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Atomic-Oxygen Durability of Impact-Damaged Solar Reflectors

Daniel A. Gulino*
NASA Lewis Research Center, Cleveland, Ohio

Silver mirror samples with protective coatings were subjected to a stream of 27-^im alumina particles to induce
pinhole defects. The protective coating consisted of a layer of aluminum oxide over silver, followed by a layer
of silicon dioxide over the alumina. Samples were prepared on both graphite-epoxy composite and fused quartz
substrates. After exposure to the hard particle stream, the samples were exposed to an oxygen plasma environ-
ment in a laboratory plasma asher. The effects of both the hard particles and the oxygen plasma were
documented by reflectance measurements and scanning electron microscopy. Results indicated that oxidative
damage to the silver reflecting layer continues beyond that of the erosively exposed silver. Oxidative undercut-
ting of the silver layer and graphite-epoxy substrate continues in undamaged areas through adjacent, particle-
damaged defect sites. This may have implications for the use of such mirrors in a Space Station solar dynamic
power system.

Introduction

E LECTRICAL power on the Space Station is currently en-
visioned to be generated by a combination of both pho-

tovoltaic and solar dynamic power systems. Solar dynamic
systems generate electricity by reflecting and focusing the
sun's energy onto the receiver of a heat engine. An important
consideration in the use of a solar dynamic system in space is
the survivabiity of the reflecting surface in the low Earth orbit
(LEO) environment through which the Space Station will fly.

The major constituent of the LEO environment is neutral
atomic oxygen.1 This species is highly corrosive and is known
to attack a number of materials.2"4 If silver is used in the mir-
ror as the reflecting medium, a transparent, protective coating
must be applied to the surface to prevent oxidation of the
silver by atomic oxygen. Other hazards presented by the LEO
enviroment include micrometeoroids and orbiting space
debris. If such particles should strike the surface of the mirror
and pierce the protective coating, oxidative damage to both
the underlying silver layer and the substrate is possible. It was
the intent of the work to be described here to investigate the
effect of particle impact damage on the continued atomic oxy-
gen survivability of silver reflectors with transparent protec-
tive overcoats.

Apparatus and Procedure
Mirror samples were prepared by argon-ion beam sputtering

from a silver target onto graphite-epoxy composite and fused
quartz substrates in an apparatus described elsewhere.5 The
graphite-epoxy (Union Carbide T-300 fibers in a Fiberite 934
epoxy matrix) had been first polished to a smooth finish with
diamond paste. The silver layer was approximately 2000 A in
thickness. The protective coating consisted of a layer of A12O3
(approximately 700 A) over the silver and then a layer of SiO2
(approximately 2200 A) over the A12O3. This particular
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coating combination was chosen because it it typical of the
protective coating systems under consideration for use on
solar dynamic concentrator mirrors.

The atomic oxygen environment was simulated by use of a
Structure Probe, Inc., Plasma Prep II laboratory plasma asher
facility operated with air. This device creates the plasma by ex-
citing a carrier gas (in this case, ambient air) with 100 W of
continuous wave rf power at 13.56 MHz. Other work6 has
shown that any contribution by other constituents of air
(mainly nitrogen) to the degradation observed would be negli-
gible. The operating pressure is about 50 /*. Although it is dif-
ficult to form a direct correlation between exposure time in the
asher and lifetime in LEO, use of the asher facility does allow
gross determination of the likelihood of survivability of a
particular material in LEO.

Impact damage and pinhole defects were imparted to the
sample surfaces with a high-speed abrasive particle unit using
27-jLtm diam alumina particles. This unit accelerates the par-
ticles to a velocity of about 340 m/s (about 1100 ft/s) at a flux
of about 6 x 1012 cnrV1.

Samples prepared on graphite-epoxy substrates were
characterized by both reflectance measurements and scanning
electron microscopy (SEM). Integrated solar reflectances were
obtained by measuring the reflectance vs wavelength over the
range 200-2500 nm and then convoluting this spectrum into
the air-mass-zero-solar spectrum7 over the same wavelength
range.8 In doing so, only about 3% of the solar constant is
neglected. Such measurements were made for each graphite-
epoxy sample as a function of length of time of exposure to
both the particle flux and the oxygen plasma. Both total and
specular reflectances were obtained, the latter of which were
measured at an 8 deg angle of incidence, with an acceptance
aperture solid angle of 0.096 sr. Samples prepared on fused
quartz substrates were characterized only by SEM.

For the graphite-epoxy substrate samples, the procedure
was to erode each sample for a different length of time,
thereby causing the specular reflectance to fall by a different
amount for each sample before exposure to the oxygen
plasma. Samples were exposed to the particle flux for times
ranging in length from 0 to 96 s. This caused by specular re-
flectance to fall from 0% to about 50% of the initial, non-
eroded reflectance. Additional reflectance measurements were
then obtained on each sample after subsequent oxygen plasma
exposure. For the fused quartz substrate samples, each was ex-
posed to the particle flux for the same length of time (16s) and
then exposed to the oxygen plasma.
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Fig. 1. Specular reflectance ratios vs plasma exposure time for several
graphite-epoxy substrate samples for various lengths of time of expo-
sure to the erosive particle stream. The ratio is calculated by dividing
the reflectance at a given time by the reflectance measured prior to
particle exposure.

Results
In Figs. 1 and 2 are plotted, respectively, the specular and

total reflectance ratios of several of the graphite-epoxy
substrate samples as a function of oxygen plasma exposure du-
ration. The reflectance ratios were obtained by dividing the
reflectance at a given time by the initial, noneroded, nonashed
reflectance. The data points at zero hours thus indicate the ef-
fect on the reflectance of only the erosive particle stream as a
function of duration of exposure to the particle stream. Scan-
ning electron micrographs (to be discussed later) showed no
evidence that any of the alumina particles adhered to the re-
flector surfaces on impact, at least as undamaged spheres.
Particle fragments may have adhered to the surface, had any
of the particles broken apart on impact. However, there was
no visual evidence of any buildup of material (alumina) on
these surfaces strictly as a function of particle exposure time.

In Figs. 1 and 2, three rather broadly defined regions can be
observed. During the first roughly 30-h exposure, the reflec-
tances fell rather markedly from their initial values, with the
degree of fall directly proportional to the length of exposure
time to the particle flux. For the next 60 h, the reflectances re-
mained roughly constant. After this, they began to decrease
once again, and with a rate of decrease that increased with
time. These effects were somewhat more pronounced on the
specular reflectance plots.

Scanning electron micrographs were obtained after a variety
of different treatments and exposure times. Figure 3 is a
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Fig. 2. Total reflectance ratio vs plasma exposure time for several
graphite-epoxy substrate samples for various lengths of time of expo-
sure to the erosive particle stream. The method of calculation is identi-
cal to that of Fig. 1.

micrograph of a noneroded, nonashed sample on a graphite-
epoxy substrate. (The white, irregularly shaped object in the
lower left is a dust particle that aided in focusing.) The only
feature visible is the ridged structure of the graphite-epoxy
substrate. Figure 4 is a micrograph of a sample similar to that
in Fig. 3, except that this sample had been exposed to the par-
ticle stream. A number of defect sites are evident.

Figures 5-9 show the effect of exposure of the particle-
eroded, graphite-epoxy substrate samples to the plasma for
different lengths of time. Figure 5 is a micrograph of a sample
that had been exposed in the asher for 50 h. While the region
photographed is different from that of Fig. 4, the appearance
of the regions is the same; a variety of differently sized and
shaped defect sites. Figure 6 is a micrograph of a sample ex-
posed in the asher for 90 h. The heart-shaped darkened "rim"
surrounding the defect site at the lower left of this photo is a
result of oxidation of the silver and/or the substrate surround-
ing that defect site. The width of the rim is very roughly the
diameter of the pinhole defect. Figure 7 is an enlarged view of
another defect site on the same sample as Fig. 6. Oxidative
undercutting (the darkened rim) is clearly evident. Figure 8 is a
micrograph of a sample exposed in the asher for 240 h.. In this
figure, it is evident that oxidative undercutting has occurred to
a large degree. The widths of the darkened rims are now nearly
10 times the diameter of the defect site.

These photos clearly show that although oxidative under-
cutting is a process that does not begin immediately, once it
does start, its rate accelerates with increasing asher exposure
time. This finding explains the shape of the reflectance vs ex-
posure time curves shown in Figs. 1 and 2, particularly the
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Fig. 3. Micrograph taken at 500 x showing a noneroded, nonashed
graphite-epoxy substrate sample. Only the ridged structure of the
substrate is visible.

Fig. 6. Micrograph taken at 500 X showing a particle eroded surface
after 90 h of exposure to the oxygen plasma. The darkened "rim" sur-
rounding the heart-shaped defect in the lower left is oxidation of the
silver layer and/or the substrate beneath the protective coating.

Fig. 4. Micrograph taken at 500 x showing the effect of the erosive
particle stream only (no plasma exposure) on a graphite-epoxy
substrate sample. A number of defect sites are evident.

Fig. 7. Micrograph taken at 2000 X of a feature on the same sample
as depicted in Fig. 6. Oxidative undercutting can be seen clearly as the
darkened "rim" surrounding the elongated defect.

Fig. 5. Micrograph taken at 1000 x showing a particle eroded surface
after 50 h of exposure to the oxygen plasma. The appearance is similar
to that of Fig. 4. No evidence of undercutting is visible.

Fig. 8. Micrograph taken at 200 X showing a particle eroded surface
after 240 h of exposure to the oxygen plasma. The darkened areas sur-
rounding the defect sites have grown considerably in size relative to
the size of the pinhole, indicating that oxidative undercutting has oc-
curred to a significant degree.
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Fig. 9. Micrograph taken at 500 X of the lower right portion of Fig. 8
at a sharp angle (60 deg) shows that wherever undercutting had oc-
curred, the surface had collapsed.

Fig. 10. Micrograph taken at 500 x showing a noneroded, nonashed
fused quartz substrate sample.

later, rapid falloff in reflectance. As a final observation in this
series, Fig. 9 is a micrograph of the lower right portion of Fig.
8, taken at a tilt angle of 60 deg. This figure shows that wher-
ever the undercutting occurred, the surface of the sample had
collapsed. This is an indiction that oxidation of the substrate
had occurred.

The series of SEM micrographs discussed above (Fig. 3-9)
indicates that the reflectance data (Figs. 1 and 2) may be ex-
plained by the following mechanism: the initial, rapid drop in
reflectance was caused by oxidation of those parts of the silver
layer directly exposed as a result of the particle-induced
damage. After some time (about 30 h in this case), this silver
became completely oxidized. The reflectance then remained
relatively constant for a period of time, during which ox-
idative undercutting had begun to occur but had not reached
the point of at which the reflectance was affected. Finally, the
reflectance began to fall once again as a result of undercutting
of the silver layer and the substrate in undamaged areas by
oxygen plasma attack through adjacent damaged areas.

Figures 10-17 show the effects of exposure of the fused
quartz substrate samples to the plasma environment for dif-
ferent lengths of time. For comparison purposes, Fig. 10 (like
Fig. 3) shows a noneroded, nonashed sample. Figure 11 is a
micrograph of a sample similar to that in Fig. 10, except that it
had been exposed to the particle stream. As before, a number
of defect sites resulting from the particle impacts is evident.
Figure 12 is a micrograph of a pitted surface after 50 h of
exposure. Although no undercutting (transverse oxidation of
the silver, in this case) is readily observed, oxidation of the
freshly exposed silver layer is evident as the puffed material
protruding from the defect sites. This is more apparent in Fig.
13, which is the same surface as shown in Fig. 12, but at a
higher magnification and at a sharp tilt (60 deg).

Figure 14 is a micrograph of an eroded surface after 90 h of
exposure. As before, oxidized silver protruding through the
defect sites is clearly evident. Transverse oxidation of the
silver after 90 h of exposure is more clearly seen in Fig. 15,
which is an enlargement of Fig. 14. As in the previous
samples, the oxidative damage appears as a discolored rim sur-
rounding the defect site. In Fig. 15, the rim appears brighter in
color.

Figure 16 is a micrograph showing a pitted surface after 240
h of asher exposure. As in Fig. 15, a rim lighter in color and
surrounding each defect site is evident. Unlike the graphite-
epoxy substrate samples, the width of the rim did not appear
to increase significantly between the 90-h and 240-h samples.
However, a comparison of Fig. 13 and 17—the latter is an en-
largement of the same surface seen in Fig. 16 but at a 60 deg

tilt—shows that the outgrowths of silver oxide had continued
unabated.

Discussion
It is apparent from the preceeding results that a protective

coating over substrate/silver reflector systems such as these
cannot protect indefinitely against oxygen plasma-induced
degradation when pinhole defects are present. The degrada-
tion observed here manifested itself in ways that were depend-
ent on the kind of substrate material used. The samples pre-
pared on graphite-epoxy composite, which is an oxidizable
substrate, showed evidence that the substrate itself was also
oxidized through the pinhole defects. This was observed in
three ways. First, undercutting, once it began, occurred at a
rapid rate. Second, where undercutting had occurred, the sur-
face had collapsed (Fig. 9), indicating that the underlying sup-
port of the coating was disappearing. Third, no silver oxide
was observed protruding through the defect sites. The lack of
protrusion of the silver oxide is most likely because there was
adequate space available beneath the protective coating for the
expanding oxide in areas where the substrate itself had been
oxidized.

Samples prepared on fused quartz substrates exhibited
somewhat different behavior. Whereas transverse oxidation of
the silver did occur, it did so at a slower rate. Also, silver oxide
could be seen protruding through defect sites, indicating that
there was insufficient space beneath the protective coating for
the expanding oxide. This was to be expected if the substrate
was not oxidizable, as was the case here.

There are several qualifying circumstances with regard to
laboratory simulation of the micrometeoroid/atomic oxygen
environment that must be kept in mind when interpreting
these data. First, the flux of atomic oxygen in the laboratory
asher is about three orders of magnitude higher than at pro-
posed Space Station altitudes (1015 vs 1012 cm"2 s'1).9 On the
other hand, the translational energy of the atomic oxygen in
the plasma asher is only about 0.2 eV, whereas the transla-
tional energy of atomic oxygen in LEO is 4-5 eV. The conse-
quence of these flux and energy differences is that the oxida-
tion rate in the asher is very roughly two orders of magnitude
higher than at a 465-km Space Station orbit. Second, the ac-
tual LEO micrometeoroid environment is very different from
that used here.8'10'11 The alumina particles were not acceler-
ated to hypervelocities and, therefore, the damage sites ob-
served may be different from what would be observed after ac-
tual micrometeoroid impacts, where it has been shown that the
impacting particles line the inside of the resulting hemi-
spherical crater.10
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Fig. 11. Micrograph taken at 500 x showing the surface of a fused
quartz substrate sample after exposure to the particle stream but
before exposure to the oxygen plasma.

Fig. 12. Micrograph taken at 500 x showing the surface of a sample
identical to that of Fig. 11 but after 50 h of exposure to the oxygen
plasma. Although no transverse oxidation can be seen, oxidation of
the silver layer is evident as the puffy material protruding from the
defect sites.

Fig. 14. Micrograph taken at 500 X showing the surface of a fused
quartz substrate sample after particle erosion and 90 h of exposure to
the oxygen plasma. Oxidized silver is seen protruding through the
defect site. Transverse oxidation is visible as a brighter rim surround-
ing the defect site.

Fig. 15. Micrograph of the same sample as that of Fig. 14 but at
2000 X. Transverse oxidation is clearly evident as a brighter rim sur-
rounding the defect site.

Fig. 13. Micrograph of the same sample as that of Fig. 12 but at
2000 x and at 60 deg tilt angle. The oxidized silver, which takes the
form of a puffy material protruding through the defect sites, is clearly
evident.

Fig. 16. Micrograph taken at 2000 X showing the surface of a fused
quartz substrate sample after particle erosion and 240 h of oxygen
plasma exposure. Transverse oxidation is evident; however, its extent
did not increase significantly over that of the 90-h sample (Figs. 14
and 15).
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Fig. 17. Micrograph of the same sample as that of Fig. 16 at the same
magnification and a 60 deg tilt. Outgrowth of oxidized silver had been
continuing as of 240 h.

In spite of these differences, useful information can be in-
ferred about the construction of a reflective system for use in
LEO. The presence of an oxidation "barrier" (the quartz
substrate) beneath the silver layer prevented the rapid spread
of oxidative damage. This suggests that to prevent or retard
oxidative damage to the graphite-epoxy substrate (and, subse-
quently, the reflective layer surrounding a defect site), a layer
of oxidation-resistant material should be placed between the
substrate and the silver layer. Such a coating structure would
be, in effect, identical to the quartz substrate systems studied
here, and it should function similarly, as long as the impacting
particle does not pierce this oxidation barrier layer. Investiga-
tion of a layer structure such as this has been initiated at this
laboratory.

It is also important to recognize other sources of pinhole de-
fects besides those occurring once the mirror is in orbit. It is at
least as likely that such defects could occur as a result of the
manufacture, transport, and/or deployment of the mirror.
Given the several possible sources of defect damage to reflec-
tor surface protective coatings, and given the aforementioned
uncertainties in relating the actual LEO atomic oxy-
gen/micrometeoroid environment to laboratory simulations,

actual on-orbit tests of mirror samples will be necessary to de-
termine both actual reflectance loss rates and the relationship
of these laboratory simulations to actual LEO conditions.
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