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ther mode was found to be inherently safer than the other. No
combination of range and mode was more conducive to errors
than any other.

Discussion

The finding that fuel consumption levels, measured as Av or
velocity increment, were lower in acceleration mode than in
pulse mode corroborates the results from the preliminary ex-
perimentation. Pulse mode is not inherently more fuel conser-
vative than acceleration mode as one might presume. from
studying the appropriate NASA manuals.? This indicates
that fuel can be used more efficiently in acceleration mode
than pulse mode in a docking operation. This is probably due
to the greater dynamic range with acceleration control allow-
ing for greater flexibility and fine-tuning capability.

The asymmetrical transfer discovered here is important for
researchers investigating the impact of control modes on
spacecraft docking operations. This result should be regarded
as a forewarning that investigators should be careful when de-
signing' experiments and formulating conclusions. The asym-
metry illustrates an inconsistent main effect for which one
must account before attributing a result to a control mode. In
comparing different control modes, experimenters should be
sure to provide sufficient intervening practice to prevent the
effects of asymmetrical transfer from contaminating the ex-
perimental results.

The data from this study demonstrated that dockings could
be performed faster, albeit at the expense of greater amounts
of fuel, in pulse mode than in acceleration mode. Although
the absolute values of time and fuel were specific to the
thruster values that were uséd, this relationship should be pre-
served with different thrusters. A whole assortment of studies
could be performed to examine the effect that thrusters with
different magnitudes from the ones simulated here have on the
data. An interaction between thruster size and range might
also be revealed. What is clear, however, is that pulse mode is
not definitively more fuel efficient than acceleration mode in
all situations. Probably the most necessary conclusion to be
made at this point is the requirement of further human factors
and manual control experimentation before flight protocols
are generalized for all vehicles in all situations.
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Introduction

“T is now well established that the interaction of atomic ox-

ygen in the low-Earth-orbit (LEO) space environment with
spacecraft at orbital velocities causes severe mass loss from
many polymeric materials, including polyimides and polycar-
bonates, used in the construction of spacecraft subsystems.!
In this Note, work on the measurement of the effects of
atomic oxygen erosion on polycarbonate/carbon composite
optical filters and the evaluation of protective coatings for
these filters is described. This includes the novel application of
boron carbide (B,C) as a protective coating against atomic ox-
ygen erosion.

Reaction Efficiency of Carbon and Lexan

There have been a number of reports of the reaction effi-
ciency of carbon with atomic oxygen from both space-based?>
and ground-based* experiments. There are comparatively few
measurements of the reaction efficiency of polycarbonate
materials in LEO or ground-based apparatus. Gregory and
Peters? measured the reaction efficiency of CR-39 (C,,H;30;)
in LEO. Hansen et al.> meéasured the weight loss of polycar-
bonate in a low-energy atomic oxygen asher, and Morel et al.®
measured the reaction efficiency of Lexan (C,¢(H,,0O;3) in a
plasma asher experiment. All published measurements of reac-
tion efficiencies are given in Table 1.

Given the uncertainties in the data base for the reaction effi-
ciency of Lexan, new measurements of the reaction efficiency
were carried out using two types of oxygen source: a super-
sonic atomic oxygen source’ at 4 km/s, and an oxygen ion
beam source at 20 eV? (the equivalent energy to a velocity of 8
km/s is- 5 eV).

The supersonic source was flux and energy calibrated using
a cylindrical mirror analyzer on the front of a quadrapole
mass spectrometer.’” This showed that the source gave a flux
of (1 + 0.5) x 10™ oxygen atoms cm~2 s~} at an energy of
1.0 + 0.1 eV. As a cross check on the flux calibration, a sam-
ple of vacuum deposited carbon on glass was exposed to the
source with one-half of the carbon sample covered. After an
exposure of 2 h, the thickness of the covered portion of the
sample was 1139 + 53 A and the uncovered portion 1034 +
54 A. Both thicknesses were measured using the Tolansky
method with a Varian angstrometer. Taken together with the
flux calibration, this gives a reaction efficiency for carbon of
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(1.4 + 0.7) x 10~ cm? atom ~!. This is in reasonable agree-
ment with the values given in Banks and Rutledge® and con-
firms the flux calibration of the source.

To check the reaction efficiencynfor Lexan, a sample of
Lexan film of thickness 1558 + 52 A (the thickness was mea-
sured using a witness sample manufactured at the same time as

the test sample) was exposed to the source for a total of 6 h.

After exposure it was found to have lost 998 + 161 A. Taken
with the flux calibration from the mass spectrometer this gives
areaction efficiency of (4.6 &+ 2.4) X 10~2* ¢cm? atom~!. This
is higher than the plasma asher values given in Table 1 and
close to the value for CR-39 given by Gregory and Peters.?

The ion beam source exposes samples to oxygen ions rather
than neutrals and at rather higher energies than seen in LEOQ.
In order to see what difference this might make, the reaction
efficiency of oxygen ions with carbon and Lexan was first
measured using an optical filter exposed to the beam with the
energy set at 20 eV. The filter consisted of interleaved layers of
carbon and Lexan of total thickness 2140 + 70 and 4180 =
180 A, respectively. The filter was exposed to a flux of 3.4 X
10" ions cm~2 s~ ! of 20 = 3-eV oxygen ions for 1680 s. The
flux was monitored using an ion probe mounted close to the
filter. After exposure, all of the carbon layers had been
removed and measurement of the transmission of the remain-
ing Lexan layer at wavelengths of 1580 and 1196 A showed
that 1650 + 180 A of Lexan had been eroded. Taking the
Gregory and Peters? value for the reaction efficiency of CR-39
as the most reliable measure for polycarbonate, and a value of
1.x 10~* cm? atom~! as an average value for carbon, the
LEO fluence of oxygen atoms required to cause this erosion is
2.4 x 10% atoms cm ~2. Therefore, the 20-eV ion beam erodes
the composite carbon/Lexan filter 41 times faster than would
be the case in LEO. .

It seems unlikely that the large increase in reaction efficien-
cies between 5-eV oxygen atoms and 20-eV oxygen ions with
respect to carbon and Lexan is due solely to the increase in en-
ergy, especially considering the results from lower energy neu-
tral sources reported here and elsewhere.!%!! It is more likely
that there is a difference in the reaction mechanism of neutral
oxygen and ionic -oxygen with carbon.

The measurement of reaction efficiency using the super-
sonic atomic oxygen source indicates that there will be some
danger of erosion-of the filters even if the oxygen atoms lose
80% of their energy in reflections off surfaces between the
filters and the LEO environment. It was decided, therefore,
that a conservative approach would be taken to the construc-
tion of the filters and a protective layer should be applied.

Aluminum as a Protective Coating

A recent report by Banks and Rutledge® shows thé impor-
tance of defects in protective coatings and how coatings can be
undercut at defect sites eventually leading to cracking and the
loss of the coating over a wide area. Scanning electron micros-
cope images of the aluminum coated filters had already
revealed that pinholes were present in the aluminum coating,
but the loss of protection for these small areas was thought to
be acceptable. ]

A laboratory evaluation of whether these pinholes were a
problem was undertaken using the ion beam facility men-
tioned earlier. A carbon/Lexan filter with a 500-A aluminum
coating was exposed to a flux of 2 X 10 ions cm~2s~! at an
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energy of 8 eV for 4800 s. After exposure, the filter was seen to
have many areas where the carbon/Lexan film had been com-
pletely removed, causing the aluminum layer to crack and peel
away. Detailed inspection of the erosion sites showed that the
erosion had occurred at folds in the Lexan layer. These areas
had been identified as sites of pinholes through the aluminum
coating by examination with a scanning electron microscope.
The pinholes are thought to occur on the folds because they
form ridges on the surface of the filter that are not as well
covered by the deposited aluminum as are the flatter areas of
the filter. The 500 A of aluminum can be seen, therefore, to
offer limited protection against atomic oxygen in these circum-
stances, and the option of boron carbide coating was pursued.

Boron Carbide as a Protective Coating

To determine whether an electron beam deposited layer of
boron carbide would be affected by atomic oxygen, a sample
deposited on a glass slide was exposed to the ion beam for the
same fluence and ion energy as the aluminum coated car-
bon/Lexan filter. The film of boron carbide was observed to
be intact after exposure and seemed to have the same chemical
ratio before and after exposure, as evidenced by X-ray photo-
electron spectroscopy (XPS). The XPS analysis also showed
traces of molybdenum on the sample. This was thought to be
due to the oxygen ions sputtering the control grids of the ion
source due to the high retardation voltage required for an 8-V
beam. The layer of molybdenum was thin and was not thought
to have seriously influenced the results of the tests on the alu-
minum coated filter.

Owing to the difficulties of producing a satisfactory B,C
coating on the the carbon/Lexan filters, only a limited
number of flight quality filters were produced. In order to
fully evaluate the protective qualities of the B,C layer, a filter
with only a partially adhered coating of 1000 A of B,C was
exposed to a flux of 3.5 x 10 ions cm~2 s~! of 20-eV ions
for 1680 s in the ion beam facility. Given the acceleration fac-
tor discussed in a previous section, this was equivalent to an
LEO fluence of 2.4 x 10'° atoms cm~2.

As expected, where the B,C coating was not well adhered,
the filter was badly eroded. However, in those places where
the coating was complete, the filter appeared largely intact, as
shown by microscopic inspection of the optical transmission
of the filter. Where erosion sites did occur in the well-coated
portion, they were again observed to be along folds in one or
more layers of the Lexan substrate. The number and extent of
erosion sites were both much less than seen in the aluminum
coated filter. A slight discoloration of the B,C coating was
seen after exposure; this could be due to loss of carbon from
the B,C matrix. Unfortunately, this could not be confirmed
by XPS measurements due to the size of the filter. Contamina-
tion was ruled out by the presence of a witness mirror in the
test chamber. This was visually inspected before and after the
exposure and no discoloration was observed.

Summary and Conclusion
Comparison of the reaction efficiency of carbon with
atomic oxygen measured by experiments in LEO and lower en-
ergy ground-based atomic oxygen sources and that measured
by exposing carbon to an ion beam at 20 eV shows that there is
at least a factor of 40 increase in reaction efficiency between
1-5-eV atomic oxygen and 20-eV ionic oxygen. The conclusion

Table 1 Previous measurements of reaction efficiencies of carbon and
various polycarbonates

Reaction efficiency,

Source type Material cm? atom ™! Reference

Plasma asher Lexan 7.6 x 102 Morel et al.®
Plasma asher Polycarbonate 5 x 107%5-5 x 10-%*  Hansen et al.’

LEO (STS-8) CR-39 6 x 102 Gregory and Peters?

LEO (various) Carbon (various)

0.9-1.7 x 10-%

Banks and Rutledge®
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from this comparison is that some care must be exercised in in-
terpreting measurements of reaction efficiency using ion beam
sources as being representative of the situation in LEO. How-
ever, ionic oxygen sources, such as the one used for the work
reported in this Note, do offer a good accelerated test for
materials development for space applications. The mea-
surement of the reaction efficiency of Lexan using a super-
sonic atomic oxygen source at 1 eV is consistent with the value
of that for CR-39, a similar polycarbonate material, measured
by Gregory and Peters? in an LEO experiment. .

A carbon/Lexan optical filter coated with 500 A of alumi-
num as a protection against atomic oxygen erosion has been
exposed to an 8-V oxygen ion beam. The failure of the alumi-
num to protect this filter shows that the presence of even
microscopic pinholes through a coating seriously impairs its
protective qualities and leads to the eventual loss of the
coating over an area very much larger than the size of the orig-
inal pinhole. A boron carbide layer exposed to the same ion
beam was shown to be unaffected by the oxygen ions. A filter
with 1000 A coating of B,C has been exposed to a 20-eV ox-
ygen ion beam and, in the portion of the filter where the
coating was well adhered before exposure, little damage has
occurred. It is concluded that B,C is unreactive with respect to
atomic oxygen erosion and that a 1000-A layer will offer
almost complete protection with very few pinholes through the
coating.

Acknowledgments

The author gratefully acknowledges the help and encoura-
gement of B. J. Kent, R. J. Emery, and D. Reading. Thanks
are also due to A.R. Martin and C. Banks of AEA Technology
(Culham) for the ion beam exposures and to M. Kinnersley
‘and J. Stark of Southampton University for the supersonic
source exposures. The boron carbide coating was undertaken
by The Technologisches Labor der Ludwig Maximillian,
Universitidt Miinchen.

References

"Leger, L. J., Visentine, J. T., and Kuminecz, J. F., “‘Low Earth
Orbit Atomic Oxygen Effects on Surfaces,”” AIAA Paper 84-0548,

VOL. 28, NO. 6

Jan. 1984, .

2Gregory, J. C., and Peters, P. N., “Measurement of Reaction
Rates and Activation Energies of 5¢V Oxygen Atoms with Graphite
and Other Solid Surfaces,”” AIAA Paper 85-0417, Jan. 1985.

3peters, P. N., Linton, R. C., and Miller, E. R., ‘“Results of Ap-
parent Atomic Oxygen Reactions on Ag, C and Os Exposed During
the Shuttle STS-4 Orbits,”” Geophysical Research Letters, Vol. 10,
No. 7, 1983, pp. 569-571.

4Arnold, G. S., and Peplinski, D. R., “Reaction of High-Velocity
Atomic Oxygen with Carbon,”” AIAA Journal, Vol. 24, No. 4, 1986,
pp. 673-677. N

SHansen, R. H., Pascale, J. V., De Benedictus, T., and Rentzepis,
P. M.,“Effect of Atomic Oxygen on Polymers,”” Journal of Polymer
Science: Part A, Vol. 3, 1965, pp. 2205-2214.

6Morel, D. E., Ayers, S. R., Gulino, D. A., Tennyson, R. C., and
Egger, R. A., “‘Solar Concentrator Materials Development,”’ Pro-
ceedings of the 21st Intersociety Energy Conversion Engineering Con-
ference, American Chemical Society, Washington, DC, 1986, pp.
2032-2038.

"Kinnersley, M., Stark, J., and Swinyard, B. M., “‘Development of
and Initial Results from a High Fluence, High Velocity Atomic Ox-
ygen Source,”’ Proceedings of the Fourth European Symposium on
Spacecraft Materials in Space Environment, CERT, Toulouse,
France, Sept. 1988, pp. 701-710.

8Martin, A. R., and Proudfoot, G., ‘“‘Spacecraft Material Erosion
Simulation Using Ion Beams,’’ Proceedings of the Fourth European
Symposium on Spacecraft Materials in Space Environment, CERT,
Toulouse, France, Sept. 1988, pp. 415-424.

9Banks, B. A., and Rutledge, S. K., “Low Earth Orbital Atomic
Oxygen Simulation for Materials Durability Evaluation,”’ Proceed-
ings of the Fourth European Symposium on Spacecraft Materials in
Space Environment, CERT, Toulouse, France, Sept. 1988, pp.
371-392.

19f eger, L. J., Koontz, S. L., Visentine, J. T., and Cross, J. B.,
‘‘Laboratory Investigations Involving High-Velocity Oxygen Atoms,”’
Proceedings of the Fourth European Symposium on Spacecraft
Materials in Space Environment, CERT, Toulouse, France, Sept.
1988, pp. 393-404.

"Arnold, G. S., Peplinski, D. R., and Cascarano, F. M., “Transla-
tional Energy Dependence of the Reaction of Atomic Oxygen with
Polyimide Films,’’ Journal of Spacecraft and Rockets, Vol. 24, No. 5,
1987, pp. 455-458.

Alfred L. Vampola
Associate Editor



VOL. 28, NO. 6, NOV.-DEC. 1991 J. SPACECRAFT 733

1991 Journal of Spacecraft and Rockets Index

How to Use the Index

In the Subject Index, pages 734-738, each technical paper is listed under a maximum of three appropriate headings.
Note the number in boldface type following each paper title, and use that number to locate the paper in the
Chronological Index. The Author Index, pages 739-740, lists all authors associated with a given technical paper. The
locating numbers are identical to those in the Subject Index. The Chronological Index, pages 741-744, lists all papers
by their unique code numbers. This listing contains titles, authors and their affiliations, and volume, issue number,
and page where the paper appeared. It also gives the AIAA paper number, if any, on which the article was based, as
well as the ““CP”’ or conference volume number if the paper was published in a bound collection of meetings papers.
Comments, Replies, and Errata are listed directly beneath the paper to which they refer. If the paper to which they
refer was published prior to 1991, that paper also will appear in both the Subject and Chronological Indexes. Authors
of Comments also are listed in the Author Index.



