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ABSTRACT

X-ray photoelectron spectroscopy (XPS) has been used to study the surface composition and
chemistry of Long Duration Exposure Facility (LDEF) exposed materials including silvered Teflon
(Ag/FEP), Kapton, S13GLO paint, quartz crystal monitors (QCMs), carbon fiber/organic matrix
composites, and carbon fiber/Al alloy composites. In each set of samples, silicones were the major
contributors to the molecular film accumulated on the LDEF exposed surfaces. All surfaces analyzed
have been contaminated with Si, O, and C; most have low levels (<1 atom %) of N, S, and F.
Occasionally observed contaminants included Cl, Na, K, P, and various metals. Orange/brown
discoloration observed near vent slots in some Ag/FEP blankets were higher in carbon, sulfur, and
nitrogen relative to other contamination types. The source of contamination has not been identified,
but amine/amide functionalities were detected. It is probable that this same source of contamination
accounts for the low levels of sulfur and nitrogen observed on most LDEF exposed surfaces.

XPS, which probes 50 to 100 A in depth, detected the major sample components undemeath
the contaminant film in every analysis. This probably indicates that the contaminant overlayer is
patchy, with significant areas covered by less than 100 A of molecular film, Energy dispersive x-ray
spectroscopy (EDS) of LDEF exposed surfaces during secondary electron microscopy (SEM) of the
samples confirmed contamination of the surfaces with Si and O. In general, particulates were not
observed to develop from the contaminant overlayer on the exposed LDEF material surfaces.
However, many SiO; submicron particles were seen on a masked edge of an Ag/FEP blanket.

In some cases such as the carbon fiber/organic matrix composites, interpretation of the
contamination data was hindered by the lack of good laboratory controls. Examination of laboratory
controls for the carbon fiber/Al alloy composites showed that preflight contamination was the most
significant factor for all the contaminants generally detected at < 1 atom % , or detected only
occasionally (i.e., all but Si, O, and C). Flight control surfaces, including sample backsides not
exposed to space radiation or atomic oxygen flux, have accumulated some contamination on flight
(compared to laboratory controls), but experimentally, the LDEF exposed surface contamination
levels are generally higher for the contaminants Si and O.

For most materials analyzed, Si contamination levels were higher on the leading edge surfaces
than on the trailing edge surfaces. This was true even for the composite samples where considerable
atomic oxygen erosion of the leading edge surfaces was observed by SEM. It is probable that the
return flux associated with atmospheric backscatter resulted in enhanced deposition of silicones and
other contaminants on the leading edge flight surfaces relative to the trailing edge. Although the Si
concentration data suggested greater on-flight deposition of contaminants on the leading edge
surfaces, the XPS analyses did not conclusively show different relative total thicknesses of flight-

* This work was supported by Air Force Space Systems Division contract FO4701-88-C-0089.

PRECEDING PAGE BLANK NOT FILMED 159



deposited contamination for leading and trailing edge surfaces. It is possible that atomic oxygen
reactions on the leading edge resulted in greater volatilization of the carbon component of the
deposited silicones, effectively "thinning" the leading edge deposited overlayer. Unlike other
materials, exposed polymers such as Kapton and FEP-type Teflon had very low contamination on the
leading edge surfaces. SEM evidence showed that undercutting of the contaminant overlayer and
damaged polymer layers occurred during atomic oxygen erosion, which would enhance loss of
material from the exposed surface.

INTRODUCTION

In the course of LDEF post-retrieval investigations, XPS has been used to study the surface
composition and chemistry of exposed materials including Ag/FEP, Kapton, S13GLO paint, QCMs,
carbon fiber/organic matrix composites, and carbon fiber/Al alloy composites. One objective of this
study was to compare typical surface contamination types and coverages on leading and trailing edge
LDEF exposed surfaces for a variety of materials. Analysis of anomalies and other "nonrepre-
sentative" areas was generally avoided in an attempt to maximize data acquisition for areas with
average exposure to the space environment. XPS is an excellent surface analysis technique for the
study of contaminant overlayers. Each XPS analysis provides an average semi-quantitative surface
composition over an area approximately 4 x 5 mm, with an analysis depth of 50 to 100 A Al -
elements can be detected except hydrogen and helium. The details of electron energies and peak
shapes give information about the chemical state of many elements in the sample surface. Minimal
sample preparation of LDEF exposed materials was required for XPS analysis, and the analysis was
nondestructive unless the surface components were radiation sensitive. Surface charging of insulators
and semiconductors does not pose a major problem for the XPS technique, allowing straightforward
analysis of surface oxides and contamination layers. Complementary SEM/EDS analysis was used to
look at many of the same samples. EDS analysis provides an average semi-quantitative surface
composition over the area rastered by the electron beam, with an analysis depth of < 1 pm.

EXPERIMENTAL

The LDEF exposed materials and their reference samples investigated in this study are listed in
Table I. The LDEF experiment and exposure position of the samples is included in the Table, where
the notation "D9" indicates bay D/row 9 of LDEF. Some materials were analyzed with no sample
preparation other than mounting on an appropriate sample stub. Most, as indicated in Table I, were
cut to provide samples that could be introduced into the analysis system. Additional information
about the materials is given in Table II.

The LDEF exposed and reference samples were analyzed by XPS using a VG Scientific LTD
ESCALAB MK II instrument . The samples were mounted on sample stubs with strips of tantalum
foil or with double-sided tape. Survey scans from 0 to 1100 eV binding energy were acquired to
qualitatively determine the sample surface composition. Analysis areas were about 4 x 5 mm in size
and analysis depth was about 50 - 100 A. Data acquisition with a Mg Ka and an Al Ko source was
_ used to check for all the elements of interest. High resolution elemental scans were subsequently run
to obtain semi-quantitative elemental analyses from peak area measurements and chemical state
information from the details of binding energy and shape. Measured peak areas for all detected
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elements were corrected by elemental sensitivity factors before normalization to give surface mole %.
The quantitation error on a relative basis is <10% of the measurement for components with a surface
concentration >1 mole %. Large uncertainties in the relative elemental sensitivity factors can
introduce absolute errors of a factor of 2 or even greater. The detection limit is about 0.1 surface
mole %, but spectral overlaps between large peaks and small peaks can make it impossible to detect
minor components, particularly when more than one chemical state is present for a given element.

A JEOL 840 SEM with an EDAX 9900 EDS system was used for the SEM/EDS analyses.
Nonconductive surfaces were coated by carbon evaporation to minimize surface charging effects.

RESULTS AND DISCUSSION

Contamination on Composite, Paint, and QCM Surfaces

The XPS data for the carbon fiber/Al alloy composite samples are shown in Table III. The
entire XPS signal should come from the 2024 Al alloy surface foil, which was shown to be intact by
SEM, and its contamination overlayer. The flight surfaces had visible discoloration. The exposed
side of the trailing edge sample had a pale brown stain. The exposed side of the leading edge sample
had a rainbow-like light dispersion in some areas, and its backside had a very pale brown stain. The
laboratory and flight control surfaces did not have visible discoloration. The flight control sample
had been mounted on the backside of the D4 cassette.

The laboratory control surfaces were contaminated with C, Si, N, Na, K, Ca, F, Cl, P, and S. Pre-
launch contamination was clearly significant. This points out how laboratory control samples can be
critical to the assessment of on-flight contamination and material modification. The flight control
surfaces and sample backsides (another commonly used "flight control") had higher concentrations
of Si contamination than the lab control surfaces by more than a factor of 2. The observed
variability for Si (7 to 28%) on these four surfaces was a factor of 4, showing the inherent inaccuracy
of using only flight controls for comparison to the exposed surfaces. The contamination on the
leading edge sample backside surface was particularly high, possibly due to preflight or postflight
contamination. The Si concentration on the exposed surfaces was a factor of 2 higher than on the
flight controls. Si contamination was about 25% higher on the leading edge exposed surface than on
the trailing edge exposed surface. Si was detected predominantly as SiO; on both exposed flight
surfaces and on the leading edge sample backside; this assignment was based on a Si2p binding
energy of 103.5 + 0.2 eV after charge correction. On the other surfaces, the Si2p peak was detected
at lower binding energy, 102.9 + 0.3 eV, which indicated surface silicone or possibly mixed
silicone/silicate/silica. It was not possible to determine the source of carbon on the flight surfaces: it
could come from silicone and/or hydrocarbon deposition and/or from the preflight contaminant
overlayer.

Aluminum was detected as the oxide, Al,03, on all sample surfaces, as would be expected for
air-exposed alloy. It is possible that postflight air oxidation could mask on-flight changes. Only the
predominant chemical state of the alloy surface could be detected in the presence of the contaminant
overlayer. The weak Al signal (<1%) on the exposed flight surfaces implies a contaminant coverage
at least comparable to the depth probed by XPS, 50 to 100 A. In the case of noncontinuous or
nonuniform coverage, the average thickness of the contaminant overlayer could be substantially
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greater. Stronger Al signals (3 to 11%) on the control and trailing edge backside surfaces indicate
relatively lower contaminant thickness/coverage.

The XPS data for the carbon fiber/organic matrix composites are shown in Table IV. The
composites were designated as A, B, and C, and had been fabricated with differences in the matrix.
The "L" and "T" prefixes in Table IV indicate leading and trailing edge, respectively. No laboratory
control samples were available for these samples, and the sample backsides were used as the flight
controls. These carbon/poly(arylacetylene) (PAA) materials were under development at The
Aerospace Corporation in 1984 as replacements for more traditional composites such as -
carbon/epoxy. The exposed leading edge surfaces were visibly eroded. SEM and optical microscopy
showed the erosion to be irregular to a depth of about 5 mils.* The erosion morphology was
dominated by crevasses parallel to the fibers, with triangular cross sections. The edges of the
crevasses were well-defined and penetrated through both matrix and fibers. The exposed trailing
edge samples and sample backsides exhibited no physical appearance changes due to exposure.

Comparison of Si concentration on leading and trailing edge surfaces showed a much broader
range of values on the leading edge: 3 to 19% Si on the leading vs. 4 to 7% on the trailing edge. A
comparison of the Si concentration on pairs of leading and trailing edge composites gave the widely
varied ratios of 1.7, 4.8, and 0:4. Si contamination was highest on sample L-B, which had lower
erosion than L-A and L-C. Composite B had the lowest resin content of the three: 22% by weight
compared to 37% and 33% for composites A and C, respectively. It is unknown if the surface
contamination plays a role in erosion crevasse initiation and enlargement. Si concentration on the
sample backsides ranged from 2 to 4%. Si ratios for exposed leading edge surfaces to their backsides
were 5.0, 6.3, and 0.8. Si ratios for exposed trailing edge surfaces to their backsides were 3.0, 2.0,
and 1.8. The predominant chemical state of Si detected was SiO; on all of the exposed surfaces, both
leading and trailing edges. The Si detected on the samples backsides was predominantly from
silicone or mixed silicone/silicate/ silica. The lack of laboratory controls prevents conclusions about
changes in the composite surface chemistry and about the wide range of minor contaminants,
including N, F, S, Cl, Cu, Zn, Ni, Sn, Na, and P. One surface had 25% F; release cloth used in
fabrication is the most likely source of fluorocarbon contamination. It is likely that preflight
contamination is significant as a source of minor contaminants.

The XPS data for S13GLO paint are shown in Table V. There were no flight control or
backside surfaces, nor were laboratory controls maintained. A laboratory reference was prepared for
comparison from a current batch of SI3GLO. Visible changes were seen in the flight surfaces. The
trailing edge surfaces had brown discoloration, with some lighter lines and spots. Little discoloration
was observed on the leading edge surfaces. Interpretation of surface contamination was complicated
because the binder is methyl silicone, and by the lack of a same-batch laboratory control. On all
flight exposed surfaces, the C signal decreased and the O signal increased, relative to Si. The Si2p
binding energy and O to Si concentration ratio changed from silicone to SiO; on leading and trailing
edge surfaces. Exposure to UV radiation and atomic oxygen in the space environment caused
silicone degradation, with resulting formation of SiO and loss of carbon through volatiles. This
investigation was inconclusive on the question of silicone binder decomposition vs. silicone
contaminants deposition/decomposition as the source of measured surface Si. It was observed that the
leading edge surfaces had greater loss of carbon than trailing edge surfaces. The SEM analysis was
inconclusive on whether a significant amount of binder was lost from leading edge surfaces due to
atomic oxygen erosion. K and Zn from the pigment wcre detccted on all flight samples, but not on

* J.J. Mallon, J. C. Uht, and C. S. Hemminger: Surface Analyses of Composites Exposed to the
Space Environment on LDEF. Submitted for publication, 1991.
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the reference. This may indicate some binder loss, but it may also be due to a difference between
batches of S13GLO.

The XPS data for the QCM crystals are shown in Table VI. The reference crystals served as
flight control samples for the sense crystals. Laboratory control samples have not been made
available. The flight surfaces were not visibly altered by space environment exposure. The QCMs
were disassembled at QCM research and all the crystals were cleaned in acetone at that time, before
delivery to The Aerospace Corporation for analysis. Solvent washing can remove some surface
contaminants and leave new residues. It is possible that these residues explain the observation that
most of the crystal surfaces were contaminated with > 50% carbon. SEM/EDS analysis showed the
thin 150A top layers to still be present on all the crystals. Thus, the low signals for In, Zn, and Al,
< 1.5% for all crystal surfaces, indicate average contamination coverage comparable to the depth of
analysis. Si contamination was detected on all but one surface, a reference crystal. The Si surface
contamination was higher on the leading edge surfaces relative to the trailing edge surfaces for both
sense and reference crystals, but was highest for the leading edge sense crystals at 10 and 23%. The
Si concentration leading edge/trailing edge ratio for the flight exposed sense crystals was 4 for the
passive QCMs and 15 for the active QCMs. The predominant Si species on both leading edge
exposed surfaces was SiOz. On all other crystal surfaces, Si was detected as silicone or a mix of
silicone/silicate/silica. Some of the surface contamination observed on the crystal surfaces may be
due to other components of the QCMSs, such as Sn and Pb from solder, or N and Ag from conductive
€poXy.

Conclusions

An overview of the XPS analyses of LDEF exposed composite, paint, and QCM crystal surfaces
shows their surface contamination to be nonuniform and complex. Interpretation of the data is
hindered by the uncertainty of preflight and postflight contaminants, and by the lack of comparable
laboratory and flight controls for each type of material. However, the following observations are
consistent for all of these samples. Silicones were a major contributor to the accumulated molecular
film. The predominant surface species of Si was identified as SiO; on almost all of the exposed flight
surfaces, and as silicone or a mix of silicone/silicate/silica on flight controls including backside
surfaces. It is thought that UV and atomic oxygen exposure causes decomposition of surface-
deposited silicones, with SiO3 as one of the products. For most pairs of samples, the Si contamination
level was higher on the leading edge surface than on the trailing edge surface. Measured Si
concentration leading edge/trailing edge ratios varied from 0.4 to 15, with a median of about 1.5 and
an average of about 4. Atmospheric backscatter could play a major role in enhancing non-line-of-
sight deposition of outgassed species onto the leading edge exposed surfaces.

It was not possible to use the XPS data to distinguish hydrocarbons or other organic species
deposited during flight from the preflight, postflight, and substrate sources of surface carbon. The
relative surface carbon concentration is generally higher on the trailing edge exposed surfaces than
on the leading edge surfaces. There could be significant contributions to this carbon coverage from
preflight and/or postflight contamination (available controls indicate that most samples have only
minor Si preflight contamination). It is also possible that atomic oxygen reactions on the leading
edge result in greater volatilization of the carbon component of the deposited silicones, effectively
"thinning" the leading edge deposited overlayer.
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It was difficult to assess changes in the surface chemical states of these samples because of their
tendency to oxidize and hydrate in earth environment. Preflight and postflight surface chemical state
could differ from on-flight condition. The flight control samples, including backsides, have
accumnulated some contamination. This contamination varied significantly in concentration from one
control surface to the next, but on average was significantly thinner than on space environment
exposed surfaces. Lower contaminant concentrations and higher substrate signals from the flight
control surfaces are both consistent with this conclusion. Element signals from the substrate were
weak, but were detected on every flight exposed surface where it was possible to differentiate between
contaminant film and substrate components. This would be consistent with a contaminant film that
has an average thickness of 50 to 100 A. The contaminant overlayer is probably patchy, with
significant areas covered by less than 100 A, and other areas by greater than 100 A of molecular
film. No pattem of significant difference was noted between substrate signals for leading edge and
trailing edge exposed surfaces. Thus, although the Si concentration data suggests greater on-flight
deposition of contaminants on the leading edge surfaces, the substrate signal data shows that the XPS
data is not conclusive on the relative thicknesses of flight-deposited contamination for leading and

trailing edge surfaces.

Contamination on Polymer Surfaces

Polymeric materials on LDEF were represented in this study by exposed surfaces of Kapton
and fluorinated ethylene (FEP) Teflon from Ag/FEP thermal control blankets. In general, polymer
surfaces are clean and reproducible and stable in the earth environment. This simplified postflight
analysis of LDEF exposed polymers and provided a good opportunity to observe carbon
contamination and minor contaminants deposited on-flight. Good controls were available for the
polymers, and preflight complications were found to be minimal for FEP and Kapton. Changes in
the surface chemical state of the polymer surfaces were readily observed. These have been attributed
to space environment exposure, though postflight exposures to air may have as-yet undetermined
effects on damaged polymer surfaces.

A variety of visible changes were observed in the Ag/FEP surfaces on both leading and trailing
edge samples. The exposed leading edge blanket surfaces appeared uniformly foggy or clouded.
The exposed trailing edge blanket FEP surfaces were "patterned” in some areas with alternating
transparent and clouded bands. Clouded areas were observed on many blanket edges, particularly
near the bends between exposed and masked material ("transition zone"). Areas of orange/brown
discoloration were notable near some of the keyhole-shaped vent slots along the edges of the Ag/FEP

blankets.

The SEM and XPS results (Ref.. 1) for the exposed Ag/FEP surfaces are summarized in Table
VII. The leading edge samples, from row 7 to 11, all had roughened surfaces typical of high velocity
atomic oxygen erosion of FEP, as seen in Figure 1 for FEP exposed on C11 compared to a
featureless control surface. The highly textured surfaces gave rise to diffuse light scattering and the
consequent cloudy appearance. The XPS data for the control surface showed carbon and fluorine
only. The XPS analysis of the exposed surfaces showed that the surface composition of the FEP
remaining after the erosion was indistinguishable in carbon and fluorine composition from the
control, with trace amounts of some contaminants (Si, N, S, and CI) and measurable oxygen present.
This oxygen could be from the atomic oxygen interaction or from water adsorption from the
atmosphere after retrieval. Water adsorption could be enhanced on the erosion-roughened surfaces
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which have much higher surface area than the control. The surface chemistry of these leading edge
samples was identical to clean FEP Teflon, judged by a comparison of the F:C mole ratio and the Cls
peak shape. The Cls spectrum from the D7 blanket surface is shown in Figure 2a; curve-fitting
revealed the major CF2 peak at 292 eV and moderate CF and CF3 peaks (approximately 10% each)
at 289.5 eV and 294 eV, respectively. This matched the spectrum predicted for FEP with an
approximate ethylene/propylene comonomer blend of 90%/10% It appeared that deposited
contaminants and damaged polymer were both removed during atomic oxygen erosion.

The FEP surfaces exposed on the trailing edge of LDEF underwent changes which were
observed both by SEM and XPS. The surfaces lost the smooth, featureless texture of the unexposed
FEP, even when the amount of contamination remained low, as indicated by low silicon
concentration. SEM showed an intriguing variety of new surface textures. Within short distances on
some trailing edge samples, both the surface morphology and surface contamination levels were
observed to change dramatically, as seen in Figure 3. The FEP surfaces nearest to the trailing edge
row 3 were moderately to heavily contaminated and the blanket surface areas which appear fogged or
cloudy on the trailing edge had become sufficiently diffuse to change visibly. The contamination
was very nonuniform. It is currently not clear if any causal relationship exists between observed
morphology type and surface contamination build-up. It is possible that some morphologies will
have a higher probability of trapping or adsorbing outgassed or backscattered species, thereby
leading to greater surface contamination buildup. Further from row 3, FEP surfaces showed little
texture development and no significant contamination except oxygen, possibly from postflight
exposure. It is possible that low atomic oxygen exposure on rows 1, 5, and 6 was sufficient to remove
the contaminant overlayer.

XPS data divided the trailing edge surfaces into two categories. The first was characterized by
low contamination levels (Si < 1%) and a Cls spectrum, as in Figure 2b, that differs significantly from
that of clean FEP, but does not have a major peak at 285 eV. The second category was characterized
by moderate to high levels of surface contamination (Si, O, C, N, and S, and sometimes Cl) and a Cls
spectrum dominated by a peak at 285 eV, as seen in Figure 2¢ and d. Contaminant carbon was
distinguishable from FEP and degraded FEP carbon by binding energy, and was measured at < 20%
of the total surface composition. The Cls peak at 285 eV is predominantly due to C-C bonds, and is
thought to build up on the trailing edge surfaces from decomposition products of outgassed silicones
and hydrocarbons. The Cls spectrum in Figure 2b arises from degradation of the FEP surface, for
which the C1s spectrum is shown in Figure 2a. Curve-fitting shows that the decrease in intensity of
the CF; peak at 292 eV is accompanied by major increases in intensity at 294 eV, 289.5 eV, and 287
eV, assigned to CF3, CF, and C-(CFp)y, respectively. These changes are consistent with damage to the
carbon backbone of the Teflon polymer resulting in molecular weight degradation, new chain
terminations, branching, and crosslinking through free radical reactions. The solar ultraviolet (UV)
radiation exposure of the LDEF surfaces is thought to have caused this FEP surface degradation. The
FEP surfaces were also exposed to the stress of about 34,000 thermal cycles, but the maximum
temperatures calculated for Ag/FEP blankets on LDEF are less than 0°C (Ref. 2) and not sufficient to
break chemical bonds. Exposure of FEP to the XPS x-ray source for several hours induced similar
shifts in the Cls spectrum; almost all of the FEP Cls spectra used for curve-fitting in this study were
acquired during the first minute of sample exposure to the x-ray source to minimize surface
degradation from the analysis itself. A recent study of the degradation of polytetra-fluoroethylene
(PTFE) Teflon by 3 keV electrons showed very similar XPS Cls spectra changes to those seen in
Figure 2b as a function of electron irradiation and subsequent heating to drive off volatiles (Ref. 3).
Degradation of the PTFE was attributed to the type of damage described above.
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The predominant chemical state of Si identified on the trailing edge FEP surfaces was SiO;. Si
concentrations were measured to be < 20 mole %, indicating up to about 60% as the oxide. The
contaminant film was definitely nonuniform over large areas, and was probably patchy on a
submicron scale. Significant areas must be covered by < 100 A of deposited contamination, because
fluorocarbon was detected on each FEP surface analyzed. The damaged FEP layer is probably

thicker than the depth of analysis.

The Ag/FEP thermal control blanket edges were contaminated, in many cases more than the
exposed surfaces. Therefore, the masked edges did not provide good flight "control” samples. The
transition zone from the exposed surface to the masked edge was particularly prone to contamination
build-up. This was probably the result of the combination of high out-gas flux and radiation. The
blankets were bent down around the edges of the tray so that the blanket edges were not rigorously
shielded from radiation. SEM images from one transition zone, seen in Figure 4, showed that during
atomic oxygen erosion of the FEP surface, undercutting of the contamination and damaged polymer
layer played a role in the development of a clean, highly textured surface. Area A, at the periphery
of the exposed surface, had a characteristic atomic oxygen erosion pattem. Area D, closer to the
blanket edge, was a surface with contamination coverage and UV degraded FEP. Area C, in the
center of the transition zone, showed undercutting of the contamination and damaged polymer layer
by atomic oxygen erosion. The development of submicron particles of SiO, was observed on some
edge surfaces by SEM/EDS, as seen in Figure 5. Such particle development was not detected on any
of the other samples included in this study. Areas of orange/brown contamination were observed on
some Ag/FEP edge surfaces near keyhole-shaped vent slots in the blanket edges. XPS analysis
showed these stains to be high in carbon, sulfur, and nitrogen relative to other contaminated areas.
The source of contamination was not identified, but it appears to have contained an amine/amide

functionality.

Only two samples of Kapton, from leading edge F9, have been analyzed to date, but the results
complemented those for leading edge FEP Teflon. SEM analysis showed the leading edge Kapton
had heavy atomic oxygen erosion. Contaminant build-up, as seen in Table VIII, was low due to that
erosion, totalling < 4 surface mole % excluding oxygen. The observed surface oxygen concentration
increases were associated with these contaminants as well as with polymer oxidation. A 5% increase
in oxygen-containing surface functionalities was measured by Cls spectrum curve-fitting.

SUMMARY

XPS was used to study the average surface composition and chemistry of a variety of LDEF
exposed materials. XPS gives excellent surface sensitivity and element detection for contaminant
analysis, with minimal sample alteration. SiO2 and other decomposition products of silicones
exposed to the space environment were identified as the predominant surface contaminant for every
type and location of material. Deposited carbon residues were distinguishable from preflight
contamination on Ag/FEP surfaces. This carbon is thought to come from silicones decomposition
and organic contaminants, including the source of the orange/brown stains which had increased
carbon, sulfur, and nitrogen concentrations relative to other deposits. Most of the minor (< 1 atom
%) and occasionally-observed contaminants on the LDEF exposed surfaces were attributed primarily
to preflight contamination. This clearly demonstrated the need to maintain good laboratory controls
during the study of space environmental effects on materials. '
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The flight controls (no direct line of sight to the space environment) were found to have
accumulated some contamination, but generally less than exposed surfaces. The polymeric materials
studied had low contamination on the leading edge surfaces due to atomic oxygen erosion. All other
materials had higher average Si contamination on leading edge than on trailing edge surfaces,
probably due to the return flux associated with atmospheric backscatter. For individual pairs of
samples, measured Si concentration leading edge/trailing edge ratios varied from 0.4 to 15, with a
median of about 1.5 and an average of about 4. Element signals from some substrates were weak, but
were detected on every flight exposed surface where it was possible to differentiate between
contaminant film and substrate components. This would be consistent with a contaminant film that
has an average thickness of 50 to 100 A. The contaminant overlayer is probably patchy, with
significant areas covered by less than 100 A, and other areas by greater than 100 A of molecular
film. No pattern of significant difference was noted between the intensity of substrate signals for
leading edge and trailing edge exposed surfaces. Thus, although the Si concentration data suggested
greater on-flight deposition of contaminants on the leading edge surfaces, the XPS analysis was not
conclusive on the relative total thicknesses of flight-deposited contamination for leading and trailing
edge surfaces.
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TABLE I. LDEF EXPOSED MATERIAL AND REFERENCE SAMPLES INVESTIGATED

LDEF exposed material

Carbon fiber/Al alloy
composite

Carbon fiber/organic matrix
composites

S13GLO paint

Experiment and location
MOOO3; DB and D4

MOO0O3; D9 and D3

M0003; D9 and D3

Sample preparation

172 inch squares cut

172 inch squares cut

As-received

Reference samples

Flight contruls
Laboratory controls

Backside flight controls

Laboratory reference

Quarntz crystals from QCMs M0003; DY and D3 Crystals dismounted from Reference QCM wrystals
QCMs and acetone-washed at
QCM Research
Kapton A0076; F9 1/2 inch square cut Laboratory reference
Ag/FEP, thermal contsol A0004-1; F2 172 inch squares cut L.aboratory controls
blankets A0178; D1, A2, A4, F4, BS, Masked edge flight controls
Cs, DS, C6, B7, D7, C8,
Al10, C11,Dit
Ag/FEP, adhesively mounted | MOO03; D9 1/2 inch squares cut Laboratory references
thermal control sheets AD076; F9 Masked edge flight controls

TABLE TT. L.DEF EXPOSED MATERIAL INFORMATION

Carbon fiber/organic matrix
composites

S13GL.O paint

Quartz crystals from QCMs
Kapton

Ag/FEP, thermal control

blankets

Ag/FEP, adhesively
mounted thermal control

sheets

The Aerospace Corporation

I L T. Research Institute;
coupons made by TRW

QCM Research
E. 1 du Pont de Nemours &
Co., Inc.

Sheldahl

Sheldahl

I.DEF exposed matenal Supplier Additional information
Carbon fiber/Al alloy Fiber Materials, Inc. G Y70 graphite fibers, manufactured by BASF Structural Materials
coniposite Inc., reinforcing Al alloy 201 matrix with 2024 Al alloy surface

foils. Major components of 2024 alloy are 93% Al, 4.4% Cu,
1.5% Mg and 0.6% Mn.

T300 woven fabric, manufactured by Amoco Performance
Products, Inc., reinforcing poly(arylacetylene) malerials that were
under development at The Acrospace Corporation in 1984,

White thermal control paint. Zinc oxide pigment encapsulated in
potassium silicate with a methyl silicone binder.

Active QCMs used crystals with 9000A Al + ALO, plus 150 A
In;O; top layer. The top layer on passive QCMs was 150A Z20S.

A polyimide.
$ mil FEP Teflon, manufactured by E. I du Pont de Nemours &
Co., Inc.

2 mil FEP Teflon, manufactured by E. [ du Pont de Nemours &
Co., Inc.

TABLE I1I. XPS DATA FOR CARBON FIBER/ALUMINUM ALLOY COMPOSITES

Surface Mole %, Normalized

Sample Al Mg O S8 € Na K G E Q P 5§ N Sn C
AL3-3, Leading Edge Exposed 04 nds 65 29 6 v tr nds nds w nds nd nd nds nds
Backside 02 nd 65 28 4 2 nd v vt & nd 02 01 vw u
ALS-11, Trailing Edge  Exposed 07 nds 59 23 13 3 0.1 nds 03 02 nds 02 04 0.1 nds
Backside 11 2 51 7 20 3 07 03 08 03 05 2 1t 02 01
ALS-13, Flight Control ~ Side | 5 08 43 11 37 07 02 03 06 04 02 03 1 02
Side 2 3 05 41 11 40 1 03 02 03 04 01 03 2 02
AL3-14, Lab Control Side 1 9 08 35 2 4 1 02 03 01 03 u 04 2v nd nds
Side 2 8 1 35 3 49 1 02 03 01 02 03 03 2 nd nds
tr = trace (<0.1)

nd = not detected
nds = not detecied survey scan; no high resolution scan run
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TABLE IV. XPS DATA FOR LDEF FIBER/ORGANIC MATRIX COMPOSITES

Surface Mole %, Normahzed

Imaged? C 0] N1 N E 3 Cu Zo N $n N B
L-A Exposed Yes 45 42 10 2 0.6 03
Exposed No 4 44 8 1 04 05 o 2 03
Backside No 71 20 2 2 3 01 01 1 r
T-A Exposed No 51 36 6 2 3 r 01 3 02 0.1
Backside No 66 26 2 1 3 02 01 1
L-B Exposed Yes 17 59 19 06 anod 03 01 2 r 1 ad 0.3
Backside Yes 59 3 3 2 2 02 02 2 nd I nd
T-B Exposed Yes 45 23 4 09 25 01 0.1 1 0.1 0.1
Exposed No 46 27 3 1 19 01 02 2 02 I
Backside Yes 70 22 2 1 3 01 02 07 nd 02 nd
L-C Exposed Yes 61 31 3 3 01 05 nd 03 nd 04 03 06
Backside Yes 67 23 4 2 3 0.1 02 2 nd nd 0.1 nd
T-C Exposed Yes 47 39 7 2 04 02 04 5 04 r 01 nd
Backside Yes 65 24 4 I 03 nd 03 1 0.2 r nd nd
Release No 39 4 0.7 56
Cloth
tr = trace
nd = not detected in elemental scan
blank = not detected in survey scan and no clemental scan acquired
TABLE V. XPS DATA FOR S13GLO PAINT

Turface Mole % (Normahzed)

SI13GLO Paint Sample [} Q Si K Zn N S € Na E
Reference 44 30 26 02 nd nd nd nd nd nd
L31V-18-17-1 Leading 12 56 27 1 0.5 2 03 05 03 0.1
L31V-18-18-2 Leading 13 56 27 1 0.5 2 02 05 03 0.1
T31V-18-17 Trailing 28 46 21 08 03 2 04 04 07 05
T31V-18-18 Trailing 27 47 21 1 0.2 2 04 04 08 04
TABLE VI. XPS DATA FOR QCM CONTAMINATION MONITORS
Surface Mole %, Normalized
QM Crystal Top € Q §8i In Sn Zno § B K Ma N (O A A
Layer
TP 329, Active 1 Sense 203 17 58 23 07 02 nd 01 nd v 03 08 o« nd nd
Leading Edge 2 Reference Inp03 53 31 19 64 1.0 0.1 0.1 05 01 1.0 45 0.2 nd nd
TP 330, Passive 3 Sense ZnS 48 35 10 nd 02 09 05 0.1 w 04 35 0.1 1.4 nd
Leading Edge 4 Reference  ZnS 61 23 10 nd 0.2 20 55 03 & 07 4.7 04 nd 1.2
TP 318, Active 5 Sense IngO3 68 25 1.5 nd 03 nd 0.1 03 nd 0.1 47 0.2 04 nd
Trailing Edge 6 Reference IngO3 65 24 02 23 07 0.1 0.2 04 nd 01 63 01 nd nd
TP 353, Passive 7 Sense ZnS 67 25 23 nd 04 0.t Ol 04 nd 01 45 03 nd nd
Trailing Edge 8 Reference  ZnS 68 20 nd nd 03 1.4 39 03 v 03 41 03 nd 06
tr = trace (<0.1)

nd = not detected
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TABLE VII. SUMMARY OF SEM AND XPS5 RESULTS

msed FEP Suriace Bay Surface 1% Surface 0% Cl1s Envelope
.
i Smooth; particulate contamination D 0.2 2 Degraded FEP
2 A 0.7 6 Degraded FEP
2 F(Bocing) 2-8 i1-32 Contamination
2 Puckered texture; more distinct in cloudy bands F(NASA) 8-19 30- 51 Contamination
3(TE)
4 Puckered and wrinkled textures in bands F 02-7 4-31 Contamination
4 A 0.1 3 Degraded FEP :
5 Slighty lumpy (B) B,.C.D 0.1 3-5 Degraded FEP
6 Some areas of puckered texture C <0.1 1-2 Degraded FEP
7 Eroded, sharp pinnacles (B) B.D <0.1 0.6 Clean FEP }
8 Eroded, sharp pinnacles C <0.1 0.6 Clean FEP .
9(LE) D,F 0.1-08 0.8 Clean FEP
10 Eroded, rounded peaks A 0.1 0.6 Clean FEP :
1 Eroded, sharp pinnacles (C) ch <0.1 0.4 Clean FEP !
12
Conto! FEP Smooth, featureless <0.1 <0.1 Clean FEP
TABLE VIII. XPS DATA FOR KAPTON
Surface Mole %, Normalized
Kapton Sample C [o] N Si Na S K E P
Reference 7 21 74 0.2 nd 0.1 nd nd nd
Exposed #1 62 28 6.8 2 i 0.4 0.3 0.1 tr
Exposed #2 64 27 6.8 1 i 0.3 0.2 0.1 tr

1
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Scanning Electron Surface Composition
Microscope Image Determined by X-Ray

.

LDEF TRAY C11 EXPOSED TEFLON Photoelectron Spectroscopy

MOLE %
C F 0 OTHER
27 72 04 TRACE
Si,N, S, Cl
27 73 TRACE | NONE
DETECTED

Figure 1. SEM images and surface composition of FEP. A lcading edge surface with atomic

oxygen erosion is compared to a featureless control surface.
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Figure 2a. XPS spectrum of the Cls peak of the D7 blanket surface.
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2b. XPS spectrum of the Cls peak of the BS blanket surface.

FEP.

2c. XPS spectrum of the Cls peak of the F4 blanket surface.

__FEP.

2d. XPS spectrum of the Cls peak of the F2 blanket surface.
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LDEF Scanning Electron Silicon Surface

Tray F4 Microscope image Contamination Determined
Silver/Tefion by X-Ray Photoelectron
Spectroscopy

HinIHH‘LIH]HH]HH]IIH}‘HHHHU

Figure 3. SEM images of surface morphology changes observed on a section of the trailing edge
F4 blanket surface. The FEP surface appeared visibly pattemned, as seen in the
photograph on the left. The surface contamination, represented by Si concentration, was

very nonuniform.
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mal Blanket Edge Surface

__AO Erosion of A10 Ther

§ L

X3, 00

e s .‘}‘.

Figure 4. SEM images of a transition zone on the A10 blanket edge. Area A has the characteristic
atomic oxygen erosion pattern. Area D is a surface with contamination coverage and UV
degraded FEP. Area C shows undercutting of the contamination and damaged polymer

layer.

C8: UNEXPOSED EDGE

Figure 5. SEM images of submicron particles of SiOz on a masked edge surface of the C8 blanket.
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