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INTRODUCTION

The Thermal Control Surfaces Experiment (TCSE) is the most complex system
(other than the LDEF with its experiments) retrieved after long term space
exposure. The TCSE is a microcosm of camplex electro-optical payloads being
developedandflownbyNASAandtheDd)includingSDI.

ﬂeobjectiveoftheTCSEmtheIDEFmstodetenninetheeffectsofthe
near—FarthorbitalawimmtaxﬂtteLDEthDedawimmmtmspaoecraft
thermal control surfaces.

The TCSE was a camprehensive experiment that cambined in-space measurements
with extensive post-flight analyses of thermal control surfaces to determine the
effectsofexposuretothelmearthom‘bitspaceenvimment. The TCSE was the
first space experiment to measure the optical properties of thermal control
surfaoesthewaytheyaremtinelymeasuredinthelabaratary.

TCSE FLIGHT HARDWARE

The TCSE is a campletely self-contained experiment package; providing its own
power, data system, integrating sphere reflectameter, and pre-programmed controller
for autamatically exposing, monitoring, and measuring the sample materials. The
TCSE was developed as a protoflight instrument where one instrument was built, made
to work within required specifications, tested, and flown. Environmental qualifi-
cation testing was performed at MSFC that included vibration, thermal vacuum, and
electromagnetic interference (EMI) tests.

The TCSE was built in a 305 mm (12 in.) deep LDEF tray (see Figure 1). The 25
active and 24 passive samples were mounted in a semicircular pattern on a circular
carousel. The active and passive test samples differed in that the space effects
on the passive test samples were determined only by pre- and post-flight
evaluation. The optical properties of the 25 "active'' samples were measured in-
space as well as in pre- and post-flight analysis. The carousel is tilted at 11
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degrees from the outer tray surface to allow a 115 mm (4.5 inch) diameter
integratjngspheretofitbetveemmedeepaﬁoftrecarmselarﬂthemter
shroud. This design satisfied the LDEF requirement to remain within the outer
edgesofthetrayarﬂa]soprovideafieldofviewofspacegreaterthan150
degrees far the samples. This design maintained mechanical simplicity and inherent
reliability. Figure 2 shows the basic specifications for the TCSE flight hardwvare.

Sample Carousel

'Ihe'ICSEsanplecarmseldesignenabledthet%t samples to be either pro-
tected fxtmorexposedtothespaoeenvimmentaswellastobepositialed for
optical measurement. In the exposed condition, the samples experienced space expo-
sure for approximately 23 1/2 hours each earth day. During the protected period of
time (approximately 1/2 hour), calorimetric measurements of emittance were made.
The protected environment also prevented exposure of the experiment test samples to
ground processing and launch contamination.

Tnecarouselsubsystemwasoarprisedofthecaxouselassalbly, a stepper motor
controlled by the DACS to effect movement of the carousel assembly, a geneva drive
assembly, and an emissivity plate. The geneva drive enabled precise repeatable
angular rotation such that the same spot an each flight sample was measured.
Pre-flight testing proved the inherent reliability of the geneva drive assembly and
the positioning accuracy of each sample. The emissivity plate, cambined with
calarimeters, was used for the emittance measurements.

Radiameters

Three radicmeters were used to monitor the irradiance from the sun (direct
solar), earth albedo (reflected), and earth IR (emitted) incident on the TCSE. The
radiameter data enabled calculation of solar absorptance and total emittance when
carbined with calorimeter temperature data. The radiometers were mounted on the
carousel and were rotated with the flight samples. The three radiameters used
thermopile detectars painted flat black and damed ocollection optics to measure the
energy flux on the TCSE. The direct solar radiometer was installed with a field-
of-view equal to the flight samples. A quartz lens was used for the spectral
region of 200 to 3000 nm. This region contains over 98 percent of the sun's
electramagnetic energy. Like the direct solar radiometer, the earth albedo
radiameter used a quartz lens. However, the earth IR radiameter used a germanium
lens for the infrared spectrum fram 2000 to 20000 nm. The earth albedo and earth
IR radiameters were installed with covers such that they had a clear view of only
the earth. Data from the radiameters were recorded at minute intervals over a two
hour period each day of the active mission.

Calarimeters

Calorimeter sample holders provided a simple method to determine the solar
absorptance (ag) and total emittance ( &p) of the active flight samples. This
calarimetric technique measured the inputs to the heat balance equation and calcu-



lated solar absorptance and total emittance for the flight samples. The in-space
measurements required for this calculation were the temperature of the test sample
and the extermal heat 1nptltsasneasmedbyU21rrad1amemutors The cal-
orimeters were designed to isolate the flight sample material thermally fram the
TCSE to minimize errors caused by radiative and conductive losses. The TCSE cal-
orimeter design was developed originally by the Godd?rd Space Flight Center (GSFC)
and flown on the ATS-1, ATS-2, and OAO-C satellites.

Ttecalormetricneasurerentpxocahmeusedmﬂemisanmprwmmtwer
past experiments for determining total emittance. Previous experiments determined
total emittance when the calorimeter viewed deep space only (i.e., no view of the
sun or earth). This orientation was difficult to insure, and the time spent in
this orientation was, at times, too short to provide accurate measurements. The
TCSE procedure, however, rotated the samples inside the instrument, where they
viewed only a heavy, black "emissivity" plate. This geometry greatly simplifies
the heat balance equation and removes any sun or earth effects.

Reflectameter Subsystem

The TCSE reflectameter optical design, illustrated in Figure 3, is one that is
used routinely in the laboratory to measure spectral reflectance. Two light
sources, tungsten and deuterium lamps, are used with a scanning prism monochramator
with selectable slit widths to provide the monochraomatic energy for the spectral
measurement. A 115 mm (4.5 inch) diameter integrating sphere collects both the
specularly - and diffusely - reflected light fram a wall mounted sample to provide
the angularly integrated measurement capability. Figure 4 illustrates the inte-
grating sphere geometry. Kodak Barium Sulfate (BaSO,4) was used far the sphere
coating because it was easy to apply, durable enough to withstand the launch en-
vironment, and had good optical properties. A UV enhanced silicon photodiode de-
tector and a lead sulfide detector were used with the integrating sphere for the
required 250 to 2500 nm spectral range.

Data Acquisition and Control System

The TCSE Data Acquisition and Control System (DACS) is shown in Figure 5 and
controls all aspects of the TCSE operation. The heart of the DACS is an RCA 1802
QDS microprocessor with associated memory and input/control ports. A 12-bit
analog-to-digital (A-D) converter and analog multiplexer are used to read to meas-
urement data.

A low-power, 25-bit real-time clock was used to keep mission elapsed time.
The real-time clock was the only TCSE subsystem that ran continuously from the LDEF
"start" signal through battery depletion. The clock subsystem turned on the DACS
once each 24 hour day of the active TCSE mission. The DACS, in tumm, looked at its
internal schedule to determine what functions were to be done that day. At the
campletion of the day's measurements, the DACS turned itself off, leaving only
the real-time clock operating.

There were two measurement cycles that the data system controlled, the "daily"
measurements and the "'reflectance' measurements. The daily measurements were per-



formed once each day after the initial turn-on delay period. The reflectance
neasurerentswerepexfmedatmtervalsvaryhgfmaneaveé(atdebegimixg
ofthemissimtocnceamonthafterthreemonthsasdefinedbythestavedprogram
in the data system.

In the daily measurement sequence (with the carousel in the exposed position),
each of 64analogchanne]sweresanpledaneeach64seccnisfar90mimt&s. The
daily data included calorimeters, radiameters, and housekeeping data. The carousel
was then rotated to the protected position and the measurements continued for
another 30 minutes. At the end of this cycle, the carousel rotated the samples to

the exposed position.

In the reflectance measurement sequence, each sample was positioned in-turn
under the integrating sphere twice for reflectance measurements. Each sample,
beginning with sample one and cantinuing through sample 25, was positioned under
the integrating sphere and the ultraviolet (UV) portion of the measurements taken.
This sequence was then repeated, only in reverse order (sample 25 through sample
ane) for the visible and infrared (IR) measurements. At the campletion of this
sequence, the carousel rotated the samples to the exposed position.

The reflectameter electronic subsystem is shown in Figure 6. The DACS con-
trols the monochromator wavelength and slit width, selects the appropriate detector
and lamp, and measures the reflectance values. Phase Sensitive Detection (PSD)
techniques are utilized with analog and digital mlt;‘fple Time Averaging (MIRA) 50
minimize the effects of stray light, drift, offset, '/¢ noise and white noise.

TCSE MISSION SUMMARY

The LDEF was placed in low earth orbit by the Shuttle Challenger on April 7,
1984 (see Figure 16). LDEF was retrieved by the Shuttle on January 12, 1990 after
5 years 10 months in space. The orbit had a 28.5° inclination and an initial
altitude of 463 km (250 N mi). The orbit degraded over the 5 year 10 month
mission to an altitude of 330 km (178 N mi). This LDEF/TCSE orientation and
mission duration provided the following exposure environment for the TCSE:

’Ibtalspaoeexpnosure3 Syears}?m:mt.hs2
Atamic axygen flu?noe 8.0 x 104 atoms/an
Solar UV exposure 1.0 x 10° ESH
Thermal cycles 3.3 x 104 cycles
Radiation (at surface)? 3.0 x 10° rads

when the IDEF was placed in orbit by the Shuttle, a 'start" signal was sent by
LDEF to the TCSE to engage a relay and turn on the TCSE power. The TCSE was
preprogrammed to wait for ten days befare exposing the samples to allow the initial
outgassing load to diminish. The TCSE was launched aboard the LDEF with the
carcusel rotated to the '"closed" position to protect the samples from ground
processing and the launch environment.

On mission day 10, the initial daily and reflectance measurements were per-
formed. The carousel was rotated to the open position to expose all test samples.
The daily measurements were repeated every day until mission day 582 (19.5
months) when the TCSE batteries were depleted. The reflectance measurements on



tlxetestsanplesv:exerepeatedaneawed(farfanweeks, then once every two
weeks for eight weeks, and finally once a month until battery power was expended.
The TCSE batteries were sized to provide a 50% margin of additional energy for the
nominal 9-12 month LDEF mission.

The TCSE operated for 582 days befaore battery depletion. The battery power
was finally expended while the sample carousel was being rotated. This left the
carousel in a partially closed position. Figure 7 is a photograph taken during the
IDEF retrieval operations showing where the carousel rotation stopped. This
carmselpositimcaused350fthesanp1$tobeexposedforrtheocnpletem
mission (69.2 months), and 14 exposed for only 582 days {(19.5 months) and therefare
protected from the space environment for the subsequent four years.

TCSE SYSTEM PERFORMANCE

The TCSE flight hardware system performed very well during the LDEF missicn.6
A post flight functianal test was performed and the TCSE remains functional. A few
anamalies have been detected in post-flight data analysis, inspection, and func-
tional tests. The systems analyses performed is anly the initial effort required
to fully characterize the effects of the long term space exposure. Perfarmance of
the TCSE system and operational ancmalies discovered to date are described in this
section.

Recorder

The TCSE data system utilized a Lockheed Electrunics Campany (LEC) model MIM
four-track tape recorder to stare the flight data. The flight recorder was removed
and handcarried to the Lockheed Electronics Campany for transcription of the flight
data and an analysis of the condition of the recorder.

Upmopermxgtlezecozderitwasdetennmedthatamlaymﬂmetrackswitch-
ingcircuithadfailedwiththewipermcmesetofccntactsstuckinanin—between
state. This condition prevented the relay fram receiving additional track switch-
ingcamarﬂsarﬂmﬂtedmthewerwritirgofameofmtlueetradcsofdata
collected by the TCSE. 'meLEI:engineersmamxallyenergizedtherelaycoilarﬂthe
relay contact latched properly. This relay and the complete recarder system per-
formed within specification far the check-out tests and flight data playback.

Themtaperecnmderisafalr—tradcmitthatremrdstracks1arﬂ3mﬂme
forward direction and tracks 2 and 4 in the reverse direction. At the campletion
of the TCSE mission, the recorder stopped with the tape positioned near the end of
track 1. However, it was determined that track 3 data was written over track 1
data. Because the MIM recorder uses a saturation recarding method, track 3 data
was recovered. Track 2 data was recovered with no problems. Same track 1 data was
apparent in gaps between track 3 data blocks and may be recoverable. This failure
and its cause will be investigated further in later studies. The LEC and NASA/LaRC
pexscnnelpmovidedaveryvaluablesexviceinthisanalysisandinthereooveryof
the TCSE flight data.

The recovered TCSE flight data was decoded and separated into data sets. By



analyzing the clock data in each data set, it was determined that the TCSE operated
for 582 days (19.5 months) after LDEF deployment. Data were recovered for the last
421 days of this operational period. The overwriting of track 1 data by the re-
corder resulted in the loss of data for the first 161 days of the TCSE mission.

The recovered data included eleven reflectametry data sets and 421 daily data sets.

Reflectameter

The analyzed flight data shows the reflectameter performed very well. The
measurement repeatability over several months is demonstrated in Figure 8 and is
generally within 1 to 2 percent. This excellent perfarmance indicates that sample
pmpertydnngesneasuxedbyﬂxeitSEmflectmetervemmatearﬁdidocmr.
Late in the active TCSE mission the reflectameter UV data became noisy. The
reflectaneter remains functional and operated normally during post-flight testing.
The optical data fram the functiagal tests were acceptable fram 2500 nm through 500
nm but were suspect below 500 nm. Further tests are perfarmed to better
characterize the condition of the reflectameter.

Batteries

Four standard lithium range safety batteries were used to power the TCSE.
These batteries were developed far the Shuttle Solid Rocket Booster (SRB) range
safety system. The batteries were selected based an their high energy density
and ready availability at MSFC. These batteries had a predicted life of greater
than 15 months from calculated power requirements. The actual battery life ex-
tended through 582 mission days (19.5 months). Each battery was rated at 28
Volts Direct Current (VDC) and self-contained in a two-part Nylafil case. An
ethylene propylene o-ring was used to seal the case. Due to the characteristics
of the lithium electrolyte, each cell was designed to vent into the cavity when
overpressurization occurred. During an overpressurization condition, a small dia-
phragm on each cell balloons out and is pricked by a metal pin to relieve pressure.
The escaping gas is then contained within the Nylafil case by the ethylene propy-
lene o-ring.

During the initial post-flight deintegration, a noticeable odor was evident
inside the TCSE. The source of odor fram inside the TCSE was identified as the
electrolyte from the lithium batteries. The batteries were removed from the TCSE
and bagged. Each of the four batteries in the TCSE had this odor. One battery was
cut open to check the cell diaphragms and the battery o-ring. All cells had
vented, noted by punctured diaphragms. In addition, the battery o-ring had a com-
plete compression set allowing the electrolyte gas to escape from the batteries.

Flight data revealed the battery temperatures ranged fram 13 to 27°C and the
voltage ranged from a naminal 36 Volts at the start of the mission to 25 Volts at
battery depletion.



Sample Carousel

Post-flight analyses of the recorded TCSE data show that the carousel sub-
system operated as designed most of the time, but indicate an intermittent ro-
tational problem. Fram the recorded flight data, the carousel drive mechanism
experienced same difficulty in rotating reliably from sample position 25 to sample
24 during the reflectance measurements. This difficulty appeared to be more
prominent towards the end of the useful battery life. This problem was investiga-
ted briefly during a post-flight function check-out test. Attempts were made to
simulate the problem by adjusting the battery supply voltage (and energy
levels) fram 28 to 21 wvolts as well as energyizing the lamps and other components of
the reflectameter subsystem to simulate increased energy requirements an the power
system. Unfortunately, the carousel rotation anamaly could not be reproduced in
these initial ground tests. All other post-flight carousel functional tests were
naminal .

Data Acquisition and Control System

The initial analysis of the TCSE flight data shows that the DACS performed
very well during the active TCSE mission. Post-flight functional tests show that
the DACS remains functional after the extended dormant period in space. The clock
data on each recorded data buffer showed that the DACS started a measurement
sequence precisely on 24 hour increments as measured by the TCSE clock. The daily
sequence was repeated for 582 days until the batteries were depleted. Because of
the recorder malfunction, only 421 days of data were recovered.

The data fram the post-flight functional tests were analyzed to check the
condition of the analog measurement system. There were five reference channels
among the 64 analog channels. These provided a calibration far thermmistors and
platinum thermometers. The values of these readings depend on current sources in
the measurement circuits, precision reference resistors, scaling amplifiers, and
the A-D converter. For four of these reference channels, the range of values
measured over the two hour test exactly matched the pre-flight and in-flight
values. The fifth measurement was off cne count in 900 or just over 0.1%. This
test verified that the analog measurement system remains within design
specifications.

Only one anomaly has been ocbserved in the DACS operation. The 25th clock
bit appeared to be set to a logical '"1" too early and remained in that condition
throughout the mission. This bit was also set to '"1" during the post-flight
testing —— indicating a failure. This condition was not a problem in the data
analysis because the sequential nature of the data allowed recovery of the full
clock data.

Thermal

The TCSE thermal design and analysis considered worse case conditions for the
LDEF and TCSE mission. Same yaw (x-axis) instability was expected for the gravity-
gradient stabilized LDEF and was considered in the thermal analysis. This resulted



in wide variations in the predicted temperatures of the TCSE. However, little yaw
occurred, and the satellite proved to be very stable--resulting in moderate
temperatures.

The TCSE used 2 mil silver Teflon as the outside (exposed) surface ocoating
and black painted aluminum far inside and back surfaces. The top cover (shroud)
was thermally isolated from the TCSE structure. The TCSE was thermally coupled to
the IDEF structure for passive thermal control, and was dependent upon this en-
vironment for thermal stability.

The temperatures of selective camponents on the TCSE were monitored throughout
the active TCSE mission. Figure 9 compares predicted data to measured data for
selected canponents. The measured data temperature ranges represent the lowest and
highest temperatures recorded by any of the applicable sensors. Figures 10-12
represent typical daily thermal excursions experienced by selected TCSE camponents.

SUMMARY

TheperfomanceoftheTCSEflightsystanmtheLDEFvasexcellmt. The few
ancmalies that were experienced did not prevent the TCSE fram meeting its design
and experimental goals. The performance of the TCSE confirms that low cost,
cmplexacperhmtpackagescanbedevelopedﬂntpexfmmvellmspaoe.,ﬁem
remains much to learn fram the TCSE hardware about the effects of long term space
exposure on systems. This initial analysis anly begins the process to derive these
benefits from the TCSE.
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Figure 1 - TCSE Assembly
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Figure 2 - TCSE Flight Hardware Specifications
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Predicted Temp. Limit {Measured Temp. Limit "
Component Min {°C) | Max ( °C)| Min {°C) [ Max (*C)
Integrating Sphere -25 41 6 19
Batteries -23 43 13 27
Electronics (DACS) -27 41 17 29
Emisslvity Plate -05 40 -2 17
Radlometers 14 39
Passlve Sample Hidrs. 15 43
Shroud (Front Cover) -43 5

* Preliminary Data

Figure 9 - TCSE Predicted vs. Measured Thermal Data
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TCSE Daily Flight Data
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Figure 11 - DACS Internal Temperature
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INTRODUCTION

The natural and induced long term effects of the space environment on
spacecraft surfaces are critically important to many of NASA's future spacecraft--
including the Space Station. The damaging constituents of this enviromment include
thermal vacuum, solar ultraviolet radiation, atamic axygen, particulate radiation,
and the spacecraft induced environment. The inability to exactly simulate this
camplex combination of constituents results in a major difference in the stability
of materials between laboratory testing and flight testing. The Thermal Control
Surfaces Experiment (TCSE) was flown on the National Aeronautics and Space
Administration (NASA) Long Duration Exposure Facility (LDEF) to study these
environmental effects on surfaces--particularly on thermal control surfaces.

The TCSE was a camprehensive experiment that cambined in-space measurements
with extensive post-flight analyses of thermal control surfaces to determine the
effects of exposure to the low earth arbit space environment. The TCSE is the
first space experiment to measure the optical properties of thermal control
surfaces the way they are routinely measured in the laboratory.

EXPERTMENT DESCRIPTICON

The basic abjective of the TCSE on the LDEF was to determine the effects of
the near-Earth orbital environment and the LDEF induced environment on spacecraft
thermal control surfaces. In summary, the specific mission abjectives of TCSE were
to:

o Determine the effects of the natural and induced space environment on
thermal control surfaces

o Provide in-space performance data on thermal control surfaces



o0 Provide in-space comparisan to ground-based environmental testing of
materials ,

o Develop and prove instrumentation to perform in-space optical testing of
materials.

To accomplish these objectives, the TCSE exposed selected material samples to
the space enviranment and used in-flight and post-flight neasmmmt? of their
thermo-optical properties to determine the effects of this exposure.’ The TCSE
hardware was designed to expose 25 "active" and 24 'passive' test samples to the
ILDEF orbital environment. The active and passive test samples differed in that the
space effects on the passive test samples were determined only by pre- and post-
flight evaluation. The optical properties of the 25 "active' samples were measured
in-space as well as in pre- and post-flight analysis.

In-Space Measurements

The primary TCSE in-space measurement was hemispherical reflectance as a func-
tion of wavelength (100 wavelength steps fraom 250 to 2500 nm) using a scanning
integrating sphere reflectometer. The measurements were repeated at preprogrammed
intervals over the mission duration.

The secondary measurement used calorimetric methods to calculate solar
absorptance and thermal emittance fram temperature-versus-time measurements. The
"active" sample surfaces were applied to thermally isolated (calorimeter) sample
holders. To aid in the calorimetric calculations, three radiameters were used to
measure the radiant energy (solar and Earth albedo, Earth albedo, and Earth
infrared (IR) emitted) incident upon the samples. The radiameters also determined
the total exposure of the samples to direct solar irradiance.

Flight Samples

The materials chosen for the TCSE mission comprised the thermal control
surfaces of the greatest current interest (in 1983) to NASA, MSFC and the thermo-
physical cammumity. The samples flown on the TCSE mission were:

A276 white Paint
A276/01650 Clear Overcoat
A276/RTV670 Clear Overcoat
S13G/LO white Paint

293 white Paint

YB71 white Paint

YB71 over Z93

Chramic Acid Anodize
Silver/FEP Teflon (2 mil)
Silver/FEP Teflon (5 mil)
Silver/FEP Teflon (5 mil Diffuse)
white Tedlar

D111 Black Paint

Z302 Black Paint

C0O0O0O0O0CO0O0OO0OO0O0OO0O



2302/01650 Clear Overcoat
2302/RIV670 Clear Overcoat
KRS-5 IR Crystal

Silver

0o00¢0C

Manyofthesenaterialswereselectedbecauseﬂmeyaregoodreflectcnsof
solarenergywhilealsobeinggoodemittersofthermalenergytothecoldsinkof
space, i.e. they have a low solar absorptance ( ag) and a high room temperature
emittance ( &r ). The range of low ag/er thermal control surfaces include
materia]sthatwereexpectedtobeverystableforthepla:med9—12nmthIDEF
mission while others chosen because they were expected to degrade significantly.

Another class of materials flown on the TCSE was black paints. These are
important as solar energy absorbers and light absaorbers for science instruments.

Same of the materials were expected to react with the residual atamic axygen
at the IDEF aorbital altitude. Transparent coatings were applied over a few of
these samples to protect the samples from AO.

TCSE Flight Hardware

The TCSE is a campletely self-contained experiment package; providing its own
power, data system, reflectameter, and pre-programmed controller for autcmatically
exposing, monitoring, and measuring the sample materials. The TCSE was developed
as a protoflight instrument where one instrument was built, made to work within
required specifications, qualification tested, and flown.

The TCSE was built in a 305 mm (12 in.) deep LDEF tray (see Figure 1). The
active and passive samples were mounted in a semicircular pattern on a circular
carousel. The carousel is tilted at 11 degrees from the outer tray surface to
allow a 115 mm (4.5 inch) diameter integrating sphere to fit between the deep end
of the carousel and the outer shroud. This design satisfied the LDEF requirement
to remain within the outer edges of the tray and also provide a field of view of
space greater than 150 degrees for the samples. This design maintained mechanical
simplicity and inherent reliability. Figure 2 shows the basic specifications for
the TCSE flight hardware.

TCSE MISSION SUMMARY

The LDEF was placed in low earth orbit by the Shuttle Challenger on April 7,
1984. LDEF was retrieved by the Shuttle an January 12, 1990 after 5 years 10
months in space. The orbit had a 28.5° inclination and an initial altitude of 463
km (250 Nmi). The orbit degraded over the 5 year 10 month mission to an altitude
of 330 km (178 N mi).

The LDEF was gravity-gradient stabilized and mass loaded so that ane end of
LDEF always pointed at the earth and ane side pointed into the velocity vector or
RAM direction. The LDEF was deployed with the TCSE located on the leading edge
(row 9) of LDEF and at the earth end of this row (position A9). In this
configuration, the TCSE was facing the RAM direction. The actual IDEF orientation



was slightly offset from this planned orientation. The 1DEF was mtgbed about the
long axis where row 9 was offset from the RAM direction by about 8°.4 This
LDEF/TCSE orientation and mission duration provided the following exposure
environment for the TCSE:

Total space exposure ears}?mont:hs2
0

3

Sy
Atomic axygen flusnce 8.0 x 1 1 atams/cm
Solar UV exposure 1.0 x 107 ESH
Thermal cycles 3.3 x 104 cycles
Radiation (at surface)® 3.0 x 10° rads

The TCSE operated for 582 days before battery depletion.® The battery power
was finally expended while the sample carousel was being rotated. This left the
carcusel in a partially closed position. Figure 3 is a photograph taken during
the LDEF retrieval operations showing where the carousel rotation stopped. This
carousel position caused 35 of the samples to be exposed for the camplete LDEF
mission (69.2 months), and 14 exposed for only 582 days (19.5 months) and therefore
protected fram the space environment for the subsequent four years.

FLIGHT MATERTALS ANALYSIS

Many different changes were observed in the TCSE samples due to their
prolonged space exposure. These changes ranged fram the obvious cracking and
peelinggftheoverooatedsamplestothesubtlechangesofUVfluorescenoeinscme
samples. Same samples changed more than expected while others changed less than

expected.

The primary measurements used for this analysis were total hemispherical re-
flectance fram 250 to 2500 nm. Both in-space and laboratory reflectance
measurements were perfarmed on the test samples. Laboratory measurements of
spectral reflectance were obtained using a computer controlled Beckman model DK-2A
Spectrophotameter equipped with a Gier-Dunkle 203 mm (8 inch) integrating .
The flight reflectometer provides similar data to the laboratory instrument.

Figures 4 and 5 are pre-flight and post-flight photographs of the TCSE sample
carousel showing changes to many of the 1=.anples. Figure 6 summarizes the optical
measurements on the TCSE flight samples.

A276 White Paint

dxetghzeAZ%polyureﬂnnewhitepaintMSbeaiusedmmnyskmttennspaoe
missions including Spacelab. It was known to moderately under long texm UV
exposure and to be susceptible to AO erosion. To evaluate the effectiveness of
20 protective coatings, A276 samples were flown with and without overcoatings. Two
materials were used as protective coatings over A276--RIV670 and Owens Illinois
0I1650.

The post-flight condition of the A276 samples were samewhat surprising in that
the unprotected TCSE A276 samples are very white. Previous flight and laboratory
tests indicate that almost six years of solar UV exposure should have rendered the



A276 a medium brown color. The overcoated TCSE samples, however, do exhibit the
characteristic UV darkening. Initial visual inspection at KSC of unprotected A276
samples an the trailing edge of LDEF (almost no AQ exposure) showed that they also
degraded as expected.

Apparently, as the unprotected A276 samples an the RAM side of LDEF degraded,
their surfaces were eroded away leaving a fresh, undamaged surface. Pippin
reported that the A276 binder eroded away leaving the white pignent exposed. Same
degradation of this TiO, pigment should have also been abserved due to UV exposure
(in the absence of A0). It is possible that there wa§osufficient oxygen on leading
edge surfaces to inhibit axygen based pigment .

Figure 7 shows pre-flight, in-space, and post-flight measurement of solar
absorptance ( ag ) for the unprotected A276 and overcoated A276 samples alang with
the detailed reflectance curves. These data show that both protective coatings
protected the A276 fram AO erosion but allowed the A276 coating to degrade from
solar UV exposure. The data for the unprotected A276 shows only a small amount of
degradation early in the almost 6 year exposure. Wwhile most of the AO fluence
occurred late in the LDEF mission, the TCSE in-space measurements show there was
sufficient AO present early in the mission to inhibit UV degradation.

Figures 8 and 9 show physical damage on the overcoated A276 calorimeter
samples. The unprotected A276 samples did not crack ar peel. The passive samples
with these same protective coatings also crazed and cracked but did not peel.
Calorimeter samples were thermally isolated from the TCSE structure and therefore
saw wider temperature excursions, possibly causing the peeling of the overcoated
samples.

The extended space exposure also changed the UV fluorescence of both the A276
and overcoated A276 coatings. This fluorescence is easily seen using a short wave-
length inspection black light. The RTV670 and OI650 coatings glow a bright yellow
under this UV illumination. Preliminary measurements show both a in the
peak wavelength and an increase in the magnitude of the fluorescence.

293 white Paint

The 293 white thermal control coatings flown on the TCSE were almost
impervious to the 69 month LDEF mission (see Figure 10). The 293 samples showed an
initial improvement in the solar absorptance, which is typical of silicate coatings
in a thermal vacuum environment. The initial improvement is due to an
increased reflectance above 1300 nm. This is offset by a very slow degradation
below 1000 nm and results in only a 0.01 overall degradation in solar absorptance
for the extended space exposure. Because of the excellent perfarmance of the 293,
it is the leading candidate for the radiator coating on Space Station Freedom.

As with the A276 samples, tl}eIDEFspaoeemoan’ealsochangedtheUV
fluorescence in the 293 samples.’ The unexposed Z93 coatings fluoresce naturally
but much of this fluorescence was reduced by the LDEF exposure. Fluorescence of
thleDanenthQBarﬁitsdeaeasemﬁerWexposurehasbemprevimsly
reported. This reduced fluarescence in Z93 samples is not confined to the lead-
ing edge samples, but isalsofou?dcnwEthailingedgesanplesaswasobsenred
on LDEF experiment AO114 samples.



YB71 white Paint

The YB71 coatings on the TCSE behaved similarly to the Z93 samples. A small
increase in the infrared reflectance early in the mission caused a decrease in
solar absorptance (see Figure 11). This was offset by a slow long term degradation
resulting in a small overall increase in solar absorptance. The TCSE YB71 samples
were made befare the preparation and application parameters for this new coating
were finalized. This resulted in a wide spread in the initial solar absorptance
for the different samples. The samples with YB71 applied over a primer coat of 293
had a somewhat lower ag than the other YB71 samples. Current YB71 samples are
consistently below 0.10 solar absorptance.

S13G/10 white Paint

The S13G/LO samples on the TCSE degraded significantly on the LDEF mission.
Figure 12 shows the change in solar absorptance for the LDEF mission of the TCSE
S13G/LO calarimeter sample along with the spectral reflectance. As with 293, the
UVflmre§oenceofU1eS13G/mooathgsdecreasedm1kedlyduetotheIDEF

exposure
white Tedlar Film

white Tedlar is another material that was expected to degrade over the 5.8
year LDEF mission due to solar UV exposure. Instead, the optical properties of
this material improved slightly, as shown in Figure 13. The surface remained
diffuse and white, similar to pre-flight cbservations. As with A276, Tedlar has
been shown to be susceptible to AD erosion. The erosion effect of AO is the
apparent reason for the lack of surface degradation of these flight samples.

The TCSE in-flight data shows that only a small degradation in solar
absorptance was seen early in the LDEF mission. This indicates that, as with the
A276 samples, there was sufficient AO early in the mission to erode away damaged
material or otherwise inhibit significant degradation. The subsequent high AO
fluence then eroded away all the damaged surface materials and even provided a
slight improvement in solar absorptance. Similarly with the other samples,
additional analyses are planned to better define these effects.

Chramic Acid Anodize

There were two chramic acid anodize samples an the TCSE sample carousel.
These two samples degraded significantly during the first 18 months of the
LDEF/TCSE mission as shown by the TCSE in-space measurements (see Figure 14). When
the TCSE batteries were depleted (19.5 months mission time), the carousel stopped
where one of the two anodize samples was exposed for the remainder of the LDEF
mission while the other was protected. The two samples show significantly
different appearance. The sample with 19.5 months exposure has an evenly oolared
appearance except for several small surface imperfections. The sample that was



exposed for the entire 69.2 month mission has a mottled, washed out appearance.
The detailed pre- and post-flight reflectance curves far the two anodize samples
are shown in Figure 14. Further study will be required to determine why the solar
absorptance of the anodize sample exposed for the camplete mission improved in the
latter stages of the mission.

Silver Teflon Solar Reflector

There were three different silver Teflon materials on the TCSE. The front
cover of the TCSE and one calarimeter sample were two mil thick silver FEP Teflon
bonded to the substrate with Y966 acrylic adhesive. The other samples were five
mil thick silver FEP Teflon (specular and diffuse) and were bonded to the substrate
with P223 adhesive.

The silver Teflon surfaces on the TCSE underwent significant appearance
changes where the surface color was changed to a diffuse, whitish appearance. This
change is caused by the eroding effect of atamic oxygen and results in a rough,
light scattering surface. Preliminary measurements indicate a loss of about one
mil of Teflon for the TCSE mission in addition to the roughened surface. A one mil
loss of Teflon fram the two_lmil samples would cause a significant loss of
emittance, as was measured.

while the AO roughened silver Teflon surfaces underwent striking appearance
changes, the reflectance and solar absorptance did not degrade significantly due to
this effect. Far the 5 mil coatings with P223 adhesive, only small changes in re-
flectance (see Figure 15) and solar absorptance were measured. In addition, there
was very little change in emittance.

The two mil silver Teflon coatings, however, did degrade significantly as
shown in Figure 15. These coatings had a brown discoloration. Laboratory
evaluation of these coatings with Namarski microscopes revealed the discolaration
was under the Teflon surface. Further investigation determined that the brown
discoloration is associated with cracks in the silver/inconel metalized layer.
Laboratory tests show that the application of the pre-adhesive type silver Teflon
can crack the metalized layers. Removal of the paper backing on the adhesive and
removal of air bubbles fram beneath the silver Teflon can over-stress the metal
layers causing significant cracking. It appears that a camponent of the adhesive
migrated through the cracks into the interface with the Teflon over the long
exposure to thermal vacuum. Subsequently, this internal contaminant was degraded
by solar UV exposure causing the brown appearance. As a result, the reflectance
decreased (see Figure 15) and more than doubled the solar absarptance.

The reflectance of the 2 mil silver Teflon, and its resulting solar
absorptance, did not change significantly early in the TCSE mission. Only a small
increase in solar absaorptance was measured through the first 16 months of exposure.
This indicates that this internal contamination and subsequent optical degradation
occurs slowly over long space exposure.



Black Paints

Two different black paints were flown an the TCSE - ITTRI D111 and Chemglaze
2302. D111 is a diffuse black paint that performed very well with little change in
either optical properties or appearance as a result of the TCSE mission.

2302 gloss black was the other blagk coating flown on the TCSE. 2302 has been
shown to be susceptible to AD exposure. In anticipation of these erosion effects,
protective 01650 and RIV670 coatings were applied over same of the 2302 samples to
evaluate their effectiveness. As expected, unprotected 2302 was heavily eroded by
the AO exposure. Two of the TCSE 2302 coatings were exposed to the environment for
the total 5.8 year LDEF mission. These unprotected 2302 sample surfaces eroded
down to the primer ooat. Two other samples were exposed far only 19.5 months
and, while they did erode, still had good reflectance properties.

The overcoatings for the Z302 behaved similarly to the overcoatings on the
A276 samples. The 2302 appears to have been protected by the overcoatings but the
overcoats cracked and crazed. The coatings that were applied to the calorimeter
sample holders peeled away fram the substrate because of the wider temperature
excursions of these thermally isolated samples.

In addition, the fluarescence of the 2302 samples changed due to the LDEF ex-
posure. Using a short wavelength UV black light, the unprotected 2302 exhibited a
pale green fluorescence while the overcoated samples fluoresced bright yellow.
Initial spectral analysis of the 2302 samples show that the control samples
naturally fluoresce; however, the LDEF exposurg caused a wavelength shift and an
increase in the magnitude of the fluorescence.’ Additional studies will be per-
formed to fully characterize these effects.

SUVMARY

The TCSE has provided excellent data on the behavior of materials and systems
in the space environment. Expected effects did happen, but in same cases the
magnitude of these effects was more or less than expected or was offset by
campeting processes. A number of unexpected changes were also observed, such as
the changes in the UV fluorescence of many materials.

The performance of the materials tested an the TCSE ranges fram very small
changes to very large changes in optical and mechanical properties. The stability
of same of the materials such as Z93, YB71 and silver Teflon (with P223 adhesive)
shows there are same thermal control surfaces that are candidates for long term
space missions. The materials that significantly degraded offer the opportunity to
study space environment/material interactions.

The TCSE is the most camprehensive thermal control surfaces experiment ever
flown. The TCSE is also the most camplex system, other than the IDEF with experi-
ments, recovered fram space after extended exposure. The serendipitous extended
exposure of the prolonged LDEF mission only added to the significance of the data
gathered by the TCSE. In all, the TCSE was an ungualified success. This analysis
effort has only begun the process of deriving the greatest benefit fram the TCSE.
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Figure 1 - TCSE Assembly

Size 1.24m x .84m x .30m
(48.75 x 33 x 12 in)
Weight 80.5kg (177 Pounds)
System Controller 1802 MicroProcessor
Battery Capacity 72 Amp Hours
at 28 vDC
Data Recorder Lockheed 4200
-Capacity 54 x 108 Bits
Reflectometer
-Wavelength Range 250 to 2500 nm
-Wavelength Resolution (ax/A) L 5%
-Reflectance Accuracy 2%
-Reflectance Repeatability 1%
Calorimetric Measurements
-Solar Absorptance Accuracy - 5%
-Totai Emittance Accuracy - 5%

Figure 2 - TCSE Flight Hardware Specifications



Figure 3 - TCSE Condition during LDEF Retrieval
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Figure 4 - Pre-flight Photograph of the TCSE Flight Samples

Figure 5 - Post-flight Photograph of the TCSE Flight Samples

ORIGINAL PAGE IS —ORIGHNAL PAGE .
OF POOR QUALITY ~ COLCR PHOIGCGRAPH ...



Adewwns juswaansesy 1e213d0 3571 - 9 24nb14

aansodxd SYJUOW G 6lx

10" - 06" 16" 10" 66" 66" 86" OJSKW
0 06" 06" 10" 66" 66" 86" OdSKW
xl0" z6° 16" 10" x86" 86" L6" OdSKW
£0° - 06" £6° 10" 66" 66" 86" INLIT
0 TR P8 (xbL°)LO" (xbS")LY 0s" ov- oyer]
€0 - 6L z8" €0° oL" 80" Lo" oueT
€0 - gL K z0" 80" 90" 90" o¥eT
0z 9p 99" 60" 9L" 80" L0"  TUepTaUS
Z0° L8" S8°’ 10" LLe L oL THLII
L0 - 68" 06° Z0° QL L gL I4LII
L0 - 68" 06" 6L LE" zz” gL- I4LII
10" 26" 16" 10" SL- gL pL IMLII
Lo - 68" 06" pe” 65" bS* sz" OdSW
€0° - 88" 16" g¢” z9° €5" Lz” DASKW
€0° £6° 06" 10" - ve: o T DASW
€0° - ze” 9Z" sz" OJSK
(SUUOW 1)
lgy 313-750d 113-93d Spy 133503 3TF-uI IT3-o1d 35IN03

Sp ) 2oUe3qiosqy Ie(os

0L9ALY/Z0EZ
069I0/20¢€Z
®oeTd Z0t?
MoetTd Llld

azTpouy
pPTIOY OTWOIYD

(p2In3xa3 TTwW G)

UOT3FSL IBATIS

(TTw §)
UOTJI8L ISATIS

(TTw Z)
UOT3OL IBATIS

£6Z I3AO0 | LHA
LLEA

01-5¢1LS

£62

0S9I0/M 9LZY

OL9AIM /M 9LZY
9LTV

TeTpaL

Te1I93Cn



sjuted 93TuM

syuon 9
CCO9=YHATY EEO -YHdTY 90T =YHJTY
W0IIsOd — WOV - --- WBIeId —

(wu) Yi0uDIeABM
0092 08922 0002 094 OO 094 000K 0OSL 008 092

g/2y 30 sotyuadoud Teoridp - £ aunbiy

T T T T T T

Y0
~49'0

g0
L0
g0
60

}

20uURORJ0Y

a.ngodx3 SyYjuonW Z'69
880 O|dweSg - JuBd OIIUM 0L9ALYH/9L2ZV

YIUON N
PET =YHI IV S0C =VYHJTY €9C "VYHd VY
WoNNsod —  WBNI-V - . WBIeld ——

(wu) yjBusioaem
0092 092Z 0002 094 OON 092r OO0k 0SL 008 082

(o}

T T T T T T T T —r

ouURBO9|)oY

8Insodx3 sYUON Z'89
280 sidweg - juled 8NYM 9.2V

[

10
0
60
| 4]
g0
90
L0
g0
80
[}

"yjuop 9
Z89 "YHJIY L9 =YHdIY LyT =YHA WY
wonnsod ——  wybng-u) .- -. Jubesd ——

(wu) yiBueieasm
009Z 092Z 000Z 094 OO 0921 OO0+ 09L 009 082 O

T T T T - o

. 410

4Z0

-60

Hro0

490

- —~90

—4240

490

60

)
SOUR) 0o
2.ngodxy SYJUOW 2689
489 epdwes - juled 8lIUM 0G910/9.2V
980 etdueg 180 eidweg z90 eidweg
OLBALH/9ITY —o— 09910/8.2V —u— 9.2V —
(SUIUON) uolRING VOISIN
L 09 214 9€ rZ 43 0
T T ¥ T T o)

440

-Z°0

y
£0

ro
g0

90

L0

20uUR}0IONqQY JBIOS

JuBd OUYM 9.2V @

juswiiadxg saoejung |043U0D jewdayl 4347



ORIGINAL PAGE IS
OF POOR QUALITY



quTed 911UM L/gA 40 S@13Jadoud [e213dQ - L1 84nbry

P eYHIIY swﬁ.....uuh( LOL =Y Hd TV (syIVOoM) uonBINg VOIsHIN
BIISOd . WBNI-Y) .. JuBIeId —— (2] 09 Lid 9¢ vz (43 0
T T T T T o
{WN) yibuejenem
0092 0§22 0002 094 OO0 0SZA OOOL O0SL 009 082 o]
T T T T T T T T T o
<410 20
420
10 .
4 ¥0 ~€0
490
oo 470
440
410 +90
60
' g0
eouE 9|0 9ouB}dIoeqQYy JBIOG
8insodxy SYluonW Z'69
£690 9dWeS - £682Z J8A0 LL9A £60 ojdwes - €687 18A0 LLEA
1uTRd 91TUM £67 40 SO13Jadoud [e213dp - 0} d4nBI4
SYIUON G4
oﬁm.!..u.? ou_,.m<x..._< oww.ixa:( (FUIUOW) UopBING UO|BEIN
— e old —
4bilisod WO 4-u] 14b8Id z1 09 oy 0 vz 2 0
0
(wu) yybuoAEm _ y T _ T
0092 08ZZ 000Z 094 00N 0821 O000L OS2 009 092 o]
T T T T T T T T T 0 - . - - . : 4340
B N . - . . “ . w . 440 o— 9P
. . . . . . Jdeo . ] R .. . dz0
+4€0
1¥0 . . . . . 4e0
{s0
190 . . . . , dy0
—44°0
480 . B . B . 490
160
—y : 90
20UR}I00)0Y ooue)diosqQy JBIOS

ainsodxy sYjUON Z°69

§6D ojdweg - jured 8UUM €6Z g8o ejdweg - JuBd 8IIYM €62 @

juswiiadxg s99eyING |043UO0D |BWIBYL 4307



JB{Pa] 91TYM JO salruadoud 1e213dQ - €} ddnbry

TYIUON Ol
YZT YHJITY 9T ~YHd IV 8rZ -YHdY
WBIIod —— WBpd-ur. .. uBIesd —

(wu) Yibueeasm
0092 092 000Z 0S4 O0O% 0SZL OO0 0SL 008 O O

T T T T T Y T T T 0

440
S . . R . . . ; e 4270
—~€0
490
490
4190
140
~ 80
460
)

P0uB}O0joY
aunsodx3 syIuoW Z'69

01D ejdweg - wii4 8IYM Jejpay

juted 33TYM 07/9¢€1S 30

SYIUON
99C s¥YHd Y LT =YHATY B9l s YMHdIY
WopI80d ——  WOHZA-ul. - Jubnieid —
(wu) YiBudBARM
0092 092Z 0002 0S4 00 092 000 O0SL 00§ 0892 0
; . r Y y . T r r o}
, 410
4Z0
40
470
490
490
440
480
4680
1

20UR]08| |0
aunsodx3 SYUON Z'69
2680 ejdweg - juied 8ilyM OV/DELS

ZL

(SyIUON) uonRBING LoieEIN
a4 2¢ rZ 4 0

4
(=]

T T T

90
oouBdIonqy JBIOS

011D e1dwes - w4 elYM Jepay

$51149004d [eo12dQ - 2| @4nbry4

L

09

(PYIVON) UOHBING UO|ITEY
14 9¢ 1£4 2 0

T

T T T T o

490

20
20uR}dIOeqQY JRIOS

260 o(dwes - juEd oYM O/OELS @

juswiiadx3 s8oeyINg |043U0) jRWIBYL 4347



9ZTpouy p1oy JTWo4y) 40 Sat3uadodd 1e213dg - ¢ 24nb14

yuom o sYuon i
0¥ -VYHd IV »0S =YMHdIY 80Y *YHd Y Ov9 ~YHdTY €09 *YHd VY TOVY «YHdY
Wonsod —— BVl - ubBniedd — WBHII0d ——  WBjIF-ul .- uBesd —
(wu) yiBueieasm ] (wu) yiBuseaem
0092 09ZZ 000Z 094 00 0923 000+ 09L 009 09 o] 0092 092Z 000Z 0S4 00 0$Z O000L 092z 009 092 o]
T T T T T T T T T o T T T T T T T T T °
. {zo {zo
40 -0
4¥0 4170
490 ~490
490 490
420 440
Jdgo +490
160 i ~80
1

3

@ouUR}08 |0
ainsodx3 SYIUOW 269 einsodx3 SYIUOWN 96l
19D efdwes - 8ZIpouy POy dlwoIyd £9D ejdweg - 8zIpouy pRY dAWOoIYD

wNeOodXe Yuow g8l auneodxe Yluow Z°89
690 oidweg Jyblld —v— 19D OwWES JUbId —

(SYIUON) UOH-ING UOIERIN
[ 3 09 8y 51 re (43 [o]

T T T T T

aouwr}diosqy JBIOS

ezipouy PIoY AWOID @

juswiiadx3 S80BJING |0JIU0D [BWIdY] 434A7

90

eoue}o9|jeY



UOT48L JBATIS 40 So11Jadoud 1e213d0 - G| 9unbry

*yuon 9 oW 9L
S10°YHdTY 890 «YHdIY 990 YHdTY LOL oY HJITY L8O sYHd Y 940°'=¥YHdY
LHONMHLS0d ——  LHBINHNI---- 1HONI3Hd — WobH}I80d — B4y ... ubjesd —
(WN) HLONTII/MM . (wu) yiBuejeaem
0092 0922 000Z 094 OO 092 0OOL 09L 009 092 0 0092 0922 000Z 0S4 OO 07y O0O0L 0SL 009 0S2 (o]
T 7 T T T T y T T 0 T T T T T . . v Y 0
410 . . . . . . . . . 4170
420 . . . . . . . . 4Zo
480 - - : - : : - - 460
490 . . H . . .o . . . 490
490 . P . . P . {90
490 . . [ . . . . . ; . 490
420 <420
180 480
P . B . +480 . . . . - <80
x b = '
auns0dx3 SUIUON 265 FONVYLO3I43H . P0uB 00O
9.0 8idwes - UOyj8l JBA|IS W G 080 w_ﬂ—ﬂe%waxum :ou_.hu.v_.ﬁw\m_ow nw g

W 9 g34+-8Y W Z d3+OV ——

{PUIUON) UOfIBINg UOISTIN
(4] 09 er -1 144 [43 0

T T T T T

(o}

1’0

—420

—4€0

4?0

4190

80

eooumidiosqy JUIOG

NO143L H3ANS @

juswiiadxy sooeying |041Uu0) jewdsyl 43470
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SUMMARY

A number of unusual effects were cbserved an the Thermal Control Surfaces
Experiment (TCSE) test samples, front cover, and structural camponents. These
effects include Atomic Oxygen (AO) texturing of the exposed surface of the silver
Teflon (Ag/FEP) thermal control material, "brownish' discolaration of the Ag/FEP
material, changes in fluorescence of thermal control paint samples, and
meteoroid/debris impact effects on silver Teflon.

INTRODUCTION

The following paper provides an early assessment of the Thermal Control
Surfaces Experiment (TCSE) in terms of what could be called "unusual' material
effects that were caused by the 5.8 years exposure to the space environment.
Unusual in the context of this discussion means effects on material or hardware
that were either not expected or whose magnitude was more significant than
anticipated. These effects are, in most cases, significant in that they may cause
reconsideration of the utilization of some materials previously considered
reasonably stable for long-term spacecraft applications. In addition, saome of the
detrimental effects can be avoided when the causes are understood, as in the case
of the brownish discolaration of the silver Teflon (Ag/FEP) thermal control
material. Information will be presented that details three of the many unusual
effects found and investigated during the postflight analysis. These three effects
are the changes to Ag/FEP, impact damage to TCSE front cover, and fluorescence
changes of thermal control coatings.



SILVER TEFLON THERMAL OONTROL COATING
Overall Surface Observations

The inflight photograph in Figure 1 shows the TCSE location on row 9 and its
crientation within jmately 8 d?grees of the A0 RAM vector. A0 fluence in the
RAM direction was 9.75x10%' atoms/am®.

AnoveraﬂviavofthefrmtthemalcoverisskminFigmeZafterramval
from the TCSE main structure during post flight disassembly. The front thermal
cover has a Sheldahl 0.05 mm (2 mil) thick Ag/FEP thermal control material applied
with Y966 acrylic adhesive. Covered areas have no apparent damage and are still
highly specular. Areasexposedtothespaoeemrimmentareclearlydelineatedand
have a diffuse, whitish appearance with brown discoloration. This brownish
disocoloration varies from light brown to dark brown. Changes in Ag/FEP visual
appeamrneareﬂeresultoftmdanagenedmﬁsrs——AOerosimmﬁmtennldmage
associated with cracking of the silver/inconel layer.

Optical Property Measurements

Samples were cut fram the TCSE front cover for optical property measurements.
Total hemispherical reflectance measurements were made on samples fram different
locations on the front cover having varying degrees of damage. Figure 3A is a plot
of this data showing the magnitude of reflectance loss in the brownish discolored
regions. For those regions having a low degree of the brownish discoloration, it
can be seen that the total reflectance values are basically unchanged with an solar
absorptance ( ag ) of 0.10 as campared to the ground reference sample (unexposed)
with an ag of -0.08. The worse case brownish area had an solar absorptance as
high as 0.49.

The emittance ( &p ) was also measured at several locations on the front panel
and is plotted in Figure 3B. The protected areas were unchanged but exposed
regions degraded fram an emittance of 0.68 to 0.48. Comparison with measurements
of ground control samples shows that approximately 25 microns (0.001 inch) to 33
microns (0.0013 inch) of Teflon was removed by AO. Eddy current thickness
measurements confirm these numbers.

Atamic Oxygen Damage to the Surface of the Silver Teflon

A0 erosion of the exposed Ag/FEP surface is typical of that observed on
previous flight experiments. Erosion of the exposed Teflon surface creates a
nonuniform etching pattern as shown in the Scanning Electron Microscope (SEM) photo
in Figure 4. This results in a roughened surface with peaks ~1.5 microns apart
which scatters incident light in a manner similar to a sand-blasted piece of glass.

Figure 5 shows a schematic cross section of the Ag/FEP as applied to the
aluminum surface. The Ag/FEP is camposed of an outer Teflon layer, a silver layer
deposited on the Teflon, an inconel protective layer deposited an the silver, and



Y966 acrylic pressure sensitive adhesive. The silver layer provides the high
reflectance (low absarptance) and the Teflon provides the high emittance for
thermal control. As seen in the schematic for undamaged Teflon, the incident light
(solar flux) transmits through the smooth clear Teflon and specularly reflects off
the silver layer. AO damage to the Teflon creates a roughened surface which causes
scattering of the incident light.

Optical measurements taken at position '1" in Figure 3, show that AO
m)ghenjngalaeproduceslessttmnao.%nmeaseissolarabsarptame. Larger
increases in solar absorptance were measured at positions ''2" and "3'" where the
brownish discoloration occurs. Details of the brownish discolaration will be
described in the following sections.

Silver Inconel Layer Cracking

A close up of the silver Teflon covered area is shown in Figure 6, showing
that the silver/inconel layer is cracked. Location ''1" is typical of most of the
covered region having a regular, straight cracking pattern. Location "2" is where
the two Ag/FEP layers meet and slightly overlap and is typical of areas that
received excessive stress during application. Wwhen the Ag/FEP material is
stressed, the silver/inconel layer cracks, even to the point of shattering as it is
bent around protrusions.

Figure 7 shows a cross section of Ag/FEP during application. The
silver/inconel layer undergoes severe stress during application as the Teflon layer
is bent. The silver/inconel layer is on the outside of the bending radius and is
stretched beyond its elastic limit and cracks. Ground tests were performed where
new Ag/FEP was applied to aluminum plates identical to the TCSE front thermal
cover. Results show that when Ag/FEP is applied to an aluminum substrate by the
method shown in Figure 7, the silver/inconel layer cracks. Photamicrographs of
Ag/FEP before and after application to the aluminum plates is presented in Figure
8. The induced cracking pattern is in the silver/inconel layer. Note that SEM
inspection of new Ag/FEP applied to aluminum failed to find any cracks in the
Teflon surface. Results for Ag/FEP with thicknesses from 0.25 mil to 5.0 mil show
that cracking density decreases for increasing thickness of Teflon.

Silver Teflon Material Internal Damage

Silver Teflon on the TCSE that was exposed to A0 and solar ultraviolet
radiation has an overall whitish diffuse colar. At specific locations (Figure 2
"C'') a brownish streaking appearance is observed. Covered areas of Ag/FEP had
neither the whitish diffuse color nor the brownish discoloration.

Figure 9A provides a close-up view of a sample (S-1) cut from the TCSE front
thermal cover showing the typical brownish discoloration. The SEM image of this
sample (Figure 4) shows that the Ag/FEP surface is not cracked nor is there any
indication of a significant contaminant layer on the Ag/FEP that could cause the
brownish appearance. The TCSE Ag/FEP was bonded to an aluminum substrate which
prevented flexing of the material that might have caused cracks to show up in the
top Teflon layer as has been abserved on other experiments.



Visible microscopic examination also failed to find surface contamination in
the brownish discolored areas. Internal damage to the Ag/FEP material in the form
of a brownish streaking effect was observed along the silver/inconel cracks. This
brownish color appears to have spread fram silver/inconel cracks to the interface
region between the Teflon and silver/inconel layer.

Referring to the view of sample S-1 in Figure 9A, area 1" has the typical A0
damage but lacks the brownish discoloration, whereas area "2" has the typical
brownish color. At area "3", in comparison, the surface diffuse layer of the
Teflon was removed during the cutting operation returning the Ag/FEP to its
original specular appearance. In general any contact including touching or wiping
of the Teflon surface which has the whitish diffuse color returns it to its
ariginal specular appearance.

An enlargement of location "B' in Figure 9A is shown in Figure 9B. Note the
brownish streaks/cracks going from area '""1" to "2" were not disturbed by the
removal of the surface diffuse layer on the Teflon.

Figure 9C, is an enlargement of area ''C'" of Figure 9B. The intensity of the
brownish darkening can be seen to be a function of the closeness and degree of
silver/inconel layer cracking. Areas "'1" and "2" of Figure 9C have the diffuse
Teflon surface which blurs the image of the cracks. When the diffuse layer is
removed as in areas "3" and '4'", a clearer image is seen of the silver/inconel
cracks. These images demonstrate that the brownish streaking is not on the Teflon
surface, and since the silver/incanel layer is opaqgue, the streaking must be
located at the Teflon/silver interface. In addition it appears that the
discoloration, which is probably a camponent of the adhesive, spreads outward fram
the cracks between the Teflon/silver interface.

Based on the postflight analysis the brownish streaking was the result a
series of events, starting with the initial cracking of the silver/inconel layer
during application to the TCSE front thermal cover. Subsequent long-term exposure
to thermal cycling and solar ultraviolet caused the brownish discoloration. The
intensity of the brownish discoloration is a direct function of the crack density
which appears to be caused by excessive handling or stretching.

METEOROID/DEBRIS IMPACT PENETRATION ON THE FRONT OOVER

The front cover of the TCSE experiment had ane penetration fram a
meteoroid/debris impact. Figure 10A provides a close-up view of the impact showing
the crater and Ag/FEP layer 'blown' back from the crater rim. At location '1" of
figure 10A, the Teflon layer has radial cracks emanating from the crater impact
center. Same of the silver/inconel layer is still attached to the Teflon. For
the Ag/FEP closest to the impact area, the silver/inoconel and adhesive layers are
missing. The exit of the impact event is shown in Figure 10B, with the small
region indicated at area '"1".



FLUORESCENCE CHANGES OF THERMAL OONTROL COATINGS

Most of the thermal control paint coatings underwent changes in their
ultraviolet fluorescence characteristics. This was discovered during post-flight
inspection with a UV black light. As an example, 2302 black paint with the OI650
overcoat had a bright yellow fluorescence when exposed to UV black light.

Ambient temperature fluorescence spectra for the TCSE flight samples of 293,
YB71, and 2302 are presented in Figures 11 and 12. The spectral peak at ~280 mm is
the reflection of the irradiance source consisting of a 1 kilowatt HgXe source
filtered through an attached monochromator. A Bechman DK2A spectrameter operating
in the energy mode, was utilized for measuring the fluorescence emission.

As seen in Figure 11A the fluorescence for Z93 white paint is reduced after
exposure to the space environment and decreases with increasing exposure. In
addition, samples of Z93 fram the IDEF leading and trailing edge of experiments
(A0114/Gregory/Peters) exhibited identical fluorescence spectra. These spectra
were also identical to the TCSE 293 samples. The changes in fluorescence for 293
is therefore independent of AO but is a function of the solar irradiation exposure.

Previous work at ITTRI showed that the ZnO pigment in 293 fluoresced. In
camparison, YB71 white paint which has the same silicate binder as 293 doesn't
fluoresce (see Figure 11B). Therefore the source of the Z93 fluorescence is the
Zn0 pigment and not the silicate binder.

Fluorescence spectra for 2302 black paint exhibited a different effect than
293 as shown in Figure 12. The fluorescence shifted fram the ultraviolet region
into the visible. A276 white paint samples had the same shift in fluorescence
spectra as the 2302 material. In addition, the silicone overcoat on Z302 enhances
its fluorescence spectra as seen by camparing the 2302/01650 spectral data in
Figure 12B to the uncoated 2302 data in Figure 12A.

CONCLUDING REMARKS

Besides the unusual material effects briefly described here, many other
intriquing effects were found. Some of these unusual effects include changes to
coatings internal to the TCSE experiment related to indirect exposure to A0, plume
shaped shadow images found on the side of the TCSE LDEF tray along with image
reversals, and light diffraction by exposed Ag/FEP. Other unusual effects included
fiberglass panels covered with Ag/FEP which degraded differently than Ag/FEP on
aluminum, and contamination internal to TCSE that appears affected by indirect AO
and solar ultraviolet exposure. Studies are continuing to understand and fully
characterize these "unusual eff " and determine their mechanisms.



Figure 3 - Optical Properties of TCSE Front Cover
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Silver Teflon Thermal Control Coating
Atomic Oxygen Effect
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THERMAL CONTROL SURFACES EXPERIMENT S0069
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Figure 11 - Fluorescence Spectra of Z93 and YB71
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Figure 12 - Fluorescence Spectra of 2302 and Z302 with 01650 Overcoat



