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Thin Film Materials Exposure to Low Earth Orbit
Aboard Space Shuttle
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To study the effects of Atomic Oxygen on various thin film materials, fourteen thin film samples were exposed
to the corrosive environment of low Earth orbit. Total exposure was 42 hours, resulting in a nominal atomic
oxygen fluence of 2.2 X 1020 atoms/cm2. The films included aluminum, diamondlike carbon, diamond, and multi-
layer stacks. Included are experimental details of sample preparation, exposure, and post-flight results. Pre-flight
characterization techniques included Variable Angle Spectroscopic Ellipsometry, optical reflectance and transmit-
tance, Atomic Force Microscopy, and Raman scattering. Post-flight analysis repeated pre-flight characterization.
Aluminum films resisted degradation. Surface contaminants were identified using Auger Electron Spectroscopy.
Contaminants were SiC>2, fluorine, and sulfur which most likely result from degradation of cargo bay lining, waste
water dumps, and outgassing. Diamondlike carbon films were completely etched away during exposure. Polycrys-
talline diamond films were extremely resistant to atomic oxygen degradation, showing no post-flight structural,
compositional, or mass changes. Aluminum films 23.5 nm thick simultaneously protect silver reflecting layers
from oxidation and increase the ultraviolet reflectance of the stack. Decreasing the aluminum thickness to 7.5 nm
resulted in complete oxidation during exposure and failure as a protective coating.

Introduction

THE Center for Microelectronic and Optical Materials Research
(CMOMR) prepared and characterized twenty samples of can-

didate spacecraft materials for low Earth orbit (LEO) durability
studies. The samples were flown aboard shuttle flight Space Trans-
portation System (STS)-46 on Limited Duration space environment
Candidate materials Exposure pay load (LDCE)-2 and 3. The sam-
ples were exposed to ram Atomic Oxygen (AO) in LEO for 42
hours to a nominal fluence of 2.2 x 1020 atoms/cm2. These samples
included thin films of aluminum, diamondlike carbon, diamond,
and optical multilayer stacks. Included also were bulk samples
of graphite, carbon/boron nitride, and carbon/carbon composites.
However, this paper will focus on the thin film samples only. Re-
sults for the bulk materials will be presented in a separate paper.

This paper presents a summary of sample selection, preparation,
characterization, and mounting for space flight. Post-flight experi-
mental results are presented for the thin film samples. When appli-
cable, results are compared to laboratory simulations using oxygen
plasma ashers.

STS-46 Flight Profile
The predicted atmospheric concentration of oxygen and nitrogen

during the forty hours of exposure at an orbital altitude of 241 km
(130 nautical miles) was predicted by NASA prior to the flight.
When the orbital position and velocity of the shuttle, as well as so-
lar and geomagnetic activity were taken into account, the incident
particle fluxes were calculated. These are shown in Fig. 1. Figure 2
shows the total atomic oxygen fluence for various exposure angles
predicted as a function of time. The predicted pre-flight AO fluence
was determined to be 2 x 1020 atoms/cm2. These figures were cal-
culated using the Mass Spectrometer Incoherent Scatter (MSIS)-86
Thermospheric model.1

The samples were exposed along the ram direction to maximize
atomic oxygen exposure. The ram direction is defined as the direc-
tion parallel to the shuttle velocity vector (or normal to the sample
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surface for this experiment.) The total ram AO fluence was measured
between 2.0 x 1020 and 2.5 x 1020 oxygen atoms/cm2 by a mass spec-
trometer flown on the Evaluation of Oxygen Interaction with Ma-
terials payload (EOIM)-III mission payload.2 Kapton® polyimide
was exposed on EOIM-III and used as an alternate method for flu-
ence calibration. Kapton mass loss measurements determined the
exposed fluence to be 2.3 x 1020 atoms/cm2. EOIM-III was active
during the same time period as the LDCE pay loads. Post-flight mod-
eling using MSIS-86 was performed using the actual exposure con-
ditions during the flight (these apply equally well to both the EOIM
and LDCE pay loads). This post-flight modeling yielded a higher flu-
ence of 2.2 x 1020 atoms/cm2 due primarily to geomagnetic storms
which occured during the flight.2 This dose is approximately equal
to doses obtained in laboratory based plasma asher simulations after
6 to 7 hours.

Both the LDCE-2 and 3 payloads were placed into GAS (Get
Away Special payload container for small experiments) cans and
mounted against the back bulkhead (Bay 13) of the shuttle cargo
bay. The LDCE-2 tray was exposed by the opening of a motorized
door on orbit 94 of the mission at Mission Elapsed Time (MET)
of 5 days, 22 hours, 41 minutes (5 :22:41). This door was closed
42 hours later at 7:16:10 MET.2 Samples in the LDCE-3 tray
were exposed throughout the flight to the ambient environment, and
received direct exposure to ram atomic oxygen during the same
42 hours that LDCE-2 was active. The first nine samples listed on
Table 1 were included on the LDCE-2 tray, while the remainder
were placed on the LDCE-3 tray.

Materials Chosen for Space Exposure
Table 1 lists the twenty samples exposed aboard STS-46, as well

as the experimental techniques used to characterize the samples.
Thin film coatings of aluminum can be used either as reflective
surfaces in power systems, or as oxidation resistant coatings for
spacecraft structural members and optical surfaces. The aluminum
coating samples one through three in Table 1 were sputter deposited,
while the coatings on samples four to six were electron beam evap-
orated. Using two distinctly different deposition methods allows for
comparison of LEO effects as a function of deposition type.

Samples seven through ten were "Diamondlike" carbon (DLC)
films of different thicknesses and optical gap. DLC films have been
considered for impact resistant coatings due to the extreme hardness
of these films.3 Samples 8 and 10 were deposited from methane in an
argon plasma at University of Nebraska-Lincoln (UNL) by Plasma
Enhanced Chemical Vapor Deposition (PECVD).4 Samples 7 and 9
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Fig. 1 Predicted STS-46 atomic oxygen flux as a function of angle for 40 hours of space exposure: altitude = 130 n.mi., inclination = 28.5 deg.
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Table 1 Materials exposed aboard shuttle flight STS-46 with types of
data acquired

Fig. 2 Predicted atomic oxygen fluence as a function of angle for ex-
posure on STS-46: altitude = 130 n.mi., inclination = 28.5 deg.

were deposited by chemical vapor deposition (CVD) at the NASA-
Lewis Research Center.

The authors propose that DLC films be used as a degradation
standard for LEO simulations in the laboratory as well as on or-
bital exposures. Diamondlike films could provide more accurate
fluence measurements than currently used samples of Kapton poly-
imide since these films are not affected by environmental factors
such as moisture absorption.4'5 Also, the erosion depth of Kapton
is usually measured by stylus profilometry. Since Kapton presents
a rough surface after exposure to directed AO, uncertainty is added
to calculations of eroded sample volume.

With thin films of DLC, thickness erosion as a function of flu-
ence can be calibrated more accurately than with Kapton since films
remain smooth after directed AO exposure, allowing for thickness
changes to be accurately measured by optical methods. Reflectance
spectrophotometry and ellipsometry are well suited to this purpose.
Mass loss and film thickness loss allow for two separate measure-
ments of fluence using a single DLC film, one physical through
sample mass loss, the other optical through measured changes in
film thickness. However, it will be shown that the erosion rate of
DLC is very high, making it only useful for low fluence exposures.

Polycrystalline diamond films show potential as protective layers
for spacecraft components due to their extreme hardness, optical
properties, and thermal conductivity. Samples 11 and 12 on Table 1
are thin films of polycrystalline diamond which were deposited
using hot filament and plasma CVD techniques. These films contain
both crystalline diamond as well as graphite. Changes in the relative
amounts of each component due to atomic oxygen exposure can be
measured with Raman scattering.6
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a. Variable Angle Spectroscopic Ellipsometry
b. Photography
c. Atomic Force Microscopy
d. Spectrophotometry
e. Mass and Dimensions
f. Scanning Electron Microscopy
g. Raman Scattering

Samples 13 and 14 are thin film multilayer stacks that have been
sputter deposited onto T-300/934 graphite-epoxy substrates. The
layer structure is shown in Fig. 3. The films consist of a 100 nm
thick copper adhesion promoting layer between the graphite-epoxy
substrate and a silver reflecting layer. The 100 nm thick silver re-
flecting layer is protected from oxidation by a thin film of aluminum
7.5 or 23.5 nm thick, and a layer of SiO2 approximately 90 nm
thick. Multilayer stacks of this type have been considered for so-
lar dynamic power system concentrators.7 The aluminum layer is
less than optically thick and serves as a sacrificial barrier to atomic
oxygen. The aluminum layer also serves to enhance the ultraviolet
reflectance of the stack since the plasma edge of silver occurs near
320 nm where reflectance falls quickly to 22%. The plasma edge of
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aluminum occurs at far higher energy, insuring good reflectance at
wavelengths well below 320 nm.8

Experimental Techniques
Experimental techniques used for pre-flight characterization are

limited to nondestructive techniques. Variable Angle Spectroscopic
Ellipsometry (VASE®)9'10'11 was used to determine layer thick-
nesses, composition, and surface oxidation for the films. VASE was
not used for samples of diamondlike carbon/quartz because back-
surface reflections from the quartz substrate were not analyzable at
the time this research was done. Also, diamond films are too rough
to be analyzed using VASE.

Surface photography of all samples was used to characterize
macroscopic surface topography. Photographs were taken through
a Nomarski optical interference contrast microscope under a va-
riety of lighting and filtering conditions. Each sample was care-
fully positioned within a custom-made holder which insures that
the same area is photographed during post-flight analysis. Macro-
scopic changes in surface topography result primarily from mi-
crometeoroid impacts, although cracking may occur as a re-
sult of thermal cycling, and surface texturing from directed AO
attack.

Atomic force Microscopy was used for microstructural surface
characterization of all aluminum and diamondlike carbon films.
Changes in topography due to surface oxidation and/or contami-
nation of the aluminum films were investigated and these results
compared with ground-based LEO simulations.2

All samples were characterized by reflectance spectrophotome-
try. Specular transmission measurements were also performed on
transparent samples. Losses in reflectance and transmittance of thin
film samples are related to surface roughness, surface contamina-
tion, and/or changes in the electronic structure of the material.

The physical dimensions of all samples were measured with a
Vernier caliper. Masses were measured with an ultramicrobalance
with resolution of 10~7 g. Accurate mass loss measurements are re-
quired to determine the erosion rate and erosion yield of a particular
material.

Finally, diamond thin film samples were characterized by Raman
scattering. Raman data was used to measure changes in the rela-
tive amounts of diamond and graphite in the films. The diamond
crystallites are sp3 bonded and are as stable as bulk diamond. How-
ever, the sp2 bonded graphite component of the films is found at
grain boundaries between the crystallites. Graphite is known to be
readily etched in both LEO and laboratory simulations. It is quite
possible, even expected, that LEO exposure preferentially etches
the graphitic component of the films, with no effect on the diamond
crystallites.

Preparation and Mounting of Samples
The most challenging engineering aspect of sample preparation

was constructing samples that would fit properly into the provided
holder. During launch, the Space Shuttle and pay load are exposed to
an acceleration of 4 g as well as extreme vibration. Secure mounting
is required to prevent damage or even breakage, which could cause
contamination or damage to other parts of the pay load.

Fig. 4 Sample configuration used for LDCE-2 and 3.

Thin film samples were deposited onto either quartz or single
crystal silicon substrates. After pre-flight characterization, the sam-
ples were integrated with the flight hardware.

For this study, two samples 1.59 mm (1/16 of an inch) thick, were
placed atop each other into a single hole in the holder. This allowed
for the lower sample to act as a flight control while the upper sample
was exposed to ram atomic oxygen. This configuration is shown in
Fig. 4. The exposed sample was separated from the control sample
by a spacer or spring washer. The main reason for using such a
configuration is that both the control and exposed samples were
subjected to the same ground environment (humidity, temperature,
etc.) before and after flight. However, due to the directional nature of
atomic oxygen in orbit, the control sample was masked from direct
atomic oxygen exposure. Both the exposed sample and the control
sample were compared with additional control samples kept in the
laboratory.

Results and Discussion
The pre- and post-flight sample masses are shown in Table 2.

Note that the metallic thin film samples show no change in mass.
The same is true for the diamond films. However, large mass changes
are seen in the correctly-exposed (no chips or mounting problems)
diamondlike carbon films as a result of etching by atomic oxygen.

The VASE analysis of the aluminum films is shown in Table 3.
Note that all control samples show some oxide layer of growth
of 1.1 to 1.9 nm due to aging. However, the space exposed sam-
ples show a larger increase in oxide thickness of up to 3.7 nm.
It is useful to note that these films showed no change in specu-
lar reflectance after flight when measured with reflectance spec-
trophotometry. This is because changes in oxide thickness on this
small scale are not observable using only reflected intensity mea-
surements. However, ellipsometry was sensitive to these small oxide
thickness changes since it measures changes in polarization rather
than intensity.

When these results are compared to those using a plasma asher,12

it is clear that LEO exposure induces additional oxide layer growth
on the order of 1 to 2 nm, while films exposed to the same fluence
in the asher show much smaller changes on the order of 0.3 nm.

Pre-flight and post-flight Atomic Force Microscopy (AFM) data
show no significant changes in surface roughness with LEO ex-
posure. This result differs with those obtained using ashers with
contaminants present, where surface deposits were found to grow
with ashing. However, when using an asher where contamination is
nearly non-existent, these space-based results agree well with ashed
aluminum films.

Auger electron spectroscopy was used to identify surface con-
taminants on the aluminum films. Figure 5 shows a surface scan of
a space exposed aluminum film. Note the presence of large peaks
at 51, 503, and 1396 eV, corresponding to Al2Os, oxygen, and el-
emental Al respectively. These three peaks are expected and result
from the deposited film structure. The large peak at 272 eV is due to
carbon, most of which results from handling and/or organics settling
from the ambient air at ground level. However, some carbon can re-
sult from etching products settling onto the aluminum film surfaces,
but these are indistinguishable from other carbon contaminants.
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Table 2 Mass change after spaceflight exposure

Sample

70 nm Al
100 nm Al
150 nm Al
70 nm Al
100 nm Al
150nmAl
500 nm DLC

100 nm DLC
500 nm DLC
1000 nm DLC
Diamond
Diamond

Multilayer
Multilayer

Preflight, mg

870.579
858.274
854.975
853.294
856.358
860.158
873.860

837.804
915.741
729.278
969.02
965.28

161.316
155.781

Postflight, mg

870.576
858.269
854.965
853.295
856.363
860.162
Chipped

837.790
915.537
729.006
969.04
Broken

161.320
155.795

Change, mg
-0.003
-0.005
-0.010
+0.001
+0.005
+0.004

*

-0.014
-0.204
-0.272
+0.02

*

+0.004
+0.014

Comments

Stable
Stable
Stable
Stable
Stable
Stable

Sample chipped,
data not accurate

Sample not exposed
Completely eroded
Completely eroded

Stable
Broke after flight,

no result
Stable
Stable
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Fig. 5 Auger surface scan of an aluminum thin film after flight.
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Fig. 6 Tauc plot of a diamondlike carbon thin film: band gap =
1.66 eV.

Peaks are also seen at approximately 76, 140, and 640 eV. The
peak at 76 eV corresponds to deposited SiC>2• Since Auger spec-
troscopy is sensitive to single layers (monolayers) of contami-
nant films, detection of elemental Aluminum and A^Os indicates
that some sub-monolayer SiC>2 contaminant was deposited during
flight exposure. The peaks at 140 and 640 eV correspond to sul-
fur and fluorine respectively. The presence of these SiO2, Fluorine,
and Sulfur contaminants was not seen on the unexposed control
samples.

The sources of the contaminants can never be known exactly, but
some very likely sources can be identified.2 The shuttle's cargo bay is
lined with a white-colored thermal blanket material known as Beta
Cloth. Beta Cloth is a composite made from a glass fiber weave
impregnated with PTFE (Teflon). During manufacture, the glass
weave is dusted with a thin layer of silicone based oil to improve
handling. The oiled weave is then impregnated with the Teflon. The
entire shuttle cargo bay, including the rear bulkhead nearest the
samples is covered with Beta Cloth.

It is known that Teflon has a low, but nonzero erosion yield.
Throughout LDCE activation, the shuttle cargo bay was facing into
the ram direction, exposing the entire bay, payloads, and lining to
atomic oxygen. Teflon erosion may also have been enhanced by the
high Vacuum Ultraviolet radiation (VUV) fluence received during
deployment of the EURECA satellite earlier in the mission. It is
suspected that erosion products from the Beta Cloth (fluoropoly-
mers and silicones) have settled onto the samples and result in the
observed SiO2 and fluorine contaminants. Any additional carbon at-
tached to these etching products serves only to enhance the carbon
peak at 272 eV,

Sulfur is indicated near 140 eV. There are two likely sources for
this contaminant. First, ground handling at Kennedy Space Center
might have some effect due to H2S present in the environment.
However, this seems unlikely since clean conditions are maintained
as much as possible.

A second and more likely source of the sulfur contaminant are
waste water dumps performed periodically during shuttle missions
or outgassing of volatiles from the orbiter Waste Collection Sys-
tem. A waste water dump was performed on-orbit approximately
two hours before LDCE-2 activation. The waste dump occurred
at mission elapsed time of 5 :20: 37. The shuttle orientation was
changed to put the cargo bay into the ram direction at 5:22:30
MET, and LDCE-2 activation followed at 5 :22:41 MET.

The optical band gap of the DLC films was determined by mea-
suring optical absorbance and fitting to the Tauc formula as shown
in Fig. 6.13 The Tauc formula is defined as

aE = /3(E-Eg)2

where a is the absorption coefficient of the film, E is the photon en-
ergy, ft is a constant, and Eg is the optical band gap of the material.
The quantity (a E)1/2 is plotted as a function of E to show the absorp-
tion edge as a linear region on the plots. The linear region is extrapo-
lated to the E-axis intercept, which gives the optical band gap of the
material. This method is valid since the diamondlike films are amor-
phous. The optical gap of films made at UNL averaged to 1.66 eV,
while those supplied by NASA showed a band gap of 2.74 eV.
The optical band gap is related to the hydrogen content of the films,
which in turn is related to the hardness of the film. By exposing
DLC samples with differing optical gap the effect of film hardness
on erosion rate can be determined.

Three of the four diamondlike films exposed to LEO were found
to have been eroded completely, leaving nothing but the bare sub-
strate exposed. The fourth film was inadvertently mounted upside
down in the holder and received effectively zero atomic oxygen
fluence. The complete erosion of the films is unfortunate since it
becomes impossible to precisely determine erosion rate via mass
loss and film thickness. Since all films were completely eroded,
no conclusions can be drawn regarding the effect of film hardness
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on atomic oxygen resistance. This study will require further LEO
exposure of diamondlike films and continued asher studies with
thicker films. However, this null result does show that DLC should
not be considered as a long-duration protective coating.

The diamond thin films exposed show no change in their com-
position. It was expected that the graphitic component of the films
present at the grain boundaries would be preferentially etched by
the atomic oxygen, leaving the diamond crystallites unharmed.
The pre-flight and post-flight Raman spectroscopy data in Fig. 7
show no significant change in the graphitic component of the film
above 1400 cm"1. The diamond peak at 1330 cm"1 shows slight
changes in amplitude, but this is associated with positioning of the
sample for Raman analysis, and not a difference in film composi-
tion. Contaminants were not visible with Raman analysis because
the technique is based on photon scattering from crystalline struc-
tures. The trace amounts of contaminants detected on the aluminum
films with Auger spectroscopy could not coalesce into crystalline
states.

The mass loss and optical data (absorbance) for the diamond films
show no significant change. It seems clear that diamond is very re-
sistant to the effects of LEO. This same result is also seen in ashers.
Diamond films seem very promising for use as a spacecraft coatings.
Unfortunately, at this time, films can be prepared only at tempera-
tures greater than about 700°C, which severely limits the number of
surfaces on which it can be deposited. Unlike the aluminum films,
the diamond films were not screened for contamination with Auger
analysis, although similar results could be expected.

The multilayer films of silver with overcoats of aluminum and
SiO2 gave very interesting and useful results. Ellipsometry was used
to determine changes in thickness and composition of the metal and
dielectric layers.

The multilayer containing aluminum 7.5 nm thick did not protect
the silver reflector from oxidation. The silver reflective layer was
nominally 100 nm thick, which is optically thick throughout the
spectral range acquired. The aluminum layer was modeled using a
mixture of elemental aluminum and A12O3 via the Bruggeman Ef-
fective Medium Approximation (EMA), which assumes uniform,
simple mixtures.14 Before flight, the thickness of the aluminum
layer averaged to 7.5 ± 0.2 nm with an average composition of
36.8 ± 2.3% A12O3. The pre-flight SiO2 thickness averaged to
90.3 ± 2.0 nm. After flight, the control samples showed some ag-
ing. The aluminum layer thickness averaged to 7.4 ± 0.5 nm, which
is nearly identical to the pre-flight thickness. However, the A12O3
composition increased 5.5% to 42.3 ± 1.2%. This aging is to be
expected and is similar to results seen on the aluminum films tabu-
lated in Table 3. This indicates that the 90 nm overlayer of SiO2 is
not serving to protect the aluminum and silver layers beneath. This
probably results from nonuniformity of the graphite-epoxy surface,
resulting in inadequate coverage of the SiO2 film, and possibly mi-
croscopic cracking of the glassy film due to handling and thermal
expansion.

The aluminum oxide layer formed during aging or flight exposure
was not modeled as a pure A12O3 layer over a thin aluminum film

Table 3 Oxide growth on aluminum films

Sputtered

Electron
Beam
Evaporated

Film
Thickness

100 nm
150 nm
70 nm

100 nm
150 nm

Exposed
Film

Changes

2.2 nm
2.1 nm
3.0 nm
3.5 nm
3.7 nm

Control Sample
Changes

1.2±0.5nm
1.1 ±0.2nm
1.5±0.4nm
1.6±0.2nm
1.9 ±0.1 nm

1300 1400 1500

Wavenumber shift, cm"1

Fig. 7 Raman scans of two diamond films after flight.

Notes: Ellipsometry used to measure oxide growth, and all values are changes i
thickness.

because both oxide layers (SiO2 and Al2Os) would have similar
optical constants, resulting in significant parameter correlation
between these two similar layers. Therefore, oxidation of the up-
permost aluminum layers is absorbed into the EMA mixture as a
compositional change.

The exposed flight sample showed significant change after expo-
sure. The aluminum layer best fit to a thickness of 6.3 nm with an
Al2Os composition of 99.3%. The underlying silver layer showed
oxidation to a depth of 7.1 nm with a composition of 81.3% AgO5.
It is clear that the 7.5 nm thick aluminum layer was completely
oxidized, allowing oxygen to reach the Al/Ag interface.

Increasing the thickness of the aluminum layer to 23.5 nm ade-
quately protects the silver from oxidation. Pre flight analysis showed
the aluminum layer thickness to be 23.5 db 3.0 nm with an aluminum
oxide composition of 22.5 ± 2.5%. The SiO2 overcoat averaged to
91.2 ± 1.8 nm. Post-flight analysis of the control samples again
showed aging effects due to inadequate protection from the SiO2
overlayer. Aging caused the combined aluminum +AL2O layer
thickness to increase by 6.2 nm to 29.7 ± 2.8 nm. The A12O3 frac-
tion also increased by 9.8% to 32.3 ± 1.3%.

The exposed flight sample best fit a model containing a 23.8 nm
thick aluminum layer with an A12O3 composition of 38.6%. For
this exposed film, the layer thickness did not change significantly
after exposure, but the oxide composition increased by over 16%.
Again, the oxidation of the uppermost layers of aluminum is ab-
sorbed into the EMA as a compositional change. Absolutely no
AgO5 was detected anywhere in the stack. In this case an aluminum
film 23.5 nm thick adequately protects silver from oxidation.

Summary and Conclusions
Twenty samples of various thin film and bulk materials were pre-

pared and launched aboard Space Shuttle flight STS-46. The sam-
ples were exposed to a nominal atomic oxygen fluence of 2.2 x 1020

atoms/cm2 during 42 hours of ram-directed exposure. The samples
were characterized by nondestructive techniques including ellip-
sometry, atomic force microscopy, optical spectrophotometry, and
Raman scattering.

Preparation of samples for mounting in the sample holder re-
quired great care and a precise fit because a shuttle launch may cause
damage to sample surfaces. Control samples were flown along with
exposed flight samples. This was accomplished by placing the con-
trol beneath the flight sample because atomic oxygen degradation
is directional in nature.

Thin films of aluminum showed changes in oxide thickness on
the order of 1 to 2 nm over unexposed films. Also, surface contam-
inants of SiO2, fluorine, and sulfur were deposited through LEO
exposure. It is believed the SiO2 and fluorine result from etching
of the Beta Cloth lining of the shuttle cargo bay. The sulfur could
be due to terrestrial H2S, but most likely results from waste wa-
ter dumps performed before exposure began or outgassing of waste
volatiles. /

Diamondlike carbon films exposed in orbit were completely
etched away. Jhis was unfortunate and does not allow for determi-
nation of on-orbit degradation rates. However, the very high erosion
yield implied by this result shows that DLC should not be considered
for an atomic oxygen protective coating.

The diamond films exposed show no changes in mass, optical
properties or composition. This result indicates that diamond films
are extremely resistant to LEO degradation and deserve further con-
sideration for spacecraft application.
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Thin films of aluminum were used effectively to prevent corrosion
of silver reflecting surfaces. Aluminum films 7.5 nm thick were
completely oxidized by LEO exposure, and were not thick enough to
prevent significant oxidation of the underlying silver layer. However,
a 23.5 nm thick film of aluminum remained far from fully oxidized
and protected the silver layer from atomic oxygen degradation.
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