


About the cover:

Top: Solar-powered Venus airplane shown over a computer-generated radar image of the surface of Venus. The
surfaces of the wing and the horizontal tail are covered with solar cells. Artist’s conception by Terence K. Condrich
of InDyne, Inc.

Center: A prototype of the Hydrodynamic Focusing Bioreactor—Space (HFB-S) is free-floating inside NASA's
KC-135 Reduced Gravity Research Aircraft. The HFB-S is being developed for possible use on the International
Space Station to grow tissue cultures in microgravity.

Bottom left: NASA's Ultra-Efficient Engine Technology Project is developing and delivering revolutionary gas
turbine propulsion technologies for increased performance and efficiency at the component or subsystem level,
relying on strategic, cost-sharing partnerships and opportunities with the aerospace industry and other Govern-
ment agencies for technology demonstration, maturation, and application. The engine shown here is a super-
sonic engine.

Bottom right: Fuel cells tested in conjunction with ultracapacitors as part of NASA's Hybrid Power Management
(HPM) Program’s emphasis in exploring new power applications.
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Introduction

The NASA Glenn Research Center at Lewis Field, in partnership with U.S. industries,
universities, and other Government institutions, is responsible for developing critical
technologies that address national priorities in aeropropulsion and space applications.
Ourworkis focused on research for new aeropropulsion technologies, aerospace power,
microgravity science (fluids and combustion), electric propulsion, and communications
technologies for aeronautics, space, and aerospace applications.

As NASA’'s premier center for aeropropulsion, aerospace power, and turbomachinery,
our role is to conduct world-class research and to develop key technologies. We
contribute to economic growth and national security through safe, superior, and
environmentally compatible U.S. civil and military aircraft propulsion systems.
Our Aerospace Power Program supports all NASA Enterprises and major programs,
including the International Space Station, Advanced Space Transportation, and new
initiatives in human and robotic exploration.

Glenn Research Center leads NASA's research in the microgravity science disciplines of

fluid physics, combustion science, and acceleration measurement. Almost every space
shuttle science mission has had an experiment managed by NASA Glenn, and we have conducted a wide array of similar
experiments on the International Space Station.

The Glenn staff consists of over 3200 civil service employees and support service contractor personnel. Scientists and engineers
comprise more than half of our workforce, with technical specialists, skilled workers, and an administrative staff supporting them.
We aggressively strive for technical excellence through continuing education, increased diversity in our workforce, and continuous
improvement in our management and business practices so that we can expand the boundaries of aeronautics, space, and
aerospace technology.

Glenn Research Center is a unique facility located in northeast Ohio. Situated on 350 acres of land adjacent to the Cleveland
Hopkins International Airport, Glenn comprises more than 140 buildings, including 24 major facilities and over 500 specialized
research and test facilities. Additional facilities are located at Plum Brook Station, which is about 50 miles west of Cleveland.
Plum Brook Station has four large, major, world-class facilities for space research available for Government and industry programs.

Knowledge is the end product of our activities. The R&T reports help make this knowledge fully available to potential users—the
aircraft engine industry, the space industry, the energy industry, the automotive industry, the aerospace industry, and others. It is
organized so that a broad cross section of the community can readily use it. Each article begins with a shortintroductory paragraph
that should prove valuable for the layperson. These articles summatrize the progress made during the year in various technical areas
and portray the technical and administrative support associated with Glenn’s technology programs.

We hope that this information is useful to all. If additional information is desired, readers are encouraged to contact the researchers
identified at the end of each article and to visit Glenn on the World Wide Web at http://www.grc.nasa.gov.

Julian M. Earls
Director
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Ultra-Efficient Engine Technology
Ultra-Efficient Engine Technology Project Integrated Into

NASA's Vehicle Systems Program

The UEET Project will develop and deliver revolutionary gas turbine propulsion
technologies for increased performance and efficiency at the component or
subsystem level, relying on strategic, cost-sharing partnerships and opportunities
with the aerospace industry and other Government agencies for technology
demonstration, maturation, and application.

NASA GLENN RESEARCH CENTER e,

The Ultra-Efficient Engine Technology
(UEET) Project is formulated accord-
ing to the Office of Aerospace Tech-
nology’s objectives as outlined in the
NASA Strategic Plan. It is directly
related to the “protect the environ-
ment” objective and will make progress
toward the “increase mobility” and
“support national security” objectives
as well. UEET technologies willimpact
future civil and military aircraft and will
benefit the development of future
space transportation propulsion sys-
tems. UEET Project success will, there-
fore, depend on developing revolu-
tionary, but affordable, technology
solutions that are inherently safe and
reliable and thus can be incorporated
in future propulsion system designs.

In fiscal year 2003, UEET became part
of NASA’s Vehicle Systems Program
and continues to evolve its program-
matic role. The Vehicle Systems Pro-
gram aims to develop breakthrough
technologies and methodologies,
push the boundaries of flight through
research on advanced vehicle con-
cepts, respond quickly to industry and
the Department of Defense on critical
safety and other issues, and provide
facilities and expert consultation for
industry and other Government agen-
cies during product development.

UEET’s two primary goals make it
viable within this framework: (1)
develop propulsion technologies that
will increase system efficiency and,
therefore, reduce fuel burn by up to
15 percent (with equivalent reduc-
tionsin carbon dioxide emissions) and
(2) develop combustor technologies
(configuration and materials) that will
reduce landing and takeoff emissions
of nitrogen oxides by 70 percent rela-
tive to 1996 International Civil Aviation
Organization (ICAO) standards.




Long-range scenarios developed under ICAO auspices foresee continuing
worldwide growth for commercial aviation through the middle of the next century.
Given the current constraints on growth due to noise and emissions, propulsion
will play alead role in finding viable solutions. Propulsion also will play a critical role
in enabling advanced aircraft designs and concepts required to achieve dramatic
improvements in efficiencies of operations. Today’s engine designs are limited by
both the overall cycle pressure ratio and turbine inlet temperature levels that can
be achieved. Increases in both parameters will be required to improve perfor-
mance and efficiency, as well as reduce global climate impact.

UEET addresses potential ozone depletion concerns by demonstrating enabling
aircraft combustor technologies that have little or no discernable impact on the
ozone layer during cruise operation (up to a 90-percent reduction). This project
will enable the United States to be competitive in developing propulsion systems
with very low emissions. In addition, UEET will address the potential of climate
impact on long-term aviation growth by providing critical gas turbine propulsion
technologies that will increase efficiency dramatically to enable carbon dioxide
reductions, on the basis of an overall fuel savings goal of about 15 percent for large
subsonic transport and as much as 8 percent for supersonic and/or small aircraft.
Fuel savings represent significant cost benefits to the traveling public.

UEET has continued to place top priority on exploring and developing meaningful
partnerships with Department of Defense programs such as the Integrated High
Performance Turbine Engine Technology (IHPTET) and Versatile Affordable
Advanced Turbine Engine (VAATE) programs. Strategic partnerships have also
been formed with the Department of Energy, the Environmental Protection
Agency, and the Federal Aviation Administration on technology development and
technology requirements definition. These partnerships will enable each program
to leverage relevant technologies being developed in other programs as well as
provide opportunities for joint technology development.

The overall UEET project includes
research efforts at the NASA Glenn
Research Center, the NASA Langley
Research Center, and the NASA Ames
Research Center, as well as at the
following partner organizations: Air
Force Research Laboratory, Allison/
Rolls-Royce, Boeing Commercial
Airplane Company, GE Aircraft
Engines, Georgia Institute of Technol-
ogy, Gulfstream, Honeywell, Lockheed
Martin Corporation, Pratt & Whitney,
and Williams International.
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Dr. Robert J. Shaw, 216-977-7135,
Robert.J.Shaw@nasa.gov

InDyne, Inc., contact:

Barbara L. Kakiris, 216-433-2513,
Barbara.L.Kakiris@grc.nasa.gov
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Air-Breathing Systems Analysis

Performance of a Fuel-Cell-Powered, Small Electric

Airplane Assessed

Rapidly emerging fuel-cell-power technologies may be used to launch a new
revolution of electric propulsion systems for light aircraft. Future small electric
airplanes using fuel cell technologies hold the promise of high reliability,
low maintenance, low noise, and—uwith the exception of water vapor—zero
emissions. An analytical feasibility and performance assessment was conducted
by NASA Glenn Research Center’s Airbreathing Systems Analysis Office of a
fuel-cell-powered, propeller-driven, small electric airplane based on a model of
the MCR-01 two-place kitplane (Dyn’Aéro, Darois, France). This assessment
was conducted in parallel with an ongoing effort by the Advanced Technology
Products Corporation and the Foundation for Advancing Science and Technol-
ogy Education. Their project—patrtially funded by a NASA grant—is to design,
build, and fly the first manned, continuously propelled, nongliding electric
airplane.
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In our study, an analytical performance
model of a proton exchange mem-
brane (PEM) fuel cell propulsion
system was developed and applied
to a notional, two-place light airplane
modeled after the MCR-01 kitplane.
The PEM fuel cell stack was fed pure
hydrogen fuel and humidified ambient
air via a small automotive centrifugal
supercharger. The fuel cell performance
models were based on chemical reac-
tion analyses calibrated with published
data from the fledgling U.S. automo-
tive fuel cell industry. Electric propeller
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Takeoff gross weight breakdowns. Left: Conventional reciprocating-engine-powered airplane. Right: Fuel-cell-powered airplane. This
figure is shown in color in the online version of this article (http://www.grc.nasa.gov/WWW/RT/2003/2000/2400berton.html).

motors, rated at two shaft power levels in separate assessments, were used to
directly drive a two-bladed, variable-pitch propeller. Fuel sources considered
were compressed hydrogen gas and cryogenic liquid hydrogen. Both of these
fuel sources provided pure, contaminant-free hydrogen for the PEM cells.

Takeoff gross weight breakdowns are shown in the preceding pie charts for the
conventional reciprocating-engine-powered MCR-01 (left), and for the fuel-cell-
powered airplane (right). To reduce weight, designers sized the electric powerplant
to provide much less power than for the original reciprocating engine. Such a
small powerplant would resultin lower airspeeds and ceilings, longer field lengths,
and inferior climb rates; it is adequate only for a proof-of-concept, technology
demonstration vehicle. Even so, the electric powerplant is much heavier than the
reciprocating engine, in part because fuel cell technologies are not yet as mature
as piston engine technologies.

The use of a payload-range diagram is one method to illustrate airplane
performance as well as utility. These characteristics are shown in the following
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Payload-range performance diagrams for a fuel-cell-powered airplane equipped with
compressed gaseous hydrogen fuel, a fuel-cell-powered airplane with cryogenic liquid
hydrogen fuel, and a conventional reciprocating engine-powered airplane.
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graph. The classic volume problem
associated with most hydrogen
vehicles applies here as well. Much
more hydrogen fuel can be carried if it
is stored as a liquid cryogen, resulting
in greater range.

Electric flight appears possible using
off-the-shelf fuel cell and power man-
agement technology levels, albeit at
reduced speed, climb rate, range, and
payload-carrying capability. Aircraft
performance appears sufficientto fly a
technology demonstration, proof-of-
concept type vehicle using today’s
automotive-derived fuel celland power
systems. Only light aircraft are antici-
pated to be feasible with near-term
technology because of their relatively
low, automobile-like power require-
ments. Advanced fuel cell and power
management technologies will be
needed to achieve comparable recip-
rocating engine aircraft performance
and utility and to enable the design of
larger electric aircraft.

Find out more about this research:

Propulsion and Power Base Project:
http://www.grc.nasa.gov/WWW/AERQ/
base/psbase.htm

Fuel-celled-powered aircraft research:
http://gltrs.grc.nasa.gov/cgi-bin/GLTRS/
browse.pl?2003/TM-2003-212393.html

Foundation for Advancing Science
and Technology and Education:
http://www.fastecfund.org
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Performance Benefits for a Turboshaft Engine Using
Nonlinear Engine Control Technology Investigated

The potential benefits of nonlinear engine control technology applied to
a General Electric T700 helicopter engine were investigated. This technol-
ogy is being developed by the U.S. Navy SPAWAR Systems Center for a
variety of applications. When used as a means of active stability control,
nonlinear engine control technology uses sensors and small amounts of
injected air to allow compressors to operate with reduced stall margin,
which can improve engine pressure ratio. The focus of this study was to
determine the best achievable reduction in fuel consumption for the T700
turboshaft engine. A customer deck (computer code) was provided by
General Electric to calculate the T700 engine performance, and the NASA
Glenn Research Center used this code to perform the analysis. The results
showed a 2- to 5-percent reduction in brake specific fuel consumption
(BSFC) at the three Sikorsky H-60 helicopter operating points of cruise,
loiter, and hover.

BSFC benefit from baseline engine,

To simulate the technology, Glenn researchers varied the allowable flows
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Improvement in brake specific fuel consumption

into both the gas generator turbine and the power turbine to increase the (BSFC) at cruise, loiter, and hover for the T700
compression system pressure ratio while maintaining gas generator turboshaft engine using nonlinear engine control
revolutions per minute. In addition, the injected air could not be accurately technology.

modeled and thus was conservatively simulated by increasing the com-
pressor bleed air extraction. Three engine operating conditions—cruise, loiter,
and hover—were selected as being most relevant to the total fuel burn during a
Sikorsky H-60 helicopter nominal mission. For these three operating points, the
power turbine flow function was varied to maintain gas generator revolutions
per minute at the baseline value as the stall margin changed. Shaft power output
was also kept at the required (baseline) value for the flight condition.

The results show that the increased axial compressor pressure ratio (and by
assumption, the decreased stall margin) allows an improvement in BSFC. The
amount of the benefit appears to be inversely proportional to the power level or
engine compression ratio—approximately 2.3 percent for cruise, 3.7 percent for
hover, and 4.8 percent for loiter—as shown in the bar chart. The white and black
bars indicate the relative BSFC benefit from the baseline value for output shaft
speeds of 90 and 100 percent, respectively. The benefits shown include a
1-percent compressor bleed air penalty, but they are relatively insensitive to this
amount of bleed. The combustor exit temperature was tracked during the study
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to see if it increased: varying the tur-
bine flow scalars ultimately causes T4
toincrease about 25 °C. This would be
a potential concern at the cruise con-
dition since the temperature is near
its maximum at that point, perhaps
requiring the use of the technology
only at other conditions, such as hover
and loiter.
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Scott.M.Jones@nasa.gov

Author: Scott M. Jones
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Aeropropulsion Projects

Critical Low-Noise Technologies Being Developed for
Engine Noise Reduction Systems Subproject

Jet noise

- reduction
-

Fan noise
reduction

Core noise

Liner /
technology g«

Advanced
concepts

High-bypass-ratio turbofan engine cutaway showing the technology elements
being pursued under the Engine Noise Reduction Systems (ENRS) subproject
of the QAT project.

NASA’s previous Advanced Subsonic Technology (AST) Noise Reduction
Program delivered the initial technologies for meeting a 10-year goal of a 10-dB
reduction in total aircraft system noise. Technology Readiness Levels achieved for
the engine-noise-reduction technologies ranged from 4 (rig scale) to 6 (engine
demonstration). The current Quiet Aircraft Technology (QAT) project s building on
those AST accomplishments to achieve the additional noise reduction needed to
meet the Aerospace Technology Enterprise’s 10-year goal, again validated
through a combination of laboratory rig and engine demonstration tests.

In order to meet the Aerospace Technology Enterprise goal for future aircraft of
a 50-reduction in the perceived noise level, reductions of 4 dB are needed in both
fan and jet noise. The primary objectives of the Engine Noise Reduction Systems
(ENRS) subproject are, therefore, to develop technologies to reduce both fan and
jet noise by 4 dB, to demonstrate these technologies in engine tests, and to
develop and experimentally validate Computational Aero Acoustics (CAA) com-
puter codes that will improve our ability to predict engine noise.

The ENRS subproject previously identified candidate fan- and jet-noise-reduction
technologies with the potential to meet the QAT goal for engine noise reduction.
ENRS is currently in a design-build-test phase that will culminate in engine
(TRL 6) validation of these technologies in fiscal years 2006 to 2007, during which
the noise-reduction benefit of each concept will be measured. In parallel with the

development of noise-reduction tech-
nologies, more basic research s being
conducted to understand the physics
of engine noise sources. This work
includes fan and jet source diagnostic
tests as well as the development and
application of advanced measurement
technologies to characterize the flow
fields in and around these compo-
nents. These observations willbe used
to explain the physical mechanisms of
dominant engine noise sources, and
the test data will be used to validate
CAA codes under developmentto pre-
dict fan and jet noise with increased
accuracy and computational efficiency.

The ENRS subprojectis organizedinto
the five elements shown in the figure.
The subproject includes research
efforts at the NASA Glenn Research
Center, the NASA Langley Research
Center, and a number of universities
and small businesses. The technolo-
gies under development will be
accomplished in collaboration with
GE Aircraft Engines, Pratt & Whitney,
Honeywell, and Rolls Royce.
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Joseph.E.Grady@nasa.gov

Authors: Dr. Joseph E. Grady and
Kestutis C. Civinskas
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Emerging Fuel Cell Technology Being Developed—

Offers Many Benefits to Air Vehicles

Fuel cells, which have recently received considerable attention for terrestrial
applications ranging from automobiles to stationary power generation, may
enable new aerospace missions as well as offer fuel savings, quiet operations,
and reduced emissions for current and future aircraft. NASA has extensive
experience with fuel cells, having used them on manned space flight systems over
four decades. Consequently, the NASA Glenn Research Center has initiated an
effort to investigate and develop fuel cell technologies for multiple aerospace
applications.

Two promising fuel cell types are the proton exchange membrane (PEM) and solid
oxide fuel cell (SOFC). PEM technology, first used on the Gemini spacecraftin the
sixties, remained unutilized thereafter until the automotive industry recently
recognized the potential. PEM fuel cells are low-temperature devices offering
quick startup time but requiring relatively pure hydrogen fuel. In contrast, SOFCs
operate at high temperatures and tolerate higher levels ofimpurities. This flexibility
allows SOFCs to use hydrocarbon fuels, which is an important factor considering
our current liquid petroleum infrastructure. However, depending on the specific
application, either PEM or SOFC can be attractive.

As only NASA can, the Agency is pursuing fuel cell technology for civil uninhabited
aerial vehicles (UAVs) because it offers enhanced scientific capabilities, includ-
ing enabling high-altitude, long-endurance missions. The NASA Helios aircraft
demonstrated altitudes approaching 100,000 ft using solar power in 2001, and
future plans include the development of a regenerative PEM fuel cell to provide
nighttime power. Unique to NASA’s mission, the high-altitude aircraft application
requires the PEM fuel cell to operate on pure oxygen, instead of the air typical of
terrestrial applications.

Fuel cells may also benefit conventional UAVs by providing greater power for
payload and/or emergency backup. Adding power to current UAV platforms used
for Earth science missions would allow more instrumentation, higher data-scan
rates, and higher data-transmission rates to enhance scientific missions. Both
PEM and SOFC are potential candidates, with SOFC offering the advantage of
utilizing a single, conventional liquid fuel.

In addition, NASA is pursuing fuel cell technology for aircraft power generation on
commercial transports. Power for systems necessary to fly the aircraft and
accommodate passengers traditionally relies on auxiliary power units and power
extracted from the main engines. Future commercial aircraft willincorporate more
electric aircraft architectures and will use fuel cells. Challenges remain, however,
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to successfully apply the technology
to commercial flight systems. Fuel
processing is critical because the
commercial transportation sector will
depend on hydrocarbon fuel for the
foreseeable future. High-temperature
SOFCs are best suited because of the
similarity in operating temperature with
the fuel reformation process, and they
enable hybrid configurations (SOFC
and turboalternator) to increase effi-
ciency. There are other challenges with
unique aircraft requirements: improv-
ing the specific power of the stack,
reducing the weight of the remaining
components, and investigating flight-
operation conditions.

Realizing the full benefits of fuel cells
for aerospace applications will require
a collaborative effort. Through work-
shops and technical/programmatic
interchanges, Glenn has begunto facil-
itate and foster the required national
partnership with the Department of
Energy, the Department of Defense,
State governments, academia, and
the aerospace and fuel cell industries.
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Anita.D.Liang@nasa.gov; and

Dr. Gary T. Seng, 216-433-3732,
Gary.T.Seng@nasa.gov

Authors: James F. Walker and
Kestutis C. Civinskas
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Computing and Interdisciplinary

Systems

NASA Ground-Truthing Capabilities Demonstrated

NASA Research and Education Network (NREN) ground truthing is a method of
verifying the scientific validity of satellite images and clarifying irregularities in the
imagery. Ground-truthed imagery can be used to locate geological compositions
of interest for a given area. On Mars, astronaut scientists could ground truth
satellite imagery from the planet surface and then pinpoint optimum areas to
explore. These astronauts would be able to ground truth imagery, get results
back, and use the results during extravehicular activity without returning to Earth
to process the data from the mission.

NASA’s first ground-truthing experiment, performed on June 25 in the Utah
desert, demonstrated the ability to extend powerful computing resources to
remote locations. Designed by Dr. Richard Beck of the Department of Geography
at the University of Cincinnati, who is serving as the lead field scientist, and
assisted by Dr. Robert Vincent of Bowling Green State University, the demonstra-
tion also involved researchers from the NASA Glenn Research Center and the
NASA Ames Research Center, who worked with the university field scientists to

Satellite

design, perform, and analyze results
of the experiment.

As shown in the following figure, real-
time Hyperion satellite imagery (data)
is sent to a mass storage facility,
while scientists at a remote (Utah) site
upload ground spectra (data) to a sec-
ond mass storage facility. The grid
pulls data from both mass storage
facilities and performs up to 64 simul-
taneous band ratio conversions on the
data. Moments later, the results from
the grid are accessed by local scien-
tists and sent directly to the remote
science team. The results are used by

Commercial
Ku-band satellite

NASA Ames mass-
storage facility

NASA NREN
backbone
network

EO-1 remote sensing satellite

(Hyperion data set)

Field scientist location

(Near Vernal, UT)
NREN
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and MCF ., .
. o
facilities Wl Ground instrumens

(GRC LPSM2)

NASA Glenn mass- _
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scientists
on Internet
(information power
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T This geographical location is imaged by a
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Experiment resource architecture of NREN ground-truthing experiment. TES, Transportable Earth Station; STING, Satellite Terminal
for Internet Next Generation; MCF, Mobile Communication Facility; LPSM2, Lunar Planetary Science Module-2.
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the remote science team to locate and explore new critical compositions of
interest. The process can be repeated as required to continue to validate the data
set or to converge on alternate geophysical areas of interest.

The experiment, which was the first attempt by a field team to ground truth
satellite instrument data in real time, included simulated astronauts, a field
geographer, and a geologist taking spectrum measurements on the ground while
being imaged by a satellite (EO-1) from above. The scientists used a combination
of field computing resources along with the NASA information power grid
supercomputers and mass storage devices at Ames and Glenn to complete the
ground-truthing experiment. The team connected to these NASA resources over
the NREN hybrid networks, which include a wideband satellite link and wide-
band terrestrial networks.

The technology also can be applied to emergency settings or to scientists
working just about anywhere in the field, including human missions to the Moon
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or Mars, where space will be limited
but computational requirements will
be high. This work is being funded by
the Computing, Information and Com-
munication Technology Programin the
Office of Aerospace Technology.

U.S. Army Research Laboratory,
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Materials

High-Performance SiC/SiC Ceramic Composite Systems
Developed for 1315 °C (2400 °F) Engine Components

As structural materials for hot-section components in advanced aerospace and
land-based gas turbine engines, silicon carbide (SiC) ceramic matrix composites
reinforced by high-performance SiC fibers offer a variety of performance advan-
tages over current bill-of-materials, such as nickel-based superalloys. These
advantages are based on the SiC/SiC composites displaying higher temperature
capability for a given structural load, lower density (~30- to 50-percent metal
density), and lower thermal expansion. These properties should, in turn, result
in many important engine benefits, such as reduced component cooling air
requirements, simpler component design, reduced support structure weight,
improved fuel efficiency, reduced emissions, higher blade frequencies, reduced
blade clearances, and higher thrust.

Underthe NASA Ultra-Efficient Engine Technology (UEET) Project, much progress
has been made at the NASA Glenn Research Center in identifying and optimizing
two high-performance SiC/SiC composite systems. The table compares typical
properties of oxide/oxide panels (ref. 1) and SiC/SiC panels formed by the random
stacking of balanced 0°/90° fabric pieces reinforced by the indicated fiber types.
The Glenn SiC/SiC systems A and B (shaded area of the table) were reinforced

by the Sylramic-iBN SiC fiber, which
was produced at Glenn by thermal
treatment of the commercial Sylramic
SiC fiber (Dow Corning, Midland,
Ml; ref. 2). The treatment process
(1) removes boron from the Sylramic
fiber, thereby improving fiber creep,
rupture, and oxidation resistance and
(2) allows the boron to react with nitro-
gen to form a thin in situ grown BN
coating on the fiber surface, thereby
providing an oxidation-resistant buffer
layer between contacting fibers in the
fabric and the final composite. The
fabric stacks for all SiC/SiC panels
were provided to GE Power Systems
Composites for chemical vapor infil-
tration of Glenn-designed BN fiber

TYPICAL PROPERTIES FOR 004900CERAMIC COMPOSITE PANELS FABRICATED FROM VARIOUS CONSTITUENTS WITH

~35- TO 40-PERCENT TOTAL FIBER FRACTION

Composite type Oxide/Oxide SiC/SiC SiC/SiC SiC/SiC SiC/SiC
(ref. 1) (system A) (system B)

Fiber type Nextel 720? Hi-Nicalon S Sylramic Sylramic-iBN Sylramic-iBN
(ref. 2) (ref. 2)

Fiber coating (or interphase) None BN BN BN (ref. 3) BN (ref. 3)

Matrix type Oxide SiC-Si SiC-Si SiC-Si SiC-Si

(PIP) (CVI® + slurry + Si) (CVI + slurry + Si) (CVI + slurry + Si) (CVI + ref. 4 + Si)

Ultimate tensile strength (UTS) 200 360 400 450 310

at 20 o, MPa

UTS at 20 o€ after 100-hr burner 200 170 240 450 300

exposure at 800 o€, MPa

Rupture strength after 100 hr 170 200 200 240 ----

at 800 of in air, MPa

UTS at 1315 of, MPa <150 280 320 380 260

Rupture life at 105 MPa and <10 ~500 ~100 ~500 >1000

1315 of in air, hr

Creep strain after 100 hr at >0.2 0.05 0.2 0.05 0.02

1315 of and 105 MPa in air,

percent

Transverse thermal conductivity 1.2 16 24 25 36

at 20 o€, W/mo€

“Total fiber fraction, ~48 percent.

®PIP, polymer infiltration and pyrolysis.

°CVI, chemical vapor infiltration.
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coatings (ref. 3) and conventional SiC matrices. Composite panels with sys-
tem B were heat treated at Glenn (ref. 4), and the pores that remained open were
filled by silicon melt infiltration (MI). Panels with system A and the other SiC/SiC
systems were not heat treated, and remaining open pores in these systems were
filled with SiC slurry and silicon M.

The table clearly shows that the panels with the SiC/SiC system A have the
best combination of properties needed for hot-section engine components:
(1) especially ultimate tensile strength, a property needed for component damage
tolerance; (2) rupture strength and retained strength after burner rig exposure
near 800 °C, a temperature region where environmental attack of SiC/SiC
composites is typically the greatest; (3) ultimate strength and rupture life at
1315°C (2400 °F), atemperature well above the thermal capability of metal alloys
(~1100 °C); (4) creep resistance, a key property needed for high-temperature
dimensional control and intrinsic strength retention; and (5) thermal conductivity
at 20 °C and higher, a property needed for reducing thermal gradients and
stresses within the component. On the other hand, the panels with the Sylramic-
iBN SiC/SiC system B, although they lose some ultimate strength during the
composite treatment process, display state-of-the-art properties in terms of
rupture life, creep resistance, and thermal conductivity. The microstructural
sources for all these properties have been determined and modeled by Glenn
researchers, and approaches for further improvements have been identified.
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Third-Generation TiAl Alloy Tested—EXxhibits Promising

Properties for Rotating Components

The Revolutionary Turbine Accelerator/Turbine-Based Combined Cycle (RTA/
TBCC) Program for the next-generation launch vehicle has targeted gamma
titanium aluminide as a potential compressor and structural material. Because of
the high compressor inlet and exit temperatures, the TBCC engine requires
higher temperature materials than conventional Ti alloys, and because of its strin-

Microstructure of Gamma Met PX. Left: As-extruded condition. Right: After a lamellar
heat treatment of 1340 °C for 40 min in vacuum.
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gent thrust-to-weight requirements,
the engine requires low-density
material to be utilized wherever
possible. Third-generation gamma
alloys offer higher temperature capa-
bility along with low density and high
stiffness. A high-temperature, high-
strength y-TiAl alloy with a high
Nb-content (Gamma MET PX1) was
selected for evaluation. The micro-
structure and mechanical properties
of Gamma Met PX (GMPX) in both the
as-extruded and alamellar heat-treated

1Gamma MET PX is a trademark of PLANSEE
AG, Austria. Alloy composition is based on TNB
alloys developed by GKSS Research Center,
Germany.
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even without correcting for density. The fatigue strength of both as-extruded and lamellar GMPX was significantly improved over that

of a second-generation TiAl alloy, Ti-48Al-2Cr-2Nb.

condition and the influence of the microstructure on the tensile, creep, and fatigue
properties were investigated in-house (ref. 1).

Triple vacuum arc-remelted Ti-45AI-X(Nb,B,C) (at.%) gamma TiAl ingots were
extruded in two steps to a final extrusion ratio of 100:1. The as-extruded bars had
afine-grained, nearly lamellar microstructure. Heat treating at 1340 °C for 40 min
in vacuum produced a fully lamellar microstructure with equiaxed lamellar
colonies. The mechanical properties of GMPX depend on the microstructure. The
tensile strength of the as-extruded microstructure was exceptionally high for a
y-TiAl alloy at all test temperatures. The as-extruded microstructure achieved
room temperature total elongations slightly higher than 2 percent, traditionally
considered the lower limit for component design. The tensile strength of the
as-extruded material is on the order of forged superalloys. On a density-corrected
basis, however, the specific strength would be double that of superalloys.
Although still stronger than traditional y-TiAl alloys, the lamellar heat-treated
material had lower strengths than the as-extruded material from room tempera-
ture to 760 °C and also lower room-temperature ductility, typical for TiAl alloys.
High-cycle-fatigue specimens, with both as-extruded and lamellar microstruc-
tures, were step fatigue tested at 650 °C with a load ratio of 0.05. The bar chart
compares the fatigue strength of GMPX to a baseline TiAl alloy, Ti-48Al-2Cr, 2Nb
and also a Ni-base superalloy, IN718 (ref. 2). Similar to the tensile strength, the
fatigue strength of as-extruded GMPX was equivalent to a Ni-base superalloy
even without correcting for density. The lamellar microstructure resulted in
significantly lower fatigue strength because alamellar microstructure is conducive
to easy crack initiation (ref. 3). As-extruded and lamellar heat-treated GMPX
samples were tested in both compression and tension to determine the creep
behavior between 727 and 1027 °C. Creep strengths reached superalloy levels
at fast strain rates and lower temperatures but deformation at slower strain rates
and/or higher temperature indicated significant weakening for the as-extruded
condition. At high temperatures and low stresses, the lamellar microstructure
had improved creep properties. The microstructure can, thus, be altered to match
the requirements for a particular application.
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TiAl Scramjet Inlet Flap Subelement Designed and

Fabricated

Next-generation launch vehicles are being designed with turbine-based com-
bined cycle (TBCC) propulsion systems having very aggressive thrust/weight
targets and long lives. Achievement of these goals requires advanced materials
in a wide spectrum of components. TiAl has been identified as a potential
backstructure material for maintainable composite panel heat exchangers (HEX)
in the inlet, combustor, and nozzle section of a TBCC propulsion system. Weight
reduction is the primary objective of this technology. Design tradeoff studies
have assessed that a TiAl structure, utilizing a high-strength, high-temperature
TiAl alloy called Gamma MET PX,! reduce weight by 41 to 48 percent in
comparison to the baseline Inconel 718 configuration for the TBCC propulsion
system inlet, combustor, and nozzle (ref. 1). A collaborative effort between
the NASA Glenn Research Center, Pratt & Whitney, Engineering Evaluation &
Design, PLANSEE AG (Austria), and the Austrian Space Agency was under-
taken to design, manufacture, and validate a Gamma-MET PX TiAl structure for
scramjet applications.

The TiAlinlet flap was designed with segmented flaps to improve manufacturability,
to better control thermal distortion and thermal stresses, and to allow for
maintainable HEX segments. The design philosophy was to avoid excessively
complicated shapes, to minimize the number of stress concentrations, to keep
the part sizes reasonable to match processing capabilities, and to avoid risky
processes such as welding. The conceptual design used a standard HEX
approach with a double-pass coolant concept for centrally located manifolds.
The flowpath side was actively cooled, and an insulation package was placed on
the external side to save weight. The inlet flap was analyzed structurally, and local
high-stress regions were addressed with local reinforcements.

Gamma Met PX inlet flap subelement.

1Gamma MET PX is a trademark of PLANSEE AG, Austria. Alloy composition is based on TNB
alloys developed by GKSS Research Center, Germany.
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A Gamma MET PX subelement was
designed to demonstrate full-scale
manufacturing capability and to
validate the design predictions and
material properties. Three subelements
were fabricated by one-pass brazing
and were inspected by nondestruc-
tive evaluation with similar results.
Brazes between the outer stiffener and
the face sheet had good coverage,
as did the majority of brazed joints.
Subelement testing under anticipated
mission conditions is scheduled for
fiscal year 2004.

Considerable progress has been made
on the design, fabrication, and testing
of Gamma MET PX sheet structures.
Gamma MET PX structures offer
considerable weight savings, and with
careful design they can be imple-
mented successfully in aerospace
applications.
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Conductivity of GRCop-42 Alloy Enhanced

GRCop-84, a material developed at the NASA Glenn Research Center, has
shown considerable promise for staged combustion rocket engine cycles such
as the Space Shuttle Main Engine. However, for an expander cycle rocket engine,
the transfer of heat to the fuel is a paramount factor in determining the efficiency
of the engine. Examples of current and potential future expander cycle rocket
engines are the Pratt & Whitney RL-10, RL-60, and RLX engines. Development
of a higher conductivity version of GRCop-84 was undertaken to meet these
needs.

All expander cycle engines need a main combustion chamber liner with the
maximum possible thermal conductivity. In an effort at Glenn to trade some of the
greatly increased mechanical properties of GRCop-84 for improved thermal
conductivity, the amounts of chromium and
niobium were halved. The new Cu-4 at.% Cr-2 at.%

Nb alloy was designated GRCop-42. 420

Copper

The top graph shows the result of lowering
the alloying content on thermal conductivity.
GRCop-42 has a sizeable improvement in thermal
conductivity relative to GRCop-84. GRCop-42 also
easily exceeds the thermal conductivity of the
current Space Shuttle Main Engine liner alloy,
NARIoy-Z (Cu-3 wt%, Ag-0.5 wt%, Zr).

380 - AmZirc

300 [~
The cost of the improved thermal conductivity
is minimal. The bottom graph shows the low-

Thermal conductivity, W/m-K
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cycle-fatigue (LCF) lives of GRCop-42. LCF is 260
generally the dominant failure mode for liners. There 0 200 400
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GRCop-84. However, the lives are equivalent to -500 0
that of NARIoy-Z. Additional testing shows that the

strength of the GRCop-42 is almost equal to that of
GRCop-84 up to 800 °C (1472 °F) and much 4.0
greater than that of NARIoy-Z. However, the creep

stress for a 15-hr life at 500 °C (932 °F), a typi- 3.0
cal value for a liner, is reduced by approximately
25 percent relative to GRCop-84. Even with the
reduced creep stress, GRCop-42 retains an advan-
tage in creep stress over NARIoy-Z and most other
alloys.
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Additional testing is underway to generate a data-
base similar to that already done for GRCop-84.
Work will include characterizing the microstructural
properties and determining the thermophysical
and mechanical properties before and after the 0.6 -
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cycle. Following testing, the database will be 10
made available to industry for their evaluation of
GRCop-42 in potential high-heat-flux applications.
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Top: Comparative thermal conductivity of GRCop-42.

Bottom: Low-cycle-fatigue life comparison.
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GRCop-84 Scaled Up for Production

15.1-in.-diameter
extrusion can

Extrusion of GRCop-84.

GRCop-84 (Cu-8 at.% Cr-4 at.% Nb) was developed at the NASA Glenn
Research Center for use in regeneratively cooled rocket engine main combustion
chamber liners. The alloy has demonstrated high elevated-temperature strength,
excellent creep resistance, long low-cycle-fatigue lives, low thermal expansion,
and good thermal conductivity on a laboratory scale. The combination of
properties has led to interest from the Rocketdyne Division of Boeing, Aerojet, and
Pratt & Whitney for their new engines. Under the Space Launch Initiative/Next
Generation Launch Technology program, GRCop-84 is being taken out of the
laboratory and put into a full-scale production environment.

Development work spans the entire process from powder production to finished
liner preforms ready to be machined and integrated into test engines. Powder
production has been increased to 1600 Ib and larger production runs. Crucible
Research, the producer, has identified and is currently weighing capital expendi-
tures that would increase the production capacity 6 times while reducing the
cost of the powder by 40 percent.

Extrusion is used to consolidate the powder into a solid form. As shown in the
preceding photographs, the extrusion process has been successfully scaled up
to 15.1-in.-diameter extrusion cans with 800 to 1000 Ib of powder using the
commercially available extrusion press at HC Starck. HC Starck has rolled
the extruded GRCop-84 to a 24-in.-wide plate and a sheet as thin as 0.002 in.
Additional commercial vendors have been identified to increase both the size of
the extrusion can and the width of the rolled product.

Oncethe sheetand plate are produced, they are incorporated into two production

processes to produce the liner preforms. In the first method, Aerojet uses their
platelet technology to make the liners. Techniques similar to those used in
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integrated circuit chip production are
used to remove material and make
complex cooling passages in the thin
sheets. The sheets are stacked and
diffusion bonded together to produce
liner sections such as the one shownin
the photograph on the next page. The
sections are electron beam welded
together to make the final liner.

In a second method under develop-
ment with Rocketdyne, a 0.5-in.-thick
plate is formed and machined into two
half cylinders. The half cylinders are
friction stir welded (FSW) together at
the NASA Marshall Space Flight
Center to form a complete cylinder.
Spin-Tech, the current producer of the
Space Shuttle Main Engine liners, metal
spins the cylinder into the hourglass-
shaped liner preform. The preform can
be machined to final dimensions and
cooling channels added. The RS-84
program has expressed interest in hot
fire testing one or more metal spun
liners in fiscal year 2004.

Testing is underway to fully character-
ize the microstructure and mechanical
properties of the rolled product, the
FSW joints, and the platelet technol-
ogy material. Results to date demon-
strate that the commercially processed
GRCop-84 retains at least 85 percent
of the properties of the as-extruded
bars examined under the Reusable
Launch Vehiclesfocused program, and
with moderate amounts of cold work,
exceeds the as-extruded properties
by up to 20 percent. This includes the
properties of the FSW and platelet
technology joints.

Although work remains to be done to
optimize some of the processing steps,
the basic ability to scale up GRCop-84
has been demonstrated. The appro-
priate databases are still being gen-
erated, but properties so far are
comparable to prior results. Forming
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A

GRCop-84 platelet liner.

and joining technologies needed to make the liners have been demonstrated.
With these successes, GRCop-84 is ready for full-scale production to meet the
needs of the RS-84 and other engines.
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Potential High-Temperature Shape-Memory Alloys ldentified

in the Ti(Ni,Pt) System

Formed

Recovered

‘—4-5-’_—__, =

Demonstration of the shape-memory effect in a Ti(Ni,Pt) alloy. The super-
imposed images are of Ti-30Ni-20Pt rolled sheet, bent 38° at room
temperature, and recovered to 8° by heating to 350 °C, resulting in a
displacement of the sheet end of almost 10 mm.
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“Shape memory” is a unique property
of certain alloys that, when deformed
(within certain strain limits) at low tem-
peratures, will remember and recover
to their original predeformed shape
upon heating. It occurs when an alloy
is deformed in the low-temperature
martensitic phase and is then heated
above its transformation temperature
back to an austenitic state. As the
material passes through this solid-state
phase transformation on heating, it
also recovers its original shape. An
example of this behavior is shown in
the photograph.

This behavior is widely exploited, near
room temperature, in commercially
available NiTi alloys for connectors,
couplings, valves, actuators, stents,
and other medical and dental devices.
In addition, there are limitless appli-
cations in the aerospace, automotive,
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Martensitic start temperature, M, for TiggNis,_ Pt alloys as

a function of Pt content. The initial region of focus for high-
temperature actuators for aerospace applications includes alloys
containing 15 to 35 at.% Pt. DTA, differential thermal analysis;
DSC, differential scanning calorimetry.

chemical processing, and many other industries for materials that exhibit this type
of shape-memory behavior at higher temperatures. But for high temperatures,
there are currently no commercial shape-memory alloys.

Although there are significant challenges to the development of high-temperature
shape-memory alloys, at the NASA Glenn Research Center we have identified a
series of alloy compositions in the Ti-Ni-Pt system that show great promise as
potential high-temperature shape-memory materials. An example of the shape
recovery achieved in one of these alloys is shown in the photograph on the
preceding page. The graph on this page is a plot of the M temperature (a meas-
ure of the actuation temperature) as a function of Pt content from 0 to 50 at.%,
when Pt is substituted for Ni in a series of TizNig, Pt alloys. There is a linear
dependence of transformation temperature on Pt content for alloys containing
10 to 50 at.% Pt described by the following relation:
M, (°C) = 25.2 (at.% Pt) - 182.7

with a correlation coefficient r2 of 0.997. The alloys currently of most interest
for aerospace applications (including combustor components, core exhaust
chevrons, and other actuators) are those containing 15 to 35 at.% Pt.
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One of the major challenges in devel-
oping shape-memory alloys for high-
temperature actuators is achieving
the long-term stability of the alloy,
including its microstructure, phase
structure, and resistance to oxidation.
The reason is that the shape-memory
process depends on the diffusionless
transformation of the martensitic phase
to the higher temperature austenite
phase. For materials such as NiTi,
where this diffusionless transforma-
tion occurs near room temperature,
alloy stability is not an issue. But when
this transformation occurs at elevated
temperatures where decomposition,
recovery, recrystallization, and other
thermal processes are prevalent, alloy
and microstructural stability are major
concerns as is environmental resis-
tance. These diffusional processes
can retard the material’s shape recov-
ery and can also affect its transfor-
mation temperature. Moreover, since
these actuators could be highly
loaded, relaxation and creep are also
concerns. Consequently, alloys in the
composition range of interest are in
the process of being fully character-
ized and optimized, and their potential
as high-temperature shape-memory
alloys demonstrated through sub-
component testing.
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Method Developed for Improving the Thermomechanical
Properties of Silicon Carbide Matrix Composites

Today, a major thrust for achieving engine components with improved thermal
capability is the development of fiber-reinforced silicon-carbide (SiC) matrix
composites. These materials are not only lighter and capable of higher use
temperatures than state-of-the-art metallic alloys and oxide matrix composites
(~1100 °C), but they can provide significantly better static and dynamic tough-
ness than unreinforced silicon-based monolithic ceramics. However, for suc-
cessful application in advanced engine systems, the SiC matrix composites
should be able to withstand component service stresses and temperatures for
the desired component lifetime. Since the high-temperature structural life of
ceramic materials is typically controlled by creep-induced flaw growth, a key
composite property requirement is the ability to display high creep resistance
under these conditions. Also, because of the possibility of severe thermal gra-
dients in the components, the composites should provide maximum thermal
conductivity to minimize the development of thermal stresses.

State-of-the-art SiC matrix composites are typically fabricated via a three-step
process: (1) fabrication of a component-shaped architectural preform reinforced
by high-performance fibers, (2) chemical vapor infiltration of a fiber coating
material such as boron nitride (BN) into the preform, and (3) infiltration of a SiC
matrix into the remaining porous areas in the preform. Generally, the highest
performing composites have matrices fabricated by the CVI process, which
produces a SiC matrix typically more thermally stable and denser than matrices
formed by other approaches. As such, the CVI SiC matrix is able to provide better
environmental protection to the coated fibers, plus provide the composite with
better resistance to crack propagation. Also, the denser CVI SiC matrix should
provide optimal creep resistance and thermal conductivity to the composite.
However, for adequate preform infiltration, the CVI SiC matrix process typically
has to be conducted at temperatures below 1100 °C, which results in a SiC matrix
that is fairly dense, but contains metastable atomic defects and is nonstoichio-
metric because of a small amount of excess silicon. Because these defects
typically exist at the matrix grain boundaries, they can scatter thermal phonons
and degrade matrix creep resistance by enhancing grain-boundary sliding.
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Effect of Glenn annealing treatment process on the room-
temperature through-the-thickness thermal conductivity
of Sylramic iBN SiC/BN/SiC composite panels containing
full chemical vapor infiltration (CVI) (~50 vol%) SiC matrix,
CVI (~35 vol%) plus polymer infiltration and pyrolysis (PIP)
SiC matrix, and CVI (~35 vol%) plus melt infiltration (M)
SiC matrix.
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SiC matrix.

MI SiC/SiC
Effect of Glenn annealing treatment process on the tensile
creep strain of Sylramic-iIBN SiC/BN/SiC composite panels with
a CVI (~35 vol%) plus Ml SiC matrix and with a full CVI (~50 vol%)

To eliminate these defects and
improve the thermomechanical prop-
erties of ceramic composites with
CVI SiC matrices, researchers at the
NASA Glenn Research Center devel-
oped a high-temperature treatment
process that can be used after the CVI
SiC matrix is deposited into the fiber
preform. Using Glenn-developed
Sylramic-iBN SiC fibers (ref. 1) and
BN-based fiber coatings (ref. 2), which
are stable in their functions under the
treatment conditions, Glenn research-
ers observed minimal strength loss for
composite panels formed from two-
dimensional architectural preforms.
More importantly, significant improve-
ments were observed in composite
thermal conductivity and creep resis-
tance, as indicated in the left and right
bar charts, respectively. For these
panels, total fiber and coating volume
fractions were ~35 and 5 vol%,
respectively, and the CVI SiC matrices
were deposited at ~50 and ~35 vol%.
Porous areas that remained open in
the 35 vol% CVI SiC matrices were
filled either by repeated polymer infil-
tration and pyrolysis of a SiC yielding
polymer, or by the melt infiltration of
silicon near 1400 °C. The left bar chart
also shows the detrimental effect of

O Unannealed
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trapped porosity in the full CVI SiC matrix and the beneficial effect of pore filling
for the hybrid CVI plus MI SiC matrix. However, the full CVI SiC matrix is best in
creep resistance and allows temperature capability beyond 1400 °C (see the
right bar chart on the preceding page), which is near the upper use temperature
for the CVI plus Ml SiC matrix (ref. 3).

Improvements in thermal conductivity of SiC/SiC CMCs will reduce thermal
stresses in gas turbine engine components, such as combustor liner and turbine
blades. Improvements in creep resistance will increase the life of CMC compo-
nents in gas turbine engines.
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Processing Techniques Developed to Fabricate Lanthanum
Titanate Piezoceramic Material for High-Temperature

Smart Structures

Piezoelectric ceramic materials are potential candidates for use as actuators and
sensors in intelligent gas turbine engines. For piezoceramics to be applied in gas
turbine engines, they will have to be able to function in temperatures ranging from
1000 to 2500 °F. However, the maximum use temperature for state-of-the-art
piezoceramic materials is on the order of 300 to 400 °F. Research activities
have been initiated to develop high-temperature piezoceramic materials for gas
turbine engine applications. Lanthanum titanate has been shown to have high-
temperature piezoelectric properties with Curie temperatures

of T, = 1500 °C and use temperatures greater than 1000 °C 15%x104

(refs. 1 and 2). However, the fabrication of lanthanum titanate

poses serious challenges because of the very high sintering

temperatures required for densification. 10
N

Two different techniques have been developed at the NASA 5 5 |

Glenn Research Center to fabricate dense lanthanum titanate 9

piezoceramic material. In one approach, lower sintering g

temperatures were achieved by adding yttrium oxide to com- g 0 —

mercially available lanthanum titanate powder. Addition of only 2

0.1 mol% yttrium oxide lowered the sintering temperature by % 5

as much as 300 °C, to just 1100 °C, and dense lanthanum o

titanate was produced by pressure-assisted sintering. The 10

lanthanum titanate containing 0.1 mol% yttria exhibited excel-
lent piezoelectric properties, as shown in this graph, which

The second approach utilized the same
commercially available powders but
used an innovative sintering approach
called differential sintering, which did
not require any additive. Fully dense
lanthanum titanate was produced by
this technique, and the material did

displays a typical polarization response of lanthanum titanate -15
as a function of applied electric field at 360 °C. In addition, this
highly refractive material was able to sustain externally applied
electric fields from 0.1 V/cm to 80 kV/cm without dielectric
breakdown.
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Electric polarization hysteretics of lanthanum titanate with
0.1 mol% of yttrium oxide taken at 360 °C.
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not degrade over time. The material exhibited excellent -10

piezoelectric properties atroom temperature, as shown
in the graph on this page. The displacement was

significantly higher than anticipated for a moderate -20

applied electric field. Future efforts are planned to
concentrate on optimizing the piezoelectric properties
of lanthanum titanate at elevated temperatures.

References

1. Scheunemann K.; and Muller-Bushbaum, H.K.: Crystal-
Structure of La,Ti,O. J. Inorg. Nucl. Chem., vol. 37,
no. 9, 1975, pp. 1879-1881.

2. Kimura M., et al.: Electro Optic and Piezoelectric Proper-
ties of La, Ti,O Single-Crystal. Jpn. J. Appl. Phys., vol. 11,
no. 6, 1972, p. 904.

Glenn contact: Dr. Jon C. Goldsby, 216-433-8250,
Jon.C.Goldsby@nasa.gov

Piezodisplacement, pm

-40

-4 -3 -2 -1 0 1 2 3 4 5
Applied voltage, kV

Authors: Dr. Jon C. Goldsby, Dr. Serene C. Farmer, and Displacement of differentially sintered lanthanum titanate as a
Dr. Ali Sayir function of an externally applied electric field.

Headquarters program: OAT

Programs/Projects: Propulsion and Power

Boron Nitride Nanotubes Synthesized by Pressurized

Reactive Milling Process

Nanotubes, because of their very high strength, are attractive as reinforcement  tities. Batch sizes of 6 g with over
materials for ceramic matrix composites (CMCs). Recently there has been 90-percent yield have been suc-
considerable interest in developing and applying carbon nanotubes for both cessfully prepared by this method.
electronic and structural applications. Although carbon nanotubes can be used  The photomicrograph shows the
to reinforce composites, they oxidize at high temperatures and, therefore, may  as-synthesized BN-nTs. The temper-

not be suitable for ceramic composites. Boron nitride, because it
has a higher oxidation resistance than carbon, could be a poten-
tial reinforcement material for ceramic composites. Although
boron nitride nanotubes (BN-nT) are known to be structurally
similar to carbon nanotubes, they have not undergone the same
extensive scrutiny that carbon nanotubes have experienced in
recent years. This has been due to the difficulty in synthesizing this
material rather than lack of interest in the material. We expect that
BN-nTs will maintain the high strength of carbon nanotubes
while offering superior performance for the high-temperature
and/or corrosive applications of interest to NASA.

At the NASA Glenn Research Center, several methods of prepar-
ing BN-nTs were investigated and compared. These include the
arc jet process, the reactive milling process, and chemical vapor
deposition. The most successful was a pressurized reactive
milling process that synthesizes BN-nTs of reasonable quan-
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ature stability of these BN-nTs in air is significantly higher than that for commer- — carbon nanotubes

. . . + 160 —
cially available carbon nanotubes, as shown in the graph. The carbon nano- 5 —— Boron nitride
tubes lose weight rapidly at 400 °C because the carbon is oxidized. On the other g 120 nanotubes
hand, BN-nTs are stable in air up to 1000 °C, demonstrating the superior per- Q
formance of the BN-nT. BN-nTs are currently being incorporated into com- S 80
posites to provide high-strength behavior at high temperatures. §

o
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Subscale Testing of a Ceramic Composite Cooled Panel
Led to Its Design and Fabrication for Scramjet Engine
Testing

In a partnership between the NASA Glenn Research Center and Pratt & Whitney, to their more traditional metallic coun-
a ceramic heat exchanger panel intended for use along the hot-flow-path walls  terparts. A maintainable approach
of future reusable launch vehicles was designed, fabricated, and tested. These  to the design was adopted which
regeneratively cooled ceramic matrix composite (CMC) panels offer lighter weight, allowed the panel components to be
higher operating temperatures, and reduced coolant requirements in comparison assembled with high-temperature
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Exploded view of 6- by 30-in. maintainable panel design.
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Subscale 2.5- by 10-in. maintainable panel assembly before testing in Glenn’s
Research Combustion Lab.

fasteners rather than by permanent bonding methods. With this approach, the
CMC hot face sheet, the coolant containment system, and backside structure
(see the illustration on the preceding page) were all fabricated separately and
could be replaced individually as the need occurred during use. This maintainable
design leads to both ease of fabrication and reduced cost.

During the first stage of the work, subscale panels were fabricated and tested to
verify the predicted performance of the maintainable heat exchanger design and
to demonstrate the fabricability of the components. For this stage, 1- by 6-in.
cooled CMC samples were tested in a quartz lamp rig at United Technologies
Research Center (UTRC) to verify model predictions at alower heat flux. After heat
exchanger performance of the panel assembly was verified with these results,
2.5- by 10-in. panels were fabricated and tested in Glenn’s Research Combus-
tion Lab (see the photograph). In addition to verifying the predictions of heat
exchanger performance at higher heat fluxes, fabrication of the 2.5- by 10-in.
panelsidentified processing and manifolding issues that needed to be addressed
before the design could be scaled up to larger panel sizes. Fiber architectures
and panel coatings were optimized to maximize thermal conductivity through
the panel. Also surface coatings were identified which offered both improved
oxidation resistance and durability under the extremes of the rocket engine tests.
Three panels of this design were tested in the facility. The panels were either
carbon-reinforced silicon carbide (C/SiC) or carbon-reinforced carbon (C/C) with
a silicon carbide surface coating. Slight modifications to the panel and fastener
design as the testing proceeded led to the third panel being tested for a
cumulative time of 18.5 min with maximum surface temperatures sustained
between 2400 to 2600 °F for 2-min durations.

In the final phase of this effort, the scale-up of the design and fabrication of a

6- by 30-in. maintainable CMC cooled panel was completed. The well-
established system requirements for the Pratt & Whitney Hydrocarbon Scramjet

NASA GLENN RESEARCH CENTER

Engine Technology (HySET) vehicle
engine were chosen as the baseline
requirements for the cooled CMC
panel design. The design targeted the
combustor section of the flow path
panel with maximum heat and pres-
sure loads at M8 and M5 in the vehicle
trajectory. This section of the panel
represented the highest heat flux sec-
tion of the flow path that included
operable fuel-injection ports. The effort
originally focused on hydrocarbon
fuels with a modified version added
for hydrogen fuels. The heavily instru-
mented panel will be tested in fiscal
year 2004 in the scramijet rig at UTRC.
The objectives of the tests are to vali-
date the materials and design in a
representative combined aero/thermal/
acoustic scramjet engine environment.
The panel will be tested at conditions
of Mach 7.0 and g =750 psf cruise test
point. It is anticipated that testing of
the 6- by 30-in. panel in the scram-
jet facility will provide critical informa-
tion on the performance of CMC heat
exchangers, which will be needed for
future engine demonstrator programs.
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Prepreg and Melt Infiltration Technology Developed for
Affordable, Robust Manufacturing of Ceramic Matrix

Composites

Affordable fiber-reinforced ceramic matrix composites with multifunctional
properties are critically needed for high-temperature aerospace and space
transportation applications. These materials have various applications in
advanced high-efficiency and high-performance engines, airframe and propul-
sion components for next-generation launch vehicles, and components for land-
based systems. A number of these applications require materials with specific
functional characteristics: for example, thick component, hybrid layups for
environmental durability and stress management, and self healing and smart
composite matrices. At present, with limited success and very high cost,
traditional composite fabrication technologies have been utilized to manufacture
some large, complex-shape components of these materials. However, many
challenges still remain in developing affordable, robust, and flexible manufactur-
ing technologies for large, complex-shape components with multifunctional
properties. The prepreg and melt ilnfiltration (PREMI) technology provides an
affordable and robust manufacturing route for low-cost, large-scale production
of multifunctional ceramic composite components.

The PREMI technology for ceramic matrix composites fabrication, which was
developed at the NASA Glenn Research Center, has four steps. These are shown
in the figure to the right. In the first step, coated carbon and silicon carbide fibers
are prepregged in a proprietary resin and particulate mixture and are B-staged to
provide a tacky finish. Fiber tows can also be tow-pregged for flament winding.
Flexible prepregs, shown in this photograph, can be used to fabricate large,
complex shapes. In the second step, the prepreg cloths are laid up and vacuum
bagged for curing. The third step is curing and pyrolysis, which yields an inter-
connected network of porosity in the matrix. In the final step of the process,
the preform is infiltrated with molten silicon or
refractory metal-silicon alloys in a furnace. This
converts the carbon to silicon carbide. This
process is also suitable for making compos-
ites with hybrid layups and two- or three-
dimensional architectures by filament winding
or other fiber placement techniques. This proc-
essing approach leads to dense composites,
where matrix microstructure and composition
can be tailored for optimum properties. It has
a much lower processing cost (<50 percent)
in comparison to other approaches to
fabricating ceramic matrix composites.
Thermomechanical and thermochemical
characterization of these composites under
the hostile environments that will be encoun-
tered in various aerospace applications is
underway.

Coated fibers
(carbon, SiC)
Prepregging in
resin mixture

Layup and vacuum bag

(two-dimensional prepregs)
Filament winding (tow pregs)

[ Curing and pyrolysis ]

Melt infiltration
(silicon or silicon-alloy)

Large and complex-
shape CMC components

Various steps in the prepreg and melt
infiltration (PREMI) process.

Flexible prepregs for the fabrication of large, complex shapes.
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Dense SiC(Sylramic)/SiC ceramic composite
fabricated by the PREMI process.

Polymer/Silicate Nanocomposites Used to Manufacture Gas
Storage Tanks With Reduced Permeability

Over the past decade, there has been considerable research in the area of
polymer-layered silicate nanocomposites. This research has shown that the
dispersion of small amounts of an organically modified layered silicate improves
the polymer strength, modulus, thermal stability, and barrier properties (ref. 1).
There have been several reports on the dispersion of layered silicates in an epoxy
matrix (ref. 2). Potential enhancements to the barrier properties of epoxy/silicate
nanocomposites make this material attractive for low permeability tankage.

Polymer matrix composites (PMCs) have several advantages for cryogenic
storage tanks. They are lightweight, strong, and stiff; therefore, a smaller fraction
of a vehicle’s potential payload capacity is used for propellant storage. Unfortu-
nately, the resins typically used to make PMC tanks have higher gas permeability
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Polymer/silicate nanocomposite tanks tested for helium permeability.
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than metals. This can lead to hydro-
gen loss through the body of the tank
instead of just at welds and fittings.
One approach to eliminate this prob-
lem is to build composite tanks with
thin metal liners. However, although
these tanks provide good perme-
ability performance, they suffer from a
substantial mismatch in the coefficient
of thermal expansion, which can lead
to failure of the bond between the
liner and the body of the tank. Both
problems could be addressed with
polymer-silicate nanocomposites,
which exhibit reduced hydrogen per-
meability, making them potential
candidates for linerless PMC tanks.

Through collaboration with Northrop
Grumman and Michigan State Univer-
sity, nhanocomposite test tanks were
manufactured for the NASA Glenn
Research Center, and the helium per-
meability was measured. An organi-
cally modified silicate was prepared
at Michigan State University and
dispersed in an epoxy matrix (EPON
826/JeffamineD230). The epoxy/
silicate nanocomposites contained
either 0 or 5 wt% of the organically
modified silicate. The tanks were made
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by filament winding carbon fibers with the nanocomposite resin. Helium perme-
ability was measured by Northrop Grumman, showing that the leak rate/day of
the nanocomposite matrix tank was approximately 80-percent less than that of
the neat epoxy matrix tank.

References

1. Burnside, S.D.; and Giannelis, E.P.: Synthesis and Properties of New
Poly(Dimethylsiloxane). Chem. Mat., vol. 7, no. 9, 1995, pp. 1597-1600.

2. Shi, H.Z.; Lan, T.; and Pinnavaia, T.J.: Interfacila Effects on the Reinforcement
Properties of Polymer-Organoclay Nanocomposites. Chem. Mat., vol. 8, no. 8, 1996,
pp. 1584-1587.

Find out more about this research:
http://www.grc.nasa.gov/WWW/MDWeb/5150/Polymers.html

Glenn contacts:

Dr. Chris Johnston, 216-433-5029,
James.C.Johnston-1@nasa.gov; and
Sandi G. Campbell, 216-433-8489,
Sandi.Campbell@nasa.gov

Authors: Sandi G. Campbell and
Dr. Chris Johnston

Headquarters program office: OAT

Programs/Projects: AFFT

Development of DMBZ-15 High-Glass-Transition-
Temperature Polyimides as PMR—-15 Replacements

Given R&D 100 Award

PMR-15, a high-temperature polyimide developed inthe mid-1970’s atthe NASA
Lewis Research Center,! offers the combination of low cost, easy processing,
and good high-temperature performance and stability. It has been recognized as
the leading polymer matrix resin for carbon-fiber-reinforced composites used in
aircraft engine components. The state-of-the-art PMR-15 polyimide composite
has a glass-transition temperature (Tg) of 348 °C (658 °F). Since composite
materials must be used at temperatures well below their glass-transition
temperature, the long-term use temperatures of PMR-15 composites can be
no higher than 288 °C (550 °F). In addition, PMR-15 is made from methylene
dianiline (MDA), a known liver toxin. Concerns about the safety of work-
ers exposed to MDA during the fabrication of PMR-15 components and
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T650-35 carbon fabric composites. Tg, glass-transition temperature. Left: Flexural
strength; Right: Short-beam shear strength.

INow called the NASA Glenn Research Center.
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about the environmental impact of
PMR-15 waste disposal have led to
the industrywide implementation of
special handling procedures to mini-
mize the health risks associated
with this material. These procedures
have increased manufacturing and
maintenance costs significantly and
have limited the use of PMR-15in com-
mercial aircraft engine components.

Efforts at the NASA Glenn Research
Center to develop a PMR-15 replace-
ment have yielded an alternative
polyimide, DMBZ-15, which has a
Tg of 418 °C (784 °F). Because of its
unusually high T DMBZ-15 can be
used at temperatures as high as
343 °C (650 °F) (see the bar charts).
This is an increase of 55 °C (100 °F)
over the maximum temperature of
PMR-15, which is the current state of
the art. In addition, DMBZ-15 com-
posites have been shown to have
wear resistance superior to that of
PMR-15. Potential aerospace appli-
cations for this ultra-high-temperature
composite include aircraft engine
components—such as bushings
and bearings, cases, ducts, and fuel
and lubricant lines—as well as
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reusable-launch-vehicle (RLV) propulsion and airframe structures. Because of
DMBZ’s superior high-temperature stability and performance, use of this ultra-
high-temperature composite in airframe components for RLVs would enable
significant reductions in the thermal protection system (TPS) and its parasitic
weight. Nonaerospace applications for DMBZ-15 include components for oil
drilling equipment and replacements for oiled brass bearings in the rolling and
printing industries.
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New High-Temperature Membranes Developed for Proton

Exchange Membrane Fuel Cells

Fuel cells are receiving a considerable amount of attention for potential use in a
variety of areas, including the automotive industry, commercial power generation,
and personal electronics. Research at the NASA Glenn Research Center has
focused on the development of fuel cells for use in aerospace power systems for
aircraft, uynmanned air vehicles, and space transportation systems. These appli-
cations require fuel cells with higher power densities and better durability than
what is required for nonaerospace uses. In addition, membrane cost is a concern
for any fuel cell application. The most widely used membrane materials for proton
exchange membrane (PEM) fuel cells are based on sulfonated perfluorinated
polyethers, typically Nafion 117, Flemion, or Aciplex. However, these polymers
are costly and do not function well at temperatures above 80 °C. At higher
temperatures, conventional membrane materials dry out and lose their ability to
conduct protons, essential for the operation of the fuel cell. Increasing the
operating temperature of PEM fuel cells from 80 to 120 °C would significantly
increase their power densities and enhance their durability by reducing the
susceptibility of the electrode catalysts to carbon monoxide poisoning. Glenn’s
Polymers Branch has focused on developing new, low-cost membranes that
can operate at these higher temperatures.
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A new series of organically modified
siloxane (ORMOSIL) polymers were
synthesized for use as membrane
materials in a high-temperature PEM
fuel cell (see the following figure).
These polymers have an organic por-
tion that can allow protons to trans-
port through the polymer film and a
cross-linked silica network that gives
the polymers dimensional stability.
These flexible xerogel polymer films
are thermally stable, with decomposi-
tion onset as high as 380 °C (see the
following figure).

Two types of proton conducting
ORMOSIL films have been produced:
(1) NASA-A, which can coordinate

ORMOSIL polymer used in high-temperature proton exchange fuel cell. Left: structure. Right: polymer

membrane of fuel cell.
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many highly acid inorganic salts that facilitate proton conduction and (2)
NASA-B, which has been produced and which incorporates strongly acidic
(proton donating) functional groups into the polymer backbone. Both of these
polymer films have demonstrated significantly higher proton conductivity than
Nafion at elevated temperatures and low relative humidities (see the bar charts).

An added advantage is that these
polymers are very inexpensive to pro-
duce because their starting materials
are commodity chemicals thatare com-
mercially available in large volumes.

Find out more about this research:
http://www.grc.nasa.gov/WWW/
MDWeb/5150/Polymers.html
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Mechanically Strong Aerogels Formed by Templated Growth
of Polymer Cross-Linkers on Inorganic Nanoparticles

In the search for materials with better mechanical, thermal, and electrical
properties, itis becoming evident that oftentimes dispersing ceramic nanoparticles
in plastics improves performance. Along these lines, chemical bonding (both
covalent and noncovalent) between afiller and a polymer improves their compat-
ibility, and thus enhances certain properties of the polymeric matrix above and
beyond what is accomplished by simple doping with the filler. When a similarly
sized dopant and matrix are used, elementary building blocks may also have
certain distinct advantages (e.g., in catalysis). In this context, researchers at the
NASA Glenn Research Center reasoned that in the extreme case, where the
dopant and the matrix (e.g., a filler and a polymer) are not only sized similarly,
but their relative amounts are comparable, the relative roles of the dopant and
matrix can be reversed. Then, if the “filler,” or a certain form thereof, possesses
desirable properties of its own, such properties could be magnified by cross-
linking with a polymer. We at Glenn have identified silica as such a filler in its
lowest-density form, namely the silica aerogel.

Aerogels are used primarily in space applications as collectors of hypervelocity
particles (STARDUST Program) or for thermal insulation in extreme environments
(refer to the Sojourner Rover in 1997 or the two Mars Exploratory Rovers, Spirit
and Opportunity, in 2003). For instance, it has been reported that if conventional
thermal insulation had been used on the Sojourner Rover, 6 Ib of the total 25-b
weight of the rover would have been lost for thermal insulation. Thus, it was
reasoned that if the thermal insulator—the aerogel—was strong enough to
comprise the building material of the entire space vehicle, more weight would be
freed for useful payload.

With this in mind, we were able to “glue” together the nanoparticle building blocks
of a conventional silica aerogel, by templated, directed growth of the polymer on
those particles. Thus, the resulting material is ~3 times more dense than the
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A cross-linked silica aerogel undergoing
a three-point flexural bending test.

The density of the monolith is ~0.55 g/
cm3.The density of the underlying silica
is ~0.18 g/cm3, and the silica has been
cross-linked with polyhexamethylene
diisocyanate.

underlying silica aerogel framework
but takes more than 300 times the force
to break. The preceding photograph
shows such a cross-linked silica aero-
gel monolith just before its break point.

The mechanism of cross-linking has
been investigated carefully, and it has
been discovered that the cross-linking
chemistry is based on (1) a reaction
between the cross-linker and the
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surface of the aerogel framework and

- 2) a reaction of the cross-linker with
—Si)OH + OCN—R—NCO — > —Si)o—c—N—R—Nco (2)

N itself, either via a mechanism that is

Silica Isocyanate Carbamate catalyzed by the surface of the aero-
gel framework or via a reagent that

0 0 is confined on that surface. Thus

e O—Q—H—R—NCO H,0O s O—C—H—R—NH + CO diisocyanates regctwith the surface of
) Adsorbed ) 2 2 the aerogel, forming urethanes, or they

on silica are hydrolyzed by adsorbed water,
yielding amines, which then attack

other diisocyanates, forming ureas

—Si)O—C—H—R—NHZ + OCN—R—NCO (see the chemical diagram). In addi-
T tion, epoxies containing two, three, or

)
|

0 four reactive groups undergo a ring-
[ — u ol opening cascade of reactions with
_Si) Q—C—N—R—N—C—N—R—NCO themselves as well as with amino
Carbamate Urea jH o groups that have been deliberately
2 placed on the aerogel surface.

Cross-linking silica with a diisocyanate. Cross-linked aerogels are strong

enough to withstand the surface
tension forces developing around the
residing meniscus of low-vapor-
pressure liquids evaporating through
their bulk. So it has been found that
cross-linked hydrogels can be dried
to aerogels from pentane under
ambient pressure, thus eliminating the
need for extractions with a super-
critical fluid. As a result, objects with
different shapes and sizes can be
produced easily.

Find out more about this research:
http://www.grc.nasa.gov/WWW/
MDWeb/5150/Polymers.html

Glenn contact:
Dr. Nicholas Leventis, 216-433-3202,
Nicholas.Leventis@nasa.gov

Authors:

Dr. Nicholas Leventis, Dr. Eve F. Fabrizio,
Dr. Chris Johnston, and Dr. Maryann
Meador

Headquarters program office: OAT

Programs/Projects: PR&T

Aerogels produced by ambient pressure drying from pentane.
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Erosion Coatings Developed to Increase the Life and

Durability of Composites

Both the NASA Glenn Research Center and the Allison Advanced Development
Company (AADC) have worked to develop and demonstrate erosion-resistant
coatings that would increase the life and durability of composite materials used
in commercial aircraft engines. These composite materials reduce component
weight by 20 to 30 percent and result in less fuel burn and emissions and more
fuel savings. Previously, however, their use was limited because of poor erosion
resistance, which causes concerns about safety and leads to high maintenance
costs. The coatings were tested by the University of Cincinnati, and the compos-
ites were manufactured by Texas Composites and coated by Engelhard and
NASA Glenn.

Rolls-Royce Corporation uses composite materials, which are stronger and less
dense than steel or titanium, to make bypass vanes for their AE3007 engines.
These engines are widely used in regional jet aircraft (Embraer) and unmanned
air vehicles such as the Northrop Grumman Global Hawk. Coatings developed
by NASA/Rolls-Royce can reduce erosion from abrasive materials and from
impurities in the air that pass over these vanes, allowing Rolls-Royce to take
advantage of the benefits of composite materials over titanium without the added
costs of increased maintenance and/or engine failure.

The Higher Operating Temperature Propulsion Components (HOTPC) Project
developed cost-effective, durable coatings as part of NASA’'s goal to increase
aviation system capacity growth. These erosion coatings will reduce the number
of special inspections or instances of discontinued service due to erosion,
allowing aircraft capacity to be maintained without inconveniencing the traveling
public. A specific example of extending component life showed that these
coatings increased the life of graphite fiber and polymer composite bypass vanes
up to 8 times over that of the uncoated vanes. This increased durability allows
components to operate to full design life without fear of wear or failure.

L d

Recently, Rolls-Royce completed
over 2000 hr of engine testing with the
coated fan exit bypass vanes (see
the photograph on the left). There was
no loss of coating after nearly 5000
typical engine cycles. Midway through
the engine tests, the coated vanes
were removed from the engine during
ascheduled maintenance and inspec-
tion period. The vanes were shipped
back to Glenn, where they underwent
further stress testing in the Structural
Dynamics Lab, mimicking more
extreme conditions than those typical
of the AE3007 engine cycle. These
vanes were then replaced in the
AE3007 and subjected to another
1000 hr of engine tests. Once again,
there was no loss of coating and only
aminimal appearance of cracking (see
the photograph on the right).

Find out more about this research:

Glenn’s Polymers Branch:
http://www.grc.nasa.gov/WWW/
MDWeb/5150/Polymers.html

Glenn’s Structural Mechanics &
Dynamics Branch:
http://structures.grc.nasa.gov/5930/

Left: AE3007 engine test of bypass vanes with erosion-resistant coatings. Right: Minor cracking shown by fluorescent dye penetrant.
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Glenn’s Structural Dynamics Laboratory:
http://www.grc.nasa.gov/WWW/Facilities/int/sdl/
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Depth-Penetrating Measurements Developed for Thermal
Barrier Coatings Incorporating Thermographic Phosphors

The insulating properties of thermal barrier coatings (TBCs) provide
highly beneficial thermal protection to turbine engine components by
reducing the temperature sustained by those components. There-
fore, measuring the temperature beneath the TBC is critical for
determining whether the TBC is performing its insulating function.
Currently, noncontact temperature measurements are performed by
infrared pyrometry, which unfortunately measures the TBC surface
temperature rather than the temperature of the underlying compo-
nent. To remedy this problem, the NASA Glenn Research Center,

Intensity, arbitrary units

Y»0O3:Eu above
TBC

/Y203:Eu below
TBC (x10)

under the Information Rich Test Instrumentation Project, devel-
oped a technique to measure the temperature beneath the TBC
by incorporating a thin phosphor layer beneath the TBC.
By performing fluorescence decay-time measurements on light
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Comparison of the phosphor emission intensity for

emission from this phosphor layer, Glenn successfully measured
temperatures from the phosphor layer up to 1100 °C. This is the
first successful demonstration of temperature measurements that
penetrate beneath the TBC.

the Y,05:Eu phosphor layer above the 100-pm-thick
thermal barrier coating (TBC) versus the layer below
it. The emission spectrum for the phosphor layer
below the TBC has been multiplied by 10 for easier
comparison.

Thermographic phosphors have a history of providing noncontact surface
temperature measurements. Conventionally, a thermographic phosphor is
applied to the material surface and temperature measurements are performed by
exciting the phosphor with ultraviolet light and then measuring the temperature-
dependent decay time of the phosphor emission at a longer wavelength. The
innovative feature of the new approach is to take advantage of the relative
transparency of the TBC (composed of yttria-stabilized zirconia) in order to excite
and measure the phosphor emission beneath the TBC. The primary obstacle to
achieving depth-penetrating temperature measurements is that the TBCs are
completely opaque to the ultraviolet light usually employed to excite the phos-
phor. The strategy that Glenn pursued was to select a thermographic phosphor
that could be excited and emit at wavelengths that could be transmitted through
the TBC. The phosphor that was selected was yttria doped with europia
(Y,04:Eu), which has a minor excitation peak at 532 nm (green) and an emission
peak at 611 nm (red)—both are wavelengths that exhibit significant transmission
through the TBC.

NASA GLENN RESEARCH CENTER

The measurements were performed
on specimens consisting of a 25-um-
thick phosphor layer beneath a
100-pm-thick TBC. The 532-nm
(green) excitation light was provided
by a frequency-doubled YAG:Nd
(yttrium-aluminum-garnet:neodymium)
laser, and the fluorescence decay
time measurements were acquired
with a modified Raman microscope.
The preceding graph compares the
intensity of the phosphor emission of
the phosphor layer above the TBC
versus that of the phosphor layer
beneath the TBC. Although there
was considerable attenuation of the
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The fluorescence decay time as a function of temperature for the Y,O3:Eu
phosphor layer above the TBC versus the layer below it.

phosphor signal (a factor of 30), the
phosphor emission at the reduced
intensity was more than sufficient to
perform fluorescence decay time
measurements. The graph on the left
shows the fluorescence lifetime tem-
perature dependency for the Y,04:Eu
phosphor layers both above and
belowthe TBC. These curves show an
excellent match and indicate that
despite the attenuation due to the
overlying TBC, the phosphor layer
beneath the TBC still functions as an
effective temperature indicator.
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New Effective Material Couple—Oxide Ceramic and
Carbon Nanotube—Developed for Aerospace Microsystem

and Micromachine Technologies

The prime driving force for using microsystem and micromachine technologies
in transport vehicles, such as spacecraft, aircraft, and automobiles, is to reduce
the weight, power consumption, and volume of components and systems to
lower costs and increase affordability and reliability (refs. 1 and 2). However, a
number of specificissues need to be addressed with respect to using microsystems
and micromachines in aerospace applications—such as the lack of understand-
ing of material characteristics; methods for producing and testing the materials
in small batches; the limited proven durability and lifetime of current micro-
components, packaging, and interconnections; a cultural change with respect to
system designs; and the use of embedded software, which will require new
product assurance guidelines.

In regards to material characteristics, there are significant adhesion, friction, and
wear issues in using microdevices. Because these issues are directly related to
surface phenomena, they cannot be scaled down linearly and they become
increasingly important as the devices become smaller (ref. 2). When microsystems
have contacting surfaces in relative motion, the adhesion and friction affect
performance, energy consumption, wear damage, maintenance, lifetime and
catastrophic failure, and reliability. Ceramics, for the most part, do not have
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inherently good friction and wear prop-
erties. For example, coefficients of
friction in excess of 0.7 have been
reported for ceramics and ceramic
composite materials (e.g., ref. 3).

Under Alternate Fuels Foundation
Technologies funding, two-phase
oxide ceramics (ref. 4) developed
for superior high-temperature wear
resistance in NASA's High Operating
Temperature Propulsion Components
(HOTPC) project and new two-layered
carbon nanotube (CNT) coatings
(CNT topcoat/iron bondcoat/quartz
substrate) developed in NASA’s
Revolutionary Aeropropulsion Con-
cepts (RAC) project have been
chosen as a materials couple for
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Carbon nanotube materials showing oriented growth.

aerospace applications, including micromachines, in the nanotechnology
lubrication task because of their potential for superior friction and wear properties
in air and in an ultrahigh vacuum, spacelike environment. At the NASA Glenn
Research Center, two-phase oxide ceramic eutectics, Al,05/ZrO, (Y,05), were
directionally solidified using the laser-float-zone process (ref. 5),
and carbon nanotubes were synthesized within a high-temperature tube furnace
at 800 °C (ref. 6). Physical vapor deposition was used to coat all quartz sub-
strates with 5-nm-thick iron as catalyst and bondcoat, which formed iron islands
resembling droplets and serving as catalyst particles on the quartz.

The preceding figure presents a series of scanning electron micrographs showing
multiwalled carbon nanotubes directionally grown as aligned “nanograss” on
quartz. Unidirectional, sliding friction experiments were conducted at Glenn with
the two-layered CNT coatings in contact with the two-phase Al,04/ZrO, (Y,0,)
eutectics in air and in ultrahigh vacuum (see the graphs on the next page). The
main criteria for judging the performance of the materials couple for solid lubri-
cation and antistick applications in a space environment were the coefficient of
friction and the wear resistance (reciprocal of wear rate), which had to be less
than 0.2 and greater than 10° N-m/mm3, respectively, in ultrahigh vacuum.

In air, the coefficient of friction for the CNT coatings in contact with Al,O04/ZrO,
(Y,0O4) eutectics was 0.04, one-fourth of that for quartz. In an ultrahigh vacuum,
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the coefficient of friction for CNT coat-
ings in contact with Al,O4/ZrO, (Y,0,)
was one-third of that for quartz. The
two-phase Al,05/ZrO, (Y,0,) eutec-
tic coupled with the two-layered CNT
coating met the coefficient of friction
and wear resistance criteria both in air
and in an ultrahigh vacuum, spacelike
environment. This material’s couple
can dramatically improve the stiction
(or adhesion), friction, and wear resis-
tance of the contacting surfaces, which
are major issues for microdevices and
micromachines.
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Coating Development for GRCop-84 Liners for Reusable
Launch Vehicles Aided by Modeling Studies

The design of the next generation of reusable launch vehicles calls for using
GRCop-84 copper alloy liners based on a composition invented at the NASA
Glenn Research Center (ref. 1). Despite its considerable advantage over other
copper alloys, it is expected that GRCop-84 will suffer from environmental deg-
radation depending on the type of rocket fuels used and on thermomechanical
fatigue (refs. 2 to 4). Applying protective coatings on GRCop-84 substrates can
minimize or eliminate many of these problems and extend the operational life of
the combustion liner. This could increase component reliability, shorten depot
maintenance turnaround times, and lower operating costs. Therefore, Glenn
is actively pursuing the development of advanced coatings technology for
GRCop-84 liners. Technology is being developed in four major areas: (1) new
metallic coating compositions, (2) application techniques, (3) test methods, and
(4) life prediction design methodology using finite element analysis. The role of
finite element analysis in guiding the coating effort is discussed in this report.

Thermal analyses were performed at Glenn for different combinations of top- and
bond-coat compositions to determine the temperature variation across the
coated cross section with the thickness of the top coat. These calculations were
conducted for simulated LH,/LO, booster engine conditions assuming that the
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bond coat had a constant thickness of
50 um. The graphs on the next page
show the predicted temperatures at
the outer surface of the top coat (hot
wall), at the top-coat/bond-coat inter-
face, at the bond-coat/GRCop-84
interface, and at the GRCop-84 cold
wall as a function of top-coat thick-
ness for Cu-26(wt%)Cr top coat (top
graph), Ni-17(wt%)Cr-6%AI-0.5%Y
top coat and Cu-26%Cr bond coat
(center graph), and NiAl top coat and
Ni bond coat (bottom graph). In all
cases, the temperature of the top
coat at the hot wall increased with
increasing top-coat thickness and with
corresponding decreases in the tem-
peratures at the two interfaces and
the cold wall. These temperatures are
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not acutely sensitive to the thermal conductivity of the
top coat when it exceeds 25 and 50 W/m/K for low and
high heat flux engines (see the graphs at the top of the
next page). This observation is significant for two reasons.
First, several different top-coat compositions can be
evaluated as potential protective coatings without loss
in the heat-transfer efficiency of the coated system.
Second, materials with thermal conductivities less than
the critical values of 25 or 50 W/m/K are more likely to act
as thermal barrier coatings.

The deposition of overlay coatings on GRCop-84 sub-
strates results in the development of residual stresses
(ref. 5). The presence of these residual stresses influences
the probability of coating spallation, the thermal cycling
life, and the fatigue properties of the coated substrate
during use. Since itis important to understand how these
stresses develop during the vacuum-plasma-spraying
coating deposition process, the nature and magnitudes
of the cool-down residual stresses were calculated and
compared with experimentally determined values across
the coated cross section of a disk specimen. The calcu-
lations were conducted assuming that the specimen
cools down to room temperature from vacuum-
plasma-spraying temperatures of either 250 or 650 °C.
The effects of coating the substrate with and without grit
blasting were also theoretically examined. The bottom
graph on the next page compares the predicted and
the experimental results for a GRCop-84 disk coated
with about a 50-pm-thick Ni bond coat and a 75- to
100-um NiAl top coat, where the curves for NASA-2
assume the presence of a prior residual stress generated
by grit blasting under conditions similar to the experimen-
tal situation. The predicted cool-down in-plane stresses
were compressive in both the NiAl top coat and the Ni
bond coat. They were also compressive in the substrate
to a depth of about 0.25 mm from the Ni/GRCop-84
interface when the vacuum-plasma-spraying tempera-
ture was low. However, using a higher plasma spraying
temperature is likely to leave the substrate under a small
tensile stress to counter the compressive stresses in the
bond and top coats because of the relaxation of residual
stresses generated in the substrate during the grit blast-
ing of its surface prior to spraying. These results suggest
that the NiAl and Ni coatings are unlikely to spall after
spraying as confirmed by the microstructural observa-
tions shown in the photomicrograph (next page) of an
as-sprayed specimen. Finally, it is noted that the calcu-
lated and experimental results are not in complete agree-
ment, which indicates that both the experimental and
modeling techniques need further refinement.
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New Screening Test Developed for the Blanching

Resistance of Copper Alloys

NASA's extensive efforts towards more efficient, safer, and more affordable space
transportation include the development of new thrust-cell liner materials with
improved capabilities and longer lives. For rocket engines fueled with liquid
hydrogen, an important metric of liner performance is resistance to blanching,
a phenomenon of localized wastage by cycles of oxidation-reduction due to
local imbalance in the oxygen-fuel ratio. The current liner of the Space Shuttle
Main Engine combustion chamber, a Cu-3Ag-0.5Zr alloy (NARIoy-Z) is degraded
in service by blanching. Heretofore, evaluating a liner material for blanching
resistance involved elaborate and expensive hot-fire tests performed on rocket
test stands. To simplify that evaluation, researchers at the NASA Glenn Research
Center developed a screening test that uses simple, in situ oxidation-reduction
cycling in athermogravimetric analyzer (TGA). The principle behind this test s that
resistance to oxidation or to the reduction of oxide, or both, implies resistance to
blanching. Using this test as a preliminary tool to screen alloys for blanching
resistance can improve reliability and save time and money.

In this test a small polished coupon is hung in a TGA furnace at the desired
(service) temperature. Oxidizing and reducing gases are introduced cyclically, in
programmed amounts. Cycle durations are chosen by calibration, such that all
copper oxides formed by oxidation are fully reduced in the next reduction interval.
The sample weight is continuously acquired by the TGA as usual.

The graph shows the oxidation-reduction responses of two types of materials:
One type (group |) is distinguished by a flat weight-change profile, whereas the
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other type (group Il) exhibits a steady
increase of weight with exposure time.
(Only the trends are significant in this
figure, not the relative heights: the
plots have been spaced out vertically
to avoid overlap.) Group |, at the
bottom of the chart, includes pure Cu
and three of its alloys. They all share
one characteristic: upon oxidation,
they form a nonprotective Cu,0/CuO
scale. The two Cu-Cr-Nb alloys at the
top are in group II; they also form
Cu,0/CuO, but are further character-
ized by a compact layer of protective
Cr-Nb oxides beneath the Cu,0/CuO
scale. In both groups, the Cu,0/CuO
scale formed during oxidation is
removed during reduction in each
cycle. That should resultin zero weight
change—and does for group |, but
not for group Il. For the latter, the
additional layer of protective oxides is
also resistant to reduction and its con-
tinuous growth leads to the monotonic
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weight increase seen in the figure. SEM examination after exposure reveals that
the surfaces of group | samples are grooved and pitted with scars of incipient
blanching attack, whereas group Il samples are covered and protected by the
Cr-Nb oxides. Cu-Cr coating compositions were observed to fallinto group Il, with
a Cr,04 subscale providing extra protection for blanching resistance.

The clear contrast in response between the two groups makes this test a reliable
discriminant of blanching tendencies. These results indicate that Cu, NARIloy-Z,
and AmZirc should blanch (as they are known to do in service, ref. 1); in contrast,
GRCop-84 should not—and hot-fire tests recently performed elsewhere indicate
that GRCop-84 is resistant to blanching, as predicted by the graph. The simplicity
of this test makes it a useful tool for screening. Results are read from weight-gain
charts, rather than interpreted from visual signs of damage (as was done
heretofore). Hence, with some precaution the test results can be used to rank
alloys semiquantitatively on the basis of specific weight gains from a prescribed
duration of oxidation-reduction cycling.
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Ceramic Matrix Composite Vane Subelements Tested in a

Gas Turbine Environment

The use of ceramic matrix composites (CMCs) as vanes for the next
generation of turbine engines is under evaluation for improving engine
performance, such as lowering emissions and enabling higher cycle
efficiency, relative to today’s engines with superalloy hot section
components. Because of the high-temperature capability of this class
of materials, CMC vanes would be able to operate with higher
combustion exit temperatures than today’s engines can. Alternatively,
a potential vane cooling requirement reduction of 15 to 25 percent for
a CMC, such as SiC/SiC, relative to a single-crystal superalloy would
be realized if the combustion operation was not altered.

Vane subelements were fabricated from a silicon carbide fiber-
reinforced silicon carbide matrix (SiC/SiC) composite and were coated
with an advanced environmental barrier coating (EBC). So that the
critical design features of a turbine airfoil could be addressed, the vane
subelement geometry was derived from an aircraft engine vane.
A fabrication technique was developed that enables vanes to be
constructed using a high-strength silicon carbide fiber in the form
of woven cloth. A unique cloth configuration was used to provide
continuous fiber reinforcement at the sharp trailing edge, the
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SiC/SiC vane subelement coated with an advanced
environmental barrier coating and containing cooling

most challenging feature for fabrication from a continuous-fiber-  pgjes in the trailing edge.

reinforced composite. A completed vane subelement is shown in this
photograph.

Atest configuration for the vanes in a high-pressure gas turbine environment was
designed and fabricated for the High Pressure Burner Rig at the NASA Glenn
Research Center. Vane surface temperatures are measured using optical
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pyrometry, as shown in the illustration
on the next page. Test conditions
include combustion flow at 60 m/sec
and 6 atm, and temperatures above
1200 °C.
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Over 50 hr of rig testing on a SiC/SiC vane subelement have been completed. As
shown in the final photograph, no degradation of the EBC-coated SiC/SiC vane
occurred after testing at material temperatures up to 1200 °C. Metal vanes
and rig hardware that were exposed to the same conditions had damage
in the form of cracks and deformation, demonstrating the improved high-
temperature capability of this ceramic composite over the metals used in today’s
gas turbine engines.
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Hafnia-Based Materials Developed for Advanced
Thermal/Environmental Barrier Coating Applications

Thermal and environmental barrier coatings (T/EBCs) will play a crucial role in
advanced gas turbine engine systems because of their ability to significantly
increase engine operating temperatures and reduce cooling requirements, and
thus help achieve engine goals of low emissions and high efficiency. Under the
NASA Ultra-Efficient Engine Technology (UEET) Project, advanced T/EBCs are
being developed for low-emission SiC/SiC ceramic matrix composite (CMC)
combustor applications by extending the CMC liner and vane temperature
capability to 1650 °C (3000 °F) in oxidizing and water-vapor-containing combus-
tion environments. The coating system is required to have increased phase
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An advanced coating design concept for the 1650 °C T/EBC system for ceramic
matrix composite combustor applications.
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stability, lower lattice and radiation
thermal conductivity, and improved
sintering and thermal stress resistance
under high-heat-flux and thermal-
cycling engine conditions. Advanced
heat-flux testing approaches (refs. 1
to 4) have been established at the
NASA Glenn Research Center for
1650 °C coating developments. The
simulated combustion water-vapor
environmentis also beingincorporated
into the heat-flux test capabilities (ref. 3).

An advanced coating concept for the
1650 °C T/EBC system for CMC com-
bustor applications is shown in the
schematic to the left (ref. 5). The top
layer is a high-temperature-capable
thermal barrier coating, designed to
provide the major thermal protection
for the subcoating systems and the
CMC substrate, and also to act as the
first-stage radiation barrier by reduc-
ing the transmission of the infrared
thermal radiations from the combus-
tion gas environment and the higher
temperature coating surface. In
addition, the energy dissipation,
secondary radiation barrier, and envir-
onmental barrier layers also will be
incorporated to provide strain toler-
ance, further reduce radiation energy
penetration, and ensure environmen-
tal protection. The HfO,-based oxides
are being developed as potential
candidate 1650 °C coating materials
for advanced thermal/environmental
barrier top coating applications.

The graph on the left shows the
thermal conductivity change kinetics
of plasma-sprayed HfO,-Y,05 coat-
ings as a function of time tested at
1650 °C. It can be seen that the con-
ductivity of HfO,-5mol%Y,0 (5YSHf)
increased significantly upon 1650 °C
thermal exposure. On the other hand,
the HfO,-15mol%Y,05 (15YSHf) and
HfO,-25mol%Y,05 (25YSHf) coat-
ings showed lower initial and 20-hr
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sintered thermal conductivity, indicating
better temperature stability. The x-ray dif-
fraction results showed that the as-sprayed
5YSHf initially had a partially stabilized
tetragonal phase structure with a small
amount of the monoclinic phase (2 to
3 mol%), and the as-sprayed 15YSHf and
25YSHf had a fully stabilized cubic struc-
ture. The monoclinic phase content in
the 5YSHf increased to 12 mol% after the
testing, indicating the substantial desta-
bilization of the low-ytttria-dopant coat-
ing system. Thermal conductivity generally
decreased withanincreasein'Y,O5 dopant.
The more stable cubic-structured 15YSHf
and 25YSHf showed lower conductivity
and less conductivity increases in compari-
son to the tetragonal 5YSHf. Advanced
multicomponent rare-earth-doped HfO,-
Y,05-Gd,05(Nd,04)-Yb,0O, coatings have
achieved even lower thermal conductivity
and better thermal stability (ref. 5).

The figure at the top of this page shows
the 1650 °C sintering and cyclic behavior of
a multicomponent HfO,-Y,05-Gd,05-
Yb,05 coating that was coated on the
mullite-based EBC/Si on SiC substrates.
The advanced multicomponent HfO,
coating had a relatively low conductivity
increase during the first 20 hr of steady-
state testing. It also showed essentially no
cracking and delamination during subse-
quent testing for 100 30-min cycles at
1650 °C, indicating excellent sintering
resistance and cyclic durability. In contrast,
the HfO, baseline coatings showed signif-
icant conductivity increases during the
initial 20-hr steady-state sintering test, and
later conductivity reductions because the
coating had cracked and delaminated. The
5YSHf showed severe spallation partially
because of the large amount of monoclinic
phase formation (>25 mol%) and the phase
destabilization (ref. 3).

The final graph shows the radiation flux
resistance In (Q,,q/0aq0): defined as the
ratio of the pass-through radiation heat flux
0,4q 10 the imposed radiation flux g4, Of
a plasma-sprayed HfO,-Y,05-Nd,05-
Yb,05 coating as a function of coating
thickness, as determined by a laser-
activated emitting-source flux technique.
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It can be seen that, in comparison to the baseline plasma-sprayed ZrO,-
8wt%Y,04 coating, the advanced HfO,-Y,0,-Nd,03-Yb,0O, coating improved
radiation resistance significantly. The advanced high-stability, low-conductivity
1650 °C HfO,, coatings will affect NASA's UEET low-emission combustor tech-
nology significantly.
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Nanostructured Materials Developed for Solar Cells

There has been considerable investigation recently regarding the potential for the
use of nanomaterials and nanostructures to increase the efficiency of photovoltaic
devices. Efforts at the NASA Glenn Research Center have involved the develop-
ment and use of quantum dots and carbon nanotubes to enhance inorganic
and organic cell efficiencies. Theoretical results have shown that a photovoltaic
device with a single intermediate band of states resulting from the introduction of
quantum dots offers a potential efficiency of 63.2 percent. A recent publication
extended the intermediate band theory to two intermediate bands and calcula-
ted a limiting efficiency of 71.7 percent. The enhanced efficiency results from
converting photons of energy less than the band gap of the cell by an intermediate
band. The intermediate band provides a mechanism for low-energy photons to
excite carriers across the energy gap by a two-step process. Quantum dots offer
the potential to control the intermediate band energies since the individual
quantum energy levels associated with isolated quantum dots are a function of
their size and material composition. Placing the appropriate quantum dot material
of the necessary size into an organized matrix within an ordinary p-i-n structure
solar cell should result in the formation of accessible energy levels within what
would normally be the forbidden band of the device.

In preparation for their insertion into a p-i-n amorphous silicon cell structure,
we have been investigating depositing quantum dots of CulnS, and CulnSe,.
CuInS, quantum dots were coated with hexanethiol and a sequential exchange
of the hexanethiol coating by triocytlphosphine oxide (TOPO), pyridine, and
mercaptoacetic acid was performed to render the dots dispersible in water.
The figure to the right shows tapping mode atomic force microscope (AFM) of
these dots arrayed on a glass substrate by electrostatic layer-by-layer assembly.
The remaining issues regarding the best procedure for introducing these dots into
a p-i-n amorphous silicon cell structure are currently being addressed.

Thin-film polymeric solar cells may also benefit from the introduction of quantum
dots. Solar cells that utilize conjugated polymers such as poly-3-octyl-thiophene
(P30T) or poly-3-hexyl-thiophene (P3HT) making junctions with indium tin oxide
(ITO) have suffered from low conversion efficiencies because of the low transport

1- by 1-um tapping-mode atomic
force microscope image of colloidal
CulnS, (mercaptoacetic acid) quantum
dots on glass.

mobility of the photogenerated carri-
ers. The light that is absorbed in the
conjugated polymers creates excitons
or bound electron/hole pairs. Before
these charges can contribute to any
photocurrent, they must first be sepa-
rated. It has been shown that semi-
conducting quantum dots introduced
into the polymeric matrix will serve as
disassociation centers and improve
overall device efficiency. However,
even with the disassociation of the
carriers, their mobility in these mate-
rials is still quite low. This can be
addressed to a certain extent by the
use of nanorods instead of the sphe-
roidal quantum dots.

Al grid contact
SWNT-doped P30T
Al Poly-3-octyl-thiophene (P30T)
Indium tin oxide (ITO)

Polyethylene terapthalate (PET)

Carbon nanotube polymeric solar cell.
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The problem of low carrier mobility in thin-film polymeric solar cells may be
addressed through the use of single-walled carbon nanotubes (SWNTs). It has
been demonstrated that even a small weight percent doping of SWNTs in a
polymeric thin film can dramatically improve the film’s electrical conductivity.
In addition, SWNTs can themselves be semiconducting and are very good
absorbers in the visible range. They may serve a similar role to that of the quan-
tum dots when introduced into the conjugated polymers used in photovoltaic
development.

Photovoltaic devices have been constructed at Glenn using P30T doped with
high-purity SWNTs produced by laser vaporization. The composite solution
(1 wt% SWNTs in P30OT) was applied to ITO-coated glass substrates. The cell
structure can be seen in the figure at the bottom of the preceding page. A simple
1.0-um-thick Al grid contact was deposited onto the P30T surface via thermal
evaporation. The SWNT-P3OT diode response produced an open-circuit voltage
V. in the range of 0.7 to 0.9 V, and the short-circuit current | . was observed
to double for the composite solar cells in comparison to those that contained
P30T without the SWNTSs. It is typically the case that the work function difference
between Al and ITO (i.e., 4.3 and 4.7 eV, respectively) is responsible for
determining the V. in these types of devices. However, the relatively higher V.
measured here is presumably due to the influence of the SWNTs. We suggest that
for an MIM-type junction the ITO-polymer-SWNTs account for the measured
potential.

Scanning Tunneling Optical Resonance
Developed

The ability to determine the in situ optoelectronic properties of semiconductor
materials has become especially important as the size of device architectures
has decreased and the development of complex microsystems has increased.
Scanning Tunneling Optical Resonance Microscopy, or STORM, can interrogate
the optical bandgap as a function of its position within a semiconductor micro-
structure. This technique uses a tunable solid-state titanium-sapphire laser
whose output is “chopped” using a spatial light modulator and is coupled by a
fiber-optic connector to a scanning tunneling microscope in order to
illuminate the tip-sample junction. The photoenhanced portion of the tunneling
current is spectroscopically measured using a lock-in technique. The capa-
bilities of this technique were verified using semiconductor microstructure
calibration standards that were grown by organometallic vapor-phase epitaxy.
Bandgaps characterized by STORM measurements were found to be in good
agreement with the bulk values determined by transmission spectroscopy and
photoluminescence and with the theoretical values that were based on x-ray
diffraction results.

Combining the localized spectroscopic illumination provided by a fiber-optically
coupled solid-state Ti:S laser with the imaging and electronic characterization
capabilities of scanning tunneling microscopy provides a technique for determin-
ing the in situ semiconductor optical bandgaps of these small systems. The
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Current-versus-voltage response of an
SWNT-doped P3OT/ITO solar cell.
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Microscopy

scanning tunneling microscope (STM)
can be used to identify small semicon-
ducting regions of a material or system
by monitoring the change in tunneling
current as a function of position. It is
possible to enhance the tunneling cur-
rent in these semiconducting regions
by illuminating the semiconductor sur-
face with light of sufficient energy. The
photoenhancement results when the
wavelength or energy of the illuminat-
ing photons is such that the valence
electrons in the sample can absorb
these photons and be promoted into
the conduction band where they can
contribute to the tunneling current.
The use of a tunable solid-state laser
allows the wavelength of the illumina-
tion to be continuously tuned and
directed into the system via a fiber-
optic device that can be directed onto
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Schematic of STORM setup. STM, scanning tunneling microscope.

the tip-sample region. By chopping the laser light with a spatial light modulator
(SLM), one can measure a voltage proportional to the tunneling current by a lock-
in amplifier at the SLM chopping frequency. The output of the lock-in is then
monitored as a function of the wavelength of the illumination. The onset of the
photoenhanced tunneling current then provides a direct measurement of the
optoelectronic bandgap of the material (i.e., the individual quantum dot, carbon
nanotube, semiconductor quantum well, etc.) or region of the material that is
beingimaged inthe STM. See the STORM apparatus in the schematic on the left.

The scanning capability of STORM was investigated at the NASA Glenn Research
Center using samples grown with a number of layers with varying doping
concentrations. The figure on the right shows the growth profile of the layered
InP sample. The following figure shows an enhancement in the bandgap differ-
ences between the individual layers when the sample was illuminated with white
light. The direct-current illumination was initiated in the middle of the scan shown
in this figure.

5.0
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N
(&)

0.0 ] |
0.00 2.50 5.00
Distance, pm

Cross-sectional STM image of layered InP sample.
The top half of the image has no illumination, and
the bottom half is illuminated with white light.
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Growth profile of layered InP sample.

Other areas of investigation that will be
enhanced by an increased capability
to probe optoelectronic properties at
the nanoscale include the combina-
tion of multiple nanomaterials in close
proximity to each other. We have
sought to covalently couple semicon-
ductor quantum dots with single-wall
carbon nanotubes. By taking advan-
tage of the dangling bonds produced
on the ends of the carbon nanotubes
during purification of the raw soot,
we can introduce organic functional
groups at these sites. Standard cova-
lent coupling techniques can then be
used to create a bond between the
carbon nanotube and a complemen-
tary functional group introduced on
the surface of the quantum dot.
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Solar Airplane Concept Developed for Venus Exploration

An airplane is the ideal vehicle for gathering atmospheric data over a wide range
of locations and altitudes, while having the freedom to maneuver to regions of
scientific interest.

Solar energy is available in abundance on Venus. Venus has an exoatmospheric
solar flux of 2600 W/m?2, compared with Earth’s 1370 W/m?2. The solar intensity
is 20 to 50 percent of the exoatmospheric intensity at the bottom of the cloud
layer, and it increases to nearly 95 percent of the exoatmospheric intensity at
65 km. At these altitudes, the temperature of the atmosphere is moderate, in the
range of 0 to 100 °C, depending on the altitude.

A Venus exploration aircraft, sized to fitin a small aeroshell for a “Discovery” class
scientific mission, has been designed and analyzed at the NASA Glenn Research
Center. For an exploratory aircraft to remain continually illuminated by sunlight, it
would have to be capable of sustained flight at or above the wind speed, about
95 m/sec at the cloud-top level. The analysis concluded that, at typical flight
altitudes above the cloud layer (65 to 75 km above the surface), a small aircraft
powered by solar energy could fly continuously in the atmosphere of Venus. At
this altitude, the atmospheric pressure is similar to pressure at terrestrial flight
altitudes.

For exploration at lower altitudes, the aircraft could glide down for periods of
several hours and then climb back to higher altitudes, allowing the cloud layers
to be probed. Analysis of a flight using battery storage shows that it is not feasi-
ble to keep the aircraft aloft on battery power during the passage across the night
side of the planet.
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Solar-powered Venus airplane shown over a computer-generated radar image of the
surface of Venus. (Artist’s conception by Terence K. Condrich of InDyne, Inc.)
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The planet Venus has a number of
fundamental scientific mysteries, both
inits atmosphere and inits surface. An
aircraft-based probe could measure
the volatile inventory of Venus and the
isotope ratio in the atmosphere, help-
ing to determine whether early Venus
once had an atmosphere and to deter-
mine the process and timing by which
the planet lost its primordial inventory
of water. The aircraft mission could
also, by “sniffing” the sulfur content
of the atmosphere as a function of
position on the surface, determine
whether the sulfur abundance in the
atmosphere is correlated with specific
surface features (such as volcanoes or
fumaroles).

The atmospheric dynamics of Venus
are also not yet understood. At the
cloud tops, the atmosphere moves
around the planet 60 times faster
than at the surface. The mechanism
that supports this atmospheric super-
rotation is not well understood. To
address this problem, an aircraft would
measure the infrared absorption and
the horizontal and vertical components
of atmospheric motion as a function
of the altitude, latitude, and subsolar
longitude. Detailed modeling of the
atmosphere also will require knowl-
edge of the atmospheric correlation,
using two aircraft flying with a known
separation. Even the nature of the
absorbing particles in the clouds
remains enigmatic. These could be
characterized by chemical and physi-
cal sensors in the atmosphere.

The primary tool for aircraft-based
investigation of the surface of Venus
would likely be radar. Because the
aircraftwould observe the surface from
adistance of 10’s of kilometers, rather
than the 100’s of kilometers altitude
of an orbiting probe, resolution will be
improved by a factor of 10, and the
required power will be reduced by a
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Venus airplane as it arrives at the atmosphere of Venus in a folded configuration,
and unfolds its wings and tail to fly. (Artist’s visualization by Terence K. Condrich of
InDyne, Inc.)

factor of a 100. Such an aircraft would also be able to circle over particular spots
of interest, allowing detailed study of those areas, rather than uniformly covering
all regions of the planet.

An aircraft such as the one analyzed here would be a powerful tool for exploration.
By learning how Venus can be so similar to Earth, and yet so different, we will learn
to better understand the climate and geological history of the Earth. The success
of a prototype solar airplane could lead to the development of a fleet of solar-
powered airplanes flying across the Venus cloud tops, taking simultaneous
measurements to develop a “shapshot” of the climate across the face of the
planet.

NASA GLENN RESEARCH CENTER
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Thermionic Emission of Single-Wall Carbon Nanotubes

Measured

Researchers at the NASA Glenn Research Center, in collaboration with the
Rochester Institute of Technology, have investigated the thermionic properties of
high-purity, single-wall carbon nanotubes (SWNTSs) for use as electron-emitting
electrodes. Carbon nanotubes are a recently discovered material made from
carbon atoms bonded into nanometer-scale hollow tubes. Such nanotubes
have remarkable properties. An extremely high aspect ratio, as well as unique
mechanical and electronic properties, make single-wall nanotubes ideal for use
in a vast array of applications. Carbon nanotubes typically have diameters on
the order of 1 to 2 nm. As a result, the ends have a small radius of curvature. It
is these characteristics, therefore, that indicate they might be excellent potential
candidates for both thermionic and field emission.

Three techniques for synthesizing such carbon nanotubes are arc discharge,
chemical vapor deposition, and laser vaporization. The laser vaporization proc-
ess was chosen in this study because of the large degree of control that can be
exhibited on the final nanotube products. Variations in parameters such as target
catalyst composition, laser beam power density, and synthesis temperature can
influence the SWNT diameter distribution, production rate, and yield within the
as-produced material.

Production of efficient thermionic devices depends on the use of low-work-
function materials as electron emitters. For single-wall nanotubes, work function
has been determined using a number of techniques. Ab initio calculations predict
a work function of 3.75 eV for closed-ended single-wall nanotubes. In these
studies, we used the thermionic emission of purified laser-vaporization-produced
single-walled nanotubes to experimentally measure their work function.

1.00 pm

SEM micrograph of purified nanotube paper.
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All materials were synthesized using
pulsed-laser synthesis with a 755-nm
Alexandrite laser. Laser pulse duration
was set at 100 psec with a repetition
rate of 10 Hz, and the nanotubes pro-
duced were purified to remove metal
catalyst impurities and extraneous
carbonaceous material by reflux in
nitric acid, followed by thermal oxida-
tion in 20-percent O, ambient and
annealing in argon at 1200 °C. The
purification procedure results in a
“paper” in which the nanotubes are
the fibers. A representative scanning
electron microscope (SEM) image of
the resultant SWNTs is shown in the
figure on this page.

So that the thermal emission could be
measured, the nanotube paper was
used as the electron emitter in a par-
allel plate configuration with a tanta-
lum collector. The nanotube paperwas
held in good thermal contact to a
ceramic boron nitride heater capable
of providing measurement temper-
atures up to 1300 °C. All measure-
ments were taken in a vacuum
chamber with a pressure of 1x1078
torr or lower. The tantalum anode
was brought to a distance of 0.5 mm
from the single-walled nanotube
paper. Potentials ranging from 0O to
1100 V were applied in ascending
10-V increments. Emission was stud-
ied for temperatures ranging from
25 to 1207 °C.

The emission plots obtained from a
purified nanotube paper are shown in
the top graph on the next page. Signi-
ficant thermionic emission is observed
starting at around 700 °C.

By fitting the Richardson-Laue-
Dushman equation for thermionic
emission current to the experimental
data, one can obtain a value for the
work function of single-wall carbon
nanotubes. Using this equation,
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J = AT2el-e9/KT)

where J is the saturation current density, A is a universal constant
(120 A-cm=2-K~2), T is temperature in kelvin, e¢ is the effective work function,
and k is Boltzman’s constant, one can obtain the work function by plotting
In(d/T2) versus —1/kT. The effective work function is then equal to the slope of
the resultant line. The Richardson-Laue-Dushman plot for the SWNT paper is
shown in the final graph. This plot indicates that the single-wall carbon nanotubes
have an effective work function of 3.46 eV.
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Richardson-Laue-Dushman plot for the purified laser-vaporized
single-wall nanotube paper.
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There are a large number of possible
applications for carbon-nanotube-
based electron emitters, including use
as lightweight, low-power emission
sources for electron-beam displays,
X-ray sources, vacuum tubes for
high-power microwave communica-
tion systems, and energy-generation
devices. By developing a technique to
produce a thin sheet of highly purified
nanotube emitter and measuring the
electron emission as a function of
temperature and applied field strength,
we are making significant progress
toward the development of higher
efficiency and greater power
devices for NASA and commercial
applications.
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Stirling Cooler Designed for Venus Exploration

Artist’s conception of a robotic rover for the exploration of Venus, incorporating a
spherical electronics enclosure and a Stirling cooler for heat rejection (CAD visualization
by Shawn A. Krizan of Analytical Mechanics Associates, Inc.).

Exploring the surface of Venus is a daunting task. With Venus having an average
surface temperature of 460 °C (about 860 °F) and an atmosphere 150 times
denser than the Earth’s atmosphere, designing a robot to merely survive on the
surface to do planetary exploration is an extremely difficult task. This temperature
is hundreds of degrees higher than the maximum operating temperature of
currently existing microcontrollers, electronic devices, and circuit boards.

To meet the challenge of Venus exploration, researchers at the NASA Glenn
Research Center studied methods to keep a pressurized electronics package
cooled, so that the operating temperature within the electronics enclosure would
be cool enough for electronics to run, to allow a mission to operate on the surface
of Venus for extended periods.

In the Venus electronics package design, the electronics are located inside a
25-cm-diameter spherical thermal enclosure. The design uses a Stirling engine
to serve as a heat pump to eject heat through a heat pipe away from the interior
of the thermal enclosure. The cold side of the heat pipe (inside the thermal
enclosure) is at 473 K (200 °C). This temperature was chosen so that a currently
available high-temperature silicon-based microcontroller could operate. The
Stirling cooler transfers the waste heat to convective radiators, which efficiently
reject heat to the Venus atmosphere at a temperature of 500 °C, 40 °C above
the surface ambient temperature.

RESEARCH AND TECHNOLOGY - 2003

The cooling requirement to keep the
heat pipe cold-side temperature at
475 K is 105 W of heat pumping. As
calculated using the Stirling heat-
engine design tool SAGE, the configu-
ration that was modeled effectively
pumps 100 W of heat across the
required 300 °C of temperature differ-
ential with an operating coefficient
of performance of 0.44, requiring
approximately 240 W of input power,
which can be provided by an isotope
power system. The cooler operates
with a working fluid of 46 bar nomi-
nal pressure (4.6 MPa) of gaseous
helium. The estimated mass of the
cooler is 1.6 kg.

Because this new heat pump design
keeps the thermal enclosure at a
moderate temperature, it is now pos-
sible to plan missions to explore the
most hostile environment in our Solar
System: the surface of Venus. With
some modifications, the electronics
cooling system design may be able to
be adapted to other missions, such
as near-Sun missions, Mercury sur-
face robots, and volcano exploration.

Find out more about this research:
http://rasc.larc.nasa.gov/
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Stretched Lens Array Photovoltaic Concentrator Technology

Developed

Solar arrays have been and continue to be the mainstay in providing power to
nearly all commercial and government spacecraft. Light from the Sun is directly
converted into electrical energy using solar cells. One way to reduce the cost of
future space power systems is by minimizing the size and number of expensive
solar cells by focusing the sunlight onto smaller cells using concentrator optics.
The stretched lens array (SLA) is a unique concept that uses arched Fresnel lens
concentrators to focus sunlight onto a line of high-efficiency solar cells located
directly beneath. The SLA concept is based on the Solar Concentrator Array with
Refractive Linear Element Technology (SCARLET) design that was used on
NASA's New Millennium Deep Space 1 mission. The highly successful asteroid/
comet rendezvous mission (1998 to 2001) demonstrated the performance and
long-term durability of the SCARLET/SLA solar array design and set the founda-
tion for further improvements to optimize its performance.

Although SLA uses the same basic concept as SCARLET (an arched-linear
refractive concentrator to focus light onto solar cells below), a number of
refinements have been made that dramatically decrease the weight and stowed
volume of the design. The linear concentrator lenses, made from a flexible, space-
qualified clear silicone can now be stowed flat against the solar cells, greatly
reducing weight and complexity. As the individual panels of the solar array are
deployed for in-space operation, the concentrator lenses are “stretched” at the
proper position above the cells, providing excellent operational performance with
minimal excess hardware or mechanical complexity. A deployed four-panel
prototype wing is shown in the photograph. The reduction in concentrator weight
and deployment mechanisms has also enabled further weight reductions to the
inboard honeycomb panels. These improvements, combined with additional
features such as high-voltage operational capability and minimal degradation
high-radiation environments, have led to the demonstration of 3- to 4-fold specific

Four-panel prototype wing of the stretched lens array (SLA) in deployed mode. On
the second panel from the left, lines of concentrator solar cells can be seen beneath
the linear concentrator lenses.

NASA GLENN RESEARCH CENTER

power improvements over the pre-
vious SCARLET design and other
state-of-the-art solar arrays. These
technology advancements were
accomplished under a NASA Glenn
Research Center contract with
Entech, Inc., with support from
AEC-Able Engineering.

The near-term design demonstra-
ted in the photograph supports a
wide variety of NASA missions. The
radiation-tolerant and high-voltage
capabilities are particularly applicable
to deep-space science missions and
those using solar electric propulsion
technology. The cost-reduction ben-
efits of photovoltaic concentrator
arrays also make the SLA technology
appealing for a number of commercial
and other Government space sys-
tems. Concepts for very high power
(>100 kW) SLA systems are currently
being studied. These designs have
the potential to enable various future
NASA missions and would help further
the commercial development of space.

Find out more about this research:
http://www.entechsolar.com

Glenn contact:
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Materials International Space Station Experiment
(MISSE) 5 Developed to Test Advanced Solar Cell

Technology Aboard the ISS

The testing of new technologies aboard the International Space
Station (ISS) is facilitated through the use of a passive experiment
container, or PEC, developed at the NASA Langley Research
Center. The PEC is an aluminum suitcase approximately 2 ft square
and 5 in. thick. Inside the PEC are mounted Materials International
Space Station Experiment (MISSE) plates that contain the test
articles. The PEC is carried to the ISS aboard the space shuttle or
a Russian resupply vehicle, where astronauts attach it to a handrail
on the outer surface of the ISS and deploy the PEC, which is to say
the suitcase is opened 180°. Typically, the PEC is left in this position
for approximately 1 year, at which point astronauts close the PEC
and it is returned to Earth. In the past, the PECs have contained
passive experiments, principally designed to characterize the dura-
bility of materials subjected to the ultraviolet radiation and atomic
oxygen presentat the ISS orbit. The MISSE5 experimentis intended
to characterize state-of-art (SOA) and beyond photovoltaic tech-
nologies. The photograph to the right shows PEC1 attached to
the ISS.

MISSE1 aboard the ISS.

The MISSES experiment differs from previous versions by virtue of the active
nature of the payload. MISSE5S includes a photovoltaic power system and an
onboard data acquisition and storage system, which was designed and fabri-
cated by engineers from the Optical Instrumentation Technology Branch at the
NASA Glenn Research Center and the Ohio Aerospace Institute (OAIl). The
electronic characterization system will measure the individual current-voltage

b 0

MISSES5 gallium arsenide on silicon (GaAs/Si) solar cell flight article developed by

Glenn, the Ohio State University, and MIT.
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characteristics of the 36 test solar cells
as well as collect data from numerous
other sensors (temperatures, Sunangle,
etc.). The primary focus of MISSES
is the characterization of commer-
cial SOA multijunction solar cells from
Emcore and Spectrolab. The data
collected will be stored onboard as
well as transmitted to Earth approxi-
mately once every 4 min, where it
will be autonomously collected by
ground stations.

Glenn, in collaboration with the Ohio
State University and the Massachu-
setts Institute of Technology (MIT), has
developed advanced high-efficiency
gallium-arsenide- (GaAs-) based solar
cells on silicon (Si) substrates. The use
of Sisubstrates offers significant mass,
area, and thermal benefits, although
significant technical challenges have
had to be addressed. Glennwas asked
by the Naval Research Laboratory
(NRL—the primary MISSE5S experi-
ment integrator) to supply MISSE5
with GaAs/Sitestarticles. The MISSE5S
GaAs/Si experiment plate (see the
photograph to the left) was fabricated
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at Glenn. It contains five GaAs/Si cells, three of which will be electrically
characterized on-orbit. In addition, a GaAs/GaAs control cell will be characterized
on-orbit. The remaining samples will be measured after flight to compare with their
preflight characteristics.

MISSES is being assembled at the Naval Research Laboratory and is scheduled
to launch aboard a Russian resupply vehicle (fall 2004). This mission will provide
valuable in-flight data for SOA technologies as well as promising hew technolo-
gies, such as the GaAs/Si technology and advanced thin-film technologies.
Finally, the cell characterization electronics developed by Glenn for MISSES are
already being considered for use in future spacecraft.

Find out more about this research:

Photovoltaic & Space Environments Branch at Glenn:
http://powerweb.grc.nasa.gov/pvsee/

MISSE: http://missel.larc.nasa.gov

Glenn contacts:
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Systems Analysis Developed for All-Electric Aircraft

Propulsion

There is a growing interest in the use of fuel cells as a power source for all-electric
aircraft propulsion as a means to substantially reduce or eliminate environmen-
tally harmful emissions. Among the technologies under consideration for these
concepts are advanced proton exchange membrane (PEM) and solid oxide fuel
cells (SOFCs), alternative fuels and fuel processing, and fuel storage. A
multidisciplinary effort is underway at the NASA Glenn Research Center to
develop and evaluate concepts for revolutionary, nontraditional fuel cell power
and propulsion systems for aircraft applications. As part of this effort, system
studies are being conducted to identify concepts with high payoff potential and
associated technology areas for further development.
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Comparison of proton exchange membrane and solid oxide fuel cell/
hybrid systems.
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To support this effort, a suite of
component models was developed
to estimate the mass, volume, and
performance for a given system archi-
tecture. These models include a
hydrogen-air PEM fuel cell; an SOFC;
balance-of-plant components (com-
pressor, humidifier, separator, and
heat exchangers); compressed gas,
cryogenic, and liquid fuel storage
tanks; and gas turbine/generator
models for hybrid system applications.

First-order feasibility studies were com-
pleted for an all-electric personal air
vehicle utilizing a fuel-cell-powered
propulsion system. A representative
aircraft with an internal combustion
engine was chosen as a baseline to
provide key parameters to the study,
including engine power and subsys-
tem mass, fuel storage volume and
mass, and aircraft range. The engine,
fuel tank, and associated ancillaries
were then replaced with a fuel cell
subsystem. Various configurations
were considered including a PEM
fuel cell with liquid hydrogen storage,
a direct methanol PEM fuel cell, and
a direct internal reforming SOFC/
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turbine hybrid system using liquid methane fuel. Each configuration was com-
pared with the baseline case on a mass and range basis. A comparison of the
study results is shown in the bar chart on the preceding page. On the basis of
the study methodology, the SOFC-hybrid system appeared to offer the most
potential in terms of achieving an acceptable takeoff weight and range. This was
due to a number of factors, including the use of a hydrocarbon fuel, which is more
volumetrically efficient than liquid hydrogen storage; direct internal reforming
of the fuel, thus eliminating the need for an external fuel processor; and the
ability to extract energy from the hot fuel cell exhaust streams by expanding the
gas in a turbine.

Bibliography

Kohout, Lisa L.; and Schmitz, Paul C.: Fuel Cell Propulsion Systems for an All-Electric
Personal Air Vehicle. NASA/TM—2003-212354 (AIAA Paper 2003-2867), 2003. http://
gltrs.grc.nasa.gov/cgi-bin/GLTRS/browse.pl?2003/TM-2003-212354.html

Glenn contact:

Lisa L. Kohout, 216-433-8004,
Lisa.L.Kohout@nasa.gov

Power Computing Solutions, Inc.,
contact:

Paul C. Schmitz, 216-433-6174,
Paul.C.Schmitz@grc.nasa.gov

Author: Lisa L. Kohout
Headquarters program office: OAT

Programs/Projects:
Propulsion and Power, RAC

Testing Conducted for Lithium-lon Cell and Battery

Verification

The NASA Glenn Research Center has been conducting in-house testing in
support of NASA’s Lithium-lon Cell Verification Test Program, which is evaluating
the performance of lithium-ion cells and batteries for NASA mission operations.
The test program is supported by NASA’s Office of Aerospace Technology under
the NASA Aerospace Flight Battery Systems Program, which serves to bridge
the gap between the development of technology advances and the realization
of these advances into mission applications.

During fiscal year 2003, much of the in-house testing effort focused on the
evaluation of a flight battery originally intended for use on the Mars Surveyor
Program 2001 Lander. Results of this testing will be compared with the results
for similar batteries being tested at the Jet Propulsion Laboratory, the Air Force
Research Laboratory, and the Naval Research Laboratory. Ultimately, this work
will be used to validate lithium-ion battery technology for future space missions.

The Mars Surveyor Program 2001 Lander battery was character-
ized at several different voltages and temperatures before life-cycle
testing was begun. During characterization, the battery displayed
excellent capacity and efficiency characteristics across a range
of temperatures and charge/discharge conditions. Currently, the
battery is undergoing life-cycle testing at 0 °C and 40-percent depth
of discharge under low-Earth-orbit (LEO) conditions.

LEO conditions simulate the operations on orbit. An orbitis approxi-
mately 90 min long and consists of 55 min of charge time while the
satellite is in the Sun and 35 min of discharge time during the por-
tion of the orbit when the Earth casts a shadow on the satellite.
The battery is the main source of power during the dark portion of
the orbit. The goal is to demonstrate 5 years of life, or 30,000
cycles, under LEO conditions.

An additional in-house effort involves
the cycling of several single lithium-ion
cells that are being used as test arti-
cles to provide critical data necessary
to define parameters and test con-
ditions for NASA’s Lithium-lon Cell
Verification Test Program. This testing
willbe used to develop wakeup proce-
dures for cells that have been in stor-
age and cell-matching procedures for
selecting multiple cells for asingle pack.

The purpose of this program is to
evaluate the performance of cells from

Mars 2001 lander battery.
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several different vendors at different temperatures, depths of discharge, and
charge cutoff voltages. The resulting database of information will be essential
for predicting performance and establishing the capabilities of lithium-ion batter-
ies for aerospace missions. The Lithium-lon Cell Verification Test Program is
a NASA-led effort headed by Glenn with participation from the other NASA
centers involved in space programs, the Central Intelligence Agency, the National
Reconnaissance Organization, the Air Force, the Navy, and the Aerospace
Corporation.

The in-house testing discussed is being conducted in the Electrochemical Cell
and Battery Test Facility, a newly renovated facility of Glenn’s Electrochemistry
Branch dedicated to the characterization and testing of aerospace cells and
batteries. It supports cell and battery development and validation efforts for future
NASA missions. Itis equipped to perform testing on lithium-ion cells and batteries
and other battery chemistries.

The facility is equipped with three Arbin Instruments battery testing units and four
environmental chambers. Cells and batteries with capacities up to 200 A-hr and
voltages as high as 45 V can be tested in inert environments at controlled

temperatures of —40 to 120 °C. Differ-
ent charge and discharge regimes
can be simulated, including LEO,
geosynchronous-Earth-orbit, mission
profiles, and other predefined load
profiles.

Find out more about this research:
http://www.grc.nasa.gov/WWW/
Electrochemistry/
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High-Power Krypton Hall Thruster Technology Being
Developed for Nuclear-Powered Applications

NASA-457M Hall thruster operating at 65 kW on krypton propellant.

NASA GLENN RESEARCH CENTER

The NASA Glenn Research Center has
been performing research and devel-
opment of moderate specific impulse,
xenon-fueled, high-power Hall thrust-
ers for potential solar electric propul-
sion applications. These applications
include Mars missions, reusable tugs
forlow-Earth-orbitto geosynchronous-
Earth-orbit transportation, and mis-
sions that require transportation to
libration points. This research and
development effort resulted in the
design and fabrication of the NASA-
457M Hallthruster that has been tested
at input powers up to 95 kW. During
project year 2003, NASA established
Project Prometheus to develop tech-
nology in the areas of nuclear power
and propulsion, which are enabling for
deep-space science missions. One of
the Project-Prometheus-sponsored
Nuclear Propulsion Research tasks is
to investigate alternate propellants
for high-power Hall thruster electric
propulsion.

56 |




The motivation for alternate propellants includes the disadvantageous cost and
availability of xenon propellant for extremely large scale, xenon-fueled propulsion
systems and the potential system performance benefits of using alternate
propellants. The alternate propellant krypton was investigated because of its
low cost relative to xenon. Krypton propellant also has potential performance
benefits for deep-space missions because the theoretical specific impulse for a
given voltage is 20 percent higher than for xenon because of krypton’s lower
molecular weight. During project year 2003, the performance of the high-power
NASA-457M Hall thruster was measured using krypton as the propellant at
power levels ranging from 6.4 to 72.5 kW. The thrust produced ranged from
0.3to 2.5 N at a discharge specific impulse up to 4500 sec.

lon Thruster Power Levels Extended by

In response to two NASA Office of Space Science initiatives, the NASA Glenn
Research Center is now developing a 7-kW-class xenon ion thruster system for
near-term solar-powered spacecraft and a 25-kW ion engine for nuclear-electric
spacecraft. The 7-kW ion thruster and power processor can be throttled down
to 1 kW and are applicable to 25-kW flagship missions to the outer planets,
asteroids, and comets. This propulsion system was scaled up from the 2.5-kW
ion thruster and power processor that was developed successfully by Glenn,
Boeing, the Jet Propulsion Laboratory (JPL), and Spectrum Astro for the Deep
Space 1 spacecraft. The 7-kW ion thruster system is being developed under
NASA's Evolutionary Xenon Thruster (NEXT) project, which includes partners
from JPL, Aerojet, Boeing, the University of Michigan, and Colorado State
University.

Integration of an engineering model ion thruster in a Glenn test bed prior to wear
testing.
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a Factor of 10

Engineering model thrusters have been
built along with a breadboard power
processor, a single-string xenon feed
system, and a controller. Recently, a
single-string system of this hardware
was tested successfully at a Glenn
test-bed facility that includes a suite
of ion current probes, charge-state
analyzers, and plasma potential diag-
nostics. In another vacuum facility at
Glenn, an engineering model thruster
completed more than 1500 hr of a
scheduled 2000-hr wear test. Posttest
analyses of the 7-kW thruster will be
performed prior to the construction of
a prototype thruster capable of not
only delivering the required perfor-
mance and lifetime but also satisfying
all environmental and multistring
system-level test requirements. In
addition, the power processor and
xenon feed system will be upgraded
to operate in the desired vibration
and thermal-vacuum environments.
This system is scheduled to be flight-
ready by 2006.

Glenn’s 25-kW ion-thruster develop-
ment project, High Power Electric
Propulsion (HIPEP), features a 41- by
91-cm rectangular ion 