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I. INTRODUCTION

The Aerospace Corporation participated in the National Aeronautics and
Space Administration (NASA) Effects of Oxygen Interaction with Materials
(EOIM) experiments on shuttle missions STS-5 and STS-8. These experiments
vwere designed to study the reactions of a wide variety of typical spacecraft
materials with oxygen in low Earth orbit. The results obtained from the STS-8
exper ' ment will be deseribed, along with some comparisons to previously

unpublished STS-5 results.

The samples on STS-8 were contained in one of the trays provided by
NASA's Langiey Research Center as well as in an Aerospace-designed tray. The
samples in the Langley tray are listed in Table 1. Table 2 shows the loca-
tions of the samples in the Aerospace tray. Samples A, B, and C were 1 in. in
diameter; the others were 0.5 in. in diameter. Sample locations for both
trays are indicated in Figs. 1a and 1b. In addition, Aerospace designed and
built two additional fixtures for specific experiments. These two fixtures
contained the organic and metal film experiment and the Kevlar and fiberglass
experiment. (These fixtures are described in Sections III and IV, respec-
tively.) Thus, four separate trays were the responsibility of The Aerospace
Corporation in the EOIM experiment on flight STS-8.

The following technical discussion applies to those samples analyzed at
Aerospace. (Some of the samples in the trays were contributed by others --
Jet Propulsion Laboratory, Aerojet, Martin-Marietta -- and will be reported
independently.) The samples are divided into the following categories:
optical materials and coatings, organic and metal films, Kevlar and fiber-
glass, carbon fibers and graphites, and high-temperature coatings. For this
experiment, the shuttle's payload bay was maintained into the velocity vector
for about 40 h at an altitude of roughly 120 nmi; the result was a calculated

atomic oxygen (0) fluence of 3.5 x 1020 atoms cm™2 (see Ref. 1).
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Table 1. STS-8 Aerospace Disk Specimens (Langley
Research Center Holder Assembly, Tray 2)

Specimen Quantity Location
graphite/Mg 1 1-1
bare graphite coating 1 1-2
pyrolytic graphite 1 1-3
("a" face)

Ir on Mo 1 1-4
Mo (polished) 1 1-5
Be 1 1-6
graphite/Mg/T1 1 2-1
siloxane-treated graphite 1 2-2
coating

black epoxy paint on Al 1 2-3
black Rh on Mo 1 2-4
sputtered black Rh 1 2-5
Ti ("tiodized") 1 2-6
Flamemaster S1023 on Al 1 3-1
IR optics 1 3-2
Ti 6-4 ("tiodized") 1 3-3
Ir foil 1 3-4
M-diethynyl-benzene + 1 3-5
ethynyl-benzene (1:1)

Kevlar (up)/Ag (down) 1 4=
IR optics 1 -2
2306 on Kapton 1 4-3
Rh foil 1 4-4
Mg foll AZ61A 1 4-5

Total 22
10
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Table 2. STS-8 Aerospace EOIM Disk Specimens (Tray 1)

Specimen Quantity Location
ITO/Kapton composite b 1 A
SAS on Al 1 B
black Kapton 1 C
in0 1 D
Ag 1 E
pyrolytic graphite ("c" face) 1 F
fivers (HM 3000/Kevlar/low~temperature 1 G
PAN/KGF 200/mesophase pitch/T300)
AXF-5Q-P0OCO Graphite 1
silicone _L
Total 9
2
11
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Fig. 1. STS-8 Specimen Identification Format. (a) Langley Research

Center disk holders., (b) Aerospace tray.
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. II. OPTICAL MATERIALS AND COATINGS

A, INFRARED OPTICAL MATERIALS

1.  SAMPLE DESCRIPTION

An increase in the background noise level of the Earth sensor assembly
(ESA) of the DMSP spacecraft and their sister craft from the NOAA/TIROS
program has been observed on orbit. This increase is consiatent with a '
decrease of approximately 20% in the transmission of the objective lens of the
ESA. The timing and geometry of the anomaly suggest that atomic oxygen in the

atmosphere may play a role in that degradation.2

To investigate the role of atomic oxygen (0) in the DMSP ESA offset
anomaly, samples of coated infrared optical materials were flown on both the
STS~5 and STS-8 EOIM experiments. These samples are described in Table 3.

Samples on the STS-5 experiment were flown in duplicate, one in the "up"
(exposed) position and one in the "down" (unexposed) position. Only one
exposed sample each was flown on STS-8,

2. EXPERIMENTAL PROCEDURE

a. Chemical Composition

Postflight measurements of the surface chemical composition of the disks
were made by x-ray photoelectron spectroscopy (XPS) using a McPherson ESCA-36
spectrometer. The chemical depth profiles of two of the STS-5 samples were
measured with a Physical Electronics model 590 scanning Auger microprobe
equipped with a 5-kV argon-ion sputtering beam.

b. Infrared (IR) Transmission

IR transmission spectra of the disks from 2 to 20 um were measured with a
Nicolet MX-1 Fourier transform infrared (FTIR) spectrophotometer having a beam
diameter of 7 mm. Pre- and postflight measurements of the STS~8 samples were
performed, and transmission spectra of the STS-5 samples were compared to
those of replicate samples maintained in the laboratory.

13
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Table 3.

Infrared Optical Material Samples

Sample No. Flight Substrate Coating

A51A STS~5 germanium MLAR,* with ZnS as
its outermost coating

A51B STS-5 germanjum MLAR, with ThFy, as
its outermost coating

A51C STS~5 silicon MLAR, with Siox as
its outermost coating

3-2 STS-8 germanium same as 51B

§-2 STS-8 germanium ZnS, 1/4-wave optical
thickness at 15 um

*Multilayer antireflection coating
14
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3. RESULTS

a. Chemical Composition

XPS measurements revealed that all of the flight samples with ZnS
coatings were partially oxidized, although the "up" sample from STS-5 was more
heavily oxidized than the "down" sample. In each of these samples less sulfur
(S) was present than in the laboratory control sample. Comparison of the
intensity ratios of 0 and S to zinc (Zn) as zinc oxide (ZnO) and zinc sulfide
(ZnS) showed that the stoichiometry of the samples changes as a function of
O-atom exposure. The ZnS found in the exposed and unexposed samples was
sulfur deficient compared to that in the laboratory sample; the Zn0O was more
oxygen rich. Chemical depth-profile measurements of the "up" ZnS sample
showed a ZnS layer of approximately 2 um, with an initial intermixed oxide
layer of approximately 20 nm. Surface contaminants of carbon (C) and chlorine
(Cl) were also observed.

The XPS results for the STS-8 ZnS samples differed from those for the
STS-5 samples. ZnS was less completely oxidized, appearing as a inSQ, layer
~4 A thick, or as a 0.4:1 mixture of Znsou and ZnS in the 30-A sampling depth
of the instrument. This result is surprising, inasmuch as the fluence in the
STS-8 exposure was approximately three times as great as that on the earlier
flight.

XPS measurements of thorium fluoride (ThFu)-coated samples from both
flights showed that exposed samples were oxidized. A layer of thorium dioxide
(Thoz) 10 A thick, or a 1:1 mixture of ThO, and ThF), throughout the sampled
depth of 30 A, was formed. In the STS-5 samples, the relative amount of F
with respect to Th present as ThFu remained constant: Th02 replaced some of
the ThF,, but the fluoride remained stoichiometric. This was unlike the case
for IZnS, where the ZnS in the flown samples was sulfur deficient compared to
that in the laboratory samples. The STS-8 sample exhibited higher oxygeﬁ
content than did the STS-5 sample, which is qualitatively consistent with the
higher fluence on the later flight. No oxidation was observed on the
unexposed STS-5 sample. The chemical depth profile of the STS-5 ThF, "up"

sample revealed a multilayer structure, including ThF, layers. Carbon and
y
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oxygen were interspersed throughout the multilayer structure, suggesting that

they may have been incorporated in the manufacturing process.

b. Infrared Transmission .

No significant changes in the infrared transmission of any of the ThFy,-
or ZnS-coated samples were observed. A slight decrease in transmission of the
Sle-coated samples (compared to a laboratory control sample) was measured.

4., DISCUSSION

Oxidation of the ZnS on the flight samples is not a surprising result,
inasmuch as the high-temperature oxidation of ZnS in air {s a well-known
process.3 However, since the infrared transmission spectra of ZnO and ZnS
exhibit only subtle differences in the midwavelength IR, one would not expect
the thin oxide layer formed to produce a significant change in the c¢coating
absorbance.

The result, that the STS-5 "up" and STS-8 ThFy samples were oxidized -
while the STS-5 "down" sample was not, is intuitively satisfying. Assuming
that oxidation proceeds via the reaction

ThFu(s) + 20(8) + Thoz(s) + 2F2(g)

one might expect the prncess to be endothermic¢c by as much as 2.9 eV. However,
if one includes the additional translational energy of the incident atomic
oxygen in the accounting, the process can be exothermic by more than 7 eV.
Indeed, the lack of oxidation of the ThFu "down" sample (when other "down"
samples of silver and ZnS were oxidized) lends some credence to the notion
that the initial translational energy of the atomic oxygen is effective in
promoting the oxidation of ThFu. However, this is thin evidence on which to
base a firm conclusion.

The surface analysis of the SiOx samples provided no explanation of the
apparent decrease in transmission of these materials. They were, however,
located nearest to the 250°F tray on the STS-5 experiment. It is possible
that some contamination was produced by the hot tray, although the infrared
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. spectra neither confirm nor deny this notion. Since transmission spectra of
the STS-5 samples were compared to laboratory control samples rather than to

* preflight measurements, the possibility of systematic error must be admitted.
Otherwise, the origin of this apparent transmission loss remains unclear.

B. INDIUM OXIDE AND INDIUM TIN OXIDE

Conductive, transparent coatings of indium tin oxide (ITO) are normally
applied to spacecraft surfaces to inhibit charging. Three types of samples
with ITO or indium oxide (In203) coatings were included: (1) silica disks
with 200, 400, and 600-A-thick coatings of ITO; (2) an In203-coated second
surface mirror, or optical solar reflector (OSR), from Optical Coating
Laboratories, Inc.; and (3) six strips of ITO-coated Kapton film (maintained
at three different temperatures).

The van der Pauw techniqueu

was used to measure the electrical properties
of Hall resistivity, carrier density, and Hall mobility of the ITO-coated
disks and the OSR before and after flight. No changes in these properties

were observed for any of the samples.

Optical constants and coating thicknesses of the ITO-coated disks were
measured by ellipsometry before and after flight. No changes were observed.

The specular reflectivity of the OSR after flight was measured in the
range of 200 to 800 nm (using a Cary 17 spectrometer), and from 2 to 25 um
(using a Nicolet MX-1 Fourier transform infrared spectrophotometer). No
differences in reflected intensity or in the spectral shape of the reflectiv-
ity were discernible among the two flight samples and a number of laboratory
control samples.

To examine the ITO-coated Kapton films for changes in mass, 0.9-in.-diam
disks punched from the samples were weighed. Comparison of the measured
masses of the flight samples to those of disks punched from material kept in

. the laboratory showed no change in the masses of the films.

Taken together, these measurements lead to the conclusion that ITO films
. are not affected by the low Earth orbit atmosphere; furthermore, they indicate
that ITO coating of Kapton will inhibit its erosion by atmospheric atomic
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oxygen. One caveat must accompany this conclusion: laboratory studies show

that the heating of conductive ITO coatings above 200°C in air results in

their complete loss of conductivity. One expects that the heating of ITO in

the oxidizing atmosphere of low Earth orbit would produce a similar result. .

C. POLISHED NICKEL MIRROR

Observations of the surface erosion of a variety of materials raised the
concern that the reflective surfaces used to line sunshields on orbital
sensors might be affected In such a way as to increase scatter, or nonspecular
reflection. Four samples of polished, chemically deposited ("electroless")
nickel, supplied by Westinghouse Electric Corporation (WEC), were flown on
STS-5. Sample 1 was mounted in position A53-C~UP; sample 2 was mounted in
position A53-C-DOWN. Samples 3 and Y4 were kept as laboratory controls.

Measurements of the scatter of the mirrors, as quantified by the bidirec-
tional reflectance distribution function (BRDF), were made by WEC on all four
disks, both before and after the flight exposure of samples 1 and 2. The .
light source used in their measurements was a 5-mW helium-neon laser (6328 A).
The angle of incidence of the laser beam on the samples was 10° from normal.>

Table 4 shows the results of postflight measurements of the BRDF value at
a 20° angle of incidence. Changes in samples 3 and 4 are subjective, because

the substrates were not flat enough for a reliable measur'ement.6

Visual observation under high-intensity i{llumination supports the results
in Table 5. Low-magnification electron micrographs clearly show differences

between the exposed and unexposed areas of the sample.

The surfaces of the nickel mirrors were chemically analyzed by x-ray

::,
photoelectron spectroscopy (XPS). The nickel XPS spectra of flight samples 1 :
and 2 show the presence of only oxidized nickel, while the spectra of labora- '.
tory samples 3 and 4 contain signals for both oxidized and metallic nickel. é’
The oxide layer on the flight samples is thus thicker than that on the - ¥

. ~
laboratory samples, since the substrate metallic-nickel signal is not visible Q’
in the spectra. Given the escape depth of the electrons involved in the $f
analysis and the geometry of the spectrometer, one can estimate that the oxide . f
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Table U.

Postflight BRDF Summary

Preflight BRDF,

Postflight Increase

Sample No. Location 20° [W/wW-Sr] (Decrease) at 20°
1 up 1.3 x 107Y 6.4/1
2 down 1.5 x 1074 17/1
3 control 4.8 x 107Y 2/1
y control 7.1 » 1074 (2/1)
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on the laboratory samples is on the order of 10 A thick; on the other hand,
the oxide on the flight samples 1; more than 30 A thick, which is the sampling
depth of the spectrometer.

This experiment has shown that the exposure of polished electroless
nickel reflectors to the low Earth orbit atmosphere results in a significant
degradation in performance, as measured by the BRDF of the surfaces. Surface
analysis by x-ray photoelectron spectroscopy indicates that this degradation
is the result of oxidation of the surface by the ambient atmosphere. It is of
particular significance that the sample that was nominally shielded from
direct atmospheric impingement showed a larger effect as measured by both XPS
and BRDF. This is consistent with the observation that silver foils, flown on
tray A53, showed more extensive oxidation on the "down" sample than on the
"up" sample. This result shows that significant oxidation of the nickel sur-
face can occur from atomic oxygen that has struck one or more spacecraft
surfaces before reaching the nickel.
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ITII. ORGANIC AND METAL FILMS

' The purpose of this experiment was to determine the effects on organic
and metallic films of exposure to atomic oxygen in low Earth orbit. The po-
tential of atomic oxygen impingement to remove contaminants by an accelerated

@« oxidative process, and the possibility of contaminants being transferred to

e other surfaces via reactive chemical sputtering, are two important mechanisms

of contamination. This experiment was designed to measure simultaneously the

. degradation of various organic films as well as to detect sputtered material

A from these films by using Fourier transform infrared (FTIR) spectroscopy.

:; Metal films were analyzed by nuclear backscatter and ion microprobe mass

N analysis (IMMA) to study effects of exposure to atomic oxygen as well as of

possible metal atom sputtering.

% A. EXPERIMENTAL PROCEDURE

‘ﬁ ° This experiment used a special fixture, a tray designed by Aerospace.

" Figure 2a is a photograph of the assembled tray with the cover removed, and

i7 N Fig. 2b is a schematic of this fixture showing how the films were layed out,

; A schematic showing how the tray functions is presented in Figs. 3a and 3b,

E for organic and metal films, respectively.

. A beam of atomic oxygen, collimated by slits in the tray cover, impinges
?: on a germanium FTIR plate that contains a film. Close to the sample is

i' another FTIR plate used to catch any sputtered material. Four of these

fh sample-witness plate pairs (Figs. 2a and 2b, foreground) were used, and they

[ occupied one half of the fixture. The other half of the fixture (Figs. 2a and
Ei 2b, background) contained the metal film experiment, wherein an oxygen beam,
5' collimated by slits in the tray cover, strikes metal film targets and sputters
Eg metal atoms to the side collectors; here three such assemblies were used.

. The organic films, prepared by the use of solvent airbrush techniques,

;3 . were a hydrocarbon grease, a methyl silicone grease, and an epoxy. Kapton was
:? a commercial film material. The identification and thickness ranges of these

n materials are presented in Table 5. The metal films used were gold, aluminum,
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GOLD GOLD SILVER

Z \

! 14 17 3 4
‘ 13 16 10 1

13 — KAPTON FLM

16 — EPON 1001 RESIN 14, 17, 3, 4 — COLLECTOR PLATES
10 — APIEZON L FILM

1 — G-9042 SILICONE FILM

B

Fig. 2. The Aerospace Organic and Metallic Thin-Films Tray.
(a) Photograph of the tray with the collimating
cover removed. (b) Cross-sectional schematic of
the sample layout.
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Table 5.

Materials and Results of Organic Thin Films

Sample Thickness, mil Result
Kapton sheet 0.5 eroded/pitted through
Apiezon L grease 0.1 - 0.2 removed
McGhan-Nusil 1 -2 oxidized and darkened
G-90u2*silicone
grease
Epon 1001 epoxy " 0.2 - 0.3 eroded through

*The Zn0 pigment was removed by filtration
prior to coating.

**Cured with BDMA (benzyl dimethylamine),




and silver; these were vacuum deposited to a thickness of 1000 X. In addition
to this experiment, thicker silver foils were also placed in the Aerospace
sample tray at location E (see Fig. 1b, above) for comparison with the results
of this metal-sputtering experiment as well as with the results obtained from
STS-5 with respect to oxide formation on silver foils.

B.  RESULTS

The initial analysis of the metal film collectors using nuclear back-
scatter indicated that roughly a monolayer (1015/cm2) of both gold and silver
had been transferred to the side collectors from their respective targets.
However, closer examination indicated that this layer was present on all faces
of the collectors and was therefore the result of poor or inefficient masking

of the parts during the metal coating process. Aluminum could not be detected

on the collector because of background noise. Control samples run through the

metal coating process showed the same contamination on their unexposed faces.

Interestingly, the silver target showed intense color changes as a result
of exposure to oxygen. A dark-brown pattern was present at the point of maxi-
mum impingement and changed to a dark green; outward from the center, several
different shades were observed. No unique oxide could be identified by ion
microprobe mass analysis (IMMA) or x-ray analysis. Silver-coated collectors
showed dark-brown areas, indicating that a large amount of oxygen atom reflec-
tion had occurred.

For the organic films the results are fairly clear. The 0.5-mil Kapton
sample showed severe degradation and pitting. The FTIR spectra of protected
and exposed areas show changes in the intensity ratios of the various bands.
The 0.2-mil Apiezon film was essentially destroyed; FTIR spectra indicate that
very little of the film remained. The 0.2-mil epoxy film was similarly
degraded, as seen both visibly and by FTIR. The 1-mil film of methyl silicone
grease was visibly intact, but darkened. However, FTIR analysis of the sur-
face indicated that almost all of the hydrocarbon backbone had been removed

and the remaining material was oxidized to a silicate. The FTIR spectra are

shown in Figs. 4 through 15. Spectra were obtained by using both the atten-
uated total reflectance (ATR) and transmission modes for each sample. The
most relevant spectra are presented for each sample.
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The collector plates do not lend themselves to such obvious interpre-

y tation. Material has been collected on at least three, and possibly all, of
N the plates. The amounts of material are very small and the FTIR spectra

Zj obtained are quite noisy. The plates opposite the Apiezon and methyl silicone

grease samples had identical spectra. Very little, if any, material seems to

A have been collected opposite the Kapton and epoxy.

.'i

:$ The silver samples were 99.97% pure in the form of foils 0.0127 mm

¥

g‘ thick. Identical samples were flown facing up and facing down, about one-half

inch above the mounting plate for the experiment; these were identical to the

75 silver foils also flown in the very same tray on STS-5. Three other silver

2% samples, attached to the temperature-controlled film trays on STS-5, were also

:\ analyzed.

" Results from STS-8 are shown in Table 6, along with the results

S} previously obtained on STS-5 for comparison. Each result is an average of

? three 160 depth profiles taken with an ion microprobe mass analyzer (IMMA). A

;;« typical profile for an "up" sample is shown in Fig. 16. The "down" samples
did not generally show as sharp a step between the oxide and the silver but

ff instead a more gentle drop in concentration, one consistent with more

?' diffusion into the sample. On some samples the oxygen persisted to depths of

:: over 3000 A. The thicknesses in all cases were taken at the 50% intensity

’ point on the profile. The oxide thickness is greater on the STS-8 sample, but

? the thickness is obviously not linear with oxygen atom fluence in this range

g of fluences. The down-facing samples are thicker in both cases; this is

m apparently caused by their reaction with oxygen atoms -- not from direct

N impingement along the velocity vector, but from scattering, reflection, or

? other unknown processes. Depth profiles taken in those areas of the silver

:5 foil masked from exposure to atomic oxygen showed less than 140 A of native

o oxide thickness.

i

'. C.  CONCLUSIONS

¥

Q' Metal sputtering, if it occurs at all, must have a yield of less than

3 10‘5. With respect to metal film stability, only the silver showed a tendency

;

i
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Table 6. Thickness of Oxide Film on Silver

- Sample

Thickness, A

STS=5:
A53
2-75-TA
1-250-TA

. 2-250-TA

STS-8:

E

Yp
850
2900

2200

1700

1100

Down

1060
1500
2600

2600

2100
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to oxidize. From both experiments, oxidation of the silver-coated specimens .
not directly exposed to the atmospheric rain indicates that oxygen atom ﬁ
Rab
reflection is a significant phenomenon. ?:
e,
From the organic and metal film experiment it appears that hydrocarbon .
contamination can be removed by atomic oxygen impingement, although silicone ;
contamination will not be removed but will be altered and darkened by this 5:
exposure. Epoxies and Kapton will be eroded by atomic oxygen exposure. 4
Material sputtered or transferred to another surface by atomic oxygen T&
impingement was not observed. The nature of the contamination on the '
collector witness plates is unknown, but it would seem to be silicone X
U
related. The possibility that contaminants can be removed by reflected atomic sﬁ
t
oxygen cannot be dismissed; such removal may in fact be a significant vy
mechanism by which materials are oxidized. 3
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IV. STS-8 KEVLAR AND FIBERGLASS SAMPLES

- A. EXPERIMENTAL PROCEDURE

Samples of plain, square-weave Kevlar 29 were placed in two locations in
the EOIM experiment. A 1-in.-diam piece was inserted into the Langley disc
sample tray (Fig. 1a), while a fourth tray, an Aerospace-fabricated aluminum
holding fixture, housed a sample approximately 7-1/2 x U-in. The Aerospace
tray, 4 x 9 in. x 1 in. deep (see Fig. 17), also held a ffberglass sample
(exposed) and O-atom-protected Kevlar and fiberglass samples on the back of
the aluminum frame. The large Kevlar sample was held in the Aerospace tray at
three different angles to the incident O-atom flux: at normal, U5°, and
60°. The fiberglass sample was positioned normal to the incident flux.
Kapton tape was placed around the edges of the Kevlar and fiberglass samples
to prevent the fabric from unraveling.

The purpose of mounting the Kevlar at different angles to the incident
flux was to obtain different levels of O-atom exposure, thereby also obtaining
physical-spectrophotometric properties as a function of dose for the Kevlar.

The two major concerns for the fabric were changes in mechanical strength
and optical properties of the material as a result of O-atom exposure.
Several analytical methods were chosen to measure any changes in mechanical

strength or optical properties resulting from the O-atom environment.
B. RESULTS
1. MACROPHOTOGRAPHY AND MICRNSCOPY

The surface sheen of the 1-~in.-diam Kevlar sample was visibly dulled by
O-atom exposure. The exposed areas of the Kevlar from the holding fixture
were again obviously dull in appearance when compared with the unexposed areas
(Fig. 18). The shiny areas were protected by the aluminum frame, as well as
by Kapton tape placed around the Kevlar edges. There was no visible effect of

O-atom exposure on the fiberglass sample.
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Fig. 18. Photograph of Kevlar from Flight Tray 2, Showing Surface Sheen
Dulled by O-Atom Exposure. (a) Exposed. (b) Unexposed.
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Samples of the exposad and unexposed fabric were viewed with the optical
stereo microscope. Again, although the dull surface of the exposed Kevliar
fibers was apparent, to the eye there did not initially appear to be any
breakage or erosion of fibers, and the fiberglass sample did not at first
reveal any visible change as a result of exposure to the O-atom flux.
However, when the exposed Kevlar fabric was viewed in the scanning electron
microscope (SEM), it was obvious that the surface had been eroded. This
erosion probably gives the appearance of dullness or loss of sheen to the
eye. There was no apparent change to the exposed fiberglass when it was
viewsd in the SEM.

A sample of the Kevlar fabric exposed under normal conditions was cross-
sectioned and examined by means of optical and scanning electron microscopy in
an attempt to see the extent of fiber damage. Most fibers on the exposed side
appeared undamaged, with the possible exception of the outer surface of some
of the fibers. In any case the erosion or damage does not appear to penetrate
the fiber to any significant depth.

2. MECHANICAL TESTING

Mechanical testing of the Kevlar and fiberglass consisted of pulling
samples to fallure in an Instron model 1127 mechanical tester. Samples were
tested from each of the tl. ee exposed areas of Kevlar and the one of fiber-
glass, as well as from unexposed laboratory and flight samples. Samples were
mounted for testing in capstan-type holders to minimize clamping stresses,

Fracture occurred at the center of the gage length in all samples.

The exposed Kevlar samples showed a 25 to 30% loss of strength compared
with the unexposed Kevlar. The angle the Kevlar fabric made with the incident
flux had little effect on the strength of the material. This was probably due
to the nature of the fabric. The O-atoms strike normal to the fiber, damaging
individual fibers regardless of their weave-exposure angle. Consistent with
the fact that no damage could be detected via microscopy, the fiberglass

sample exhiblited no loss of strength as a result of the O-atom exposure.
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¢ 3. SPECTROMETRIC MEASUREMENTS

i Specular reflectance and absorption spectra of the pre- and postflight
3 * Kevlar and fiberglass samples were measured from 4000 to 400 cm'1 by means of

the Nicolet MX-1 FTIR spectrophotometer. The absorption measurements were

;5 obtained on the fabric surfaces by pressing the fabric against a KRS-5

ZK internal reflectance crystal and using the attenuated total reflectance (ATR)
L)

:' attachment to the FTIR. There were no significant changes in either the

specular reflectance or absorption IR spectra between the exposed and

2‘ unexposed samples of either the Kevlar or fiberglass.

N

$ Spectral hemispherical reflectance measurements were made with a Beckman
N

v 5240 spectrophotometer, while normal emittance values were obtained from

measurements on a Gier Dunkle DB-100 spectrophotometer. The pre- and

"; postflight solar absorptance ag and emittance €N and €y (normal and hemi-
~ spherical) values were obtained. Small changes due to O-atom exposure were
R, ) noted in the absorptance and emittance values of the Kevlar. No significant
. changes were measured for the fiberglass sample.
E‘ ; C.  CONCLUSIONS
:{ The optical and mechanical properties of the Kevlar 29 fabric changed as
- a result of its exposure to the atomic-oxygen atmosphere at shuttle orbiter
? altitudes. The surface sheen of the Kevlar was noticeably dulled and the
3‘ solar absorptance emissivity values decreased; no spectrometric changes were
%' observed in the exposed fiberglass.
* Mechanical testing revealed a 25 to 30% loss of strength in the Kevlar as
i? a result of the O-atom exposure. The mechanical test data are presented in
: Table 7. Scanning electron microscopy revealed that the exposed fibers were
;¢ eroded, though only the outer surface of the fibers appeared to be affected.
k However, this erosion was presumably insufficient in itself to cause the
:; ) observed loss of strength. The mechanism causing fiber weakening is not
E; known. The FTIR did not reveal any observable molecular change in the exposed
W fibers.

) L7

L7 ""t

]
:‘f’.’l’."..’) | 4

e - -t . " TR At R R G R S T A R A A A N A R R RN
‘--’-“ AN .l‘«‘l-- R -‘!a‘lq LA !‘I'.... A W SN AL I, TN P % \\N‘\\‘

e,



4 st s

NI U LN YN

WA A U

Table 7. STS-8 Kevlar Mechanical Testing Data

L

[N

“atlt

Vot et ety s

o Average Breaking Normalized

g * Orien- No. of Fracture Strength, Strength,
Sample tation Tests Load, 1b. 1b/1in. )

AH

:0

¥ lab control X 3 270 759 100

f sample (fi11)

9

Y 13 237 667 88

‘ (warp)

K}

$ unexposed

ﬁ flight control X y 254 714 9y

K sample
exposed sample

X (angled section X 3 202 568 75

' at end)

)

N

. exposed sample

N (angled section X y 203 571 75
at center)

)

:- exposed sample

. (f1at section) X 6 187 526 69

:
*al1 samples have 8 strands.

;, Weave is approx. 22.5 strands/in. (warp and fill directions).

B Breaking strength = gggg (fracture load).
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It has been suggested that the vacuum environment in space contributed to
the loss in strength of the Kevlar, although the flight control sample exposed
- to the same vacuum and temperature history, but not to the incident oxygen
flux, exhibited only a 6% loss of strength. Geometry should have prevented

the oxygen atoms from reaching the sample,

Since we have only the one data point from which to extrapolate, there
are insufficient data to determine the rate of change of the optical or

mechanical strength properties in Kevlar with O-atom dose levels.
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V. CARBON FIBERS AND GRAPHITES

A. SAMPLE DESCRIPTION

Carbonaceous materials were selected to ensure a meaningful represen-
tation of the range of structures and morphologies available. The large
anisotropy of a single crystal of graphite is shown in Fig. 19. The materials
consisted of five carbon fibers, one polymer fiber (Table 8), one bulk
polycrystalline graphite, and a highly oriented pyrolitic graphite. The five
carbon fibers ranged from a high-modulus, highly graphitic fiber (VSB 32) to a
low-modulus, amorphous fiber (KGF 200). The one polymer-based fiber was a
medium-modulus fiber having good fibril orientation. The bulk graphite was
selected to represent the class of carbonaceous composites consisting of
aggregates. The graphite had a bulk density of 1.86 g/cm and an open porosity
of 16.7%, with essentially isotropic properties. Single crystals of graphite
were represented by a highly oriented pyrolytic graphite.

B. EXPERIMENTAL PROCEDURE

The materials were prepared for the experimental trays in a manner that
would enhance the observation of microstructural and morphological changes
caused by oxidation via atomic oxygen (0). All six fibers were mounted in an

epoxy resin and metallographically prepared in the transverse direction.

The axial plane of the bulk graphite sample was metallographically
prepared and xenon-ion etched for exposure to atomic oxygen. To bring out the
orientation of the graphite basal planes of the matrix phase in these
materials, the polished surface was xenon-ion etched; this was also done for
the a- and c-planes of the pyrolytic graphite. If the structure of the
material is not overly refined, etch lines or laminae that indicate the
graphite basal plane orientation will develop (Fig. 20).

c. RESULTS AND DISCUSSION

The changes after oxidation in the morphology and microstructure of the
carbon and polymer filaments, bulk polycrystalline graphite, and pyrolytic
graphite were qualitatively characterized by optical and scanning electron
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! Fig. 19. Graphite Crystal Structure Showing Large Anisotropy.
g a is the coefficient of thermal expansion, E is the
' elastic modulus, and G is the shear modulus.

t

t

i e e

52

A Tt R S o g a8 T 5 A A 3 AT T Y A VR R S




. Table 8. Filament Property Data

: . Tensile

. Diameter, Density, Modulus,

‘ Filament Manufacturer Precursor um g/cm msi
KGF 200 Kureha pitch 10 1.6 10

. Thornel 300 Union Carbide  PAN 7 1.75 33

' HM 3000 Hercules PAN 8 1.83 50

: VSB 32 Union Carbide mesophase 11 2.02 55

x pitch

B Kevlar DuPont polyamide 12 1.044 18

¢ low-temp. Celanese PAN - - -

PAN
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microscopy (SEM). However, the very slow rates of reaction for the carbona-

] ceous materials prohibited quantification in this experiment. After exposure,

k, the epoxy-based mounting compound used for the transverse sections of filament
éi . had oxidized at a faster rate than the filaments themselves, leaving the

N various filaments protruding above the oxidized plane of the mounting compound
;a (Fig. 21). The changes in the filaments were a function of precursor-pitch,

M polyacrylonitrile (PAN), mesophase pitch, and polyamide, and the degree of
graphitic order as reflected by the axial (longitudinal) tensile modulus. The

Yy carbon filament with an amorphous structure, KGF 200, appeared to have the

" least amount of in-depth oxidation (Fig. 22). The axial plane (transverse

W) surface) was pitted with pores of varying shape and size which resulted from

g: the oxidative attack of existing micropores; these micropores are present in

_s amorphous carbons as a result of their low density, 1.6 g/cm3, compared to the

o density of a single crystal of graphite, 2.25 g/cm3.

:: The extent of surface and in-depth oxidation was found to decrease with

,&1 . increasing tensile modulus and density for the PAN-based filaments (Figs. 23

G through 25). The low-temperature PAN with the lowest tensile modulus also had

: the greatest surface, transverse and longitudinal, and internal oxidation of

-k the three PAN filaments. The appearance after oxidation suggests the fibril

'5‘ structure of PAN filaments which has been proposed by many researchers7 (see

‘h' Fig. 23). The degree and extent of oxidative attack was reduced for the
filaments having an intermediate modulus (Thornel 300, Fig. 24), and even more

¥ so for the filament having a high modulus (HM 3000, Fig. 25). The Thornel 300

,5 filament also had a fibril appearance after oxidation. However, as this

h structure became more refined, resolving the fibrils became more difficult

X because of the smaller interfibril spacing (as in the high-modulus HM 3000

% filament).

‘? Another observation of the oxidative structure of the HM 3000 filament

R was that resistance to oxidation of the center core of the filament was

° apparently higher than that of the outer annulus (Fig. 26). Under more severe

Eﬁ : conditions, with flowing air at atmospheric pressure and a temperature

Zg of ~3900°C, the outer annulus was oxidized away, leaving the resistant center

o core (Fig. 27).
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Fig. 21. Scanning Electron Micrograph of Mounted Carbon
Filaments in Cross Section. Filaments protrude

above oxidized plane of mounting compound.
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Fig. 22. Scanning Electron Micrographs of KGF 200. (a) Preflight.
(b) Postflight.
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Scanning Electron Micrographs of Low-Temperature PAN.
(a) Preflight. (b) Postflight.




g Fig. 24. Scanning Electron Micrographs of Thornel 300. (a) Preflight.
(b) Postflight.
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Fig. 25. Scanning Electron Micrographs of HM 3000.

(b) Postflight.

(a) Preflight.
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Fig. 26. Scanning Electron Micrograph of HM 3000,
Showing Center Core Region
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Fig. 27.

Scanning Electron Micrograph of HM 3000 Filament
after Oxidation in Air at Atmospheric Pressure
and a Temperature of -3900¢C
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The post-oxidative characteristics of the transverse surface of the .'

) mesophase-pitch filament, VSB 32 (Fig. 28), were similar to those of the other %
high-modulus carbon filament, HM 3000. This fibril structure, which was ﬁ

' common among the medium- and high-modulus carbon filaments, was also found in ﬁ
the medium-modulus filament made of Kevlar polyamide (Fig. 29). The develop- i

ment of this coarse fibril structure, a structure similar to that of the low- :'f;
temperature PAN shown in Fig. 22, was not unexpected, considering the degree f?

of alignment of the polymer planes required to achieve a tensile modulus of .Q

18 x 106 psi. :
Although the post-oxidative microstructural characteristics of the a- and <$

c-planes of pyrolytic graphite were similar, the a-plane characteristics were &

an order of magnitude smaller. The fine conical structure after oxidation of f{

the a-plane is shown in Fig. 30. The laminae shown in this micrograph of the ;;

a-plane clearly indicate the perpendicular orientation of tne graphits basal P‘

planes to the plane of section. Mierographs of the c¢c-plane before and after “J

) oxidation are shown in Fig. 31. Cross-sectional views of these conical fea- 5:

tures are shown in Fig. 32. The lack of a greater difference in the post-

oxidative characteristics between the a- and c-planes was somewhat surprising,

3

RN

considering the large differences in the properties of the planes. The bulk

-

g

polycrystalline graphite had microstructural features and coarse conical

structures (Figs. 33 and 34) similar to those of the pyrolytic graphite. The

g

o -

microstructure suggested that oxidation resulted in the enlargement of

e M

micropores. K
D. SUMMARY AND CONCLUSIONS ﬁ
The results indicate that carbonaceous materials oxidize when exposed to ;ﬁ
atomic oxygen at the shuttle altitude. Although reaction rates for the *h
: (
carbonaceous materials could not be obtained, the epoxy was found to oxidize ﬁ
faster than the carbon filaments. The extent of microstructural changes in i
L3
the materials depended on the degree of graphitic order and on the type of \
- ‘
precursor. Carbons with an amorphous and highly graphitic structure, the 0
(M
extremes in structure, were the most resistant to oxidation as determined by H:
L]

¢ the qualitative observations of microstructural changes in these materials. N
The relative reactivities at shuttle altitude are consistent with the relative N
¢

reactivity observed from high-temperature oxidation. ;
o
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Fig. 28. Scanning Electron Micrographs of VSB 32.
(b) Postflight.
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Fig: 29. Scanning Electron Micrographs of Kevlar Polyamid.

(a) Preflignt.
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(b) Postflight.
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Scanning Electron Micrographs of the A-Plane in Pyrolitic

Fig. 30.

(b) Postflight. (c) Preflight.

(a) Preflight.

(d) Postflight.

Graphite.
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Fig. 31.
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Scanning Electron Micrographs of C-Plane in Pyrolitic Graphite.
(a) Preflight. (b) Postflight. (c) Preflight. (d) Postflight.

67

R R A o S G A e A G R R L e

N

>

PP
-

a




!

Cet >

ot
-

P 3

T

—_

100 £ m A

P T T P T S N S R R O SO S R S S N SO P RO R SO RO W

1pum B

Fig. 32. Scanning Electron Micrographs (Cross-Sectional View) of
Conical Features in Oxidized Pyrolitic Graphite.

(a) A-plane.

(b) C-plane.
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Fig. 33. Scanning Electron Micrographs of POCO 5Q
Polycrystalline Graphite. (a) Preflight.
(b and ¢) Postflight.
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K Fig. 34. Scanning Electron Micrographs of POCO 5Q Polycrystalline

!g Graphite, Showing Changes in Micropore Diameters.

’I;( (a) Preflight. (b) Postflight.
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VI. HIGH-TEMPERATURE COATINGS

A. INTRODUCTION

Materials resistant to high temperatures are being developed for
spacecraft applications. Coating materials and processes are necessary to
provide thermo-optical properties that minimize heating caused by absorption
of solar radiation, allow dissipation of heat, and also tolerate brief high-

temperature excursions.

Of concern is the behavior of these materials in the orbital environment,
as specific changes in their thermo-optical properties can cause problems. A
number of candidate high-temperature coating and substrate materials are being
considered for satellite thermal control; however, the effects of exposure to
the shuttle environment are not well known. This is partly because, in
previous space flights, samples of materials have not been given definite
exposures and then retrieved for later examination. 1In addition, the exact
conditions encountered on orbit are difficult to duplicate in the
laboratory.8 Results from STS-4 are severe erosion of osmium and carbon films
and changes in the appearance of silver films. Gold films, which appeared
unchanged, indicated that sputtering was not the mechanism of degradation.9
There is thus reason for concern over the effects of this environment on other

materials that may be used in the future.

The aim of this experiment was to expose samples of thermal-control
coat ing materials to atomic oxygen bombardment in low Earth orbit and investi-
gate any resulting changes in the infrared emissive and reflective properties
and any correlated microstructural or textural effects.

B. SAMPLE DESCRIPTION

The coatings were applied to sample disks 1 in. in diameter and 0.125 in.
thick. The disks were located in the Langley tray (see Fig. la, above).
Various coating materials were applied to substrates of polished molybdenum

(Mo), aluminum (Al), and titanium (Ti). The ten coatings investigated are
described below.

T




Black rhodium on molybdenum (specular) - A rhodium (Rh) coating
that was sputter-deposited to approximately 1 um thickness from a
Rh target onto a polished Mo substrate, using a vacuum sputtering
unit (Edwards model 150B, under nitrogen at 0.3 mb). The coating
had a shiny black appearance.

2. Black rhodium on Mo (matte) - Sputtered coatings of Rh on polished
Mo, using conditions similar to (1); dull black in appearance.

3. Black iridium on Mo - Sputtered coatings of iridium (Ir) on
polished Mo; black in appearance.

y, Black Cr on Cr on Mo - Mo substrates plated with Cr metal and
coated with a high-emittance layer of black Cr.

5. Rh foil on aluminum - Highly reflective Rh foil applied to an Al
disk by means of an adhesive.

6. Ir foil on Al - Same as for (5), but with reflective Ir foil.
7. Polished Mo - Disks of polished Mo.

8. KAT glass - Molybdenum sealing-glass composition coating, formed by
sol-gel processing and doped with cobalt (Co) as a dark coloring
agent, on a Mo substrate.

9. Ti/"tiodized" CP - Titanium anodized coating on a pure Ti substrate
(a proprietary process, analogous to anodizing for Al, that
consists of the electrolytic formation of a thick Ti oxide layer on
Ti).

10. Ti/"tiodized" alloy - "Tiodized" coating on a Ti alloy
(Ti-6A1-4V) substrate.

C. EXPERIMENTAL PROCEDURE

Two identical sets of samples were prepared; one set was flown and the
other served as a control. Samples were photographed both before and after
flight. To assess quantitatively the changes in the absorption and reflection
properties of the samples, measurements of the infrared reflectivity in the
4000 to 500 em™! (2.5 to 20 um) region were made before and after flight,
using a Nicolet Fourier transform infrared (FTIR) spectrophotometer. Specular
reflectance was measured, with the incident beam at 10° off normal.

Surface composition analysis and depth profiles were studied by means of
a scanning Auger microprobe (SAM), and surface morphology was examined with a
scanning electron microscope (SEM). The bonding of the coatings to the
substrate was also examined by means of a tape-peel adhesion test.
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, * D. RESULTS

gz 1. VISUAL OBSERVATION, PRE- AND POSTFLIGHT

? ) Some visual changes were observed on comparison of the postflight and

_ control specimens, mainly on the Ir, Rh, and black Cr coatings. This is
% summarized in Table 9. The gross visual changes noted were mainly an apparent
:g clouding or fogging of the surface, or the formation of small holes in the
ﬁ coating. Changes were also observed in the IR spectra of the coatings as a

. result of exposure to atomic oxygen.
~§3 2. FTIR RESULTS
%S Table 10 summarizes the changes observed in the IR spectra of samples

¢ that had accompanying visual changes. Except for the black Cr coating, the
g "fogging" is seen to decrease the measured IR reflectance. This can be

z‘ interpreted as either an increase in the absorption of the sample, an increase
f¥ - in the diffuse reflectance, or some combination of each. However, it is to be
H expected that an increase in texturing of the surface such as that caused under
0 . various conditions of sputtering can lead to increased absor'pt:ance.m'11

E Total reflectance over the maximum solid angle would be necessary to account
_L for any changes in absorption compared to those caused by diffuse reflectance,
E although the changes induced in the coated samples (as indicated by the
‘h appearance of fogging) would likely be associated with an increase in
k absorption. 1In the case of the exception where reflectance increased, it
? seems likely that this increase is caused by the formation of actual holes in
- the coating, which causes the reflective metal substrate to be exposed and
S thus increases overall IR reflectivity. The changes in the IR spectra listed
t; in Tables 10 and 11 are an indication of the change in average reflectance
ﬁ over the entire IR range measured. No major changes in spectral shapes or new
’ peaks resulting from the exposure were observed,

5 . Table 11 summarizes the IR changes observed in the remainder of the
g specimens, which did not exhibit visual changes. Some decreases in reflec-
3 tivity were noted in the last three samples in the table. The low value of

) ) the reflectivity of the KAT glass samples made it difficult to determine the
N
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Table 9. STS-8 High-Temperature Coating Experiment:
Visual Observations

Description Postflight Control

-—

black Rh on Mo (specular) clouded change
black Rh on Mo (matte) clouded change
black Ir on Mo clouded change
black Cr on Cr on Mo pinholes change
Rh foil on Al no change change
Ir foil on Al no change change
Mo {(polished) no change change
KAT glass no change change
Ti/"tiodized" CP no change change

O w oo N o0 B = ow N

-

Ti/"tiodized" alloy no change change
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Table 10. STS-8 High-Temperature Coating Experiment:
FTIR Difference Spectra (4000 to 500 cm™ ')
for Samples Having Changes in Appearance

-

Sample Postflight Change in _
No. Description Average Reflectance, % 1
&
1 black Rh on Mo (specular) -50 )
Q3
2 black Rh on Mo (matte) -25 ]
3 black Ir on Mo =75
(
y black Cr on Cr on Mo +20" :
X
.l
'More reflective as a result of the exposed Mo substrate 2
-
b
~
. "
&,
<
y
4
Y
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¢
¢
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o] Table 11. STS-8 High-Temperature Coating Experiment:

y FTIR Difference Spectra (4000 to 500 cm ') for
K Samples Having No Change in Appearance
Sample Postflight ' .ange in

. No. Description Average Reflectance, %
R
. b
»2 5 Rh foil on Al no change
iﬂ 6 Ir foil on Al no change

7 Mo (polished) no change
i 8 KAT glass -5 to 10"
3 9 Ti/"tiodized" CP -50**
U
B 10 Ti/"tiodized" alloy -257
R
i *Low absolute reflectance (-0.5 to 1%)
&
ﬁ *'Aging effect similar ifn STS-8 and control - no exposure effect ‘
' Tcontrast in difference spectra between STS-8 and controls - possible
“ aging effect on controls
n
Yy
:q

- v -
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change in reflectivity. The Ti/"tiodized" (titanium anodized) (CP) sample
showed similar spectral changes in both the control sample (over a six-month
period) and the postflight sample. The changes in the coating may have
A occurred gradually over a period of time, perhaps because of moisture
absorption. Spectral changes occurred in both the postflight and control
Ti/"tiodized" (alloy) samples, but the changes were somewhat different, as is

indicated when the pairs of spectra are subtracted. This shows that, while
the control sample may have‘Bhanged during storage, there are also signs that
the flight sample was affected by exposure to atomic oxygen.

3. ADHERENCE TEST

The degree to which the coatings adhered to the substrates, both controls
and postflight samples, was examined by & simple tape-peel test.12 Adhesive
cellophane tape was applied to the coatings, then was peeled off and examined
to determine if the coating had debonded from the substrate. The results are

. summarized in Table 12.

It is also noted that no major changes in adherence were found as a
- result of exposure to the atomic oxygen environment, except for the case of
the black Cr coating. The adherence of that coating, which contained numerous

small holes, was much less after the exposure.
y, SAM AND SEM RESULTS

Observation of the pre- and postflight samples by means of scanning Auger
microscopy (SAM) showed some effects of exposure to atomic oxygen. Polished
Mo showed a higher concentration of oxygen on the surface of postflight
samples than on preflight ones. Surface profiling was performed in the
instrument by sputtering away surface material with argon-ion bombardment and
repeating Auger analysis. Oxygen was detected for a longer time (i.e., to a
greater depth) in the postflight (Fig. 35a) than in the preflight samples
(Fig. 35b), indicating that the energetic O-atoms create a significant
oxidized surface layer.

Black Cr samples, both pre- and postflight, had similar composition

profiles under Auger analysis. The Mo/Cr/black Cr structure was evident from




R A R S U W DY DT TR U TN AR AR 8 R AP W TR YAV S SR L N R L N R Wy TPV IO A OO AX]

, Table 12. STS-8 High-Temperature Coating Experiment:
K Adherence Test

N Sample
No. Description Postflight Control

N
—-

black Rh on Mo (specular) good (some debris) good
black Rh on Mo (matte) poor poor
black Ir on Mo good (some debris) good
black Cr on Cr on Mo poor fair
KAT glass good good
Ti/"tiodized" CP good good
Ti/"tiodized" alloy good good
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Fig. 35. Auger Surface Profiles of Polished Mo, Showing Oxygen Depth
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the results. The coating appeared scaly and cracked into numerous, typically
four-sided sections roughly several microns in diameter (see Fig. 36). The
Auger analysis of the coating showed the material to be composed mainly of

Cr and O, consistent with black Cr being a mixture of Cr and Cr203 (Fig. 37).
Results were similar to SAM sputtering profiles obtained by Lampert13 on
commercial black-Cr solar absorber coatings on nickel-plated copper, where
further analysis by transmission electron microscopy (TEM) showed the coating
to be composed of Cr203 particles interspersed with Cr particles. Regions in
the cracks between the black Cr scales were found to be predominantly Cr
(i.e., the metallic Cr undercoating), with small oxygen content. The Auger
oxygen peak of the undercoating disappeared after brief sputtering, indicating
the existence of only a superficial oxide layer. Comparison of the pre- and
postflight black Cr oxygen content showed no significant differences attri-
butable to atomic oxygen bombardment, although the microstructures of the
black Cr scale had differed somewhat in appearance, probably because of
differences in the surface finish of the substrates before coating.

An unusual debonding phenomenon illustrating the difference in adherence
of the black Cr coatings in the pre- and postflight samples was observed in
the SAM under electron beam bombardment. Under irradiation by the electron
beam at 10 kV, some of the surface scales of the posttest samples were seen to
debond spontaneously and appeared to fly off the surface, leaving an exposed
area of the Cr undercoating (see Fig. 38). This was not observed in the
pretest samples. It is believed that this may indicate charging of the
surface scale, along with low adherence, so that the scales fly off as a
result of electrostatic repulsion from the substrate. This would require the
electrical contact between scale and surface to be poor. However, the bright
voltage contrast due to charging, which one would expect to see in SEM images
of the area, was not observed.

An interesting effect is the presence of a light-colored border along the
edges of the surface platelets of black Cr, which is visible in areas where
the platelets have debonded. This may indicate exposure of the Mo substrate,
where O impinging through the crack has removed the Cr layer; however, it was
not possible to probe the electron beam close enough to the base of the ledge
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Fig. 36. Photomicrographs of Mo/Cr/Black Cr Sample, Showing :
Cracking and Scaling Caused by Exposure. {(a) STS-8 N
flight sample. (b) Laboratory control sample.
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Fig. 37. Auger Surface Profiles of Black Cr on Cr on Mo,

Showing Oxygen Depth Profile. (a) Laboratory
control sample, showing oxygen content of oxide.
(b) STS-8 frlight sample, showing exposed Cr substrate.
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Fig. 38.

Photomicrograph of Mo/Cr/Black Cr Sample,
Showing Debonding of Surface Layer and
Exposed Cr Undercoating
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to determine if the Mo was exposed. Another possible cause of debonding under
the beam may be local heating, leading to thermal stresses that might also
cause detachment of the scale when there is a reduced adherence to the
surface. In summary, adherence changes are seen in the oxygen ram-exposed
samples, but no major induced microstructural or compositional effects are

found. Thus, the cause of the reduced adherence is not fully apparent.

Depth profiling of oxygen on the black Ir coating flown on STS-8
(Fig. 39) showed a decrease in oxygen by a factor of about two, going from the
immediate surface into the bulk. SEM observation showed a "furrowed" surface
(Fig. 40a) after atomic oxygen exposure, compared to the control sample
(Fig. uOb): indicating some attack of the surface has occurred. In addition,

regions of exposed substrate were observed.

No major microstructural damage was seen in the black Rh coating, as
compared to the black Ir coating. However, at low magnification the coating
exhibited a pattern of ring-like mottling (Fig. 41) whose origin is uncertain,
suggestive of an etching effect. It has been noted that varied surface
morphologies can arise as a result of sputtering of surfaces under various
conditions; these morphologies include cones, rods, hillocks, and other

structures.Tu

The samples of KAT glass showed no major microstructural changes caused
by the exposure. A comparison of the STS-8 and lab control samples is shown
in Fig. 42.

E. CONCLUSIONS

High-temperature coatings underwent some changes as a result of exposure
to the atomic oxygen environment in the STS-8 experiment. Large changes
occurred in the black metal samples. This may be supported by the fact that
previous and ongoing studies have shown that the black Ir and Rh samples
prepared by sputter deposition are unstable at elevated temperatures,
undergoing microstructural changes that are associated with changes {n
reflectivity. The increase in reflectivity of the black Cr coating {s
probably due to the exposure of the metallic substrate, because atomic Oxygen

erodes the coating.
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Fig. 40. Scanning Electron Micrographs of Black Ir on Mo Coating.
(a) Laboratory control sample and (b) STS-8 flight sample,
showing "furrowing" caused by exposure to atomic oxygen.
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Fig. 41. Photomicrograph of Black Rh on Mo Coating
of STS-8 Flight Sample, Showing Pattern of
Ring-Like Mottling W)

87 -

AR A | ’ * » v e LW YR L - - LN,
RN U UG O OO O OO OO IS O On O Dol X I A M N DOt 0 P N



Fig. 42. Photomicrographs of KAT Glass on Mo Coating. (a) Laboratory
control sample. (b) STS-8 flight sample.
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Further work will involve examining the diffuse reflectance of the
materials in the 0.3 to 25 um range (30000 to 400 cm'1) to determine the solar

absorptance (as) and thermal emissivity (e).
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- LABORATORY OPERATIONS

The Aerospace Corporation functions as an "architect-engineer” for .
national security projects, specializing in advanced military space systems. |
Providing research support, the corporation's Laboratory Operations conducts
experimental and theoretical investigations that focus on the application of
scientific and technical advances to such systems. Vital to the success of

these investigations is the technical staff's wide-ranging expertise and its

v s

ability to stay current with new developments. This expertise is enhanced by

a research program aimed at dealing with the many problems associated with

X

rapidly evolving space systems. Contributing their capabilities to the

research effort are these individual laboratories:

Aerophysics Laboratory: Launch vehicle and reeatry fiuid mechanics, heat
transfer and flight dynamics; chemical and electric propulsion, propellant
chemistry, chemical dynamics, environmental chemistry, trace detection;
spacecraft structural mechanics, contamination, thermal and structural
control; high temperature thermomechanics, gas kinetics and radiation; cw and
pulsed chemical and excimer laser development including chemical kinetics,
spectroscopy, optical resonators, beam control, atmospheric propagation, laser
effects and countermeasures.

T > X T ¥ _2_3_§

Chemistry and ™ ysics Laboratory: Atmospheric chemical reactions,
atmospheric optics, light scattering, state-specific chemical reactions and
radiative signatures of miesile plumes, sensor out-of -field-of -view rejection, -
applied laser spectroscopy, laser chemistry, laser optoelectronics, solar cell !
physics, battery electrochemistry, space vacuum and radiation effects on
materials, lubrication and surface phenomens, thermionic emission, photo-
sensitive materials and detectors, atomic frequency standards, and
environmental chemistry.

s
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Computer Science Laboratory: Program verification, program translatfon,
performance-sensitive system design, distributed architectures for spaceborne
computers, fault-tolerant computer systems, artificial intelligence, micro-
electronics applications, communication protocols, and computer security.

- .o -~

Electronics Research Laboratory: Microelectronics, solid-state device
physics, compound semiconductors, radiation hardening; electro-optics, quantum '
electronics, solid-state lasers, optical propagation and communications;
microwave semiconductor devices, microwave/millimeter wave measurements,
diagnostics and radiometry, microwave/millimeter wave thermionic devices;
atomic time and frequency standards; antennas, rf systems, electromagnetic
propagation phenomena, space communication systeas. )

Materials Sciences Laboratory: Development of new materiale: metals,
alloys, ceramics, polymers and their composites, and new forms of carbon; non-
destructive evaluation, component fatlure analysis and reliability; fracture 3
mechanice and stress corrosion; analysis and evaluation of materials at
cryogenic and elevated temperatures as vell as in .pace and enemy-induced
environments.

-

Space Sciences Laborstory: Magnetospheric, auroral and cosmic ray
physics, wave-particle interactions, magnetospheric plasma waves, atmospheric
and fonospheric physics, density and composition of the upper atmosphere,
remote sensing using atmospheric radiation; solar physics, Infrared astronomv,
infrared signature analysis; effects of solar activity, magnetic atorms and

. nuclear explosions on the earth's atmosphere, {onosphere and magnetosphere;
effects of electromagnetic and parttculate radfat(ons on space systems, space
fnstrumentation.
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