and an amplitude of (peak to valley) 500
A, resulting in narrowest 8'? value. Having controlled the thickness of the non-linear material (in
PMMA) and the intensity of the input laser energy, the measurement of x® was possible.

The detailed project description, method, results, & discussion are reported in Contributive
Research & Development Final Report, Volume 38, Measurement of Third Order Nonlinear
Susceptibilities by Surface Plasmons.

TASK: 21
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TASK TITLE: Molecular Dynamics Calculations on Perfluoropolyalkyethers

TASK OBJECTIVE: To develop a fundamental understanding of the variation in viscosity with
molecular structure for oligomeric fluoroalkylethers (with comparable molecular
weight distributions), of the variation in viscosity-temperature properties with
molecular structure, and of the solvent properties of these materials. These
fluoroether materials are candidate high-temperature liquid lubricant base stocks
for IHPTET.

SCIENTIST: Robert Zellmer, Ph.D.

DESCRIPTION OF WORK:

This project was undertaken to aid in the understanding of perfluoroalkoxy radicals through the
use of ab initio computational chemistry methods.

Perfluoropolyalkylethers are considered as potential replacements for chlorofluorocarbons (CFC’s)
used for lubrication in gas turbine engines, hydraulic systems, and as coolants. In order to make the
determination as to which material is "best", the various reactions that they can undergo and the
resulting by-products must be studied. These by-products often contain radical species which are
extremely difficult or impossible to study experimentally.

Ab initio Self-Consistent Field Hartree-Fock calculations using double-zeta, double-zeta polarized,
and triple-zeta polarized basis sets were performed on the anionic and radical forms of molecules with
the general formula CF O, where n=1,2,3and m=3,5,7. In addition, calculations on the cis and trans
form of CF,OH were also performed. Optimized geometries, normal mode vibrational frequencies, and
zero-point energies were obtained. It was found that good results could be obtained with a basis set in
which polarization functions are added only to the carbon and oxygenatoms. The results with this basis
are comparable to those obtained with the fully polarized double- and triple-zeta basis sets.

It was also found that for all molecular species for which there are rotational barriers about a bond,
that the trans species are always the lowest form of energy form. The rotational barriers for CF,0OH,
C,F;O and C,F;Oe are 1.0,5.52and 3.4 Kcal/mol, respectively.

In addition, the results of this study for the highest normal mode vibrational frequency of CF,0e
disagree with those of previous studies. This study predicts the high vibrational mode at about 1460 cm'
to be due to CO stretching, while the two CF stretching modes are in range of 1400-1425cm™. This
is exactly opposite of the findings of the previous studies. It is felt that the present results are correct
since this study used larger basis sets which include polarization functions. Also, the CO stretching
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modes for the other molecules studied in the present have the largest C-X (X=O,F) frequencies, in
agreement with the results found for CF,0Oe.

The detailed project description, methods, results and discussion are reported in Contributive
Research and Development Final Report, Volume 41, Ab Initio Computational Studies of
Perfluoroalkoxy Radical and Related Compounds.

TASK: 22

TASK TITLE: Microstructural Studies on a Gamma Titanium Aluminide Alloy

TASK OBJECTIVE  To characterize the microstructures of the hot worked y-TiAl alloy
SCIENTIST: Rama Nekkanti, Ph.D.

DESCRIPTION OF WORK:

The microstructures of a wrought gamma titanium aluminide alloy under various processing and
heat treatment conditions were characterized to determine the optimum processing parameters to
achieve a chemically homogeneous (within each phase) and microstructurally uniform structure. The
microsegregation that is inherent in the cast microstructure due to a double cascading peritectic reaction
seems to persist in the homogenized as well as in extruded and forged microstructures.

When the extrusion or forging operations were conducted in the temperature range 1050-1275°C
(gamma processing), the ‘as cast’ lamellar colonies seemed to have only recovered but not
recrystallized; their size and spacing were reduced by the amount of reduction ratio in one direction and
correspondingly got stretched out in the orthogonal direction, thereby forming almost continuous bands
in a fully recrystallized gamma phase matrix. The extrusions that were processed in the alpha+gamma
phase field (1350-1425°C) also show a banded structure, but there is an increase in the lamellar phase
volume with an increase in the extrusion temperature. The same effect is observed when the gamma
processed material is heat treated in the two phase field. Additional deformation of an already extruded
material brought the lamellar bands together thereby decreasing the diffusion distances, but the banding
still persisted.

The above studies indicate that there is a large processing window for processing these materials
and the microstructure can be manipulated with proper heat treatment schedule after the ingot
breakdown operation.

The detailed project description, method, resuits, and discussion are reported in Contributive

Research and Development Final Report, Volume 12,Microstructural Evaluation of a Gamma Titanium
Aluminide Alloy.
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Task: 23
TASK TITLE: Annular Cracking in Brittle Matrix Composites (BMC)

TASK OBJECTIVE: To solve a boundary value problem in the theory of heterogeneous elasticity that
simulates an annular matrix crack in a BMC and use the solution to evaluate the
crack-tip stress field and stress intensity factors as the crack approaches the fiber.

SCIENTIST: Autar Kaw, Ph.D.
DESCRIPTION OF WORK:

This study is relevant to the use of ceramic materials in many high temperature application
engineering components. Their advantages of strength, low density, excellent corrosion and oxidation,
resistance, and low cost are offset in stress applications by their brittleness and tendency to fail
catastrophically. Brittle matrix cracks are seen to occur in fiber reinforced ceramics under a tensile
load. These cracks signify the onset of permanent damage.

In this project, elasticity solution to the problem of an annular crack in a brittle matrix composite
under a remote uniform axial strain and constant temperature change was found. Stress intensity factors
in front of the crack tips and the stresses at the interface were studied to determine the nature of the
crack growth in the composite. These parameters were studied as a function of the elastic moduli and
the thermal expansion coefficients of the constituents, the fiber volume ratio, crack geometry, interface

properties, under an applied remote axial strain and constant temperature change.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 11, Annular Cracking on Brittle Matrix Composites.
TASK: 24
TASK TITLE: MBE Autotuning Research

TASK OBJECTIVE: Conduct experiments on autonomous state space parameter acquisition for
autotuning of MBE controller.

SCIENTIST: Jeffrey J. Heyob, M.S.
DESCRIPTION OF WORK:
This project quantified overall process control improvement by the Process Discovery Autotuner

as applied to the Molecular Beam Epitaxy (MBE) process. The process control of interest was the
MBE Knudsen Cell temperature control loop. The temperature control of the Knudsen Cells was found
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to be critically important toward maintaining flux beam stability during the MBE growth process.

Maintaining the necessary temperature control of the Knudsen Cells required optimum tuning of
the Eurotherm PID controllers associated with each of the eight Knudsen Cells mounted on the MBE
system. Process first principles were autonomously extracted about each Eurotherm controlled Knudsen
Cell using a robust qualitative process discovery technique called "Trapezoidal Tuning" and assembled
as a knowledge base within a microcomputer. The knowledge base was then used in situ by the
microcomputer to optimally tune the Eurotherm temperature control loops for all Knudsen Cell control
requirements. This Process Discovery Autotuner methodology achieved 1.45% reduction of overall root-
mean-square process error and a 17% reduction of overshoot error during process setpoint changes.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 5, Autotuning of Molecular Beam Epitaxy Process.
TASK: 25
TASK TITLE: Intelligent Process Automation

TASK OBJECTIVE: Process automation, measurement, and control with the new quality technologies.

SCIENTIST: Patrick H. Garrett, Ph.D.
DESCRIPTION OF WORK:

Improvements in process control have been significantly facilitated by advances in computer
technology. The research performed on this project aids this advancement by developing two
quantitative measures of process control system uncertainty including methods for their reduction, where
their minimization is axiomatic for improving process performance.

The accuracy of the controlled variable in a process control loop was defined by the derivation of
independent controller and process uncertainty metrics, and their minimization was described by
integrating control system design with principles of the new quality technologies. The first provides
accountability of the instrumentation uncertainty of controller device and system elements whose
minimization is achieved by rescaling controller full scale to the current setpoint and process variable
values as an equivalent to Taguchi’s tolerance design of discrete components. The second represents
the uncertainty of process first-principles compensation whose minimization is achieved by the
experimental acquisition of insitu process parameters to define controller PID terms with greater
accuracy than traditional tuning methods provide.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 15,Minimizing Variability in Process Control Systems
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with Online Quality Technologies.

TASK: 26
TASK TITLE: MBE Growth Simulation Program Development

TASK OBJECTIVE: Complete study of AlGaAs/GaAs heterojunction materials and devices, and
extend the research to InGaAs/InAlAs/InP material systems.

SCIENTIST: Peter Kosel, Ph.D.
DESCRIPTION OF WORK:

A computer software package, MBESIM Version 1.1,was developed for predicting the features of
Molecular Beam Epitaxy (MBE) grown aluminum gallium arsenide-on-gallium arsenide materials for
HEMT devices. This package can predict the features of a single MBE grown layer from the physical
parameters of an MBE system and the physical laws of material growth and dopant diffusion.
Verification of this software through fabrication and testing of HEMT test structures was also initiated.
Both optical and electrical measurements were performed and early results showed that optical
measurements of grown layers are not sufficient to predict the variation of parameters associated with
the operation of HEMT devices. The most useful characterization probes for these materials was found
to be (1) carrier profile measurements from Schottky barrier capacitors and (2) sheet resistances from
Van der Pauw test structures. Hall mobility mapping is also considered important but construction of
this test facility has not yet been completed.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 31,MBE Growth Simulation Program Development.
TASK: 27

The government canceled this task.

TASK: 28
TASK TITLE: Identification of Compatible High Temperature Systems

TASK OBJECTIVE: Select and verify thermodynamically compatible fiber/coating/matrix
combinations for ceramic composites.

SCIENTIST: Sankar Sambasivan, Ph.D.
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DESCRIPTION OF WORK:

The goals of this research project were directed toward understanding kigh temperature interfacial
chemistry occurring in ceramic matrix composites (CMC’s) based on Yttrium aluminum garnet (YAG).
As a widely used material in optical devices, yttrium aluminum garnet (YAG) is well known for its
desirable electronic properties. Recent studies indicate it is also a potential structural material especially
as a composite constituent. It is also known to be chemically and mechanically stable with alumina.

This work was undertaken to study various aspects of chemistry as related to ceramic matrix
composites (CMC’s). A feasibility study was done to investigate the possibility of mechanically
weakening the fiber/matrix interface in CMC’s using dopants to preferentially segregate to the interface.
Yttrium Aluminum Garnet (YAG) and alumina were chosen as the composite constituents and Sr, Ca,
Zn, Sc and Ni were selected as dopants for the study. Amongst all the dopants used, Sr showed strong
tendencies to segregate as well as weaken the YAG/alumina interface relative to the undoped material.
In another study, thermochemical properties of YAG were determined using zirconia as a chemical
potentiometer. The free energy of formation of YAG was determined as a function of temperature to
give

AG¢(kl/mol) = -48.2(41.74)-0.023(+9E-5)'T
In a third study, a synthetic route was developed to produce homogeneous YAG powder using Y and
Al isopropoxides as starting materials. Prior to mixing the two alkoxides, Y-isopropoxide was
molecularly modified with ethyl aceto acetate to control the rate of hydrolysis and also to avoid the
formation of Y-Al double isopropoxide. NMR and IR spectroscopies were used for structural
characterization of the intermediates.

The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 45, Chemistry Related To Yttrium Aluminum
Garnet/ Alumina Composite System: Interfacial Properties, Thermo-Chemical Stability and Sol-Gel
Processing.

TASK: 29

The government canceled this task.

TASK: 30

TASK TITLE: Associative Memory Architectures

TASK OBJECTIVE: To evaluate and categorize associative memory architectures for use as an
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Episodal Associate Memory.
SCIENTIST: Yoh-Han Pao, Ph.D.,Case Western Reserve University
DESCRIPTION OF WORK:

This work constitutes a generalization of some of the practices in several research projects carried
out in recent years. In each of these projects, we needed a computer-based ’intelligent’ task-support
system to be used in support of human task performers.

In each case, the computer system could have been developed in any one of the customary Expert
System styles, involving production rules, forward or backward chaining of rules, search and so on.
Instead, we adopted a different approach relying substantially on the functionalities of an episodic
associative memory which we had developed previously, and which we had christened the Episodal
Associative Memory (EAM).

The resulting methodology constitutes an amalgamation of the linguistic symbolic processing of
established Artificial Intelligence practice and the ‘all-things-considered * wholistic processing approach
of artificial neural-net computing. We find that this alloying of the two styles leads to a system
architecture well-suited to the integration of several intelligent system technologies.

In this effort, we described the role of the Episodal Associative Memory as the core of an Expert
System and discussed its functions in the task of experience-based planning. It is seen that modification
of previous plans consists of a gradient decent search in plan space aimed at reducing the difference
between desired goals and the attainable goals. Errors in planning are dealt with by updating (or
repairing) the memory. The plan is then automatically repaired.

The detailed project description, method, results, and discussion are reported in Contributive
Research Development, Volume 40, The Episodal Associative Memory Approach to Expert Systems.
TASK: 31

TASK TITLE: Prototype Development of Episodal Associative Memory

TASK OBJECTIVE: To develop a prototype of an Associative Memory Using Object Oriented
programming techniques.

SCIENTIST: Ron Cass, B.S.,Al WARE

DESCRIPTION OF WORK:

This research described the application of a prototype episodal associative memory (EAM) to

26




support the knowledge based functions of the Rapid Foundry Tooling System (RFTS).

The Rapid Foundry Tooling System (RFTS) is a software system which facilitates the design of
sand molds for cast aluminum parts. The task of patterning is a complex design task, which must be
learned from experience. Thus, a memory-based approach to problem solving is well suited for
application in the casting domain.

The episodal associative memory is constructed from object-oriented neural network capabilities
provided by the Object N-Net functional library, a commercial product of Al WARE. The principle
functions of the EAM are: clustering of designs based on similarity of features and identification of
cluster membership for a given design.

The prototype EAM exhibits a number of interesting properties. By remembering past experiences
and organizing them for efficient recall, the EAM can enhance the process of designing a casting.
Cross-context reminding allows for ease of recalling designs which have only a few salient features in
common.

The detailed project description, methods results, and discussion are reported in Contributive
Research and Development, Volume 52, Prototype Development of Episodal Association Memory.

TASK: 32
TASK TITLE: Mechanics of Cracks at Interfaces in Ceramic Composites

TASK OBJECTIVE: To evaluate the stresses and energy release rates in materials containing cracks
at interfaces between two different elastic materials.

SCIENTIST: Leslie Banks-Sills, Ph.D., Tel Aviv University, Israel
DESCRIPTION OF WORK:

Two methods were developed for calculating stress intensity factors at an interface between two
linear, elastic materials. With both methods, a finite element analysis was required. The resulting
displacement field was then employed to obtain the stress intensity factors. The first method employed
both the J-integral and the displacements along the crack edge. The second method, which is more
accurate, was based upon two conservation integrals. Two example problems were analyzed to examine
the accuracy of both methods. Finally, a homogeneous and a glass/epoxy Brazilian disk specimen was
analyzed for one crack length and several loading angles.

The detailed project description, method, resuits, and discussion are reported in Contributive

Research and Development Final Report, Volume 28, Development of Methods for Determination of
Interface Stress Intensity Factors. '
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TASK: 33
TASK TITLE: Investigation of Metal Matrix Processes

TASK OBJECTIVE: To provide a critical assessment of scientific techniques used in understanding,
predicting, and controlling the manufacture of metal matrix composites by
thermal and solidification processes.

SCIENTIST: Khairul Alam, Ph.D., Ohio University
DESCRIPTION OF WORK:

Advanced technological requirements for materials having high specific strength at elevated
temperatures have been the driving force in development of composites. Composite materials, both
Metal Matrix Composite (MMC) and Ceramic Matrix Composites(CMC) are under continuous
development to fulfill this requirement. These composite materials are manufactured by using a matrix
material in which a second material is disposed in the form of powder, whiskers of fibers.

The objective of this research was to assess the scientific techniques used in understanding,
predicting, and controlling the manufacture of MMC’s by thermal and solidification processes.

The manufacture of metal matrix composites (MMC) typically involves a number of thermal
processes. These processes include heating, solidification, deposition processing, hot pressing, etc. The
heating and solidification processes lead to thermal stress problems. There may also be associated
degradation of the reinforcing phase during heating or solidification. In almost all processing of the
composites, problems may arise in obtaining full densification or filling of the matrix material around
the fibers. These processes which are being used at present were developed primarily by
experimentation. The processing can be developed further by making full use of anmalytical and
numerical modeling methods along with experimental studies of the process. This is particularly true
of the novel deposition processes.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development, Volume 58, Investigation of Metal Matrix Processes.
TASK: 34
TASK TITLE: Full Potential Total Energy Electronic Structure Calculations

TASK OBJECTIVE: To design and implement a full potential version of the LKKR program at the
WL/MLLM (Materials Laboratory).
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SCIENTIST: James M. MacLaren, Ph.D., University of Tulane
DESCRIPTION OF WORK:

The goal of this research was to provide an accurate fast method to compute the electronic
structure for intermetallics such as TiAl, focussing on properties such as the planar fault energies,
atomic relaxations and elastic constants.

This work resulted in improvements and extensions to the electronic structure theory of materials
in two major theoretical areas. The first was the treatment of the full one-electron potential rather than
the approximate spherical form. The implementation of the theory progressed to the stage that several
sensitive tests were applied to check accuracy, computational speed etc. Further testing was however
still required. The second was the theoretical modeling and prediction of properties resulting from the
addition of low concentrations of impurities. Using the coherent potential approximations, the effects
of disorder and ensemble averaging were included into a first principles theory for bulk materials and
their interfaces.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 14, Electronic Structure Calculations of
Intermetallics.

TASK: 35

TASK TITLE: Dislocation dynamics in Intermetallic Compounds

TASK OBJECTIVE: To perform experimental measurements of the dislocation dynamic properties in
selected intermetallic compounds.

SCIENTIST: Edward M. Nadgorny, Ph.D.
DESCRIPTION OF WORK:

The objective of the research was to begin a fundamental experimental study of dislocation
dynamics in intermetallic compounds, primarily for dislocations in Ni,Al and NiAl single crystals.
Although intermetallics have been investigated for a rather long time, we know very little, if any, about
such fundamental properties of dislocations in these materials such as their mobility, effects of stress
and temperature on the dislocation velocity, changes due to deviations from the stoichiometric
composition, ternary-element effects, etc. These data are particularly important because of the limited
toughness of intermetallics in general, which is one of the major impediments to the practical use of
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these materials for structural purposes.

Depending upon the characteristic value of dislocation velocity and its stress-temperature
dependence, at least two alternative theories can be suggested to explain the brittleness of intermetallics
and predict possible ways to improve it. Some dislocation mobility experiments may well help to sort
this out. But at the same time, it is impossible to perform such experiments without a lot of preliminary
research on the crystal perfection, dislocation revealing techniques, specimen preparation and handling.
The target of this project was to start this type of research and develop it to a necessary level.

The detailed project description, method, results, and discussion are réported in Contributive
Research and Development Final Report, Volume 29, Dislocation Dynamics in Intermetallic
Compounds.

TASK: 36
TASK TITLE: Associative Memories for Materials and Processing Research

TASK OBJECTIVE: Extend and apply associative memories to materials and material processing
research.

SCIENTIST: Steven LeClair, Ph.D.
DESCRIPTION OF WORK:

Task-aiding technology is the augmentation, via computer, of the human ability to use experience
in problem solving activities. The potential for "task-aiding”technology as applied to materials research
and manufacturing (materials production) is both pervasive and economically significant. Of the many
potential applications, the intersection of Materials, Processing and Control Research was the focus of
this project. Each of these areas has realized significant improvements via computers in data collection,
modeling, analysis, and decision making relative to task performance. '

In tasks such as materials research or manufacturing, the expert benefits from knowledge of
experience. The essence of this knowledge involvesdependencies or relationships between domains such
as materials, processing and control. Such interdependencies are often too incidental and erratic to be
captured as an equation or a rule because they are often influenced by constantly changing conditions.
Associative memory provides a means to organize these changing and infrequent conditions into patterns
which can be expressed in the form of concepts.

A discussion on task-aiding addresses the more creative element of task performance (i.e.
discovery) and explores the use of associative memory as a computerized tool to augment human
memory. A brief review of material processing and current research was presented to establish context
regarding the complementary use of associative memories with other computer technology for task-
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aiding.

Current research in the automation of material processing is commonly referred to as "Intelligent
Processing of Materials". The IPM challenge is to advance control theory and control technology in
terms of system conceptualization (human representation of the problem), modeling (providing a more
parametric representation of the process), and identification (real-time as well as pre/post-experimental
measurement of process inputs and outputs).

The researcher believes that task-aiding by means of an associative memory, will be required to
map theoretical knowledge of materials, process and control to the practice of material processing and
vice versa. The memory will need to be associative to support the continual and evolving nature of
material, process, and control knowledge. Human(memory)interaction with the computer memory will
require the development of a vocabulary for providing and extracting the above knowledge-in effect
communicating with the system.

The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development, Volume 46, Associative Memories for Materials and Processing Research.

TASK: 37
TASK TITLE: Fundamentals of Solid and Liquid Lubricants

TASK OBJECTIVE: The objectives of this task were to develop new and improved lubricants, both
solid and liquids, for use in spacecraft applications and for the integrated high
performance turbine engine technology program.

SCIENTIST: Scott D. Walck, Ph.D.

DESCRIPTION OF WORK:

Pulsed laser deposition (PLD) is a relatively new technique for the deposition of thin solid films
for tribological applications at high temperature. It has several advantages over the other deposition
techniques including excellent film adhesion, replication of the target chemistry, and low substrate
temperature during deposition. It is also a very straightforward deposition process.

This work concentrated on developing suitable electron microscopy techniques for the
microstructural and morphological investigations of thin films of interest to the tribology group.
Morphological examination of as-deposited films was performed using the scanning electron microscopy
(SEM). It was also used to study the microstructural changes of wear tested samples of TiC.
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Transmission electron microscopy (TEM) was used to study the microstructure, morphology,
crystallography, and chemistry of PLD thin films. For tribological purposes, two types of films are
important, solid phase lubricants and hard phase coatings. The solid thin film lubricant provides
lubricity by its physical properties, either providing easy shear planes or liquidating under high
temperatures or pressure. Hard thin films provide adherent scratch resistant coatings which provide
load support and low coefficients of friction.

The archetypical solid lubricant is MoS,. Because of its hexagonal crystal structure of covalently
bonded MoS, layers separated by weak bonds, MoS, is an excellent solid firm lubricant. The weak
bonds allow the MoS, layers to shear giving good lubricity. They also allow the layers to bend which
allows the material to conform to the sliding surfaces. The orientation of the basal plane is important
with respect to the tribological performance of MoS,. A basal orientation, basal planes oriented parallel
to the surface, is preferred because it is the easy slide direction and it is less chemically active. MoS,
is limited to use below about 350°C. PbO is a useful solid film lubricant above this temperature and
provides its lubricous properties by liquating.

An example of a hard coating which is useful for tribological applications is TiC. TiC is one of
several hard, refractory carbide and nitride phases that have been deposited using other deposition
processes such as ion sputtering or chemical vapor deposition. An inherent problem with these
techniques is that the substrate, which is often a heat treatable alloy, is required to be held at high
temperatures during the deposition process. In many cases, the length of time at temperature can
adversely affect the metallurgical properties or change the dimensions of the part to be coated. Pulse
laser deposition easily produces stbichiometric, crystalline thin films of these materials at ambient room
temperature.  Although the PLD growth rate of these materials can be quite slow because of their
refractory properties, the ability to grow the films at room temperature is a major advantage. The
microstructure and morphology of these coatings are very important with respect to the desired
properties.

Scanning electrorn microscopy (SEM) and transmission electron microscopy (TEM) were used to
study thin film coatings of solid phase lubricants, MoS, and PbO/MoS, and the hard phase TiC. A
modified sample preparation technique for preparing cross sectional TEM samples was developed for
the MoS, and PbO/MoS, films. Films of MoS, deposited at room temperature were found to be
amorphous, while those deposited at 300°C were crystalline, had a very fine grain size, and had the basal
planes oriented parallel to the substrate within the first 12-15nm of the substrate with an abrupt upturn
into a perpendicular orientation further from the substrate. Films of PbO/MoS, deposited at room
temperature were found to have two phases present, on amorphous and the other crystalline, while those
deposited at 300°C were found to be single phased and highly oriented. A technique was developed for
successfully obtaining the integrated peak intensities for the severely overlapped Pb-M, Mo-L, S-K
characteristic X-ray lines. Room temperature and high temperature films of TiC were found to be fully
crystalline TiC with grain size of 2-10 nm.

The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 44, Application of Electron Microscopy to the Study
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of Pulsed Laser Deposition of Thin Films for Tribological Application.

TASK: 38
TASK TITLE: Microcrack Initiation and Growth in Metals

TASK OBJECTIVE: To evaluate the application of scattered acoustic waves to detect the initiation
and growth of microcracks.

SCIENTIST: Michael T. Resch, Ph.D. and Mr. Yerrapalli Shekar, M.S., University of Nebraska-
Lincoln

DESCRIPTION OF WORK:

In studies of the initiation and growth behavior of fatigue microcracks it is of paramount
importance to detect the existence of the cracks as early as possible during fatigue cycling. A surface
acoustic wave nondestructive technique was used to detect the natural initiation of surface microcracks
in highly stressed regions of aluminum lithium alloy 2090 T8 during fatigue cycling. The experimental
procedure involved excitation of sub-millimeter wavelength Rayleigh waves on the surface of each
specimen using prototype miniature surface acoustic wave contacting wedge transducers during fatigue
cyclingin a servohydraulic testing machine. The presence of specular reflections from a nucleating crack
superimposed on nonspecular reflections from microstructural features surrounding the flaw was
observable without signal processing at a crack depth of approximately 125 micrometers. Subsequent
processing of digitally acquired signals improved the minimum detectable crack depth by at least a factor
of two.

Experiments were performed combining ultrasonic reflection and laser interferometric
measurements of microcrack opening behavior on large sized Larsen-type fatigue specimens. Ultrasonic
measurements of crack opening were observed to augment the information obtained from the laser-
optical measurements. Additionally, identical transducers were utilized to generate Lamb waves in a
titanium aluminide metal matrix composite laboratory specimen with a small central hole. Numerical
calculations were performed in order to examine the phase velocities of several symmetric and
antisymmetric Lamb wave modes in aluminum lithium and titanium aluminide plates. Ultrasonic
detection of crack growth and opening behavior was accomplished during in situ monitoring of the
specimens using transmitted and reflected Lamb waves. Finally, the frequency response and energy
conversion efficiency characteristics of the contacting wedge ultrasonic transducers were investigated.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 17, Microcrack Initiation and Growth in Metals.

TASK: 39
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TASK TITLE: Mechanics of Natural Composites

TASK OBJECTIVE: To investigate the structure of natural composites for potential innovation in the
design of synthetic fiber reinforced composites.

SCIENTIST: Joseph E. Saliba, Ph.D. and Fred K. Bogner, Ph.D., University of Dayton
DESCRIPTION OF WORK:

This project was initiated to investigate the structural efficiency of the "bessbeetle” (Odontotaenius
Disjuctus) as compared to typical "man-made” or synthetic composites. Just about every structure found
in nature including bone, wood, mollusc shell, and insect cuticle is a composite. Nature is able to
combine and organize relatively weak constituent materials into structures that are strong, stiff, tough,
and lightweight. Constituent material selection is restricted for use in natural structures so unique
designs and material combinations are used to compensate. The opposite is true for man-made
composites, the selection of constituent materials seems endless but we are still limited by design and
processing constraints. Therefore, man-made composites may benefit from the analysis and application
of novel design concepts used by nature to possibly solve current problems and create new designs and
structures for the future.

The specific objective of this task was to investigate the effect of ply orientation or stacking on the
structural efficiency of the bessbeetle. To accomplish the specific objective the following tasks were
undertaken:

- Compare symmetric to unsymmetric laminate when subjected to tension loading.
- Compare symmetric to unsymmetric laminate when subjected to pure bending.

A synthetic laminate was configured according to standard composites design practices. An orthotropic
unidirectional T300 tape with circular fibers and 60% fiber volume fraction was used. The specific ply
orientation of the symmetric man-made composite was [0/4+45/-45/90],;. The natural laminate studied
was unsymmetric with the individual plies made of the same orthotropic unidirectional T300 tape but
with different ply orientation. Contrary to previous beliefs, the natural composite did not assume a
balance of inplane and bending properties which in essence mimic the behavior of isotropic behavior.
The results of efficiency of natural composite for inplane or tension loading did not show any noticeable
advantages while the pure bending case resulted in higher values for the principal stresses in the
unsymmetric laminate.

The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 23, Mechanics of Natural Composites Ply Orientation
Study.

TASK: 40
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TASK TITLE: Microstructural Effect on Small Fatigue Cracks

TASK OBJECTIVE: To determine the effects of microstructure on the growth of small fatigue cracks
in titanium aluminide alloys.

SCIENTIST: Kakkaveri S. Ravichandran, Ph.D.
DESCRIPTION OF WORK:

This project comprised studies on some titanium alloys and recently developed titanium aluminides
to provide an in-depth understanding of the mechanisms of growth of small surface cracks in these
materials. These materials are prime candidates for various aerospace applications and hence an
understanding of small crack behavior is of importance both for alloy design by microstructure control,
and predications of life in fatigue.

The principal theme underlying this investigation was the measurement of surface crack lengths and
aspect ratios during the growth of three-dimensional small surface cracks in fatigue using a laser
interferometric and photomicroscopic system at the Materials Behavior Branch, Materials Directorate,
Wright Laboratory. It was shown that such measurements could be made accurately on a number of
candidate alloy systems comprising titanium alloys and newly developed titanium aluminide
intermetallics. Fatigue crack growth rates could be accurately calculated and were correlated to data
obtained on large cracks in the corresponding materials.

Measurements of shapes of three dimensional surface cracks continuously during fatigue crack
growth were made in a near-alpha titanium alloy, Ti-6A1-2Sn-4Zr-6Mo. Crack aspect ratio
measurements were made for cracks growing from electro-discharge-machined (EDM) notches of
different geometries (shallow or deep). The experimentally determined aspect ratio variations during
crack growth were shown to be in good agreement with the expected variations in aspect ratio. The
fatigue crack growth rates of surface cracks, after incorporating the variations in aspect ratio in the
calculations, agreed with large-crack growth data.

Fatigue crack growth behavior of small surface cracks in «, (Ti;Al) based titanjum aluminide alloys
such as Ti-24A1-11INb (at%) and Ti-25A1-17Nb-1Mo were also investigated in the Widmanstatten
basketweave microstructural condition. The continuous variations in crack shape induced by
microstructure were measured and accounted for in crack growth rate calculations. The growth rates
of large cracks were found to be similar in both the alloys. The differences in small crack behavior were
attributed to the differences in the microstructural environment through which the cracks grew.

A theoretical simulation of crack shape variations in a polycrystalline titanium alloy, Ti-8Al was
made. It was shown that the variations in crack shape and the corresponding errors in stress intensity
factor range (sK) calculations can be significant in small crack investigations. A large number of
experiments were done on a coarse grained (200 pm) Ti-8Al alloy to measure crack aspect ratios using
a laser interferometric system. The experimentally measured aspect ratios were found to agree closely
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with the expected theoretical simulated pattern of crack aspect ratio variations. After incorporating crack
shape data into growth rate calculations,much of the scatter in small crack data could be reduced and
the small crack behavior is similar to that of large cracks.

Fatigue crack growth data of large cracks in Ti-24Al-11Nb revealed that crack growth rates are
sensitive to stress ratio. Crack growth rates in the three microstructures investigated, show higher crack
growth rates at high stress ratios even after closure correction. While the crack growth rates varied little
between the microstructure, the variation of crack closure was found to be sensitive to microstructure.

The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 80, Fatigue Crack Growth Behavior of Small and
Large Cracks in Titanium Alloys and Intermetallics.

TASK: 41
TASK TITLE: Optimal Control of Material Processes

TASK OBJECTIVE: To establish a scientific methodology for optimal control of metal deformation
processes.

SCIENTIST: Dennis Irwin, Ph.D. and Sunil K. Agrawal, Ph.D., Ohio University
DESCRIPTION OF WORK:

In material processing such as forging, extrusion, and rolling, the relevant material properties are
the grain size and the volume fraction. These properties depend upon the time histories of temperature,
strain rate applied during the process. The problem of optimal material processing is to find the time
histories of strain, strain-rate, and temperature such that the material achieves the desired grain size and
volume fraction. The mathematical relationships between the control variables such as temperature,
strain, and strain rate and the output variables such as the grain size and the volume fraction are well-
described in the literature.

The goal of this project was to analytically study the internal properties of a material as it is
subjected to different time histories of temperature, strain, and strain-rate. Three different path-.
planning schemes were tried: (a) locally optimal methods, (b) globally optimal methods, and (c)
parameter optimization method. The simulation results obtained by these techniques indicated that the
desired volume fraction and the grain size can be obtained with high degrees of success. These results
can be quite appealing to metallurgists, research and industrial community. In summary, this
preliminary study on optimal methods in material processing demonstrated feasibility of the technique
and has potentials of further research.

In a second task on this project, an optimal strategy for strain, strain-rate, and temperature
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trajectories for dynamic recrystallization was developed. A set of equations due to Yada describing the
grain size and percent recrystallization were transformed and partially linearized in order to obtain a
description which can be used with the theory of calculus of variations to obtain strain, strain-rate, and
temperature trajectories. An optimality criterion based on physical considerations was presented and
necessary conditions for its optimality were derived. It was demonstrated that for this particular choice
of optimality criterion the optimal strain-rate trajectory is constant. A complete solution for the optimal
strain, strain-rate, and temperature trajectories was derived.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 18, An Optimal Strategy for Strain, Strain-Rate, and
Temperature Trajectories for Dynamic Recrystallization, and Volume 19, Optimal Control of Material
Processes.

TASK: 42
TASK TITLE: Computation of Polymer Optical Properties

TASK OBJECTIVE: To perform calculations on polymer optical materials by molecular modeling
methods.

SCIENTIST: Barry L. Farmer, Ph.D.
DESCRIPTION OF WORK:

Cyclic siloxanes with cholesteryl and biphenyl mesogens reveal a host of interesting structures and
properties, depending, among other things, on the number of each type of mesogen on the cycle.
~ Molecular modeling on these systems to date has been confined to the cyclic penta(methyl siloxane)
having two cholesteryl and three biphenyl mesogens. The star molecules are somewhat smaller than the
cyclic systems and the MD simulations are less onerous. The star also offers the possibility of
investigating the dependence of material behavior on the length of the leader between siloxane core and
the cholesteryl and biphenyl groups.

A molecular dynamics study of star siloxane molecules was undertaken. Siloxane stars having four
biphenyl mesogens, four cholesteryl mesogens, or two of each, demonstrated the remarkable flexibility
of the allyloxybenzoate leader group connecting the siloxane core and the biphenyl or cholesteryl
moieties. In each case, three mesogens aggregated fairly rapidly in the in vacuo simulations, with the
fourth mesogen eventually joining the aggregate as well. Cholesteryl mesogens in the 50/50 star seemed
to form an especially long-lived association, showing little tendency to dissociate once formed.

The influence of intermolecular interactions on the biphenyl torsion angle was examined for the
star containing four such mesogens. Oscillations over the barrier at 90 deg, which are prevalent when
the mesogens are far apart, diminish when the mesogens are close together. The biphenyl rings then
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reside in emergy minima near 45 deg. Occasional transitions through coplanar confirmations were
observed, but there was no indication of a tendency to remain at such torsion angles.

As an additional part of this task, two manuscripts were prepared titled "Molecular Dynamics of
Rigid-Rod Polymers” and "Crystal Structures and Phase Transitions of Poly (p-phenylene) Oligomers".

The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 43, Molecular Modeling of Non-Linear Optical
Systems.

TASK: 43

TASK TITLE: Project Management/Administration

TASK OBJECTIVE: To provide support activities necessary to establish project task orders and overall
contract administration.

PROGRAM MANAGER:Milton E. Zellmer

DESCRIPTION OF WORK:

The contributive research and development project required extensive management and
administration activities that were not readily charged to a specific task. These activities fell into three
general categories:

1. Those contract management administrative requirements to establish planning and control

procedures that applied to the project as a whole. Examples are status reporting, project

management meetings, and other general overall project reporting.

2. Those management activities required to establish each of the task assignments. These activities
could not be charged to the task since the task was not yet approved during this phase.

3. Recording and reporting the performance and cost for the overall management and
administrative activities.

This task provided project management/administration from 26 June 1991 through 25 June 1992.

TASK: 44

TASK TITLE: MBE Process Discovery Research
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TASK OBJECTIVE: Conduct experiments on autonomous discovery of PID parameters for autotuning
of MBE controller.

SCIENTIST: Jeffrey J. Heyob, M.S.

DESCRIPTION OF WORK:

The research was a control study applied to a process referred to as molecular beam epitaxy
(MBE) which is used for the production of very thin, multi-layer optical and electronic devices. The
reduction of flux variability in the MBE process demonstrates that the flux control system can be
significantly improved by the implementation of performance-adaptive methods.

This task refined the "MBE Control” program that supports process control improvement of the
Molecular Beam Epitaxy (MBE) process through the Process Discovery Autotuner. The process control
of interest was the MBE Knudsen Cell temperature control loop and the associated Knudsen Cell fluxes.
The temperature control of the Knudsen Cells was found to be critically important toward maintaining
flux beam stability during the MBE growth process. Maintaining the necessary temperature control of
the Knudsen Cells required optimum tuning of the Eurotherm PID controllers associated with each of
the eight Knudsen Cells mounted on the MBE system. Process first principles were autonomously
extracted about each Eurotherm controlled Knudsen Cell using a robust qualitative process discovery
technique called "Trapezoidal Tuning" and assembled as a knowledge base within a microcomputer. The
knowledge base was then used in situ by the microcomputer to optimally tune the Eurotherm
temperature control loops for all Knudsen Cell control requirements. Previously, the Process Discovery
Autotuner methodology achieved 1.45% reduction of overall root-mean-square process error and a 17%
reduction of overshoot error during process setpoint changes. Further enhancements to the Knudsen
Cell control-loop achieved an additional 67% reduction to Knudsen Cell flux deviation.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 36, Automated MBE Control Enhancement.

TASK: 45
TASK TITLE: Electronic Properties of III-V Antimony Alloys

TASK OBJECTIVE: Determine the electrical and optical properties of III-V semiconducting materials
containing antimony, such as InGaSb.

SCIENTIST: Shanthi Iyer, Ph.D., North Carolina A & T University
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DESCRIPTION OF TASK:

The object of this research investigation was to determine the quality of the layers grown by liquid
phase electroepitaxially grown GaSb and GalnAsSb on (100) GaSb substrates using low temperature
photoluminescence. The layers were grown by the investigator at North Carolina A&T University.
Near band edge structures were studied in detail. The integrated intensity of the photoluminescence
peaks were determined using the quantitative fit to photoluminescence specta. The identity of the
various excitonic and acceptor related transactions were determined by studying the temperature and
intensity dependence of the PL spectra. The presence of free exciton and the bound excitons with
FWHM in the range of 1.7-5MeV indicated the good quality of the layers grown. The number of bound
excitons and acceptor related transactions decrease with the shift in the quaternary alloy composition
towards the lower energy. The band to band transition starts dominating for composition with lower
band gap. Temperature dependence of the band gap shift follows the empirical relation of Varshni,
band gap shift being comparatively smaller for the composition with the lower band gap.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 25, Photoluminescence Study of Liquid Phase
Epitaxially Grown GalnAsSb on (100) GaSb.

TASK: 46
TASK TITLE: Pitch Reactor Design and Experiments

TASK OBJECTIVE: To design and build a process control system for a pitch reactor and to conduct
initial experiments on the synthesis and centrifugal separation of mesophase
pitch.

SCIENTIST: Rajeev Mehta, Ph.D., AdTech Systems Research, Inc.
DESCRIPTION OF WORK:

The advent of carbon fibers, with mechanical properties now approaching the theoretical limit
imposed by the strength of carbon-carbon chemical bond, was the major stimulus to the development
of composites. Carbon fiber-reinforced composites represent an attempt to incorporate the exceptional
mechanical properties of fiber into a structural solid. Since carbon fibers are capable of carrying
mechanical load at temperatures exceeding 2200°C, the operating temperature of the composite is
controlled by the softening temperatures of the matrix constituent. Even the highest temperature
polymer matrices cannot perform above 350°C. Metal matrices will tolerate higher temperatures but
suffer from thermal expansion mismatch and chemical reaction with the fibers. Ceramic and carbon
char matrices are brittle, leading to matrix cracking and delaminations.

The main hypothesis of this research project was that a new generation of composite materials, with
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interconnected graphitic reinforcing ligaments, offers potentially significant improvements in specific
mechanical properties over conventional fiber-reinforced composites while greatly simplifying the
required fabrication processing of engineered materials. Such novel composites could, in principle,
exploit the high intrinsic mechanical properties present in carbon fibers in a way which is much less
dependent on the matrix constituent.

The temperature, gas flow rate, and pressure requirements were identified for the synthesis of
mesophase pitch from isotropic pitch and for the processing of mesophase pitch foams. Based on these
evaluations, a control system was designed for an autoclave reactor to control pressure and gas flow rate
and to safely pyrolyze the by-products of these operations.

Highly graphitic carbon foams were processed from mesophase pitch, a carbon fiber precursor.
The mesogenic pitch was expanded by an elevated temperature, with foaming effected by a variety of
blowing techniques. Stabilization of the nascent foams was achieved by rapid cooling. The resultant
pitch foams were converted to graphitic foam via oxidative stabilization followed by carbonization and
graphitization. The foam structures were studied by fluorescent microscopy and scanning electron
microscope, and were found to possess an open cell structure. Wide Angle X-Ray Scattering performed
on the foams indicate that a high degree of graphitization is possible.

The suitability of various foaming techniques for the foaming of mesophase pitch material was
studied. In particular, the technique of producing a micro-cellular foam by saturation of the material
at a temperature below its softening point under high pressure and then desupersaturation at a
temperature above its softening point at atmospheric pressure was studied. Attempts to produce a
micro-cellular pitch foam by this route were unsuccessful. Solubility studies on nitrogen/pitch system
showed that the solubility of nitrogen in pitch at room temperature is extremely low.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 34, Graphitic Foam Processing.

TASK: 47
TASK TITLE: New Nonmetallic Materials
TASK OBJECTIVE: Investigate new lubricant and elastomeric materials.
SCIENTIST: Stacy R. Robinson, B.A.
DESCRIPTION OF WORK:
This research project was developed in support of the Dayton-Montgomery County Education Fund

Mathematics Collaborative Project "GEMMA". Under this program, Dayton area industries and the
Wright Laboratory Materials Directorate establish eight week programs to familiarize local area math
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and science teachers with typical day-to-day applications of their sciences. The teachers work on real
business problems during this period, and develop plans for incorporating real life applications into their
teaching programs at the elementary and high school level.

On this particular project molecular modeling was performed in support of the development of new
lubricant and elastomeric materials. A 1,,2-dichloro-1,1,2-trifluoro-2-iodoethanemolecule was built using
the Chem-x program. This program allows the scientist to build molecules, graph properties, calculate
geometries, and many other concepts. Energies and geometries of this molecule were calculated on the
Cray super computer. Programs used included Games, Gaussian 90, Gaussian 88,etc. These programs
perform computational studies. The results are correlated with experimental results to compare the
programs and to get as close as possible to the ideal result.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 47, Molecular Modeling of New Nonmetallic
materials.

TASK: 48

TASK TITLE: Metal Matrix Composites

TASK OBJECTIVE: Investigate new metal matrix composites.
SCIENTIST: Tim W. Voegeli, MAT.

DESCRIPTION OF WORK:

This research project was developed in support of the Dayton-Montgomery County Public
Education Fund Mathematics Collaborative Project "GEMMA". Under this program Dayton area
industries and WPAFB organizations establish eight week programs to familiarize local area math and
science teachers with typical day-to-day applications ‘of their sciences. The teachers work on real
business problems during this period, and develop plans for incorporating real life applications into their
teaching programs at the elementary and high school level.

On this project the processing parameters affecting the compression and extrusion of titanium
alloy(TiAl-G2) were examined. Parameters examined were temperature, stress, strain rate, and strain.

From stress data compared to variations in strain rate and strain at a constant temperature
generated by ALPID software, equations were developed to express the relationships between
parameters. These equations were then used to generate Load vs Stroke curves and compare accuracy,
computer time, and number of iterations with curves from tabulated data. Both linear and polynomial
equations were used to curve fit data and a power equatior. was used to relate stress with strain rate.
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The equation for the Zener-Hollomon parameter, Z, was used to show how a change in strain rate
affects the change in temperature. The Z parameter was also used to find an equation expressing grain
size in terms of stress while holding temperature constant.

The detailed project description, method, results, and discussion are reported in Contributive

Research and Development, Volume 9, Processing Effect in Compression and Extrusion of Titanium
Aluminide Alloy.

TASK: 49

TASK TITLE: New Optical Materials

TASK OBJECTIVE: Investigate new polymeric materials.
SCIENTIST: Anita Conway, M.S.

DESCRIPTION OF WORK:

This research project was developed in support of the Dayton-Montgomery County Public
Education Fund Mathematics Collaborative Project "GEMMA". Under this program Dayton area
industries and WPAFB organizations establish eight week programs to familiarize local area math and
science teachers with typical day-to-day applications of their sciences. The teachers work on real
business problems during this period, and develop plans for incorporating real life applications into their
teaching programs at the elementary and high school level.

On this project supporting the Material Directorate’s investigation of new polymer liquid crystals,
the photochromic behavior of Poly-L-Tyrosine was examined. The goal was to probe Poly-L-Tyrosine
to see the conformation changes in a macromolecule of Tyrosine photochemical inducement, and model
the compound. This amino acid shows reversal phase and the peptide added is a long leader group,
flexible change, and has the ability to be photochromic.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development, Volume 10, Study of Poly-L-Tyrosine and Photochromic Behavior.

TASK: 50

The government canceled this task.
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TASK: 51

TASK TITLE: Processing and Characterization of Nonlinear Optical Polymers

TASK OBIECTIVE: To process by vapor deposition and to characterize nonlinear optical materials.
SCIENTIST: Hao Jiang, Ph.D.

DESCRIPTION OF WORK:

The study of non-linear optics (NLO) has grown rapidly over the last few years. The prospect of
improved telecommunications devices, and in the longer term, optical computers, has ensured a steady
flow of new NLO materials.

Polymers with extended conjugated backbones are being widely investigated as potential waveguide
devices as the extended = systems in these polymers lead to high intristic values of third order non-linear
response (x*). Among the most studied polymers are polythiophene (PT) and polybenzene (PB) largely
due to their high x°. Unfortunately, these polymers are hindered by their uneasy processibility.

One new method which has recently begun to be exploited is the preparation of these polymer films
by plasma deposition. Using this technique, thin, dense and smooth films, ranging from a few hundred
angstroms to a few microns, of above mentioned polymers can be laid down under controlled conditions.
This project involvedresearch on poly(thiophene), poly(chlorothiophene), poly(bromothiophene), poly(3-
hexylthiophene, poly(furan) and poly(benzene) films made by plasma deposition.

The research consisted of three parts: (1) Plasma vapor deposit (PVD) technique for nonlinear
optical polymer materials, (2) Image contrast mechanisms and topological structures of Polyethylene(PE)
single crystals: low-voltage high-resolution scanning electron microscopy (LVHRSEM) and atomic force
microscopy (AFM), and (3) characterization of laser irradiated Cgand C,, "buckyballs"-toluene solutions
and their containing glass or quartz cell damage.

The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 83, Processing And Characterization of Non-Linear
Optical Polymers.

TASK: 52

TASK TITLE: Phase Transformation and Kinetics in Advanced Intermetallic Alloys
TASK OBJECTIVE: To establish phase-transformation kinetics in intermetallic alloys based on TiAl
and Nb,Al.




SCIENTIST: Sarath K. Menon Eachanattil, Ph.D.

DESCRIPTION OF WORK:

This project was undertaken to obtain an understanding of the various phase transformations in
niobium base alloys, specifically those containing aluminum and titanium due to their importance as
potential high temperature aerospace material. Attempts at alloy development were being carried out
by several researchers and studies on Ti and other alloying additions to NB-Al alloys were being done.
In the course of this work, five alloys viz.,Nb-9.89A1,Nb-17.47A1,Nb-15.6A1-10.45Ti, and Nb-13.25A1-
21.40Ti (all compositions in at %) were investigated by metallography, XRD, EPMA, and TEM.
Experimental work in the following areas was carried out:

(a) Initially, phase boundaries involving the bcc and the Nb,Al phase were experimentally
determined and isothermal sections of the Nb rich corner of the Ti-Al-Nb system established
at 1923 K, 1423 K and 1273 K.

(b) The presence of absence of B2 phase was investigated and the regions of stability or
metastability in the Nb-Al-Ti phase diagram established.

(c) The morphology and crystallography of the Nb,Al phase in a variety of Nb-Al-Ti alloys were
evaluated by transmission electron microscopy (TEM).

(d) The growth kinetics of plate shaped Nb,Al precipitates forming in three alloys were determined
and;

(e) A study of the pre-precipitation phenomena, in present case, & phase formation in quenched
alloys was also carried out.

This study showed that (a)the solubility of Al in Nb is considerably less than that previously
reported, (b) the high temperature bcc phase in a wide variety of Nb-Al-Ti alloys undergoes an ordering
transformation to produce B2 structure and (c) the & phase also is produced during quenching even in
Nb-Al alloys. The growth kinetics of the plate shaped Nb,Al phase (with A15 crystal structure) was
measured in three alloys in the gas temperature range 1273-1573K and it was found to be very sluggish.
The observed crystallographic orientation relationship between the bcc matrix and the Nb,Al precipitate
phase could be described as: {012}, ll{111},.;<011>, }I<121>, . These studies indicate the
possibility of producing single phase B2 alloys containing =~ 40 at% Ti and = 20 at% Al which with
further minor alloying additions may offer a good combination of properties.

The detailed project description, methods, results, and discussion are reported in Contributive

Research and Development Final Report, Volume 59, Phase Transformations in Niobium-Aluminum-
Titanium Alloys.
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TASK: 53
TASK TITLE: Growth of Tri-allyl Thiourea Cadium Chloride

TASK OBJECTIVE: To grow and characterize the new nonlinear crystal tri-allyl thiourea cadmium
chloride.

SCIENTIST: Uma B. Ramabadran, Ph.D.
DESCRIPTION OF WORK:

Nonlinear optical crystals of good quality and high frequency conversion efficiency were grown by
the aqueous solution temperature reduction method. The widely used potassium dihydrogen phosphate
(KDP) had been previously grown as a test material and subsequently the more recently discovered
nonlinear crystals of L-arginine phosphate (LAP) were grown by a similar technique. The optimum
temperature range for growth was found to be 40 - 30 degrees centigrade and rate of temperature
decrease was determined to be 0.5degrees centigrade/day. Small crystals of triallyl thiourea cadmium
chloride can be obtained by evaporation of the saturated solution. These crystals were then
characterized by measuring the electro-optic coefficients using a Mach-Zehnder interferometer and the
piezoelectric coefficients using a Michelson interferometer. The electro-optic coefficients of KDP (Yed)
and Strontium Barium Niobate [SBN(Y,;)] were measured to be 11.0pm/V, 11.07pm/V, and 51.96
pm/V respectively and were used as a calibration for the Mach-Zehnder setup. The y,,, Y5, and ya,
electro-optic coefficients of the new materials zinc tristhiourea sulphate were measured to be 2.6 +/-
.01,1.49 +/- .11,and 1.52 +/- .12pm/V. Its deuterated analog had corresponding values of 2.64 +/-
0.14pm/V, 1.67 +/- .14pm/V and 1.52 +/- .074pm/V. The piezoelectric coefficient of SBN was
determined to be 30.37 +/- 1.7pm/V and used as a calibration for the Michelson interferometer. The
values of the d,; and d,, piezoelectric coefficients for ZTS and d-ZTS were measured to be .651 +/- .2
p/V, 7.49 +/- .66pm/V .71 +/- .06 pm/V, and 7.78 +/- .15pm/V respectively. A separate effort
involved study of the possibility of growing a new nonlinear crystal, triallyl thiourea cadmium chloride.
The powder of the compound was prepared and it exhibited second harmonic generation.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 32, Aqueous Solution Growth and Optical
Characterization of Nonlinear Crystals.

TASK: 54

TASK TITLE: Acoustic Emission Techniques in Materials Characterization

TASK OBJECTIVE: To use acoustic emission (AE) techniques o characterize complex materials
systems such as titanium aluminides, metal matrix composites, and ceramic
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matrix composites in support of research activities in the Metals and Ceramics
Division and to instruct MLL engineers and scientists in the use of AE.

SCIENTIST: Itzhak Roman, Ph.D.

DESCRIPTION OF WORK:

The applicability of utilizing AE as a mean of gaining better understanding of the deformation and
fracture mechanisms that operate in advanced titanium based materials was examined. Several different
combinations of materials and loading modes were employed in this study, namely, tensile testing of a
monolithic titanjum aluminide alloy, interfacial properties study of titanium model composites, tensile
testing of a Ti-24Al-11Nb/SCS-6 composite and thermal fatigue testing of Ti-24Al-11Nb/SCS-6
composite.

The work completed in a previous phase of this study, consisted of room temperature testing of
a monolithic e, alloy Ti-25A1-10Nb-3V-1Mo and initial interfacial properties characterization of two
titanium model composites,i.e. Ti-6Al-4V/SCS-6 and Ti-24Al-11Nb/SCS-6. This work centered on
further characterization of the composite interfacial properties.

The interfacial region between continuous SiC fiber and titanium alloy matrix, in monofilament
metal matrix composites, was characterized extensively. The study utilized SCS-6 SiC fibers and two
titanium alloys: Ti-6A1-4V and Ti-24Al-11Nb. The interfacial shear strength (ISS) was determined by
two different techniques, indentation and fragmentation.

Results indicate that load is transferred from the matrix to the fiber through the bonding between
fiber and matrix and by friction, which is due to residual compressive thermal stresses and surface
roughness. Each fiber fracture produced a multiplicity of small pieces between adjacent larger
fragments, and was accompanied by distinct intense acoustic emission with a characteristic waveform.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 33, Characterization of Interfaces in Model Titanium
Base Composites.

TASK: 55

TASK TITLE: MBE Manufacturing Automation

TASK OBJECTIVE: To develop a control system which improves the manufacturing capability of
MBE.

SCIENTIST: Oliver D. Patterson, M.S.
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DESCRIPTION OF WORK:

The primary objective of this Molecular Beam Epitaxy (MBE) manufacturing research program
was to improve the consistency and quality of materials grown with MBE. Although the selection of
qualities most important to optimize depends on the type of thin-film being grown, the following
qualities are genmerally important:

1) Layer Thickness

2) Alloy Concentration

3) Dopant Concentration

4) Impurity Levels

5) Smoothness of Material Layer Interfaces

6) GA,, or As;, Antisites (Ga occupies As location or vice versa)
7) Vacancies (Missing atom)

8) Dislocations (Missing line of atoms)

9) Oval Defects

Methods for improving the qualities #1,#2,#3, and #5 were addressed.

The improvement effort conceptually divides into three areas: improvement of flux control, real
time control using an expert system and advanced sensor feedback, and material system modeling for
the purpose of developing new recipes quickly. The focus of the first level is to improve the precision
and tracking of the variables, flux,and substrate temperature. The second level consists of an expert
system that uses sensors to monitor the status of the product in order to generate a process plan in real
time. The third level features a continuously evolving neutral network model of the process which is
used to recommend the recipe and command inputs to achieve a desired product goal. All three levels
require models of the process which are updated using automatic process identification experiments.
The three levels of the system are described and experimental data used to illustrate the impact of select
modules. The system has potential to eliminate product variability to the accuracy of the sensor data.

The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 50, Progress Towards a Comprehensive System for
Molecular Beam Epitaxy.

TASK: 56

TASK TITLE: Homogenization Studies on an Ingot Metallurgy Gamma-TiAl Alloy

TASK OBJECTIVE: To develop a generic understanding of the mechanisms and kinetics involved in
second phase dissolution in intermetallics during homogenization.

SCIENTIST: Rama Nekkanti, Ph.D.
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DESCRIPTION OF WORK:

Many of the near-gamma alloys being characterized at present are being synthesized via ingot
metallurgy methods. It has been found that the resulting microstructures after such processing routes
are often banded. Resulting from the double-cascading peritectic reactions that characterize the phase
equilibria around the equiatomic titanium aluminum composition, the segregation has been found to be
similar in extent in both binary multicomponent alloys. Because of the possibly adverse effect of such
heterogeneities on the mechanical properties of these inherently brittle alloys, efforts were underway
to define homogenization heat treatments to eliminate the banding.

The homogenization kinetics of a near-gamma titanium aluminide was determined by heat treating
small differential thermal analyzer (DTA) specimens in a highly controllable, low thermal inertia
differential thermal analyzer. The time for total dissolution of gamma grains varied by approximately
two orders of magnitude for temperatures between 10 and 86°C above the alpha+gamina alpha transus.
Comparison of these observations to the relative rates derived from a stationary interface type model
indicated that the dissolution process is not limited by diffusion, but more likely by some form of
interface reaction.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development, Volume 35, Homogenization Kinetics of a Near-Gamma Titanium
Aluminide Alloy.

TASK: 57
TASK TITLE: Interface Properties in Advanced Composites

TASK OBJECTIVE: To develop test and analysis techniques to determine interface properties in
advanced aerospace composites.

SCIENTIST: Mark Waterbury, Ph.D.
DESCRIPTION OF WORK:

An automated digital deformation analysis (ADDA) system was developed that uses image
correlation analysis to determine displacements and strains on surfaces. The system was implemented
on a Macintosh™ microcomputer with images captured by an Eikonix 1410 digital imaging camera. The
method determines the locations of reference points in images of the specimen before and after
deformation and can make use of an optical fiducial grid to decrease the system sensitivity to surface
degradation. Images are digitized from photomicrographs that can be made with optical or electron
microscopy, provided that they are dimensionally stable, allowing measurements to be made over very
short gage lengths. A test protocol to validate the ADDA system and investigate the influence of

various error sources was developed.
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Preliminary investigations into the single fiber fragmentation test applied to ceramic fiber reinforced
intermetallic matrix composites were performed to prepare for an in-depth effort. Some of the
fundamental differences between fragmentation in an intermetallic matrix and thermoset and
thermoplastic matrices were identified. An approach to understanding the failure phenomena in
Intermetallic Matrix Composites (IMC’s) was determined.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 42, Development of an Automated Digital
Deformation Analysis System and Single Fiber Fragmentation Testing in Intermetallic Matrix
Composites.

TASK: 58
TASK TITLE: Microcrack Initiation Detection in Metals

TASK OBJECTIVE: To optimize techniques for the application of scattered acoustic waves to detect
the initiation and growth of microcracks in metals.

SCIENTIST: Michael T. Resch, Ph.D., University of Nebraska-Lincoln
DESCRIPTION OF WORK:

Miniature contacting surface acoustic wave wedge transducers were designed and fabricated for the
purpose of generating and receiving surface acoustic waves to experimentally detect the initiation and
growth of microcracks in metals. These devices were optimized using well established principles of
physical acoustics. In order to achieve additional optimization of the ultrasonic testing system, variable
impedance matching networks were designed and fabricated in order to minimize reflected signals at
the interface of the signal generation equipment and the transducer terminals. Measurements of the
efficiency of these devices determined that these matching networks increase the global efficiency of the
crack detection system by approximately 25%.  Also, an automated technique was developed for
measuring the complex impedance of the wedge transducers under computer control, including
computerized data acquisition for waveform retrieval and analysis.

Evaluation of the ultrasonic detection system was achieved by developing a completely automated
technique for detection of small cracks using reflected ultrasonic acoustic waves. This technique
included remote control of the servohydraulic testing system and the ultrasonic testing system with a
single microcomputer in addition to fully automated computerized data acquisition and storage of the
ultrasonic signals. A simple threshold measurement of the maximum detected ultrasonic amplitude of
reflections from the vicinity of the high stress region of the hourglass shaped specimens was used to
detect the presence of naturally initiated microcracks. A significant improvement can be achieved by
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using two dual element transducer arrays so that both sides of a specimen could be interrogated by a
single set of ultrasonic electronic equipment. Finally, application of the technique was demonstrated
by using the automated system to detect naturally initiated microcracks in hourglass shaped specimens
of aluminum alloy.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development, Volume 71, Microcrack Initiation Detection in Metals.

TASK: 59
TASK TITLE: Thermomechanical Fatigue in Metal Matrix Composites

TASK OBJECTIVE: To evaluate the fatigue behavior of titanium metal matrix composites under
combined thermal and mechanical cycling.

SCIENTIST: Richard W. Neu, Ph.D.

DESCRIPTION OF WORK:

In this project, the framework for developing a mechanistic life prediction model for metal matrix
composites (MMCs) was defined. Mechanistic thermomechanical fatigue life prediction models are
important for several reasons. For one, they predict fatigue life under any general stress-temperature
history experienced by the composite. Therefore, a comparison of the severity of different stress-
temperature histories can be handled. Mechanistically-based models also can indicate why failure will
occur under a particular stress-temperature history. This leads to a better understanding of the material
behavior, which in turn identifies what aspects of the material need to be improved to sustain a given
history. '

This project consisted of two parts: development of a mechanistic thermomechanical fatigue (TFM)
life prediction model for metal matrix composites, and experiments on SCS-6/821S, a titanium matrix
composite with silicon carbide fibers. The mechanistic thermomechanical fatigue life prediction model
accounts for the dominant damage mechanisms observed in metal matrix composites. These
mechanisms were described by a damage model which accounts for the constituent stress and strains
as well as the kinetics of the environmental degradation of the matrix and fibers under different applied
stress-temperature  histories. The model was able to successfully predict the thermochemical fatigue
(TMF) life and the expected dominant damage mechanism of SCS-6/Ti-24Al-11Nb[0], for a number of
cycle types, including in-phase and out-of-phase TMF, and isothermal fatigue with and without stress
holds. Experiments were conducted on SCS-6/821S for three different laminate orientations:[0},,[0/90];,
and [0/+45/90],. Stress-controlled in-phase and out-of-phase TMF tests were conducted at 150°C
and R=0.1. A rough correlation of the fatigue lives for the different laminate orientations was obtained
by normalizing the maximum applied stress(S_,,) by the ultimate tensile strength at the temperature
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where S, occurs. TMF lives can be predicted within a factor of three for out-of-phase loading, which
is controlled by environment-assisted matrix cracking. There was more scatter in the in-phase lives,
which could be attributed to sensitivity of the fatigue life on the fiber volume fraction.

The detailed project description, methods, resuits, and discussion are reported in Contributive
Research and Development Final Report, Volume 60, Thermomechanical Fatigue in Metal Matrix
Composites: Mechanistic Life Prediction Model and Experiments.

TASK: 60
TASK TITLE: Microstructure/Property Relationships in Intermetallic Eutectics

TASK OBJECTIVE: Conduct thermomechanical processing to control the microstructure of advanced
intermetallic eutectic systems and determine the microstructure/property
relationships in these materials.

SCIENTIST: Sharvan Kumar, Ph.D.
DESCRIPTION OF WORK:

Two-phase "eutectic composites” are of interest for high temperature applications because the
microstructures are thermodynamically stable, exhibiting no interfacial reactions and frequently resist
coarsening upon exposure to elevated temperatures. An added advantage is that such composites are
made in a single step thereby circumventing problems associated with the fabrication of conventional
continuously reinforced composites.

A two-phase eutectic alloy of composition Cr-6.5 at% Hf was cast, homogenized and isothermally
forged into a pancake using a height reduction of 3.5. The cast homogenized and forged microstructures
were characterized via optical, scanning and transmission electron microscopy. The characteristic
eutectic microstructure observed in the casting was broken down by the hot working operation.
Specimens were machined from forging and subjected to a variety of heat treatments to understand the
stability of the microstructure after hot working. These studies showed the C14 phase to be stable at
room temperature and in equilibrium with Cr. A fine precipitate was observed in the Cr phase and was
tentatively identified as C15 Cr,Hf. Heat treatment at 1473K for 2h resulted in the transformation of
some of the C14 phase into the 4H structure.

Compression specimens cut from the forging were evaluated in the temperature range 293K-1473K.
The observed response is characteristic of BCC alloys. Four-point bend tests were conducted as a
function of temperature and strain rate to obtain an appreciation for the ductile to brittle transition
temperature. Notched bend specimens were tested as a function of temperature to obtain the variation
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of fracture toughness with test temperature. Toughness was ~7MPa/m at 239K and increased almost
linearly with temperature to ~15MPa/m at 873K. The resulting fracture surfaces were examined in the
scanning electron microscope. The measured properties were correlated with the observed
microstructures and an understanding was obtained for microstructural evolution during heat treatment
of this alloy.

The detailed project description, method, results and discussion are reported in Contributive
Research and Development, Volume 39, Microstructure-Property Relationships in a CrCr,Hf Alloy.

TASK: 61
TASK TITLE: Theoretical Analysis of Semiconductor Surfaces

TASK OBJECTIVE: Determine the values of kinetic parameters required for process modeling of
Molecular Beam Epitaxy (MBE) by performing atomic scale simulations of
semiconductor surface structures.

SCIENTIST: Shashikala Das, Ph.D.
DESCRIPTION OF WORK:

For the past several years the surface structures of binary polar semiconductors such as GaAs have
been of great interest due to the important role they play in the epitaxy of thin film heterostructure
materials and opto-electronic devices.

A semi-empirical self consistent molecular orbital program (MOPAC) and its solid state version
MOSOL was used for determining the energetics of the surface atoms on the silicon and gallium
arsenide (111),(100), and surface substrate. Total energy calculations performed for different cluster
sizes to determine the difference between the binding energies of an arsenic atom absorbed on the (111)
surface of GaAs at the hexagonal-closed-pack (T,) and zincblende(Zb) sites indicated that the surface
layer termination and the size of the cluster were very important in determining the binding energy
accurately. The binding energies of As atoms at T, and Zb sites were found to be of the same order
of magnitude when about six layers of GaAs were considered. A total energy calculation on large
cluster indicated that the binding energy of three As atoms at the regular Zb surface sites is larger than
the same 3 As atoms at the (V19 X V19) surface reconstruction site by a large amount (2.8ev) when six
atomic layers are included in the calculations, supporting the recently proposed model for the (V19 X
v19) reconstruction of the surface, which was based on scanning tunneling microscopy observations. The
calculated sublimation energies for Si, Ga, and As atoms on surface were compared with the calculations
of Krishnamurthy et. al. performed using Green function technique and are in good agreement for some
lattice sites but are not so good for others.
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The implications of these results for MBE simulations using the Monte Carlo method and the usual
stochastic models were addressed. The activation energy for the Si surface atom diffusion and the
energies of surface group atoms necessary for Monte Carlo simulations for the (111) surface of silicon
were determined. The accuracy and limitations of the method were addressed. The work established
that semi-empirical approaches of the kind adopted here are appropriate for such surface studies from
consideration of both speed and accuracy.

The detailed project description, method, result, and discussion are reported in Contributive
Research and Development, Volume 68, Theoretical Analysis of Semiconductor Surfaces: GaAs and Si.

TASK: 62
TASK TITLE: Deformation in Advanced Metallic Compounds

TASK OBJECTIVE: To investigate the extent and effect of localized deformation in advanced metallic
compounds.

SCIENTIST: Sion M. Pickard, Ph.D.
DESCRIPTION OF WORK:

Continuously-reinforced titanium-based metal matrix composites (MMC’s) have the advantages of
improved specific strength and stiffness over Ni-base superalloys, and are capable of higher operating
temperatures than are possible with monolithic Ti-based alloys.

Two Ti-based composites containing SCS-6 SiC fibers were characterized microstructurally and used
as model systems in which to study the influence of fiber volume fraction (V,) and cooling rate of
residual stresses and strains developed after consolidation. A novel matrix etching technique was used
to measure the axial fiber residual stress in the composite, and analysis of electron back scattered
channeling patterns was employed as a means of measuring local plastic yielding in the matrix. In
general, measurements of elastic residual fiber stress were in good agreement with analytical model
predictions. However, the measured plastic strains were higher than those predicted when yielding
occurs in the matrix during cooling due to CTE mismatch.

The detailed project description, method, results and discussion are reported in Contributive
Research and Development Final Report, Volume 86, An Experimental Study of Residual Stresses in
Ti Based SCS-6 Continuous Fiber Composites.

TASK: 63

TASK TITLE: Polymer Morphology
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TASK OBJECTIVE: To determine the degree of order in pneumatic liquid crystalline rigid-rod and
ladder polymer systems.

SCIENTIST: Daniel P. Heberer, Ph.D.
DESCRIPTION OF WORK:

A morphological investigation was conducted on two different families of intrinsically rigid rod
materials. Propyl sulfonate groups were added to a sulfonated poly(benzobisimidazole) polymer in an
attempt to create a "self-doping"” system. The addition of the propyl sulfonate side groups had a
pronounced affect on the material’s solution and solid state behavior when compared to the
poly(benzimidazole) homopolymer. The behavior was also a strong function of the computer-ion; the
sodium salt exhibited an anisotropic liquid crystalline phase in water, while the free acid was insoluble
in water and did not exhibit a liquid crystalline phase. The sodium salt exhibited an additional peak in
the X-ray diffraction pattern which was attributed to a lamellar assembly of the polymer. The
conductivity of the free acid was higher than that of the sodium salt, and the conductivity was increased
when the sample was oriented.

The synthesis of copolymers of PBT (poly(benzobisthiazole)) and dihydroxy PBT was performed
to increase the planarity of the polymer backbone by the creation of a pseudo-ladder structure and
thereby increase the conductivity of the system. The addition of hydroxyl pendants changes the
molecular packing in the crystalline sampléf’ The (200) and the (010) planes were both affected by the
copolymer composition, with the (200) plane increasing from 5.895A to 6.482 A and the (010) plane
decreasing from 3.539 A to 3.404 A upon going from the PBT homopolymer to the dihydroxy PBT
homopolymer. The c-axis remained unchanged. The resulting changes in the crystalline packing,
however, have little effect on the conductivity of the system with all conductivity values being in the very
low range of 10°S/cm™.

The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 79, A Morphological Investigation of Intrinsically
Conducting Rigid Rod Polymers.

TASK: 64

TASK TITLE: Molecular Dynamics of Grafted Rigid-Rod

TASK OBJECTIVE: To model the dynamical behavior of graft-copolymers composed of rigid-rod
backbone with flexible coil pendents.

SCIENTIST: Steven Trohalaki, Ph.D.

DESCRIPTION OF WORK:




Molecular dynamics simulations of bulk systems of single-component molecular composites were
performed in order to predict structure-property relationships and to help rationalize experimental
results. The first system was a ‘hairy-rod’ molecular composite, a graft copolymer composed of a
poly[p-phenylene benzobisthiazole}(PBZT) rigid-rod backbone with flexible meta poly[aryl ether
ketone](mPEK) pendant chains (the ‘hairs”’). A control simulation, consisting of unsubstituted PBZT
rods, was also performed. The hairy-rod and control systems were simulated at two densities, 0.47 and
0.7g/cm®. The second molecular composite, simulated at a density of 1.0 g/cm®, consisted of the same
PBZT and mPEK subunits, but arranged as a block copolymer. The control simulation in this case
consisted of mPEK homopolymer at the same density. The molecular-composite concept, conceived to
circumvent solubility problems and improve compressive strength of PBZT, relies on an even
distribution of rods in a coil-like matrix. In the case of the hairy rods, radical distribution and
orientation-correlation functions as well as orientation-correlation volumes imply that the mPEK chains
greatly reduce the correlation of rod orientation without altering rod spacing.

Ab initio molecular orbital geometry optimization was performed on several model compounds for
methyl-substituted PBZT, a candidate for cross-linking via ion implantation and whose fibers have
displayed enhanced compressive strength. Barriers to phenyl rotation were calculated for model
compounds of unsubstituted and methyl-substituted PBZT, a rigid-rod polymer. Using the 6-31G" basis
set, the barriers were calculated to be 4.0,2.6,2.3,and 2.6 kcal/mol for unsubstituted o-methyl, m-
methyl, and o, m-dimethyl phenylbenzthiazole, respectively. The barrier calculated for unsubstituted
benzthiazole is 3.6 to 5.3 times larger than those found from semi-empirical calculations on similar
model compounds. Methyl substitution at the ortho position lowers the barrier by about one-third and
shifts the barrier location from 90° phenyl torsion found for unsubstituted and m-methyl benzthiazole
to a 180° phenyl torsion, i.e. a planar conformation with the methyl group near the sulfur. Methyl
substitution at the meta position leaves the rotational potential virtually unchanged. Calculated bond
lengths and angles of optimized conformations were generally in good agreement with those found from
x-ray crystallography. Calculated torsional potentials imply that the discrepancy between theoretical and
experimental torsions is due to crystal-packing forces.

Again using the 6-31G" basis set, intra-molecular hydrogen bonds were investigated for imidazole-
substituted PBZT and for imidazole-substituted poly[p-phenylene benzobisthiazole](PBI) model
compounds, both of which are models for pseudo-ladder polymers. Such ladder polymers have received
attention as candidates for conductivity and non-linear optics applications. The differences in energy
between isomers, where a hydrogen bond is expected in one but not in the other, were calculated to be
13.7and 12.7kcal/mol for the PBI and PBZT pseudo-latter model compounds, respectively. Repeating
the optimization with the basis set augmented with diffuse functions on nitrogens and on hydrogens
bonded to nitrogen yielded energy differences larger by only 0.1-0.2kcal/mol. In addition to the
hydrogen-bond energy, these energy differences contain a contribution due to the isomerization of
imidazole moiety that has yet to be measured. In any case, these results imply that the pseudo-ladder
conformation, i.e.the hydrogen bonded conformation, is considerably more stable than the rod-like
confirmation.

The detailed project description, methods, resuits, and discussion are reported in Contributive
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Research and Development Final Report, Volume 77. Molecular Dynamics Simulations of Single
Component Molecular Composites Consisting of Flexible Coil and Rigid-Rod Subunits and Ab Initio
Molecular Orbital Calculations of Model Compounds for Rigid-Rod and Pseudo-Ladder Polymers.

TASK: 65

TASK TITLE: Graphite Foam Processing

TASK OBIJECTIVE: To identify a foaming process and to investigate the processing variables affecting
the cell structure and mechanical properties of graphitic foams derived from
piich.

SCIENTIST: Rajeev Mehta, M.S.,AdTech Systems Research

DESCRIPTION OF WORK:

Carbon fiber-reinforced composites represent an attempt to incorporate the exceptional mechanical
properties of fiber into a polymer, metal, carbon char, or pitch matrix. The fibers act as the major load-
bearing elements and the matrix serves to transfer load to the disconnected fiber network. However,
there are two important drawbacks in carbon fiber-reinforced composite technology, namely the
complexity of the fabrication process and the limiting properties of the matrix elements. The main
hypothesis of this on-going research program is that a new generation of composite materials, with
interconnected graphitic reinforcing ligaments, offers a simplified processing alternative to the
conventional carbon-fiber reinforced composite technology, with the potential of significant
improvements in specific mechanical properties.

Reticulated foams, which display such an interconnected ligament network, are readily synthesized
from polymers, and represent the reinforcing architecture we sought. Due to their amorphous carbon
morphology, however, these foams have relatively low moduli, much lower than one would expect in a
aligned graphitic morphology. If the cellular graphitic ligament micro-structure is created from the
thermotropic mesophase pitch, the ligaments of these reticulated foams, rather than being amorphous,
should possess a morphology similar to that in advanced carbon fiber.

The objectives of this research were to describe three different ways of foaming mesophase pitch,
and to demonstrate that a very high degree of graphitization can be achieved through high temperature
treatment of these mesophase pitch foams.

The first technique used was the "microcellular foaming” technique. A "microcellular foam" is
produced by first saturating a polymer with a gas under high pressure and then utilizing the
thermodynamic instabilities that result when the temperature is raised and the pressure is reduced to
produce the bubbles. The sudden instability instantaneously nucleates a myriad of bubbles with a
subsequent uniform distribution. The bubbles are then allowed to grow to the desired size, at which
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time the process is halted. The first foaming technique was attempted to obtain micro-cellular
mesophase foams, i.e. with cell-sizes less than 10 microns.

The second foaming technique used was to employ a chemical blowing agent, barium salt of 5-
Phenyltetrazole, as a source of gas. The foams obtained by the second technique were open-celled
foams and the cell-sizes were fairly uniform (of the order of 100 microns).

The third foaming technique used for the mesophase pitch was to supersaturate the molten pitch
at a high pressure and then to release the pressure accompanied by fast cooling. The foams obtained
by the third foaming technique were reticulated foams.

The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development, Volume 48, Graphitic Foam Processing.

TASK: 66
TASK TITLE: Gas Layer Protection of Carbon-Carbon Composites

TASK OBJECTIVE: To model the oxidation behavior of Carbon structural materials in the presence
of protective gas layers which are in thermodynamic equilibrium with the hot
carbon surface.

SCIENTIST: Sarwan S. Sandhu, Ph.D., University of Dayton
DESCRIPTION OF WORK:

The principal objective of a theoretical investigation in the Materials Directorate was to find
practical ways to reduce carbon oxidation mass loss from a low density (less than 2 gm/cm®) carbon-
carbon composite which exhibits outstanding elevated temperature, mechanical properties. The
investigation on this project dealt with reduction of carbon oxidation mass loss from a carbon tube
interior surface using a protective gas boundary-layer flow containing carbon monoxide. Transport of
chemical species by convection in the axial direction and diffusion in the radial direction was modeled.

The gas phase removal of oxygen by reaction with carbon monoxide in the presence of water vapor
was accounted for as oxygen diffuses towards the tube interior surface through the protective gas
boundary-layer flow. The chemical species continuity equation coupled with the thermal energy equation
was numerically solved for a non-turbulent flow to predict two-dimensional chemical species
concentration and temperature profiles. Local and cumulative carbon mass loss rates were computed
as a function of the tube axial distance.

Maximum local carbon mass loss rates were of the order of 3°10? gm/(cm®s) and 25°10°gm/(cm?-
§), respectively, for the protective (i.e. carbon monoxide present in the boundary-layer flow at the inlet
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to the carbon tube) and nonprotective (i.e.no carbon monoxide present in the boundary-layer flow at
the tube inlet) cases at inlet parametric values of the average flow velocity of 100 cm/s, central flow
oxygen and water mole fractions of 0.005and 0.05,respectively, protective flow carbon monoxide mole
fraction of 0.05,temperature of 1600K, and pressure of 1 atm.

The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 73, (Theory-Report II) Carbon-Carbon Surface
~ Oxidation Protection.

TASK: 67

The government canceled this task.

TASK: 68
TASK TITLE: Material Behavior Modeling of Metallic Systems

TASK OBJECTIVE: To establish quantitative techniques for predicting microstructural changes of
metallic systems during hot deformation processes.

SCIENTIST: Tim W. Voegeli, MAT.
DESCRIPTION OF WORK:

Scientific techniques from chaos theory have been found to have applications to certain dynamical
systems. If the processing of metals is such a system then the methods recently discovered to describe
chaotic systems can be used to better understand and describe their behavior.

The primary task was to establish quantitative methods for predicting microstructural changes of
metallic systems during hot deformations processes.

Fractal analysis is the geometry used to illustrate the structure of chaotic systems. Computer
programs demonstrating a variety of ways generating fractal shapes were investigated. Some of these
methods include iterated function systems (IFS), the chaos game, Lindenmayer-systems (turtle graphics),
and cellular automata. Concepts such as bifurcation theory, steady state attractors, sensitivity to initial
conditions, and self-similarity are but a few characteristics of chaotic systems. Using the properties of
chaos, it is possible to give both a qualitative and quantitative analysis of non-linear dynamical
phenomena.

This project began to examine the underlying concepts of chaos theory, fractals, and their
applications. To date, most applications have been in the areas of turbulence and mixing of substances.
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If the processing of metals is found to match conditions of chaos then it is just a matter of time before
the model is found to exhibit microstructural changes in a significantly more comprehensive manner.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development, Volume 62,Quantitative Techniques for Predicting Microstructural Charges
of Metallic Systems.

TASK: 69

The government canceled this task.

TASK: 70

TASK TITLE: Research on Optical Sensors for Molecular Beam Epitaxy

TASK OBJECTIVE: To determine the relevant process variables which can be measured by
ellipsometry during the growth of device layers using MBE.

SCIENTIST: Sonya Cong, Ph.D., Technology Assessment & Transfer, Inc.
DESCRIPTION OF WORK:

MBE (molecular beam epitaxy) is a thin film deposition process where, under ultrahigh vacuum
conditions (~10"'Torr), atomic or molecular beams react on the clean surface of single-crystalline
substrate to form an epitaxial film. This technique enables the design and fabrication of novel materials
and devices. During the MBE process, control of the property and structure for deposited film, such as
alloy composition and thickness, is extremely critical. Optical techniques have been widely employed
as real-time probes for the study of thin film depositions by MBE and other growth techniques.

In this project, real-time ellipsometry was used as the insitu sensor for the study and control of the
MBE process. Ellipsometry is an optical technique which deals with polarized light. Due to its
nondestructive and nondisturbing nature, ellipsometry is greatly favored as an insitu monitoring
technique. By analyzing the change of polarization state of a polarized light upon its reflection from
a sample surface, the dielectric property and structure of the sample can be assessed. Using
ellipsometry measurements during MBE film growth, the film thicknesses, alloy composition and the
layered structure can be determined instantaneously at each growth time. The ultimate goal is to send
information of the instantaneous film status to the controlling computer which can, according to this
information, make a decision on the adjustment of growth parameters required for a future time.

Although the main effort was focused on low temperature GaAs(LT-GaAs) thin films, other thin
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film/substrate systems were also studied including InGaAs films on InP substrate and InGaAs films on
GaAs substrate. An existing Geartner single wavelength ellipsometer was modified to include the
spectroscopic capability.

In the research of LT-GaAs, real time ellipsometry was employed to achieve reproducible film
properties and to study the microstructure of such films. LT-GaAs has been demonstrated to be a
useful high resistivity buffer layer for subsequent growth of a variety of epitaxial device layers. It has
proven difficult to reproducibly grow these films due to low (~250°C) substrate temperatures involved
and the need for tight II/V flux control. Real time ellipsometry was used to reproducibly set the
substrate temperature through a study of the As capping process on a GaAs surface. A hysteresis of
~200°C occurred in the temperature at which As was deposited and subsequently removed. Subtle
changes occur in the ellipsometric response in this temperature window which suggests minimal variation
in the adsorbed As behavior on the GaAs surface. A point occurs in the ellipsometric response which
characterizes that temperature at which As deposition begins for a given As overpressure. Using this
signature, reproducible LT-GaAs films were grown and followed by ellipsometry. A uniform growth
spiral was initially obtained indicating the formation of a homogeneous LT-GaAs layer. The
ellipsometric response deviates substantially from the uniform growth spiral as the film thickness exceeds
a critical value and may correspond to the formation of an amorphous or polycrystailine structure.
Variations in the index for LT-GaAs verses growth temperature and As over pressure were determined
from the growth spirais.

The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 85, Process Control of Molecular Beam Epitaxy By
Real-Time Elipsometry.

TASK: 71

TASK TITLE: Acoustic Microscopy for NDE

TASK OBJECTIVE: To assess the capability of acoustic microscopy for NDE of advanced materials
such as metal matrix composites.

SCIENTIST: Peter B. Nagy, Ph.D.
DESCRIPTION OF WORK:

The most unique feature that distinguishes acoustic microscopy from all other types of microscopy
is the origin of the contrast in the mechanical properties of the specimen. A low-frequency scanning
acoustic microscope was designed and built for ultrasonic inspection of metals, ceramics, composites,
and microjoints of these materials. The reflection-type microscope measures the Rayleigh wave velocity
and attenuation of the specimens, therefore it is sensitive to surface or near-surface properties, only.
In order to expand the field of application for the instrument, it was designed so that it could be used
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as a conventional high-frequency C-scan imaging device in double-transmission or backscattering mode
of operation as well.

The microscope operates in the 20-to-100 MHz frequency range. The finest scanning resolution
is 0.5 mils (12.5um) and the scanning area can be varied between 0.1"x0.1"and 2"x2". The image
resolution is 200 x 200 pixels with 8 bit resolution, although the gray-scale resolution on the VGA
monitor and the laser printer is limited to 6 bit. The microscope is controlled by a 486 AT personal
computer equipped with a large-capacity hard disk for convenient data storage.

The instrument was successfully tested in both basic modes of operation. Initial results demonstrate
that the reflection-type scanning acoustic microscope is particularly useful in studying weak charges in
the micro structure which are accompanied by significant velocity variations(e.g., polycrystalline grains)
while the C-scan imaging mode is more sensitive to scattering discontinuities(e.g., individual fibers
embedded in a matrix).

The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development, Volume 69, Acoustic Microscopy for NDE.

TASK: 72
TASK TITLE: Quasi-Particle Polymeric Systems Based on Air Force Poly(benzobisthiazoles) (PBX)

TASK OBJECTIVE: To explore the concept of in-situ generation of "quasi-particles”, i.e.,stable and
mobile electrons (free radicals, diradicals/quinoid structures, and carbanions),
and positive "holes” (empty pi-orbitals), in PBX polymers.

SCIENTIST: K.R. Srinivasan, Ph.D.
DESCRIPTION OF WORK:

The objective of this project was to prepare inherently conducting polymers. The incorporation
of electroactive functionalities in the rigid-rod polymer backbone was investigated as a route to the
preparation of inherently conducting polymers. The electroactive functionalities may be oxidized to
generate a radical cation suitably modified to create a charged species, and the mobility of this species
along the polymer chain could lead to its electrical conductivity behavior. To achieve this goal, the
preparation of electroactive moieties such as, di-and triphenylamines and triphenylmethanols was
undertaken. The report on the work describes the preparation and properties of the di- and
triphenylamines based monomers, model compounds(benzothiazoles and benzoxazoles) and polymers.
The preparation and the problems encountered in the synthesis of the triphenylmethanol monomers are
also described.

The detailed project description, method, results, and discussion are reported in Contributive
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Research and Development Final Report, Volume 88, Synthesis of Novel Triphenylamines and
Triphenylmethanols for Inherently Conducting Polymers.

TASK: 73
TASK TITLE: Insitu Process Control Research

TASK OBJECTIVE: Implement autonomous state space parameter acquisition of process non-
linearities, including required support elements, for Qualitative Process
Automation research.

SCIENTIST: Jeffrey J. Heyob, M.S.
DESCRIPTION OF WORK:

The refinement of the "MBE Control"” program resident on a Macintosh IIfx microcomputer
progressed in several facets toward the improvement of the Molecular Beam Epitaxy (MBE) process.

MBE flux stability was addressed beyond its controllability through temperature by a proportion-
integral-derivative(PID) control-loop. Flux data analysis gave support to a hypothesis that some of the
residual flux instability might be due to power supply harmonics or powerline disturbances driving long
term Knudsen Cell thermal oscillations on the order of ten minute periods and directly influencing flux
stability. Preliminary tests were run to quantify this hypothesis by improving the stability of the PID
temperature controller and power supply that controls the energy input to the Knudsen Cell thermal
control loop.

Apple Coﬁxputer’s System 7 release and the corresponding "Think C" compiler upgrade to version
5 were installed in the MBE development microcomputers for the expanded multi-tasking facilities and
support for interapplication communication (IAC). Multi-tasking and IAC will allow the MBE
instrument interfaces, the Process Discovery Autotuner, beam equivalent pressure calibration, MBE
growth control, and other supervisory processes to be developed as separate programs that communicate
with each other. Individual program development promises shorter design cycles and simpler program
troubleshooting.

Modular approach in the development of the MBE control system provides a protected
environment for each program’s unique and often complex data structures, and also provides a
consistent data communication channel to any other programs required for data inter-action in the
multi-tasking MBE control environment. The IAC connections between the various program modules
are very flexible to allow making, breaking, and re-establishing data links with any combination of
programs with as many as 128 simultaneous data links. Specific data flow through the system achieves
better organization during special sequences of the MBE operation, such as during setup, tuning,
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calibration, or growth, by having non-involved program modules idle.

The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development, Volume 70, Insitu Process Control Research.

TASK: 74
TASK TITLE: Nonlinear Optical Characterization of Biopolymers

TASK OBJECTIVE: To characterize the chi(2) and chi(3) properties of bipolymers being developed
in the materials laboratory in-house research programs.

SCIENTIST: Rama Vuppuladhadium, Ph.D.
DESCRIPTION OF WORK:

A novel technique was developed to study the third order nonlinear susceptibility coefficient by
utilizing the intensity dependent dispersion relation of surface plasmons. Surface plasmon method is
suited for investigation of optical nonlinearities in ultrathin films, such as monolayer and multilayer
systems. Surface plasmons are electromagnetic surface waves which propagate along the interface
between a metal and a dielectric material such as organic films. The third order nonlinear coefficient
% is a very important optical property of the materials because of its contribution to numerous
nonlinear optical process. The degenerate third order nonlinear susceptibility has shown a growing
interest in all-optical signal processing. The nonlinear changes in the dielectric constants e(%) also
contribute to well known effects such as self-focusing, self-trapping, and self-bending of light and phase
magnitude. This research developed a novel technique to measure both magnitude and sign of x® using
the intensity-dependent dispersion relation of surface plasmons. .

Surface plasmons propagate along the metallic surface with a maximum intensity at the surface and
exponentially decaying into the space perpendicular to the surface. One can excite these surface
plasmon by coupling the light through the prism (called attenuated total reflection) or through a grating.
The strong enhancement at the surface is correlated to the strong reduction in the reflected intensity,
indicating the complete transformation of the incoming light to surface plasmons. If the metallic film
is further coated with nonlinear media, the degenerate third order nonlinear susceptibility x® causes
a change in intensity of the waveguide mode, which results in the change in the resonant coupling angle.
In this effort, the prism coupling method was used to measure the third order nonlinear susceptibility
of PDA4BCMU and Siloxane films. The results obtained from these films appear to be thermal rather
than the electronic excitation. A Z-scan experiment was also set up to measure the x of these films
and the liquids.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development, Volume 47, Measurement of Third Order Non-linear Susceptibilities of
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Surface Plasmons.

TASK: 75

TASK TITLE: EO Polymer Research: Thermally Stable 2nd Order Materials
TASK OBJECTIVE: Synthesis of thermally stable 2nd order materials.
SCIENTIST: Ram Kannan, Ph.D.

DESCRIPTION OF WORK:

Chromophores for second-order guest host materials are continually being designed, synthesized,
and evaluated with the expectations of improved second order non-linear optical performance. All
second order chromophores consist of an electron donor and acceptor functionalities separated by
several double bonds, as in 4-Niotroaniline. Since most of these containing traditional donors and
acceptors separated by a polyene structure are not likely to meet the requirements of Air Force
applications, particularly thermal stability at high temperatures, the polymer branch of Wright
Laboratories/Materials Directorate initiated a program to explore the suitability of compounds
possessing m-deficient heterocycles 2 as donors and acceptors respectively.

This research consisted of the synthesis of several pyridines and diazines éontaining thiophene
nuclei. The evaluation of NLO properties on nearly 25 compounds was carried out. The available data
indicate workable heterocyclic second order NLO chromophores. Pyrazines appear to be better
acceptors and bithiophene a better donor relative to thiophene.

The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 87, Synthesis of All Heterocyclic Second Order NLO
Chromophores.

TASK: 76

TASK TITLE: Optimal Control Techniques for Thermomechanical Processes

TASK OBJECTIVE: To investigate the application of modern control theory and statistical techniques
to control microstructure during thermomechanical processes.

SCIENTIST: R. Dennis Irwin, Ph.D. and Alan R. Lindsey, M.S.,Ohio University
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DESCRIPTION OF WORK:

A material microstructure that can undergo plastic deformation is required in many engineering
materials. The objective of the project was to determine a control law in terms of the physical variables
of available processing equipment so that a desired material microstructure can be achieved. The
microstructure requirement was one in which the material could undergo plastic deformation.

This process is broken into two steps: (l)given the microstructural specifications in terms of
dynamic grain size and fraction recrystallization, find the optimal strain, strain-rate, and temperature
trajectories to obtain the specifications and then (2)obtain the physical variables of the processing
equipment necessary to achieve the trajectories.

A previous effort outlined a purely analytical approach to the trajectory dptimization problem.
There are several disadvantages to this approach. The first is that the derivation of necessary conditions
for optimality is extremely tedious and must be rederived for every material type. A second
disadvantage is that the resulting nonlinear differential equations hold little hope for analytical solution.
Even if an analytical solution could be found, it would not be valid for a different material type. Hence,
the analytical approach would involve a separate research effort different material type.

Since the analytical approach is ineffective, a hybrid numerical solution was proposed for generating
optimal strain, strain-rate, and temperature trajectories for microstructural evolution. The approach is
hybrid in the sense that symbolic manipulation codes are to be used for the derivation of necessary
conditions for optimality and for manipulating the resulting necessary conditions into the form of second
order nonlinear boundary value problems, which can then be solved using standard classical numerical
techniques, such as nonlinear shooting algorithms. The method combines variational optimization
techniques, symbolic manipulation, and classical numerical techniques for solving two point boundary
value problems. The method was illustrated by application to a simplified microstructural optimization
for plain carbon steel.

The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 82, A General Method for Numerically Determining
Optimal Strain, Strain-Rate, and Temperature Profiles For Microstructural Evolution.

TASK: 77

The government canceled this task.

TASK: 78

TASK TITLE: Structural Polymer Research: Molecular Composites
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TASK OBJECTIVE: Processing of hairy-rod molecular composites to improve tensile strength.
SCIENTIST: Utpal Vakil, Ph.D.
DESCRIPTION OF WORK:

Conceptually, molecular composites are materials comprised of flexible-coil matrix phase containing
rigid-rod polymer reinforcements uniformly dispersed on a molecular level. Since physical blends of
rigid-rod and flexible-coil molecules are thermodynamically unstable, these blends tend to undergo
thermally induced phase separation during the processing steps. In order to restrict the extent of phase
separation, a single-component "hairy-rod” graft copolymer of a rigid-rod polymer was developed.

Two batches were studied: (a) a hairy-rod copolymer with PEEKEK (polyetherether-
ketoneetherketone), (rod/coil:30/70) and (b) a hairy-rod graft copolymer with STABAR (amorphous
PEEK, polyetheretherketone), (rod/coil:30/ 70). The samples were processed into dogbone shaped
materials and the tensile mechanical properties were determined. Although high molecular weight
marrix resins were blended with the hairy-graft copolymers, the tensile strengths of the resulting blends
did not exhibit any significant improvements.

Two fresh batches of the hairy-rod graft copolymer were made following the single step process.
These materials were extruded in film form. The reason for extruding films from the one-step hairy-rod
copolymer was to circumvent any processing difficulties associated with molding dogbone shaped
samples. While the tensile strength of the film is greater than that of bulk specimens reported in earlier
reports, the modulus is smaller than the value measured for bulk(dogbone) samples with 30 wt% rod
content.

The tensile mechanical properties of the hairy-rod graft copolymers studied thus far have been
relatively poor in comparison with results obtained earlier with physical blends of the rigid-rod PBT with
nylon or STABAR. The results obtained suggest that the cause of the relatively poor mechanical
properties for the hairy-rod graft copolymers may be due to inadequate adhesion within the matrix
phase.

The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development, Volume 51, Structural Polymer Research: Molecular Composites.

TASK: 79
TASK TITLE: Modeling of NLO Materials' Using Parallel Computers

TASK OBJECTIVE: To calculate the structure and properties of biologically derived nonlinear optical
materials using massively parallel computers.
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SCIENTIST: James A. Lupo, Ph.D.
DESCRIPTION OF WORK:

Massively parallel processors (MPP’s) offer the prospect of significantly reducing the time required
for large scale computational modeling of materials. This project investigated three major
computational chemistry programs: GAMESS (an electron structure code), GROMOS (a molecular
dynamics code), and PROTEAN2 (a molecular structure prediction code). For the problems examined,
conventional sequential vector processors were often found superior to MPP’s. This suggests
considerable care is required in selecting a hardware platform for optimum performance.

The program GAMESS (General Atomic and Molecular Electronic Structure System) is a well
known computational tool for theoretical chemists. Electronic structure calculations involving many
atoms, with a consequent large number of electronic states, are numerically quite intensive. The
GAMESS program has been ported to many different computer systems. This effort compared the
execution times of the C, geometry optimization model on a Cray X-MP with the same model executed
on both 256 and 512 nodes of a Caltech Intel Touchstone DELTA massively parallel processor system.
While several aspects of the problem ran much faster on the DELTA, the Cray proved to be a
significantly better choice in terms of quickest total execution time.

The program UHGROMOS (University of Houston GROmningen MOlecular Simulation) is a
parallel version of GROMOS. It has the unique feature of being written in Pfortran, a FORTRAN
preprocessor that adds parallel constructs to the FORTRAN language. This in principle, makes
UHGROMOS portable to different MPP systems. The parallel performance of UHGROMOS was
tested on an Intel iPSC/860 and on the Caltech Intel Touchstone Delta. Timing results were found to
be nearly identical on the two machines. UHGROMOS parallel scaling behavior was found to be very
poor, at least for the sizes of the problem of interest.

PROTEAN?2 is a code which uses a double iterated kalman filter algorithm to predict molecular
structure, given a set of known interatomic distances and angular constraints. The code is heavily
dependent on basic linear algebra routines, which made it a good candidate for the data parallel
programming model used by FORTRAN 90 on the Thinking Machines Inc. CM5. Good performance
speedup was achieved over the performance on a single Cray Y-MP cpu. Parallel scaling, however, was

very poor.

Project GROPE was conceived by Dr. Frederick Brooks, Jr. as a virtual reality system for chemists,
allowing them to interactively manipulate molecules while receiving tactile feedback of the interatomic
forces through a mechanical arm and viewing their motions in three dimensional stereographic display.
DOCKER provides a graphical user interface to the systém, three dimensional stereographics, and the
ability to manipulate molecules with a mouse.

One particular application which requires high speed numerical support involvesgenerating a virtual
reality environment which allows interactive manipulation of chemical compounds. Stereographic images
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are computer generated while a researcher provides input and receives force feedback through a
mechanical arm. The DOCKER subsystem code from the University of North Carolina at Chapel Hill’s
Project GROPE was studied as the basis for such a system.

The DOCKER software was instailed on a Silicon Graphics 4D/420 VGX system running IRIX
4.0.1. A CrystalEyes liquid crystal shutter stereo goggle system from StereoGraphics Corporation was
installed to view the three dimensional display. This device alternates blanking the left and right eye,
synchronized with the computer’s display of left and right eye images, thereby giving the illusion of full
color, three dimensional views.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 95, Modeling of NLO Materials Using Parallel
Computers.

TASK: 80

TASK TITLE: Advanced Process Control Research and Development

TASK OBJECTIVE: Develop a structure of measured and manipulated variables that allows the
decomposition of control tasks and the optimization of control problems for

materials processes utilizing both modeling and experimental methods with
advanced implementation technologies.

SCIENTIST: Patrick H. Garrett, Ph.D.,and Douglas Moore, B.S., University of Cincinnati

DESCRIPTION OF WORK:

The advancement of technology has closely paralleled the capabilities for measurement and
modeling throughout history. This is currently exemplified by manufacturing enterprises within which
increasingly complex process representations require more complex measurement and control systems
of unexampled accuracy and robustness.

On this project, a framework for integrating hierarchical control structures with axiomatically
defined materials processes was presented concurrent with the development of control uncertainty
measures and their propagation through a process to allow the prediction of online material variability
and hence quality. Significant findings include: (1) that qualitative process control exhibits attributes of
non-destructive testing with a probability of achieving goal states that can be completely determined
from evaluation of the state transaction probabilities, (2) the accurate identification of process acquired
first-principles parameter models for control compensator use is primarily limited by the implementation
uncertainty of the control system devices they must transit, (3) implementation uncertainty is reducible
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to essentially the sensor/actuator device errors through design optimization of the control system at the
process environmental boundary, (4) sensor fusion can provide additional semsor/actuator error
reduction through averaging achieved with multiple channels, and (5) an axiomatic process fenestration
that permits a non-dependent mapping from environmental controlled variables to insitu process states
to physical material properties also enables apriori determination of the required control system
uncertainty to achieve specified material quality.

The detailed project description, method, resuits, and discussion are reported in Contributive
Research and Development, Volume 61, Defined Uncertainty-Material Process Control.

TASK: 81
TASK TITLE: Damage Evaluation Using Acoustic Emission

TASK OBJECTIVE: To evaluate the development and propagation of damage in composite materials
under thermal and mechanical cycling.

SCIENTIST: Itzhak Roman, Ph.D.
DESCRIPTION OF WORK:

Glass-ceramic matrices reinforced with ceramic fibers are candidates for replacing traditional
structural materials in 21st century gas turbines and aerospace structures. These materials are intended
for elevated temperature applications as they retain their high specific strength and stiffness and possess
adequate toughness at high service temperatures.

A limited number of studies have characterized the mechanical properties of this emerging class
of advanced materials at elevated temperatures in monotomic tension. Thus, the objective of this study
was to conduct tension tests, at 25 and 1000°C, on a representative advanced high temperature ceramic
matrix composite (CMC), while monitoring the acoustic emission (AE), produced during loading, to
characterize the microscopic deformation and fracture mechanism. Specifically, the intent was to employ
AE 1o identify the onset and extent of matrix cracking, as well as the relationship of stress-strain
behavior to AE activity, for a CMC system tested at both ambient temperature and 1000°C.

The material used in this study was an advanced ceramic matrix composite of a barium-magnesium-
aluminosilicate (BMAS) matrix reinforced with SiC(Tyranno-Si-C-Ti-O) fibers.

The detailed project description, method, resuits, and discussion are reported in Contributive

Research and Development, Volume 63, Acoustic Emission Characterization of Damage Evolution
During Tensile Testing of SiC/BMAS Ceramic Composites.
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TASK: 82
TASK TITLE: Communications and Automation Software for Pulsed Laser Deposition (PLD)

TASK OBJECTIVE: Develop computer code in support of an effort to create an advanced process
controller for a solid lubricant deposition process called Pulsed Laser Deposition
(PLD). Establish communications between actuators and sensors of the PLD
process and control software running on a Macintosh IFX computer.

SCIENTIST: David R. Tucker, M.S.

DESCRIPTION OF WORK:

This project, a continuation of work started on a previous contract, involving writing software for
the pulsed laser deposition project. The pulsed laser deposition process places a thin coating of a solid
lubricating material onto the surface item in a vacuum chamber. The process is monitored by a
computer which also records various data.

Objectives of this project were to develop computer software in the LabVIEW and C languages
for use in an advanced process controller, and investigation of optical filters which will be used in
gathering data for that controller. The program which monitored the pulsed laser deposition process
was improved and programs to manipulate matrices were developed for use in the advanced process
controller. Three papers were written. Two concerned the interfaces from computer programs in the
LabVIEW language written in C language. A third summarized the investigation into selection of the
optical filters for use in the spectroscopy analysis. Examples from two LabVIEW programs were
presented.

The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 74, Contributions to the Pulsed Laser Deposition
Project: Prototype Modification, Code Interface Node Development, and Investigation of Optical Filters
for Spectra Analysis.

TASK: 83

TASK TITLE: Electrical Characterization of Semiconductors

TASK OBJECTIVE: Determine the parameters associated with electronic properties of semiconductive
materials.

SCIENTIST: Andrew O. Evwaraye, Ph.D.

DESCRIPTION OF WORK.:
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Silicon carbide is a material of choice for the fabrication of blue light emitting diodes, high
temperature, high frequency and high power electronic devices.

Bulk silicon carbide single-crystal 6H-SiC wafers were characterized using capacitance-voltage (C-
V), current-voltage(I-V), and deep level transient spectroscopy (DLTS) techniques. Ohmic contacts were
formed on the wafers by sputtering Ni on the samples and annealing at 900°C for five minutes in an
atmosphere of forming gas. Schottky diodes were then fabricated on the wafers by evaporating gold
through a shadow mask. The C-V and I-V characteristics of these diodes were excellent. Deep levels
were observed in these commercially-available single-crystal 6H-SiC wafers using DLTS. The
concentration N (x) of the defects was 1.7 x 10"cm® at the semiconductor interface. However,
concentration profile of the defect showed that the defects were localized and that N.(x) decreased from
the interface towards the bulk. Electric field enhancement of emissions from this defect was observed
and the rate at which the potential barrier was lowered by the Poole-Frenkel effect was determined.
These observed defects were removed by the growth of wet oxidation and subsequent etching of the
wafers. It was therefore concluded that these defects were caused by residual damage from the
polishing process.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development, Volume 67, Electrical Characterization of 6H-SiC Single Crystals.

TASK: 84
TASK TITLE: Opto-electronic Polymers: Processing and Characterization

TASK OBJECTIVE: To process aromatic-heterocyclic polymers for evaluation of nonlinear optical
activity and electrical conductivity.

SCIENTIST: Jar-Wha Lee, Ph.D.

DESCRIPTION OF WORK:

A novel process for the fabrication of optical quality thin films of rigid-rod polymers by coagulation
from an isotropic solution was developed. This process consists of the following steps: (1) extrusion
or doctor-blading of an isotropic rigid-rod polymer solution into a uniform thin solution layer, (2)
relaxation of the solution in an atmosphere containing the vapor of a monsolvent for an appropriate
length of time, and (3) coagulation of the solution in a nonsolvent bath. Thin films of rigid-rod poly(p-
phenylene benzobisthiazole) (PBZT) thus prepared do not show the large voids or line defects
commonly observed in the extruded and subsequently coagulated PBZT thin films.
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Optical quality thin films of rigid-rod polymers were prepared by rapid coagulation of extruded
isotropic solution. Although these films contained the defects characterized as large voids, small
particles, lines parallel to and lines transverse to the extrusion direction, they showed a high third-order
nonlinear optical susceptibility of 4.5x 10"° esu and waveguiding property.

To elucidate the mechanism of void formation in the coagulated rigid-rod polymer thin films, the
surface and the internal structure of various coagulated and then freeze-dried films were investigated
by high resolution scanning electron microscopy. Results indicated that the void formation was due to
a large scale incursion of coagulant during coagulation. The incursion of coagulant could be regulated
by modifying the surface structure of the solution through relaxation in an atmosphere containing the
vapor of a nonsolvent prior to the coagulation to fabricate void-free rigid-rod polymer thin films.

A processing window, based on the solution thickness and relaxation duration in a humid
environment, was established for a 1 WT% Poly(p-phenylene benzobisthiazole) (PBZT) solution in
methanesulfonic acid (MSA) to fabricate void-free PBZT thin films up to 6 pm in thickness at room
temperature. Optical spectra and micrographs show that the PBZT thin films prepared by the current
process compare favorably with those extruded and then coagulated in terms of low optical loss and
fewer defects.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 94, Processing and Characterization of Optical
Quality Rigid-Rod Polymer Thin Films.

TASK: 85

TASK TITLE: Fundamentals of Diamond Film Growth

TASK OBJECTIVE: The objectives of this task are to understand and optimize the role of hydrogen
atoms on the growth of diamond films in order to obtain improved morphologies
and growth rates.

SCIENTIST: Deborah L. Thebert-Peeler, M.S.,University of Dayton
DESCRIPTION OF WORK:

Thin films of diamond-like carbon were grown by pulsed laser deposition. The growth mechanisms
of diamond-like carbon were investigated. Previous work addressed the nature and speed of the
particles ejected from graphite by pulsed infrared (1064nm) and ultraviolet (248nm) radiation, and the
extent to which the kinetic energy of the ejected particles determines the character of the resultant films.
This work continued the investigation of the incident particle kinetic energy on the character of
amorphic diamond films grown by ultraviolet irradiation of a graphite target.
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Films were grown with and without the more energetic, charged particles from the plume and were
found to be virtually identical when evaluated by valence and core level electron energy loss
spectroscopy, and raman spectroscopy. These data indicate that under these conditions the kinetic
energy of the ablated particles is a more significant factor than is their charge state in the determination
of carbon film properties grown by pulsed laser deposition.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 114, Fundamentals of Diamond Thin Film Growth
by Pulsed Laser Deposition.

TASK: 86

TASK TITLE: Theoretical Analysis of Quantum Dots

TASK OBJECTIVE: Determine the electronic and optical properties of novel quantum dot structures.
SCIENTIST: Frank L. Madarasz, Ph.D., University of Alabama-Huntsville

DESCRIPTION OF WORK:

Within the last ten years, quantum structures with 2- and 3- dimensional confinement (wires and
dots) have been fabricated through a variety of techniques. In general, quantum confined structures
exhibit a rich variety of enhanced optical properties relative to those of bulk materials. This
enhancement is due to the increase in the number of confinement directions, which result in the
confinement of carriers to regions that are smaller then their characteristic size in bulk materials.

The reduction of dimensionally leads to new physics and to new phenomena with potential
optoelectronic device applications. During this study, exciton and biexciton binding energies, wave
functions, and oscillator strengths were calculated variationally for rectangular GaAs quantum well wires
in an effective mass approximation. Coulomb interaction terms were treated exactly in their full three-
dimensional form throughout the calculation, a more physically realistic procedure than employed in
previous calculations which used effective one-dimensional potentials. The treatment was unique in the
use of a two-dimensional Fourier expansion of the Coulomb potential, which removed the difficulty of
dealing with the 1/r singularity and considerably reduced the computational effort. As an intermediate
step, the linear absorption coefficients at the exciton resonance were calculated as a function of wire
dimensions. Using the results of the exciton and biexciton calculation and following a previous approach
to eliminate the dimensional dependence of the third-order nonlinear optical susceptibility, x®, its
magnitude for near-resonant excitonic absorption was estimated. yx®’s were obtained on the order 107--
1 esu for various wire dimensions.

The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 91, Theoretical Analysis of Quantum Dots.
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TASK: 87
TASK TITLE: Micromechanical Modeling of Plastic Deformation of Advanced Materials

TASK OBJECTIVE: Develop micromechanical models of yielding and plastic flow for intermetallic
alloys and porous metals and ceramics.

SCIENTIST: Henry Piehler, Sc.D.
DESCRIPTION OF WORK:

Micromechanical modeling of advanced materials was developed and used to characterize the
plastic deformation by slip and twinning of yTiAl alloys and the power law creep of fcc metals
deforming by climb of edge dislocations. These micromechanical models are extremnely useful in
explaining and often predicting the behavior of advanced materials during processing conditions and in
service as well.

The micromechanical modeling of plastic deformation by slip and twinning in yTiAl was based on
the use of Schmid’s law (critical resolved shear stress criterion) to describe the onset of both slip and
twinning. A fundamental assumption made in these micromechanical models is that the stress and strain
states are uniform in each grain of the polycrystalline aggregate, i.e.,there are no stress or strain
gradients in individual grains.

Slip and twinning in yTiAl were described using critical resolved shear stress criteria to formulate
isostress and isostrain micromechanical models. Slip was allowed to occur by motion of a/2<110>
ordinary dislocations plus a<110>and a/2 <112 > superdislocations; twinning in a/2 < 112 > directions.
The operation of a/2<110> and a<110>dislocations was shown to be uncoupled in Bishop-Hill stress
space, but both types of systems must be operated to accommodate an arbitrary imposed strain state.
Procedures for constructing isostress lower bound yield loci using these critical resolved shear stress
criteria were identified.

In order to characterize the consolidation of powder compacts deforming by power law creep, the
creep of fcc metals by climb of edge dislocations was analyzed. One of the goals of this investigation
was to determine whether the normality rule of plasticity, i.e. the strain vector is parallel to the gradient
of the yield locus, holds for power law creep, in this case by climb of edge dislocations. Power law creep
by climb of edge dislocations in fcc materials was first characterized using a critical resolved normal
stress criterion, which results in pressure dependent climb loci and a dilatant creep strain which is
normal to the pressure dependent climb loci. Criteria for pressure independent climb and constant
volume climb strains were derived; the resulting constant volume climb strains are not normal to the
pressure independent climb loci. Criteria for glide-climb interactions were developed for characterizing
creep anistropy. The implications of these findings cn constitutive modeling were addressed.
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The detailed project description, methods, resuits, and discussion are reported in Contributive
Research and Development Final Report, Volume 113, Micromechanical Modeling of Advanced
Materials.

TASK: 88

TASK TITLE: Project Management/Administration

TASK OBJECTIVE: To provide support activities necessary to establish project task orders and overall
contract administration.

PROGRAM MANAGER:Milton E. Zellmer
DESCRIPTION OF WORK:

The contributive research and development project required extensive management and
administration activities that were not readily charged to a specific task. These activities fell into three
general categories:

1. Those contract management administrative requirements to establish planning and control

procedures that applied to the project as a whole. Examples are status reporting, project

management meetings, and other general overall project reporting.

2. Those management activities required to establish each of the task assignments. These activities
could not be charged to the task since the task was not yet approved during this phase.

3. Recording and reporting the performance and cost for the overall management and
administrative activities.

This task provided project management/administration from 26 June 1992 through 25 June 1993.

TASK: 89
TASK TITLE: Defect Levels in Wide Bandgap Semiconductors

TASK OBJECTIVE: Determine electronic and optical energy levels due to impurities, dopants, and
intrinsic defects in silicon carbide.

SCIENTIST: Marek Skowronski, Ph.D.

DESCRIPTION OF WORK:
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Silicon carbide possesses a set of properties which make it uniquely suited for application as
material for high frequency/high power devices. The practical applications of SiC have been hampered
by the technology which is far behind that of GaAs and silicon. Although practical devices made of SiC
have been demonstrated in several laboratories, further progress depends on the development of crystal
growth techniques. In particular, there is a need to produce crystals with high enough resistivities to
be useful for device isolation in high integration circuits.

This research program concerned optical, electrical, and Secondary lon Mass Spectroscopy
characterization of bulk silicon carbide crystals grown by modified Lely technique. Of particular interest
was the problem of electrically active impurities(both shallow and deep) and native defects and their
effect on electrical compensation.

Samples for this study were obtained from Westinghouse Electric Science and Technology Center
and from Cree Research Inc. Virtually all bulk SiC crystals were contaminated with transition metals
including: titanium, vanadium, chromium, iron, and nickel. Titanium-related absorption was observed
near the fundamental absorption edge of 6H polytype and interpreted as due to bound exciton. This
observation proves that titanium behaves as an isoelectronic impurity and does not play a role in
compensation mechanisms. Two new unidentified absorption features were detected for the first time.
One is a wide photoionization band with the threshold at 0.75eV, another are two narrow lines between
0.62and 0.6eV. Both appeared to be caused by deep centers.

The Hall effect measurement verses temperature was performed on n-type crystals. The activation
energy for carrier concentration corresponds to shallow nitrogen donors, and low mobility indicated
scattering on macroscopic inhomogeneities in the crystals. Deep Level Transient Spectroscopy (DLTS)
spectra on crystals with low carrier concentration (10"cm?) exhibited two deep centers with peaks at
250 and 350 K. Their nature was not established.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development, Volume 64, Optical and Electrical Characterization of Defects in Silicon
Carbide Crystals.

TASK: 90

TASK TITLE: Genetic Algorithms for Materials Research

TASK OBJECTIVE: Investigate the development, integration, and use of genetic algorithms for
conducting materials research.

SCIENTIST:  Steven LeClair, Ph.D.

DESCRIPTION OF WORK:
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The research reported herein involved the use of a specific type of a genetic algorithm (GA) which
will be referred to as a ‘Directed Evolution’ (DE) algorithm. A genetic algorithm (GA) is a method
of global optimization. Given some data set associated with an observed result, the task is to either find
some function which best predicts or explains the results of the data or, in other cases, optimizes the
behavior of a system (search strategy) based upon observations of past behavior. The DE algorithm is,
roughly speaking, a slight generalization of a GA. Two important aspects of any evolutionary algorithm
are its "survivalof the fittest” selection operator, and its breeding/mutation operator.

This project addressed the topic of genetic algorithms in the context of materials discovery research.
Fundamentals regarding genetic algorithms and their search strategy were reviewed to provide a
foundation for subsequent discussion regarding applications. Potential applications range from the
discovery of new material and properties to the synthesis of new materials and/or processes. The
emphasis was on the use of genetic algorithms to search a large database of protein information for
patterns which suggest rules regarding protein secondary structure. The specific Air Force interest in
this particular application is in predicting and synthesizing the form of proteins as a substrate for
growing non-linear optical materials.

The use of a genetic algorithm to discover the rules for predicting protein structure is an example
of the growing area of knowledge discovery-the mining of existing and repetitively generated data for
purposes of discovering facts which are of potential interest or significance. Typically,any system which
addresses this task must exhibit some inherent data-driven search strategy which attempts to emulate
the creative and/or analytic (pattern recognition) abilities of humans. Genetic algorithms utilize data-

driven search techniques and are an ideal method for global optimization of large search problems.
The detailed project description, methods, results, and discussion are reported in Contributive

Research and Development Final Report, Volume 75, Genetic Algorithms for Materials Research.

TASK: 91

TASK TITLE: Manufacturing Research

TASK OBJECTIVE: To develop methods for design and control manufacturing processes.

SCIENTIST: Sharon Dutcher, M.E.

DESCRIPTION OF WORK:

This research project was developed in support of the Dayton-Montgomery County Public
Education Fund Mathematics Collaborative GEMMA". Under this program, Dayton area industries
and WPAFB organizations establish eight week programs to familiarize local area math and science
teachers with typical day-to-day applications of their sciences. The teachers work on real business
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problems during this period, and develop plans for incorporating real life applications into their teaching
programs at the elementary and high school level.

The primary task was to create a statistical mapping of data collected on the dynamic
recrystallization of nickel during isothermal compression tests.

Ground work was laid to create a statistical mapping that will give a band or zone of reasonable
or nominal data production. It will also allow generalization of the function for the data easier. From
a materials point of view the band will allow acceptance or rejection of data that is really unique to the
materials versus a random error happening.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 53, Manufacturing Research —Statistical Data
Mapping of Isothermal Compression Tests.

TASK: 92

TASK TITLE: Control of Interfacial Bonding

TASK OBJECTIVE: To control fiber/matrix interface properties through boundary "poisons.”
SCIENTIST:  Sankar Sambasivan, Ph.D.

DESCRIPTION OF WORK:

In the yttria-alumina system, there are three stable crystalline phases, YAG(3:5), YAP(1:1) and
YAMQ2:1). YAG (3:5), yttrium aluminum garnet, has already been identified as a potential
reinforcement for alumina matrices due to its high strength and creep resistance. As a composite
system, YAG and alumina show strong interfacial bonding leading to low fracture toughness values for

the composite. Therefore, interfacial tailoring is necessary to weaken the bonding between alumina and
YAG.

This work was an extension of a previous investigation on chemistry related to yttrium aluminum
garnet/alumina composite system. In this research, the following topics were addressed:

a) Energetics of formation of yttrium aluminates-the enthalpy, entropy, and free energy of
formation of YAP was determined using zirconia as the chemical potentiometer. An analysis
of the energies of formation of YAG and YAP based on their structural differences was
performed.
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b) Characterization of alumina/YAG composite system using analytical TEM-EDS spectra of the
dopant in study was acquired from regions near and at the interface between alumina and
YAG. Results obtained from the TEM analysis of the Sr and Zn doped materials seem
consistent with SIMS analysis. However, in the case of Ni-doped material, the EDS spectra
showed presence of Ni at the interface contrary to the SIMS results. Description of results
obtained from all the characterization studies was presented.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development, Volume 72, Chemistry Related to Yttrium Aluminum Garnet/Alumina
Composite Systems Interfacial Properties and Thermochemical Stability-Part II.

TASK: 93

TASK TITLE: Photo Conductivity of Polymer Films

TASK OBJECTIVE: To measure and interpret the spectral response of the photoconductivity of
polymer films.

SCIENTIST:  Barney Taylor, Ph.D.

DESCRIPTION OF WORK:

There is great technological interest in the field of electrically conducting polymers. As a result,
much research effort has been applied to the synthesis and characterization of such materials. They
possess excellent mechanical and thermal properties and offer the possibility of good electrical
conduction. Ladder polymers offer much hope for good electrical conduction due to multiple
conjugation paths that allow carriers to bypass defect sites along one of the chains. A ladder polymer
of current interest is BBL, which has been little studied to this point.

A laboratory was set up using standard apparatus to measure the photo-conductivity (PC) of the
latter polymer BBL. Investigation of both pristine and thermally annealed samples showed the existence
of a broad PC spectrum with shoulders on either side of the central peak. The intensity of the spectrum
was found to depend linearly on the period of the chopped light used for synchronous detection of the
PC current. The shoulders exhibited slightly different dependence than the central peak, leading one to
expect that different physical mechanisms are responsible for the features. The photo-conductivity of
the annealed samples showed a strong dependence on the time since annealing. Initially after anneal
(several minutes at 350°C), the PC was several orders of magnitude greater than the pristine control
sample. Over the course of a few days, the PC response dropped to a level where the photo-current
was about two orders of magnitude greater than the control sample. This behavior follows the dc
electrical conductivity for similar treated BBL samples.

The detailed project description, method, results, and discussion are reported in Contributive
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Research and Development, Volume 66, Investigation of Photo-Conductivity in Ladder Polymers.

TASK: 94

TASK TITLE: Research Data - Gas Layer Protection Project

TASK OBJECTIVE: To establish an archive of research data collected during the execution of the
experimental phase of the gas layer protection project and to generate
appropriate documentation. The materials involved are high temperature carbon
materials.

SCIENTIST:  David S. Vail, M.S.

DESCRIPTION OF WORK:

This research project was developed in support of the Dayton-Montgomery County Public
Education Fund Mathematics Collaborative Project "GEMMA". Under this program Dayton area
industries and WPAFB organizations establish eight week programs to familiarize local area math and
science teachers with typical day-to-day applications of their sciences. The teachers work on real business
problems during this period, and develop plans for incorporating real life applications into their teaching
programs at the elementary and high school level.

The objective of this project was to define and set up a data collection format for a carbon-carbon
experiment being performed at the Nonmetallic Structural Materials Laboratory at the Wright
Laboratories Materials Directorate.

Carbon-Carbon is being considered for use in air breathing engines of military airplanes because
it possesses many qualities which make it desirable for such use. Carbon-Carbon is very lightweight
compared to the materials now being used and it is also very durable with respect to other materials
being considered. However, carbon and its composites are prone to high oxidation when exposed to
high temperatures in an oxygen environment. The experiment was being conducted to determine a
means to overcome or retard the oxidation process.

The task of formulating the data in a manageable and accessible manner was required to
disseminate the information to all of those involved in the experiment. Some of the data acquired was
that of pertinent literature, which was planned in a bibliography style format, so that quick references
could be made. Other data that was documented was that of any presentation that would need to be
made to concerned groups or individuals. The remaining and majority of the data to be collected was
that of calibration and experiment protocol and of calibration and experiment data.

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 54, Research Data-Gas Layer Protection Project.
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TASK: 95
TASK TITLE: Processing and Characterization of Nonlinear Optical Polymers

TASK OBJECTIVE: To process aromatic-heterocyclic polymers into specimens suitable for evaluation
of their nonlinear optical activity.

SCIENTIST: Jeffrey Bauer, B.S.
DESCRIPTION OF WORK:

Polymeric materials have been identified as a class of materials which hold great potential for
nonlinear optical applications. Such applications willbe vital in the development of electro-optic devices
in the emerging field of photonics. Nonlinear optical processes are observable when the intensity of the
incident light is sufficiently high to cause a polarization response that is nonlinear in character and that
can act as a source of new optical fields with altered properties. The main objective of the synthesis
and the processing of nonlinear optic (NLO) materials is to maximize the nonlinear effect so that it may
be exploited in a photonic device which will require a minimum of incident intensity. Polymeric
materials have great potential as NLO materials due to their large optical nonlinearities, low absorption,
ease of fabrication, and chemical flexibility.

The objective of this research was to evaluate the efficiency of aligning nonlinear optical
chromophores between polymer-polymer interfaces. Preliminary work indicated that spin-coating is
successful in producing homogenous polymeric interfaces from polymeric solutions. This work also
indicated that common circular glass slide covers are not viable as spin coating substrates due to their
significant bowing, but that square glass slides offer a reasonable substitute. The effects of processing
variables such as spread time, solution volume, and solution concentration on film quality and thickness
were also evaluated. Attempts were made to further characterize these films by profilometry,
ellipsometry, and spectroscopy (Ultraviolet, Visible, Near Infra-red, and Infra-red) with mixed success.
Profilometry proved to be a useful tool in determining film thickness and was also developed as a
surface contour mapping method, while the ellipsometric and spectroscopic methods needed further
modification to be of significant use to spun films. The low absorbances observed in the spectroscopic
techniques due to the thin film configuration hampered the detection of the chromophore molecules
which also limits the possibility of developing a spectroscopic method to determine the alignment of the
chromophore molecules (i.e. Polarized Spectroscopy).

The detailed project description, method, results, and discussion are reported in Contributive
Research and Development, Volume 65, Preliminary Investigation of the Alignment of Nonlinear Optical
Chromophores at Polymer-Polymer Interfaces.

TASK: 96
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The government canceled this task.

TASK: 97
TASK TITLE: Computational Models of Concept Formation

TASK OBJECTIVE: Investigate the development, integration, and use of incremental neural networks
for constructing concepts based on frequency.

SCIENTIST:  Yoh-Han Pao, Ph.D.

DESCRIPTION OF WORK:

The focus of this project was to discover concepts which can be used to inform a human designer
of past problems and preferred good design practices in a feature-based design environment.

Tasks, such as signal interpretation, automatic target recognition, or process planning, are of the
nature of deciding whether a given object is equivalent to a known prototype, canonical form, or
structure in collections of such items. One of the central issues is that of re-description of raw precepts
into concepts so that the object is described in the form suitable for comparison with the way objects
are stored in memory. Another important issue is that of computational complexity. In this work the
first issue in the form of concept formation was investigated. Progress on computational matters
enabled implementation of the advances in concept formation.

The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 76, Concept Formation.

TASK: 98
TASK TITLE: Development of Intelligent Control Techniques for Materials Processing

TASK OBJECTIVE: Improve the quality and consistency of material produced from several material
processes including Molecular Beam Epitaxy (MBE) and Chemical Vapor
Deposition by developing a generic, computer-based control system and a
methodology for applying it to materials processes. This system will use sensors
to monitor the process and intelligently control it in real time. Ideas and perhaps
code will be utilized from existing control systems in the Materials Directorate
which control MBE and Pulsed Optimal Control Theory and Neural Networks
into the control system if they show promise for improving manufacturing capability.

SCIENTIST: Oliver D. Patterson, M.S.




DESCRIPTION OF WORK:

Future electronic and electro-optic devices willrely more and more on materials grown in epitaxial
thin-film forms. To achieve a substantial production level capability that can provide these low cost,
reproducible, uniform, and tailorable thin-film structures will require advances in sensors of the growth
process and integration of these sensors into an on-line real time process controller. Techniques such
as Molecular Beam Epitaxy (MBE) and Metallorganic Chemical Vapor Deposition (MOCVD) do not
currently utilize on-line process control and are subject to the variations and capabilities of the operator
who sets machine parameters in advance of the growth run and hopes for a predictable product.

Ellipsometry, an optical sensing technique, is capable of providing a great deal of information on
the status of the thin-film, however solving transcendental equations is necessary. Solving these
equations in the normal manner, through an interactive search technique, requires more time than is
available for real-time control. Artificial neural network technology was explored for mapping the inputs
to the outputs of these transcendental equations so that solutions may be found in a timely manner.
Experiments were run with several Multi-Layer Perceptrons and the design of the final artificial neural
network was described.

The detailed project description, methods, results, and discussion are reported in Contributive
Research and Development Final Report, Volume 78, Application of Artificial Neural Network
Technology to Ellipsometry Data Refinement For Real-time Control of MBE.

TASK: 99

TASK TITLE: Characterization of conjugated organic materials for possible nonlinear optical
applications

TASK OBJECTIVE: To identify conjugated organic materials that may have large n