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Reply to Atin of: 720 Aprll 24, 1992

Dear Colleague:

This report summarizes the work and results of the LDEF Systems Special
Investigation Group (Systems SIG) through the November - December 1991
time frame. Information contained herein also includes appropriate
information generated by the other Special Investigation Groups (i.e.,
Materials, Radiation, and Debris), Data Groups, and Principal Investigators.
We request that any comments, corrections, suggestions, etc. that you might
have concerning the document be sent to myself or Harry Dursch at Boeing.

If additional funding support is obtained by the Systems SIG, it is our desire to
update this document with data to be presented at the Second LDEF Post-
Retrieval Symposium scheduled for June 1992.

The work of the Systems SIG is unique in the total LDEF effort in that there is
not a clearly identified discipline home within NASA nor any professional
association specifically associated with the Systems SIG’s wide-ranging areas of
interest. To accomplish the objectives of the Systems SIG, therefore, required
the hard work and dedication of individuals on the LDEF Systems SIG who
were drawn from various discipline areas at the NASA Centers, several DOD
laboratories, and CNES in France. I would like to thank all members of the
Systems SIG for their support as well as those in the LDEF Science Office and
the LDEF Experimenters that contributed so much to the effort. Additional
thanks and appreciation are due to Harry Dursch and his dedicated support
team at Boeing Defense and Space Group. They have worked well with the
complete LDEF community and have done an excellent job. I would also like
to take this opportunity to also offer special thanks to Joel Edelman for his truly
outstanding efforts on behalf of the LDEF Systems SIG and the LDEF effort in
general. Joel’s efforts with respect to the LDEF Newsletter speak for
themselves, and have successfully captured the attention and admiration of
many both within and outside the LDEF Community. -

W P —

/I es B. Mason
QZ‘ airman, LDEF Systems SIG
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1.0 EXECUTIVE SUMMARY

The Long Duration Exposure Facility (LDEF) is a large, low-cost, reusable,
unmanned spacecraft which accommodated technology, science, and applications
experiments for long-term exposure to the space environment (ref. 1). Specifically,
LDEF was designed to transport experiments into space via the Space Shuttle, free-
fly in low Earth orbit (LEO) for an extended period of time, and then be retrieved by a
later Shuttle flight. LDEF was passively stabilized, making it an excellent platform to
measure the effects of various LEO environments.

LDEF was deployed by the Shuttle Challenger on April 7, 1984 for a planned
10-month to 1-year mission carrying 57 different experiments. These experiments
ranged from the study of the LEO environment to determining the effect of long-term
space exposure on tomato seeds. Because of schedule changes and the loss of
Challenger, LDEF was not retrieved until January 12, 1990 after spending 69 months
in orbit. During these 69 months, LDEF completed 32,422 orbits of Earth and travelled
almost 750,000,000 nmi. After LDEF was retrieved and prior to being berthed in the
Shuttle cargo bay, a detailed photographic survey and visual inspection was
performed. Following the Shuttle landing at Edwards AFB and the ferry flight to
Kennedy Space Center (KSC), the deintegration process began. This process was
initiated” with the removal of LDEF from the Shuttle Columbia on January 27, 1990
and ended 4 months later with the LDEF structure being placed in storage.

The extended duration of the LDEF mission and the successful retrieval
presented a unique opportunity to study the long-term effects of space exposure on the
more than 10,000 specimens carried by the various experiments. There have been
only two other instances of NASA hardware being retrieved from space after similar
long-term exposures. The modular attitude control system and the
coronagraph/polarimeter main electronics box were returned by the Solar Maximum
Repair Mission (same mission that deployed LDEF) after 50 months of exposure (ref.
2) and the Surveyor 3 camera and other miscellaneous hardware were retrieved
during the Apollo Xii mission after 30 months on the lunar surface (ref. 3).

Because of the extended mission length, the science and engineering interest
extended beyond the original individual experiment objectives. Four Special
Investigation Groups (SIG) were formed by the LDEF Project Office to perform the
deintegration of LDEF and post-flight analysis of hardware. These four SIGs were the
Meteoroid and Debris, Induced Radiation, Material, and Systems SIGs. The Systems
SIG was chartered to investigate the effects of the extended mission on both LDEF
systems and experiment systems and to coordinate and integrate all systems analysis.

LDEF systems hardware was divided into three categories: LDEF Standalone,
LDEF Shared, and Experimenter Hardware. The Standalone Hardware was provided
by the LDEF Project Office and included the LDEF primary structure, viscous damper,
rigidize-sensing grapple, flight releasable grapple, and the Experiment Initiate System.
The LDEF Shared Hardware was also provided by the LDEF Project Office but was
distributed to individual experimenters for support of their experiment objectives. This
hardware consisted of five Environment Exposure Control Cannisters, seven data




acquisition systems (Experiment Power and Data Systems), the experiment trays, and
ninety-two lithium-sulfur-dioxide batteries. The Experimenter Hardware consisted of
the unique hardware developed by the individual experimenters for use within the
confines of their own experiments. This hardware consisted of a wide variety of
systems and system components including fiber optics, high voltage power supplies,
fasteners, seals, solar cells, heat pipes, etc.

The approach to the testing of hardware by the System SIG has always
emphasized.the testing of each system at its highest practicable level of assembly.
The results at this level provided the direction for further testing in the form of either
nominal or anomalous behavior. The results from the system functional test then
provided a clear set of directions for subsequent testing and/or failure analysis of
subsytems or components. At this time the Systems SIG has performed or supported
high level system functional tests on almost all LDEF and experiment systems.

The Systems SIG divided the investigations into four major engineering
disciplines represented by the LDEF hardware: electrical, mechanical, thermal, and
optical systems. Almost all functional testing of the active experiments has been
completed and the results are documented within this report. System component
hardware is currently being evaluated by either Boeing or the various experimenters.
This document integrates the results to date of the ongoing testing and analysis.
These integrated results include those that have been generated outside of the
Systems SIG or other SIGs, e.g. by the experimenters on their respective experiments.
Testing and analysis of systems-related hardware will continue beyond the release of
this document. It is hoped that this document will be updated to include all future
results, but the status of the funding required to perform this task is currently uncertain.

To disseminate LDEF information to the spacecraft community, the Systems SIG
has completed the following activities: (1) distribution of a semi-quarterly newsletter
containing updates on current results from all .aspects of the various ongoing LDEF
evaluations. Because of the newsletter's popularity (currently at 2000 copies), the
LDEF Project Office has assumed responsibility of this activity; (2) development and
release of standardized test plans for systems-related hardware (ref. 8), (3) release of
the Systems SIG Interim Report in January 1991 (ref. 10); and (4) release of this
report.

The following paragraphs summarize the major Systems findings to date. All of
these findings are discussed in further detail in section 4. 0. To provide the necessary
background for the findings presented in sec. 4.0, this document contains the following
sections; a description of LDEF and the LDEF retrieval mission (secs. 2.0 and 2.1); a
description of the objectives and approach of the Systems SIG (sec. 2.2); and brief
summaries of the various LEO environments encountered by LDEF (sec. 3.0).




General Observations:

LDEF carried a remarkable variety of mechanical, electrical, thermal, and
optical systems, subsystems, and components. A total of 19 of the 57 experiments
flown on LDEF contained functional systems that were active on-orbit. Almost all the
other experiments possessed at least a few specific components of interest to the
Systems SIG (adhesives, seals, fasteners, optical hardware, etc.).

'No system anomalies occurred that indicate any new fundamental limitations to
extended mission lifetimes in LEO. However, shielding from the effects of atomic
oxygen, micrometeoroids, space debris, and ultraviolet radiation must be considered.

There were several major system anomalies. However, the analysis to date has
indicated that none of these can be solely attributed to the long-term exposure to LEO.
Design, workmanship, and lack of pre-flight testing have been identified as the primary
causes of all system failures.

The combination of any of the individual low Earth orbit environmental factors
such as UV, atomic oxygen, thermal cycling, meteoroid and/or debris impacts and
contamination can produce synergistic conditions that may accelerate the onset and
rate of degradation of space exposed systems and materials

The most detrimental contamination process during LDEF's mission was the
outgassing and redeposition of molecular contaminants which resulted in a brown film
on the surfaces of LDEF. This brown film was widely dispersed over the trailing rows
and both the Earth and space ends. Thermal control surfaces, optics hardware and
solar cells were most susceptible to this contamination. Ram facing surfaces
appeared "clean" due to atomic oxygen attack (i.e., cleaning) of the brown film.

Atomic oxygen erosion was observed on exterior surfaces at up to 100 degrees
from the ram direction. This was due to the thermal component of the oxygen
molecular velocity plus the effects of co-rotation of the atmosphere. Roughly 54% of
the atomic oxygen exposure was accumulated during the last 6 months of the LDEF
mission. The rapid increase in atomic oxygen fluence at the end of the mission was a
result of both increasing solar activity and decaying orbit altitude.

Mechanical:

The LDEF deintegration team and several experimenters noted severe fastener
and hardware removal difficulties during post-flight activities. The Systems SIG has
investigated all reported instances, and in all cases the difficulties were attributed to
galling during installation or post-flight removal. To date, no evidence of coldwelding
has been found. Correct selection of materials and lubricants as well as proper
mechanical procedures are essential to ensure successful on-orbit or post-flight
installation and removal of hardware.




The finding of no coldwelding indicated a need to review previous on-orbit
coldwelding experiments and on-orbit spacecraft anomalies to determine whether the
absence of coldwelding on LDEF was to be expected. The results of this investigation
showed that there have been no documented cases of a significant on-orbit
coldwelding event occurring on U.S. spacecraft. There have been a few documented
cases of seizure occurring during on-orbit coldwelding experiments. However, the
seized materials had been selected for the experiment because of their susceptibility
to coldweld during vacuum testing on Earth. This susceptibility was enhanced by
effective pre-flight cleanliness procedures.

The majority of seals and lubricants used on LDEF were designed as
functioning components of experiments and were, therefore, both shielded and
hermetically sealed from exposure to the LEO environment. Post-flight testing has
shown nominal behavior for these seals and lubricants. However, several lubricants
were exposed to the LEO environment as experiment specimens. Post-flight analysis
showed a range of results for these specimens ranging from nominal behavior to
complete loss of lubricant, depending on the particular lubricant and its location on
LDEF.

With few exceptions, adhesives performed as expected. Several experimenters
noted that the adhesives had darkened in areas that were exposed to UV. The most
obvious adhesive failure was the loss of four solar cells bonded to an aluminum
substrate using an unfilled epoxy. Two cells were on a leading edge tray and the
other two were bonded to a trailing edge tray. No adhesive remained on the two
leading edge tray but some remained on the trailing edge tray. This indicated that the
bond failed at the cell/adhesive interface and then the adhesive was attacked by
atomic oxygen. Possible causes of failure include poor surface preparation and/or
thermal expansion mismatch between the solar cell substrate and the aluminum
mounting plate.

The viscous damper, used to provide stabilization of LDEF from deployment
caused oscillations, performed as designed and exhibited no signs of degradation.
The damper has undergone extensive post-flight testing and has been returned to
NASA LaRC in a flight ready condition.

Both the rigidize-sensing grapple, used by the RMS to activate the active
experiments prior to deployment, and the flight-releasable grapple, used by the RMS
to deploy and retrieve LDEF, worked as designed. The grapples are currently
awaiting functional testing to determine their post-flight condition.

The most significant finding for the fiber-reinforced organic composites was the
atomic oxygen erosion of leading edge specimens. While the measured erosion was
not unexpected, the detailed comparison of ground based predictions vs actual
recession rates has not been completed. A thin protective coating of nickel and SiO2
was used on leading edge specimens to successfully prevent this erosion.




Electrical:

Electrical/mechanical relays continue to be a design concern. Two of the most
significant LDEF active system failures involved relay failures. The Interstellar Gas
Experiment was one of the more complex experiments on LDEF, with seven "cameras"
located on four trays. Each camera contained five copper-beryllium foil plattens, which
were to sequentially rotate out of their exposed position at pre-determined intervals.
This experiment was never initiated due to a failure of the experiment's master initiate
relay. The Thermal Contro! Surfaces Experiment recorded on-orbit optical properties
of various thermal control coatings using a four-track Magnetic Tape Module. The
latching relay which switched track sets failed to operate when switching from track 3
to track 4. Consequently, portions of the early flight data on track 1 were overwritten
and lost.

The Experiment Initiate System (EIS) provided the initiate signal to the active
experiments which directed them to turn on their power and begin their operational
programs. Post-flight inspection and testing, using the original ground support
equipment, showed the condition of the EIS to be nominal.

NASA supplied seven Experiment Power and Data Systems (EPDS) to record
on-orbit generated data. All EPDS units were similar, consisting of a Data Processor
and Control Assembly (DPCA), a tape recorder (the Magnetic Tape Module), and two
LiSO» batteries, all of which were attached to a mounting plate designed to fit into the
backside of the experiment tray. The EPDS components were not directly exposed to
the exterior environment, being protected by their mounting plate and by external
thermal shields. Although simple compared with today's data systems, the EPDS
contained many elements common to most such systems, including various control
and "handshake" lines, programmable data formats and timing, and a data storage
system. EPDS electronic components were procured to MIL-SPEC-883, Class B
standards, and were not rescreened prior to installation. Data analysis and post-flight
functional testing showed that all EPDS functioned normally during and after the LDEF
flight.

Three different types of batteries were used on LDEF: lithium-sulfur-dioxide
(LiSOz2), lithium carbon monofluoride (LiCF), and nickel-cadmium (NiCd) batteries.
NASA provided a total of 92 LiSO2 batteries that were used to power all but three of
the active experiments flown on LDEF. Ten LiCF batteries were used by the two active
NASA MSFC experiments. One NiCd battery, continuously charged by a four-array
panel of solar cells, was used to power an active experiment from NASA GSFC. A
loss of overcharge protection resulted in the development of internal pressures which
caused bulging of the NiCd cell cases. However, post-flight testing showed that the
battery still has the capability to provide output current in excess of the cell
manufacturer's rated capacity of 12.0 ampere-hours. All the LiCF and LiSO2 batteries
met or exceeded expected lifetimes.

LDEF provided valuable knowledge concerning the viability of using various
solar cells and solar cell encapsulants (adhesives and coverglass materials).
Coverglass materials such as ceria doped microsheet and fused silica withstood this
particular environment. Measurable degradation of some widely used antireflection




coatings was observed. Results from some low cost materials such as silicone, Teflon,
and polyimide indicated that these materials will require additional research before
full-scale replacement of the conventional encapsulants (fused silica coverglass and
DC 93500 adhesive) is justified. Micrometeoroid and debris impacts will continue to
be a significant solar cell performance degradation mechanism. Solar cell
performance degradation due to the deposition of contamination on the surfaces was
also well documented. However, the majority of electrical characterization and
analysis of on-orbit data remains to be completed.

Pyrotechnic devices, flown on Experiment A0038, were successfully fired during
post-retrieval ground testing.

Thermal:

The change in performance of a wide variety of thermal control coatings and’
surfaces was moderate, with a few exceptions. A significant amount of these changes
has been attributed to contamination effects. Certain metals (esp. chromic acid
anodize aluminum), ceramics, coatings (YB-71, Z-93, PCB-Z), aluminum coated
stainless steel reflectors, composites with inorganic coatings (Ni/SiO2), and siloxane-
containing polymers exhibited spaceflight environment resistance that is promising for
longer missions. Other thermal control and silicone based conformal coatings,
uncoated polymers and polymer matrix composites, metals (Ag, Cu) and silver Teflon
thermal control blankets and second surface mirrors displayed significant
environmental degradation. In addition, post-flight measurements may be optimistic
because of bleaching effects from the ambient environment.

The results of thermal measurements on different samples of the same
materials made at different laboratories have proven to be remarkably consistent and
in agreement, lending additional credlblhty to the results. Confldence in designers'
thermal margins for longer flight missions has been increased.

One of the most notable observations made during the on-orbit photo survey
was the loose silverized Teflon thermal blankets located on a space end experiment.
Tape was used to hold the edges of the thermal blankets to the experiment tray frame.
The blankets apparently shrunk in flight causing the blankets to detach from the frame.
Portions of the tape were attached to both the blanket and frame, indicating that the
tape had failed in tension. Post-flight adhesion testing showed that the tape retained
adequate adhesive properties.

Initial functional tests were performed for each of the three heat pipe
experiments flown on the LDEF, and the heat pipe systems were found to be intact and
fully operational. No heat pipe penetration occurred due to micrometeoroid or debris

impact.

Actual measured temperatures within the interior of the LDEF ranged from a low
of 390F to a maximum of 134°F and were well within design specifications. External
thermal profiles varied greatly, depending on orientation, absorptance/emittance, and
material mounting and shielding. The thermal stability of the LDEF adds to the




accuracy of existing thermal models and enhances our ability to model the LDEF
thermal history, as well as other spacecratt.

The loss of specularity of silver Teflon thermal blankets, one of the earliest
observations noted at the time of retrieval, was determined to have had no significant
effect on the thermal performance of those materials. This loss of specularity is the
result of first surface erosion and roughening by atomic oxygen.

The thermal performance (absorptance/emittance) of many surfaces was
degraded by both line-of-sight and secondary contamination. The specific
contamination morphology in various locations was affected by ultraviolet radiation
and atomic oxygen impingement. Overall, the macroscopic changes in thermal
performance from contamination appear to be moderate at worst. Limited
measurements on surfaces from which the contamination was removed post flight
suggest that the surfaces beneath the contamination layers have undergone minimal
thermal degradation.

Over 50% of all LDEF's exterior surfaces were chromic acid anodized (CAA)
aluminum. Extensive optical testing of LDEF's CAA aluminum tray clamps was
performed because of their wide distribution around the LDEF and representation of a
complete spectrum of spaceflight environmental exposures. The tray clamps provided
a complete picture of the spaceflight environmental effects on this surface treatment.
Comparison of front-side (exposed), backside (shielded) and control clamps showed
slight changes in the optical properties. However, the variations in absorptance and
emittance have been attributed to the inherent variability in anodizing, to variations in
measurements, and to the effects of on-orbit contamination deposited on tray clamp
surfaces. '

Betacloth which was exposed to the atomic oxygen flux was seen to have been
cleansed of the many minute fibers that normally adorn its surface. This has been
observed to have no measurable effect on the thermal performance of the betacloth,
although some associated contamination issues are raised." :

Optical:

Contaminant films and residue were widespread in their migration over LDEF
and onto optical experiment surfaces, especially due to the decomposition and
outgassing of several materials, at least two possible sources being identified as those
from the vehicle itself, as well as those materials used in some of the experiments.

Four experiments flew fiber optics and a fifth experiment evaluated fiber optic
connectors. Four of these five experiments recorded on-orbit data using the NASA
provided EPDS. Overall the fiber optics performed well on-orbit, with little or no
degradation to optical performance. Most environmental effects were confined to the
protective sheathing. However, one fiber optic bundle was struck by a meteoroid or
debris particle causing discontinuity in the optical fiber. Preliminary data has indicated
the need for additional study of the temperature effects on fiber optical performance.
Post-flight testing performed on fiber optics flown on the Fiber Optic Exposure




Experiment showed an increase in loss with decreasing temperature, becoming much
steeper near the lower end of their temperature range.

Four LDEF experiments contained a variety of detectors. Most detectors were
not degraded by the space exposure, with one notable exception. The triglycine
sulfide had a 100% detectivity failure rate on both the control and flight samples.

Several types of optical sources were flown on LDEF including solid and gas
lasers, flashlamps, standard lamps, and LEDs. To date, the results indicate that most
optical sources operated nominally except for two gas lasers (HeNe and CO2) which
would not fire during post-flight testing and a flickering deuterium lamp arc. During
post-flight testing of the two gas lasers, no laser action could be obtained from the
tubes. The characteristics of the tubes suggested that the mixture of fill gas had
changed during the period between pre-flight and post flight tests. This result is
consistent with changes expected due to gas diffusion through the glass tube. The
tubes were in good physical condition, and survived the launch and recovery phases
without apparent degradation.

Micrometeoroid and debris impacts on optical surfaces caused localized pitting,
punctures, cracking, crazing, and delaminations.

Spectral radiation from both solar and earth albedo sources was indicated both
in the modifications of surface coating materials (chemical decomposition caused by
ultraviolet radiation). This was particularly noticeable on an experiment located on the
trailing edge where the holographic gratings had a 30% to 40% degradation of
reflectivity from exposure to solar radiation and cosmic dust. Experimenters also noted
that changes to coating interfaces as a result of infrared absorption may have
contributed to mechanical stresses and failures from thermal cycling.

Atomic oxygen had a major effect in the oxidation of many physically "soft"
materials, including optical coatings and thin films, as well as oxidation of uncoated,
metallic reflective coatings (copper and silver). In general, "hard" uncoated optical
materials were found to be resistant to the LEO environment.

Synergistic conditions of degradation resulted from the multiple and combined
effects of environmental factors; for instance, UV and atomic oxygen attacked,
changed, or even eroded away some of the overlaying contamination, modifying the
broadband and spectral content of optical inputs to the sample beneath .

An LDEF Optical Experiment Database was created (using Filemaker Pro
database software) that provides for quick and easy access to available
experimenter's optic's related findings. The database contains a file for each of the
LDEF experiments that possessed optical hardware (database currently contains 29
files). Each file contains various fields that identify the optical hardware flown,
describe the environment seen by that hardware, summarizes experimenter findings
and list references for additional information. A paper copy of this database is
contained in Appendix D of this report.




2.0 INTRODUCTION

2.1 LDEF MISSION (Refs. 4,5)

The Long Duration Exposure Facility was developed by NASA's Office of
Aeronautics and Space Technology and the Langley Research Center to provide a
means of exposing a variety of experiments to the low Earth orbit (LEO) space
environment. LDEF was designed and fabricated at Langley in the late 1970s as a
passive satellite which is reusable for planned repeat missions. The LDEF is a 14-ft-
diameter by 30-ft-long aluminum structure with the cylindrical cross section of a 12-
sided regular polygon. The structure is designed with 72 bays around its
circumferential surface, 8 bays at the space oriented end, and 6 bays at the Earth-
oriented end (fig. 2.1-1). Each bay contained one tray which was clamped to the LDEF
structure. Figure 2.1-2 describes the tray numbering system used to identify specific
tray locations. The experiments were totally self-contained in either the 3-ft by 4-ft trays
mounted in each circumferential bay or the 2.5-ft by 2.5-ft trays mounted at the ends.
Figure 2.1-3 is an on-orbit retrieval photograph of several experiments showing the
trays/experiments mounted on the LDEF structure.

There were a total of 57 different experiments mounted in the 86 trays facing
outward from the LDEF structure. Some experiments used more than one tray and
others used as little as 1/6 of a tray. Specific experiments included exposure to the
LEO environment of thermal control coatings, composites, solar array materials and
solar cells, fiber optics, infrared detectors, high-altitude balloon materials, electronic
components, and solid rocket materials. Other experiments were designed to study
heat pipes, the ability to grow crystals during long exposure to low gravity, and
investigate the LEO environment including atomic oxygen, meteoroid and space
debris, interstellar gas, radiation, and cosmic rays. Millions of tomato seeds were also
flown on LDEF and then distributed to schools for use in projects to determine if any
mutations occurred due to the long-term LEO exposure. Figure 2.1-4 is the complete
list of experiments and their experiment number and figure 2.1-5 shows the location of
each experiment. Reference 5 provides a detailed discussion for each of the 57
experiments. Due to the extended exposure, the LDEF structure and the various
experiment support systems became an unplanned experiment. All welds, fasteners,
wire harnesses, trunnions, attitude stabilization systems, experiment initiate systems,
etc., were examined to determine if the extended exposure had any effect on the
hardware that made up the LDEF structure.

LDEF was a passive satellite with no telemetry of data to-Earth during the
mission. However, several experiments required on-orbit collection of data. An
Experiment Power and Data System (EPDS) was developed by Langley to record
these data onto a magnetic tape for post-flight analysis. Seven EPDSs were flown,
with some experiments sharing a specific unit. An Experiment Exposure Control
Cannister (EECC) was developed to provide contamination protection of experiment
specimens during deployment and retrieval. Five of these canisters were flown with all
five opening at day 14 of the mission and then closing after day 297. Both of these
experiment-support subsystems utilized LiSO» batteries developed specifically for the
LDEF mission. All the experiment support hardware was mounted on the backside of
the trays, which shielded the hardware from direct exposure to the LEO environment.
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Actual ram
direction

« Twelve sides of LDEF
- Rows 1 through 12 -
- Row 9 is leading edge
- Row 3 is trailing edge

« Six longitudinal location
- Bays "A" through "F"

« Earth end bays in

- "G" identifier

_» Space end bays

- "H" identifier

Example:
Tray F8 is located 38° from ram
(30° +8° offset) and adjacent to
space end A

Figure 2.1-2. Tray Numbering System
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Figure 2.1-3. Photograph Taken During LDEF Retrieval Showing Trays/Experiments Mounted to LDEF
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ELECTRONICS & OPTICS

« Holographic Data Storage Crystals

« Infrared Multilayer Filters

+ Pyroelectric Infrared Detectors

» Metal Film and Multilayers ,

+ Vacuum-Deposited Optical Coatings
+ Ruled and Holographic Gratings

+ Optical Fibers and Components

« Earth Radiation Budget Experiment Components
+ Solar Radiation On Glasses

+ Quartz Crystal Oscillators

« Active Optical System Components
+ Fiber Optic Data Transmission

» Fiber Optics Systems

+ Space Environments Effects

HEAT PIPES & THERMAL SYSTEM
+ Variable Conductance Heat Pipe

+ Low-Temperature Heat Pipe

» Transverse Flat-Plate Heat Pipe

+ Thermal Measurements

MATERIALS & COATINGS

« Crystal Growth

+ Radar Phased-Array Antenna

« Atomic Oxygen Outgassing

Atomic Oxygen Interaction
High-Toughness Graphite Epoxy
Composite Materials For Space Structures
Epoxy Matrix Composites

Composite Materials
Graphite-Polymide and Graphite-Epoxy
Polymer Matrix Composites

Spacecraft Materials

Balloon Materials Degradation

Thermal Control Surfaces .

Textured and Coated Surfaces

Metallic Materials Under Ultravacuum

SCIENCE

« Interstellar Gas

« Ultra-Heavy Cosmic Ray Nuclei

» Heavy lons

Trapped-Proton Energy Spectrum
Heavy Cosmic Ray Nuclei

Linear Energy Transfer Spectrum
Microabrasion Package
Meteoroid Impact Craters

Dust Debris Collection

Chemistry Of Micrometeoroids
Measurements of Micrometeoroids
Interplanetary Dust

Space Debris Impact

Meteoroid Damage to Spacecraft
Biostack

Seeds In Space

+ Student Seeds Experiment

L[] L) . L] - - . [] L) . L] - [ ]

POWER & PROPULSION

+ High Voltage Drainage

« Sol.ar Array Materials
Advanced Photovoltaics
Coatings and Solar Celols
Solid Rocket Materials

.

Figure 2.1-4. List of Experiments (Including Experiment Number)

Flown on LDEF
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The LDEF, weighing 21,400 Ibs, was placed in orbit by the Shuttle Challenger
on April 7, 1984 at a 482-km nearly circular orbit with a 28.4-deg inclination. LDEF
was gravity-gradient stabilized and mass loaded so that one end of the LDEF was
always pointed at Earth and one side (leading edge) was always oriented into the orbit
path (ram) direction. The actual orientation was slightly offset from the planned
orientation. LDEF ended up rotated around its long axis such that the leading edge
(row 9) was offset from the ram direction by about 8 deg (fig. 2.1-2). This orientation
remained constant throughout the entire mission. LDEF also used a viscous damper
which was designed to gradually eliminate the destabilizing oscillations imparted to
LDEF during deployment.

Plans at the time of deployment called for Challenger to retrieve LDEF in early
1985 after a 10-month to 1-year mission. Due to Shuttle rescheduling and the loss of
Challenger, LDEF was not retrieved until January 12, 1990, after 2106 days and
32,422 orbits in LEO orbit. By this time LDEF's orbit had degraded to 340 km. Any
major slide in the launch of the retrieval mission would have jeopardized retrieval as
LDEF was predicted to reenter the Earth's atmosphere by mid March 1990. Figure
2.1-6 shows LDEF's altitude versus days after deployment (ref. 6). It is apparent from
this figure that the LDEF orbit was nearly stable for the first 4 years of the mission and
then began to decay at an increasing rate. Also of interest is that LDEF's range of
altitudes approximates the orbital ranges currently planned for Space Station
Freedom (333 km to 492 km). ‘

500
E
>
.s' LDEF Average Altitude vs Time
2 Release Date: April 7, 1984
5 400 Recovery Date: January 12, 1990
S
]
E
300 ¥ L} Ll L4 l T L] L} L] l L4 L L] L] l L) L] ¥ Ll l L] L] T L]
0 500 1,000 1,500 2,000 2,500

Cumulative time after release, days

Figure 2.1-6. LDEF Average Orbital Altitude Versus Time After Release
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During the retrieval operations, the approach (fig. 2.1-7) and grapple (fig. 2.1-8)
of LDEF by the Shuttle Columbia were performed such that Shuttle plume
impingement on LDEF was prevented. After LDEF was grappled and prior to the
berthing, a 4-1/2 hr photographic survey was performed using the Remote Manipulator
System (RMS) to maneuver LDEF. All surfaces were surveyed. Figure 2.1-9 shows
rows 9 and 10 being surveyed and figure 2.1-10 is an on-orbit close-up of a specific
experiment (S0069). One of the reasons the photo survey was was performed was to
distinguish between the effects of the space exposure and the effects of the shuttle
landing and ferry flight from Edwards AFB to KSC. Figures 2.1-11 and 2.1-12 show
the results of these effects. Both photos are of experiment M0003, tray D9 with figure
2.1-11 being an on-orbit photograph and figure 2.1-12 a photo of tray D9 after removal
from LDEF at KSC. Note the on-orbit presence of severe particle contamination in the
upper half of tray D9 that had accumulated during the 69-month mission. By the time
the tray was processed at KSC, this contamination had disappeared.

Following the ferry flight, LDEF was removed from Columbia at KSC and then
transported to the Spacecraft Assembly and Encapsulation Facility (SAEF-2). SAEF-2
was maintained in a controlled temperature and humidity environment and at a class
100,000 cleanliness level (figure 2.1-13). After inspections, photo survey, and
radiation measurements were completed, LDEF was ready for individual tray
removals, as shown in figure 2.1-14. Each tray went through a thorough examination
prior to leaving SAEF-2. Photographs from all angles were taken both while the tray
was still on LDEF and then following removal. This was followed by determination of
the size and location of all meteoroid and space debris impacts greater than 0.3 mm in
diameter (ref. 7). The batteries used to power the active experiments were checked for
leaks, removed, and post-flight voltages determined. Several experiments underwent
Normarski analysis (optical image contrast enhancement). Following completion of all
required examinations, the trays were sent to the principal investigators' laboratories
for testing and analysis.

Following removal of the last tray, the LDEF structure underwent extensive
analysis. This included evaluation of the welds, structural fastener assemblies, wire
harnessing, and meteoroid and debris evaluation of the exterior structure surfaces.
The almost 4-month deintegration was completed by the middle of May 1990 with the
LDEF, looking like a picked-over turkey carcass, being placed into storage at KSC.
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Figure 2.1-8. Grappling of LDEF
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Figure 2.1-9. Rows 9 and 10 Undergoing Visual Inspection and Photographic Survey

Figure 2.1-10. Experiment S0069 Undergoing Visual Inspection and Photographic Survey
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Figure 2.1-11.  On-Orbit Photograph of Tray D9

Figure 2.1-12. Photograph of Tray D9 Following Removal From LDEF
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Figure 2.1-13. LDEF in SAEF-2 During Deintegration
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2.2 SYSTEMS SPECIAL INVESTIGATION GROUP

Because of LDEF's extended mission, the science and engineering interest
extended beyond the original experiment objectives. In response to this interest, the
LDEF Project Office commissioned four Special Investigation Groups (SIG) to expand
the post-flight investigative effort beyond the scope of the original experiments. The
SIGs formed for this effort were the Induced Radiation, Meteoroid and .Debris,
Materials, and Systems SIGs. This report documents the results of the Systems SIG

investigation.

The Systems SIG is chaired by Dr. James B. Mason at NASA Goddard Space
Flight Center, and the Systems SIG Committee includes members from eight NASA
field centers, the Department of Defense, the Strategic Defense Initiative Organization,
and the European Space Agency (fig. 2.2-1). To assist the Systems SIG in meeting its
objectives, a task was assigned to Boeing Aerospace & Electronics to provide the-
required personnel and testing facilities.

The Systems SIG was chartered to -

a. Investigate the effects of the 69-month exposure to the LEO space environment
on LDEF and experiment systems.

b. Coordinate the data from the analysis of the LDEF and experiment systems into
a single LDEF document.

LDEF hardware of interest to the Systems SIG investigation included hardware
provided by the LDEF Project Office, such as the LDEF structure, as well as unique
hardware used by individual experimenters to support their experiments, such as a
particular lubricant or an electronics package.

The initial effort for the Systems SIG was the identification of systems hardware
on LDEF that was pertinent to the Systems investigation. The largest portion of
hardware was associated with the so-called "active" experiments, which were those
requiring battery power for systems which were designed to perform functions during
the mission. Examples of these systems include the EPDSs, EECCs, both the active
and passive grapples, viscous damper, Experiment Initiate System (EIS) and the clam
shells used on the Chemistry of Micrometeoroids Experiment. Most of these types of
systems were available to the Systems SIG as they were not an integral part of any
experiment. Other hardware of interest was the isolated passive components which
were included as experiment specimens, such as bandpass filters, or ancillary items
such as fasteners.

The hardware of interest included an enormous diversity of components. The
management of this hardware was facilitated by the division into four major
engineering disciplines: mechanical, electrical, thermal, and optical. This division has
been carried throughout the program, from the development of test plans to this final
report. In order to assist the investigation process, the Systems SIG developed a set of
standardized test plans for each of these four discipline areas (ref. 8). These plans
were designed to be used by either the Systems SIG or the experimenters in their
testing and analysis of systems hardware.
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The approach to the testing of hardware by the System SIG has always
emphasized the testing of each system at its highest practicable level of assembly.
The results at this level provided the direction for further testing in the form of either
nominal or anomalous behavior. The results from the system functional test then
provided a clear set of directions for subsequent testing and/or failure analysis of
subsytems or components. At this time the Systems SIG has performed or supported
high level system functional tests on almost all LDEF and experiment systems.
Included are inspection and functional testing of the EIS and two EPDS during
deintegration at KSC and numerous system functional tests on hardware conducted at
experimenter or Boeing facilities. ,

The process of developing systems data from the identified hardware of interest
has, because of the diverse origins of the hardware, involved a diverse group of
investigators, including experimenters, other SlIGs, the LDEF Project Office, and
System SIG contractors. The largest amount of System SIG data was developed by
Boeing Aerospace & Electronic's personnel because of the combination of direct
access to hardware and direct funding of support personnel. A second set of data,
labeled "Systems SIG inspired," is comprised of results obtained by experimenters
who performed testing recommended by the the Systems SIG. The final type is the
data developed by the experimenters and other investigative groups in the course of
their own investigations.

The culmination of the data-gathering process is the dissemination of the
results. To accomplish this, the Systems SIG developed a three-point plan (ref. 9). The
first component was the distribution of a semi-quarterly newsletter to the LDEF
community. The purpose of this activity has been to provide the earliest possible
updates on current results from all aspects of the LDEF evaluation. The distribution of
this newsletter has increased eight-fold from its inception to a current mailing of over
2000 copies. Because of the newsletter's popularity, the LDEF Project Office has
assumed responsibility for the continuation of this activity. The second component was
the release of the Systems SIG Interim Report in January 1991 (ref. 10). The report
documented the deintegration from a systems standpoint and provided a status of the
testing and analysis of hardware that took place in 1990. The third component is the
release of this report.
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3.0 LDEF ENVIRONMENT

This section is designed to provide the reader with a summary of the following
environments encountered by LDEF: meteoroid and debris, radiation, atomic oxygen,
solar, thermal, and contamination. Because LDEF's orientation was constant
throughout the entire mission, it provided an excellent platform to study the effects of
these environments, either individually or synergistically.

The results of the individual and/or synergistic effects are shown in figure 3.0-1.
The surfaces of certain white thermal control paints remained visually unchanged
when exposed to ultraviolet radiation and atomic oxygen (leading edge environment)
but became uniformly darker when exposed to only the ultraviolet (trailing edge
environment).” The top photo of tray D4 (near trailing edge) shows the browned
thermal control cover on the right third of the tray. Cross-sections of paint specimens of
the A-276 paint show the brown layer thickness to be typically about 2-microns thick.
The color change, which is induced by the solar UV, is due to rearrangement of the
chemical structure of the organic binder in the paint. It was not caused by
contamination deposition. By contrast, the identical coating used on tray D8 (near
leading edge) thermal cover still appears white. However, examination of the this A-
276 paint shows that the organic binder has been oxidized and removed by atomic
oxygen and the outer layers of paint contain only pigment and inorganic filler.

3.1 METEOROID AND DEBRIS

LDEF exposed a total surface area of ~130 m2 for 69 months, which is almost
two orders of magnitude larger than all previous opportunities combined (ref. 11). This
significance was clearly recognized prior to LDEF's retrieval, and is the primary reason
for the establishment of the Meteoroid and Debris SIG (M&D SIG). M&D SIG members
participated in the deintegration of LDEF at KSC by scanning and photodocumenting
all LDEF space-exposed surfaces; a special emphasis was placed on those surfaces
that were not initially intended to be investigated for impact features. The results of the
M&D SIG KSC activities are discussed in reference 12.

The bombardment effects of a non-spinning platform encountering an
(assumed) isotropic cloud of hypervelocity particles in LEO are akin to raindrops hitting
the windshield of a moving vehicle (i.e., more particles are encountered in the forward-
facing direction than in the rearward-facing direction). The velocity distribution of the
impactors varies from "fast" in the forward-facing (leading-edge) direction, to "slow" in
the opposing (trailing-edge) direction, because particle and spacecratft velocities are
added vectorially. For LDEF, the mean encounter velocities range, on average, from
~20 to 11 km/s for surfaces facing the leading- and trailing-edge directions,
respectively, while the effective fluxes (at constant projectile size) between these
orientations may differ by a factor of 10 (refs. 13,14,& 15).

The size of any crater or penetration hole depends on a number of physical
properties of both the target and projectile material, and on the projectile's mass and
impact velocity. An impactor will generate a crater of different sizes on LDEF,
depending on location, because of the different encounter velocities. The quantitative
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(See color photograph on p. 291)

Near Trailing Edge

Near Leading Edge

Figure 3.0-1. Effect of Solar UV on Thermal Control Coatings
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relationships among these parameters are known for a few LDEF materials, but only
over a restricted range of initial conditions. Specifically, the prevalent impact velocities
in LEO are beyond current laboratory capabilities for most impactors >10 um in
diameter. '

To fully exploit LDEF's potential in contributing to dynamic issues of the particle
environment it is necessary to study surfaces that are manufactured from identical
materials and that are widely distributed over the entire spacecraft. Such
considerations identify LDEF's aluminum structural frame and the A0178 silverized
Teflon thermal blankets as the most outstanding materials for study (in addition to
those afforded by dedicated and well-calibrated micrometeoroid and debris
experiments). LDEF's structural frame was manufactured from 6061-T6 aluminum and
had a total exposed surface area of ~15.4 m2. LDEF's individual structural members
represent impact "detectors" of a single material type pointing in 26 well-defined
directions, each possessing >0.5 m2 of surface area.

Although not exposed in all 26 directions, identical silverized Teflon thermal
blankets associated with the 16 A0178 experiment trays and the one P0004/P0006
experiment tray provided another material type that was widely distributed around the
circumference of the spacecraft. All rows except 3, 9, and 12 contained at least one of
these blankets. Each blanket exposed ~1.2 m2 of surface area.

Figure 3.1-1 illustrates the morphology and associated diameter measurement
for typical impact features encountered on the two materials discussed. Crater and
penetration-hole diameters refer to center-of-rim to center-of-rim dimensions.
Reference 12 describes the morphologies of craters and penetration holes, many of
the latter were typically characterized by various colored ring-like, delamination
features of variable widths, crispness, spacings, scaled diameters and absolute ring
numbers.

Figure 3.1-1. Drawings of typical crater (A & B) and penetration-hole (C & D) morphologies
encountered, and associated measured diameters for features in the alumi-
num LDEF frame and A0178 thermal blankets, respectively.
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Cut-off diameters of 500 um for craters in infinite halfspace targets, and 300 um
for penetration holes in thermal blankets, were chosen by the M&D SIG for detailed
photodocumentation at KSC. This dual-size threshold was employed due to the
differing processes associated with hypervelocity impacts into foils versus materials of
much greater thickness, and was applied rigorously and systematically to all LDEF
surfaces. In addition, the total number of impact structures between these cut-off
diameters and ~50 um in diameter, as observed with the naked eye, were counted and
recorded as a single, cumulative number. The M&D SIG survey of LDEF yielded
~35,000 impacts >50 pum in diameter, which must constitute a minimum value, and
included ~4,000 larger structures that were documented individually and that
represent a quantitative account of LDEF's "large" impact features.

‘ Table 3.1-1 shows the distribution of impact features on LDEF. The values
listed do not represent a complete count of the number of impact features on LDEF
because (1) many surfaces were examined but the exact locations of the <0.3 mm
and/or <0.5 mm diameter features were not recorded (whether they resided on the
experimental surfaces or the tray flanges) and (2) during the first several days of M&D
SIG documentation activities, only those features that were photodocumented were
counted. Thus, the number of features listed in the various categories represent only
those features known to exist on that particular surface type, while the "Totals" column
depicts the total number of known impacts counted in the various size categories,
regardless of their locations.

The cumulative size-frequency distributions and spatial densities of these large
craters and penetration holes are illustrated in figure 3.1-2, grouped into specific
viewing directions identified by LDEF row. Unfortunately, the total number of events is
still generally small, leading to poor statistics and large scatter in the data. Two-sigma
(95% confidence level) error bars (not illustrated for the sake of clarity in fig. 3.1-2)
revealed that the effective crater-production rates depend on instrument orientation
and that the relative size-frequency distributions could be identical.

Figure 3.1-3 illustrates the data from figure 3.1-2 in polar coordinates (on
logarithmic scales). Figure 3.1-4 illustrates the same data in histogram form, both in
absolute and relative terms, the latter after normalization to the maximum spatial
densities observed on the Row 10 intercostals (crater density) and thermal blankets

Table 3.1-1. Distribution of Impact Features on LDEF

CLAMPS, EXPERI-
BOLTS & TRAY MENTAL LDEF THERMAL
SHIMS | FLANGES | SURFACES | FRAME | BLANKETS | TOTALS
<0.3mm | NA NA 158 NA *7831 3069
>0.3 mm | NA NA 172 NA +625 797
<0.5mm | 1318 1923 14171 5171 NA 27385
>0.5mm | 161 419 2106 _ 432 NA 3118
{ TOTALS | 1479 2342 16687 5603 3456 34336 |

* - Count is incomplete; the <0.3 mm diameter features were not counted on F02, C05, C06 and

DO7

+ - Count is incomplete; the 20.3 mm diameter features from F02 not included.
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Figure 3.1-3. Absolute spatial density (plotted in polar coordinates on logarithmic scales)
of impact features (N/m2) observed on frame components and thermal
blankets.
LONGERONS INTERCOSTALS THERMAL BLANKETS
12

Craters 20.5 mm

FREQUENCY OF FEATURES / m?

Figure 3.3.1-2. Absolute spatial density of “large” impact features on LDEF’s longerons,

intercostals, and the A0178 thermal blankets.
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Figure 3.3.1-4. Absolute and relative frequency of impact craters [8 500 pm (longerons
and intercostals) and penetration holes [8300 wm (thermal blankets).
Small histograms at top display absolute crater densities (n/m?) that
were normalized with the Row 10 values to yield relative production rates
(large histogram) for craters and penetration holes.

(penetration-hole density). It seems apparent from figures 3.1-2 through 3.1-4 that
crater production has a strong dependence on pointing direction. The effective
production rate of craters or penetration holes of constant size appears to differ by
more than a factor of 10 between the highest and lowest frequencies.

Somewhat surprisingly, as detailed by ref. 16, the Row 9 (leading edge)
intercostals display a modest crater population when compared to that of the adjacent
structure. Adjacent intercostals on Rows 8 and 10, and longerons at locations 8.5 and
9.5 have consistently higher crater densities. Because of the orbital precession of the
Earth (~8 deg/day), any anisotropy in particle flux would be substantially and rapidly
smeared out over neighboring LDEF locations. It seems implausible from a dynamic
point of view to sustain the low impact rates implied by the Row 9 intercostals and at
the same time cause the apparent higher rates on adjacent surfaces that are only 15
deg and 30 deg apart, respectively. Supporting evidence for this interpretation comes
from the general trends displayed by the thermal blankets as well that also yield
maxima in the forward-facing directions (Rows 8 and 10).
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LDEF's orbital plane was offset by ~8 deg in the Row 10 direction. Note that the
highest crater densities on LDEF were obtained on the row 9.5 longeron, and that the
spatial density of penetration holes is highest for Row 10. These trends differ
qualitatively from those expected, which assumes bilateral symmetry about the plane
of motion. It appears that LDEF received more impacts from the general direction of
Rows 10 and 11 than on the symmetrically equivalent Rows 7 and 8.

If the observed minima and maxima of crater and penetration-hole densities
were taken literally, the difference in calculated production rates for impact features (at
constant size) between trailing- and leading-edges would be about 1:43 (longerons),
1:14 (intercostals), and 1:17 (thermal blankets). Using a statistically improved
approach (i.e., averaging rearward-facing Rows 2, 3 and 4 and forward-facing Rows 8,
9 and 10), results in production rates for impact features between these principal
orientations of 15 to 20 for impact features of identical sizes.

In summary, the current findings suggest highly differential bombardment
histories for surfaces pointing in specific directions relative to the velocity vector of a
non-spinning platform in LEO. The production rates for craters >500 um in diameter in
6061-T6 aluminum and penetration holes >300 um in diameter in thin foil materials
differ by a factor of 10 to 20 between leading- and trailing-edge surfaces. These are
substantial differences and must translate into serious engineering considerations
during the design of future, large-scale, long-duration platforms in LEO.

Summary of LDEF Collisional Hazards Findings:

The first-order LDEF data indicate general agreement with existing predictions,
although the latter were based on a substantial number of assumptions. This general
agreement, however, does not imply that all assumptions underlying such models
were correct. Indeed, modification and substantial refinement of some assumptions
are suggested, resulting in a more detailed general understanding of the LEO-particle
environment, particularly for non-spinning spacecraft such as the Space Station
Freedom. LDEF provided the first serious test of general models and their specific
derivatives for the case of non-spinning platforms.

a. The frequence of very small particles, typically <5um in diameter, is higher than
assumed in all models, leading to faster surface degradation in LEO.

b. The synergism of the combined LEO environment leads to additional surface
degradation and effects that are currently not included in spacecraft design guides
and that are beyond practical laboratory capabilities.

c. The small-scale particle environment exhibits highly variable fluxes, on time-scales
that range from minutes to days, that are consistent with co-orbiting particle clouds,
most likely associated with spacecraft operations.

d. The largest particles encountered by LDEF were approximately 1 mm in size. Most

of these larger particles appear to possess natural origins (i.e., originated from
‘comets or asteroids).
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e. Statistical distribution of craters associated with these particles on all LDEF
surfaces and pointing directions indicate a mean impact velocity of approximately
17 km/s. The common assumption of 20 km/s is inconsistent with LDEF
observations. Even relatively small changes in mean encounter velocity will have
major effects in calculating the effective energy-flux for surfaces of fixed
orientations on a non-spinning spacecratft.

f. LDEF affords the opportunity to test currently accepted cratering and penetration
formulas for hypervelocity impacts in space.

g. Current debris models do not include payloads in geosynchronous orbits, and
especially their transfer vehicles, the most likely sources of man-made debris on
LDEF's trailing edge. This mandates highly elliptical orbits.

h. Observed debris includes diverse metal particles, paint flakes and human waste
products.

i. Plastic bumper sheets are very effective in protecting against impacts from small
particles.

Summary of LDEF Highlights in Planetary Sciences:

a. The existence of beta-meteoroids was verified by the dynamic measurement of the
IDP detectors.

b. Qualitative chemical analysis (SEM-EDX) of projectile residues in impact craters
and debris sprays of penetrated thin-films reveals a substantial variety in the
mineralogical composition of the impacting particles. Residues with largely
chondritic melts dominate and most likely result from impacts by aggregated
particles. However, melts of monomineralic composition indicate the presence of
projectiles composed largely either olivine or pyroxene. The latter are occasionally
associated with chondritic melts suggesting that they are clasts dislodged from a
chondritic matrix. In addtion, some particles are exclusively composed of Fe-Ni
rich sulfides.

c. Preliminary interpretation of residues analyzed via ion-microprobes suggests the
possibility that some LEO particles differ from those available from the stratospheric

collections.

d. Some impact craters contain unmelted residues of olivine or pyroxene, which are
known to be most resistant to shock melting among the silicates. This
demonstrates that recovery of unmelted particle fragments in LEO is feasible,
especially if specialized and improved capture media are employed (e.g., the
Cosmic Dust Collection Facility on Space Station).
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3.2 IONIZING RADIATION

In Earth orbit the ionizing radiation environment contains a variety of primary
and secondary particles. The main primary particles are trapped protons and
electrons, galactic and anomalous cosmic rays, albedo protons and neutrons from the
atmosphere, and occasionally solar flare particles. Some of these primary radiations
will, after interacting with a spacecraft, produce secondary particles which may include
protons, neutrons, low-energy recoiling nuclei, mesons, x-rays, and gamma rays. On
LDEF, predictions were made of the fluences of the principal constituents (total
number per unit area and solid angle), the total absorbed radiation dose, and the
linear energy transfer (LET) spectra (refs. 138 & 139).

Most effects from ionizing radiation are related to either radiation dose or to
"single hit" effects that can be related to the particle fluxes or LET spectra. Single
event upsets in microcircuits or noise events in individual charge coupled devices
(CCD) pixels are examples of "single hit" effects. Because only passive radiation
detectors were carried on LDEF, the data does not directly address dose rate or flux
dependent effects. However, this can be addressed using existing calculational
methods.

The total exposure of LDEF was below the threshold for observable radiation
effects in most materials. Confirmed radiation effects on LDEF include the radioactivity
induced in the structure and genetic damage to seeds. Some degradation in the
performance of uncovered solar cells and quartz crystal oscillators, possibly ascribed
to radiation, are still under investigation. lonizing radiation data gathered on LDEF,
and models of the radiation environment to be validated with that data, will be
extrapolated to other missions to predict radiation effects. Absorbed dose data from
three LDEF experiments, shown in figure 3.2-1, indicates inaccuracies in the isotropic
flux predictions for trapped protons (ref 141). A directional model of the trapped proton
environment and a three-dimensional model of the LDEF structure, soon to be applied,
should bring calculations and data into closer agreement.

A few dosimeters were placed on LDEF at shallow enough shielding locations
to measure the dose from electrons, predicted to be ~ 300,000 rads (3,000 Gray) near
the LDEF's surface. While no electron data has yet been reported, observed
degradation in performance of uncovered solar cells is consistent with this value.

The Earth's magnetic field shielded LDEF from the cosmic ray protons and
heavy nuclei below ~ 2 GeV. The galatic cosmic rays contributed about 10 rad (0.1
Gray) (ref. 138). However, this flux of high energy protons and heavy nuclei
contributed significantly to the LET spectra via the heavy nuclei and secondary
interaction products. The LET is energy transferred to a medium per unit path length of
the particles. LET spectra result from a variety of particle types (electrical charge) and
particle energies. LET values can be correlated with the effects on electronic devices.
For example, LET values can be converted to "Q critical," the threshold for single event
upsets in microcircuits. High values are associated with enhanced genetic effects in
biological specimens, and LET spectra are used in determining the equivalent dose
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LDEF MISSION DOSE (rads - Tissue)

(rem). Predicted LET spectra for LDEF are in reference 139, and measured LET
spectra are reported in reference 142.

The induced radioactivity in LDEF materials is the result of nuclear
transmutations caused by the interactions of protons, neutrons, and cosmic ray nuclei
with the nuclei of the LDEF materials. The amount of radioactivity is small, but
measurable with high-resolution gamma ray detectors. The concentrations for most
LDEF materials were within the range of 1 to 100 pico curies per kilogram of material.
Nevertheless, the measurements of the radioactivity in a large number of samples from
experiments and structure provide an excellent dosimetric map of LDEF. Study of the
spacecraft radioactivity is of interest to gamma-ray astronomers, whose observations
are often limited by this type of background.

Analysis of the spectra from two trunnions, indicated gamma-ray lines due to |
’Be on the forward, but not the aft, trunnion (ref. 141). The 7Be of concentration ~105
atoms/cm?2 is apparently made in the stratosphere by cosmic ray bombardment of air,
and circulated up to LDEF altitudes with high efficiency. It is of interest in studying
transport in the atmosphere, but is not thought to have significant effects as a surface
contaminant due to its low concentration. However, the 7Be discovery indicates that
low concentrations of 7Li, 19Be, and 14C should be present on the surface of LDEF,
and they are being searched for by mass spectroscopy techniques.

For further information, reference 143 is a summary of the ionizing radiation
measurements on LDEF made during the first year after recovery.
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3.3 ATOMIC OXYGEN .

When atomic oxygen collides with a spacecraft traveling at relative velocities of
7-8 km/sec, the collision energy is 4-5 eV. At this energy, atomic oxygen may initiate a
number of chemical and physical reactions with the materials of the surfaces with
which it collides. These interactions contribute to material degradation, surface
erosion, and contamination. Also, recent theories propose that atmospheric atomic
oxygen plays a role in the production of shuttle glow.

For these reasons, atomic oxygen fluence on spacecraft surfaces is important
in design consideration. LDEF flew in low Earth orbit for nearly 6 years. Because of its
unique 12-sided geometry, atomic oxygen fluence varied from experiment to
experiment. Knowing the atomic oxygen fluence on the materials carried by LDEF will
give experimenters the ability to correlate degradation effects with exposures.

Atomic oxygen exposures were determined analytically (refs. 17 and 18) for
rows, longerons, and end bays of LDEF. The analytical model used for the calculation
accounts for the effects of thermal molecular velocity, atmospheric temperature,
number density, spacecraft velocity, incidence angle and atmospheric rotation.
Results also incorporate variations in solar activity, geomagnetic index and orbital
parameters that occurred during LDEF’s 69 month flight. '

Charts summarizing atomic oxygen exposure, taken from reference 18, are
included herein to facilitate the use of the data by LDEF experimenters. Figure 3.3-1
shows the mission total atomic oxygen exposure accumulated on each tray and
longeron location of LDEF during its mission. The calculation incorporates the pitch
and yaw angles for the vehicle determined by Dr. Bruce Banks, NASA LeRC (ref. 144).
The yaw angle is 8.1 degrees with the spacecraft turned so that the ram direction lies
between rows 9 and 10. Pitch angle is 0.8 degrees with the space end of the vehicle
pitched forward. Roll angle is zero. Because of the forward pitch, trays on the space
end received more atomic oxygen that did trays located on the Earth end. The
calculation also incorporates the fluences of several rows during a brief attitude
excursion of the Shuttle after grappling of LDEF and prior to closure of the payload
doors.

The values given in figure 3.3-1 are mission total values. More extensive data
has been prepared in tabular form for LDEF (ref. 18). Atomic oxygen fluxes and
fluences were calculated for each week of the LDEF mission. Fluences for any period
of time during the mission can be interpolated from tabulated data.

Figure 3.3-2 shows cumulative ram direction atomic oxygen fluence for LDEF
expressed as a percent of total fluence for the mission. Roughly 50% of the atomic
oxygen exposure accumulated during the last 6 months of the LDEF mission. The last
year of the flight accounted for 75% of the exposure. The rapid increase in exposure
at the end of the mission is a result of both increasing solar activity and decaying orbit
altitude. .

The effect of thermal molecular velocity on atomic oxygen flux is shown in figure

3.3-3. The plot compares atomic oxygen flux corrected for thermal molecular velocity
with calculated values ignoring thermal molecular velocity. When thermal molecular
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locations including the fluence received during the retrieval attitude excursion.

Figure 3.3-1. Atomic Oxygen Fluences at End of Mission for Each Tray Location
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velocity is considered, calculations show that surfaces parallel to the ram direction
receive approximately 4% of the head-on flux. Surfaces at angles greater than 90
deg. from ram still receive a small atomic oxygen flux. The calculated influence of
thermal molecular velocity on atomic oxygen flux is verified by results reported for
exposure of photovoltaic blanket materials on Tray E6, Experiment S1003 at 98 deg.
to ram (ref. 19).

The pinhole sensor also showed a *+2 deg. sinusoidal variation in ram vector
direction based on the elongated exposure pattern of the silverized sensor surface.
This variation is in agreement with the atomic oxygen calculation model and is caused
by co-rotation of the atmosphere.

Analyses were conducted by NASA Lewis (ref. 21) on the undercutting of
Kapton multilayer insulation by atomic oxygen on Tray E6, Experiment S1003. The
analytical results confirm the effect of ram direction variation on insulation
undercutting.
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3.4 SOLAR RADIATION

The ultraviolet component of solar radiation is an important contributor to
materials degradation. A summary chart for solar radiation exposure (fig. 3.4-1) is
presented herein for use by LDEF experimenters. Cumulative equivalent sun hours of
total direct solar and Earth reflected radiation is shown for each row and longeron and
for both ends of LDEF. The data given in figure 3.4-1 may be used to calculate full
spectrum solar fluence (joule/cm?2) by multiplying cumulative equivalent sun hours by
492.48 joule/cm2-hr. This factor is based on a solar irradiance of 0.1368 W/cm?2 (ref.
22). Similarly, the solar fluence in the 0.2- to 0.4- micrometer band may be obtained
by multiplying the cumulative equivalent sun hours by 39.24 joule/cm2-hr. This factor
is based on a solar irradiance of 0.0109 W/cm?2 (ref. 22) in this band. Fluences for
other spectral bands may be calculated in like manner.

As shown on figure 3.4-1, the highest exposure is on the space end and the
lowest is on the Earth end. Of the 12 rows, the leading and trailing rows (9 and 3,
respectively) receive the highest exposure, and those nearly parallel to ram direction
(rows 6 and 12) receive the lowest exposure, about 60% of the leading edge
exposure.

Figure 3.4-2 shows a comparison of direct and Earth reflected radiation for the
Earth end bay. The LDEF earth end bay received 72% of its exposure from Earth-
reflected radiation and 28% from direct solar radiation. This is the highest proportion
of Earth-reflected radiation received by any of the experiment locations. Earth
reflected radiation accounted for 9% to 15% of the total solar radiation received by
rows 1 through 12. The space end bays received no Earth-reflected radiation.

The solar radiation exposure calculations are based on the form factors
reported in the Solar lllumination Data Package prepared by NASA Langley (ref. 23).
The Earth albedo value for these calculations was based on the Nimbus 7 Earth
radiation data set (ref. 24). The calculations used to derive figure 3.4-1 are discussed
in references 17 and 25. Reference 25 also includes results in tabular form as a
function of time. Using the tabulated information, solar exposure in equivalent Sun
hours can be determined for any interval of time during the LDEF mission for any
experiment.
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3.5 THERMAL ENVIRONMENT (Ref. 26)

The LDEF thermal design is completely passive, relying on surface coatings
and internal heat paths for temperature control and equalization. To maximize the
internal radiation coupling between the spacecraft components, high-emittance
coatings were used. All interior surfaces were coated with Chemglaze Z-306 flat black
paint which had a pre-flight emittance of 0.90. This unexposed coating did not seem to
suffer any appreciable degradation during the LDEF mission. However, because the
LDEF structure was not baked out after being painted, the Chemglaze Z-306 became
one of LDEF's leading sources of contamination.

Internal radiation blockage was decreased by minimizing the number of
structural components inside the spacecraft. The cylindrical cavity was closed at all
tray locations and at both ends to prevent solar flux from entering the interior. The tray
mounting scheme minimized the contact area through which heat could be transferred
between the structure and the experiments. Figure 3.5-1 shows the distribution of the
exterior surface coatings. Over 50% of these surfaces were chromic-acid-anodized
aluminum with a/e values ranging from 1.32 to 2.2 (ref. 27)

Actual internal flight temperatures were recorded at intervals of approximately
112 minutes for the first 390 days of LDEF's mission. Temperatures were taken using
five copper-constantant thermocouples, one suspended radiometer, and two
thermistors were used for reference measurements. Figure 3.5-2 shows the location of
this hardware. The actual recorded temperature range for all seven locations was
from a low of +39°F to the maximum of +134°F. Figure 3.5-3 shows the temperatures
versus mission time for the thermocouple located on a structural member located on
row six of LDEF (thermocouple #5 in figure 3.5-2). This area was parallel to the orbital
plane and experienced incident thermal flux environments that varied widely,
depending on the orbital beta angle (beta angle is the angle between the plane of
LDEF orbit and the sun illumination vector). As can be seen in table 3.5-1,
thermocouple #5 experienced the largest variations in temperatures.

Flight temperatures were compared to the predictions made using the thermal
mathematical model that was used to determine pre-flight predicted temperatures. This
model was unverified prior to flight. Post-flight analysis has reduced the model's
uncertainty to +18°F. As shown in table 3.5-1, design temperatures were maintained
throughout the mission.
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HEPP experiment

T/C No. 6
(space end of
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(dome of damper)

(center ring)
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% // Reference thermistors No. 2 and 8
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(earth end of
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THERM electronics

T/C No. 4 (suspended radiometer)

T/C No. 5
Figure 3.5-2. Location of THERM Hardware on LDEF

Table 3.5-1. Comparison of LDEF Temperature Ranges

LDEF TEMPERATURE MEASURED POST FLIGHT
LOCATION DESIGN LIMITS (THERM) CALCULATED
oF °F °F
INTERIOR AVERAGE 10 -120 52 - 89 58 - 89
STRUCTURE
NORTH/SOUTH (ROWS 6/12) -10-150 35 - 134 39 - 136
STRUCTURE
EAST/WEST (ROWS 3/9) -10-150 N/A 53 - 100
STRUCTURE :
EARTH END 10-135 56 - 103 57 - 104
STRUCTURE
SPACE END 10-135 60 - 90 64 - 96
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3.6 CONTAMINATION

Spacecraft systems must be considered both from the standpoint of their
potential degradation due to contamination and as a source of unwanted
contaminants resulting in the degradation of systems or hardware. LDEF provided
examples of both. Figure 3.6-1 illustrates the contamination history of LDEF as a
series of ten exposures. Ground operations prior to launch (exposure 1) and the
launch environment (exposure 2) are critical to the initial performance of the systems
in orbit. Early mission failures or problems may be the result of deficiencies during
these phases of operation. Once in orbit (exposure 3), outgassing and redeposition of
molecular films can degrade thermal control, optical, and solar energy systems. With
the initiation of recovery, new sources of contamination presented themselves
(exposures 4 through 10). These new contaminants and their sources were identified
and backed out of the analysis in order to understand the condition of LDEF in orbit.
Much of the task of identifying the post-orbit contaminants has now been
accomplished and a detailed evaluation of the condition of LDEF in orbit is underway.

Orbit

Launch

Ferry flight

6 8 10

Condition of LDEF prior to launch: >MIL STD 1246B level 1000C for many trays.

During launch, many particulate contaminants are redistributed and Shuttle Bay debris is added.
Contaminants are modified and new contaminants are generated in the orbital environment.
Grappling causes some particles and films fragments to move, some may have relocated on LDEF.
During reentry, many particles and fragments of brittle molecular contaminant films relocate.

. The Shuttle is exposed to the Edwards environment, accumulation of natural dusts.

. High humidity, high gas flow velocities, thermal and pressure stresses occur.

. HEPA filter fibers appear on tape lifts after exposure. to new filters.

. Ground operations prior to SAEF-2 include many manipulations to LDEF in complex environments.
. SAEF-2 exposure.

Figure 3.6-1. Contamination Exposure History of LDEF
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Most of the particulate contaminants present in orbit were deposited on the
surface of LDEF during ground exposure or the launch environment. The particles
were characteristic of fabrication, assembly, and integration activities, with some of the
distributions suggesting launch redistribution or cross contamination (ref. 28).
Particulate contaminants effect systems mechanically and optically. Particles optically
obscure, scatter, refract, diffract, and reflect light. They may also become infrared
emitters when heated by solar radiation. Scatter, refraction, diffraction, and reflection
all change the path of a ray of light. The effect is to introduce unwanted energy
causing a decrease in the signal-to-noise ratio in an optical system, thereby
decreasing the device's sensitivity. The cleanliness level of LDEF when it entered
orbit was approximately a MIL-STD 1246B Level 1000 for particles smaller than 250
micrometers or a Level 2000 for particles smaller than 750 micrometers (see ref. 29 for
a more detailed discussion).

The amount of molecular contaminants in the form of non volatile residues

averaged over the surface of LDEF at launch has been estimated at about 2.5 mg/ft2
This corresponds to a MIL-STD 1246B Level C. This may have been sufficient to
degrade some systems, but its effects were largely hidden by the far greater amount of
outgassing materials redeposited on the surface of LDEF in orbit.

In orbit, additional particulate contaminants accumulated as a result of impacts
with meteoroids and space debris. These contaminants tended to be deposited very
close to the impact, with concentration dropping off with the square of the distance
from the impact, as would be expected. Impacts with surfaces projecting radially from
the surface of LDEF, such as tray edges or bolt heads, resulted in the greatest amount
of material being deposited on the surface of LDEF. The concentration of such debris
could be very detrimental to optical systems within a few inches of the impact.

The most detrimental contamination event in orbit was the outgassing and
redeposition of molecular contaminants on the surface of LDEF. The brown
discoloration caused by a contaminating molecular film on the surface of LDEF was
evident through the windows of the Space Shuttle Columbia as it approached LDEF.
This brown film was widely dispersed over the trailing rows of LDEF and at the space
and Earth ends. Closer examination in SAEF-2 following recovery permitted a much
more detailed analysis of the film and its distribution. Large areas of the exterior
surface were covered with a film a few hundred nanometers thick. In some areas it
was as much as a few hundred micrometers thick and completely opaque. Analysis of
the film indicated it was a polymer consisting of a combination of silicones and
hydrocarbons. The ram facing trays appeared clean but surface elemental analysis of
ram surfaces indicated a silica residue remaining from atomic oxygen attack on the
brown film. An infrared analysis of the film and possible sources indicated that two
systems had sufficient mass to be major contributors to the film: the thermal control
. paints and the silicone adhesives used with both fasteners (to enable fastener
assemblies to survive vibration testing without a decrease in installation torques) and
the bonding of Velcro to LDEF and/or experimenter hardware.

The local thermal loading caused by the molecular film created a variety of

detrimental effects. The film was a relatively effective absorber and resulted in
significant heating of some surfaces. The delamination of thin films on optics and
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metal-plated composite surfaces has been attributed to the combination of poor
coefficient of thermal expansion matching between the delaminating surfaces and the
heat cycling extremes due to the presence of this contaminating film. The film
increased the thermal loading over many areas of the satellite but seemed to have
relatively little effect on the anodized aluminum surfaces of the tray clamps. The ratio
of absorptance to emissivity for the tray clamps was about 2.27 for both leading and
trailing edge clamps. A276 thermal control paint buttons on many of the clamps did,
however, experience a change. Paint buttons on the leading rows had a ratio of
approximately 0.32 while those on the trailing edge were about 0.63. The brown
discoloration on trailing edge buttons was largely due to the modification of the top
organic layer (vehicle) of the paint as a result of ultraviolet exposure.

. A decrease in the transmission through some optics was noted and has been
attributed to the molecular film. A change in some of the wavelength characteristics of
coated optics was noted and has been initially attributed to the effect of an added
contaminant thin film (ref. 82). Elemental analysis of the surface of some of these
optics on the ram side of LDEF indicated a silica residue was present from the atomic-
oxygen-degraded molecular film (ref. 53). Other optical effects included selective
reflection due to sub-micron droplet size, decreased signal-to-noise ratio broadband,
and increased background in the infrared.

The recovery operation redistributed LDEF contaminants that were presumably
stable in orbit. These contaminants included thin metal foils that remained after the
organic film on which they had been vapor deposited had been removed by the atomic
oxygen exposure. Fragments of partially eroded polymers were also widely
distributed. Paint pigments, ash from a variety of composites, fragments of thick
molecular film deposits, and both glass fibers and graphite fibers freed from atomic
oxygen eroded composite materials completed the compliment of redistributed LDEF
materials. Materials from the shuttle were also transported to the surface of LDEF.
The materials from the Shuttle included liquid droplets containing hydrocarbons as
well as solid particles, and glass from tile material and from the bay liner. This
redistribution of contaminants continued through the final removal of LDEF from the
Shuttle Bay (exposures 4 through 9).

~ The exposure to contaminants continued during the deintegration in SAEF-2.
Automatic airborne particle count data indicated a controlled class 100,000 clean
room environment in SAEF-2 but pollens, natural minerals, clothing fiber, paper fiber,
etc. accumulated on the surface of LDEF during its exposure. Details on the types and
quantities of contaminants on LDEF surfaces can be found in references 28 through

32.

In summary, the systems most susceptible to contamination were thermal
control surfaces, optics, and solar cells. The systems most likely to be a source of
contamination were thermal control paints, silicone adhesives, polymeric films, and
carbon-based sheet materials. _
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4.0 SYSTEMS TEST RESULTS

The System SIG was chartered to investigate the effects of long-term exposure
to the LEO environment on system-related hardware and to collate all results into a
single document. This section documents the status of this investigation. The testing
results were generated by either Boeing personnel, funded through the System SIG
support contracts, or individual experimenters. All non-Boeing results have been
referenced so that credit is given to the experimenters who performed the work and to
inform the reader as to where further information can be obtained. Section 4.0 is
divided into the four disciplines that the System SIG has used throughout the LDEF
investigation: mechanical,electrical, thermal, and optical.

4.1 MECHANICAL SYSTEMS

This section discusses the effects of the 69-month LEO exposure on the LDEF
primary structure, primary structure fasteners, experimenter fasteners, environment
exposure control canisters (EECC), grapples, viscous damper, lubricants, seals, and
composites. One of the most important objectives of this investigation was to evaluate
the potential for space-exposure-generated coldwelding of structural materials and
fasteners. Successful satellite servicing and Space Station Freedom (SSF) design
depends critically upon avoidance of coldwelding because specific components, such
as SSF orbital replacement units, will require periodic replacement or repair.
Information obtained from this investigation will facilitate the development of proper
pre-flight installation practices and thread lubrication schemes that will minimize or
eliminate the subsequent risk of galling or coldwelding.

4.1.1 Primary Structure

The LDEF primary structure is a framework constructed of welded and bolted
aluminum 6061-T6 rings, longerons, and intercostals. The structure is approximately
30 ft long and 14 ft in diameter. A gas metal arc (GMA) welding process developed by
NASA LaRC for fusion welding of 6061 aluminum was employed to fabricate the
center ring. The remainder of the structure was mechanically fastened together. The
welds were inspected by dye penetrant and eddy current techniques at KSC following
deintegration of the experiment trays. The welds were found to be nominal, with no
evidence of any launch - or flight -related degradation.

The potential for space exposure effects on the microstructural or mechanical
properties of the aluminum primary structure was investigated by metallurgical
analysis of the 6061-T6 aluminum experiment tray clamps. Examination of the clamps
avoided removal of any the 6061-T6 aluminum structural components for analysis.
The tray clamps are representative of the primary structure and were distributed
uniformly around the exterior of LDEF. Clamps from near leading edge (E10) and
near trailing edge (E2) were cross-sectioned and prepared for microstructural
examination by standard metallographic techniques. Microstructures from surfaces
on these two clamps that were either directly exposed or protected by an overlaying
shim are displayed in figure 4.1.1-1. The microstructures are normal for 6061-T6
aluminum. The lack of any differences between the samples illustrates that space
exposure has no discernible effect on the bulk microstructures of
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typical structural metals. Mechanical property changes are precluded in the absence
of microstructural changes. Surface analysis investigations, including scanning
electron microscopy of the anodized surfaces of the clamps, did, however, show some
smoothing or erosion effects on exposed areas near the leading edge.

4.1.2 End Support Beam

The end support beam (ESB), shown in fig. 4.1.2-1, is an 18-ft. long welded
6061-T6 aluminum truss that held the two end trunnions that supported one end of the
LDEF within the shuttle bay (two other trunnions were fixed to LDEF and provided the
required additional support). The ESB was designed to allow a plus or minus 1.5 deg.
rotation about a 5-in.-diameter 17-4 PH stainless steel spindle. No lubricant was used
between the spindle and ESB. The purpose of the rotation was twofold: (1) during the
design phase, it allowed the LDEF loads to the Shuittle to be statically determinant and
(2) accommodated potential misalignment of the LDEF structure and permit reberthing
into the shuttle bay. Deintegration of LDEF at KSC required that the ESB be removed.
A great deal of difficulty was encountered during removal. The ESB seized on the
spindle, and use of a gear puller was required to complete removal. Since no similar
difficulties had been reported during pre-flight testing, there was concern that
coldwelding might have occurred between the ESB and spindle during flight. '

As seen in figure 4.1.2-2, the spindle bore of the ESB was damaged by severe
galling and scoring. Discussions with the LDEF deintegration staff indicated that the
ESB slid easily off approximately the first inch of the spindle at which time it bound
onto the spindle. Review of the video documentation of the ESB removal operation
confirmed this observation and revealed that the hoist used to support the ESB caused
it to cock and jam on the spindle as the beam cleared the inner land of the spindle.
Figure 4.1.2-3 illustrates the details of the binding. Numerous rotations of the jammed
ESB about the spindle in an unsuccessful attempt to free it caused the deep
circumferential scoring visible on the bore of the ESB. The separation between the
two circumferential score marks is the width of the outer land of the spindle.

Examination of the spindle revealed corresponding minor galling and transfer of
aluminum onto its outer land. Metallographic cross-sectioning of the spindle through
the adhered aluminum (fig. 4.1.2-4) revealed a discrete interface between the
aluminum and stainless steel which confirms that coldwelding did not occur during
flight. Shear deformations of the adhered aluminum are consistent with the removal
operations. Axial scoring of the ESB bore, figure 4.1.2-2, occurred when adhered
aluminum on the spindle gouged the bore as the beam was removed with the gear
puller.
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Figure 4.1.2-1. End Support Beam
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Front Surface of ESB

Figure 4.1.2-2. Closeup of ESB Spindle Bore Showing Scoring Damage Observed After Removal
From Spindle During Deintegration
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4.1.3 Fasteners

4.1.3.1 Primary Structure Fasteners

Following the completion of the experiment deintegration, all primary structure
fastener assemblies were re-torqued to pre-flight values. The fastener assemblies
consist of stainless steel bolts ranging in diameter from 1/4 to 7/8 inch with silver-
plated locking nuts (MS 21046). Only 4%, or 119 of the 2,928 assemblies, had
relaxed. Nut rotations required to reestablish pre-flight torque levels for those that
relaxed ranged from 5 to 120 deg. The small number of relaxed fastener assemblies
indicates that the reliability of bolted joints in space applications is very high. This
conclusion must be tempered by the fact that LDEF was exposed to a rather benign
thermal environment with minimal thermal swings, as indicated by review of the on-
board thermocouple data.

An undisturbed, as-flown intercostal fastener assembly is shown in figure
4.1.3.1-1. It was removed from the LDEF structure to investigate the possibility of
coldwelding of the structure fastener assemblies during space exposure. The fastener
was selected because of its availability and not because of any evidence of
coldwelding of it or other similar fasteners. The stainless steel bolt/aluminum
interfaces and bolt/nut faying surfaces were examined for indications of cold- (or solid
state-) welding. Closeups of these areas are shown in figures 4.1.3.1-2 and 4.1.3.1-3.
Examination of the bolt shank interface reveals no metallographic evidence of
coldwelding. The thread faying surfaces also show no evidence of coldwelding;
however, some minor galling and smearing of the silver plating on the nut is evident.
The behavior of the plating is normal because it is specified to act as a lubricant during
both installation and removal to prevent galling and seizure of the nut on the bolt.

Twenty-four silver plated nuts from LDEF intercostal clips were removed and
analyzed. The nuts were removed from clips located on the inside of LDEF at the
Earth and space ends. Two sizes of nuts were examined: 1/4 in. and 3/8 in. Analyses
included FTIR, X-ray photoelectron spectroscopy, Auger electron spectroscopy, and
photomicroscopy. Photographs of each nut were taken before any testing was done.
A typical photograph is shown in figure 4.1.3.1-4. All exposed nut surfaces had a
brown contaminant film, some more than others. The color and distribution of this film
varied between nuts and over the surface of each nut. There was no apparent
correlation between the location of the nuts and the amount of film. It was initially
speculated that the film was caused by oxidation of the silver plating. However, the
results from the analysis showed that the film was caused by deposition of molecular
contamination, which was similar to other interior surfaces. The nuts had a deposition
of silicone and silica/silicates from the decomposition of sili