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The objective of this research was to calibrate the ground-to-space effective atomic oxygen fluence for DC 93-
500 silicone in a thermal energy electron cyclotron resonance (ECR) oxygen plasma facility. A technique has been
developed at NASA Glenn Research Center to determine the equivalent amount of atomic oxygen exposure in an
ECR ground-test facility to produce the same degree of atomic oxygen damage as in space. The approach used
was to compare changes in the surface hardness of ground test (ECR)-exposed DC 93-500 silicone with DC 93-500
exposed to low Earth orbit (LEO) atomic oxygen as part of a shuttle flight experiment. The ground-to-space effective
atomic oxygen fluence correlation was determined based on the fluence in the ECR source that produced the same
hardness for the fluence in space. A nanomechanical measurement system operated in conjunction with an atomic
force microscope (AFM) was used to determine the surface hardness of the silicones. Hardness vs contact depth
measurements were obtained for five ECR-exposed DC 93-500 samples (ECR exposed for 18 to 40 h, corresponding
to Kapton effective fluences of 4.2 x 10%° t0 9.4 x 10? atoms/cm?, respectively) and for space-exposed DC 93-500
from the Evaluation of Oxygen Interactions with Materials III (EOIM III) shuttle flight experiment, exposed to
LEO atomic oxygen (2.3 X 102°atoms/cm2). Pristine controls for the ECR tests and for the EOIM III flight sample
were also evaluated. A ground-to-space correlation value was determined based on correlation values for four
contact depths (150, 200, 250, and 300 nm), which represent the near-surface depth data. The results indicate
that the Kapton effective atomic oxygen fluence in the ECR facility needs to be 2.64 times higher than in LEO to

replicate equivalent exposure damage in the ground test silicone as occurred in the space exposed silicone.

Nomenclature

= area of indentation, also contact area
area function for indenter tip
hardness

contact depth

maximum depth

load

peak indentation load

gradient of the initial unloading curve
= tip geometry factor

Sxme
Il

=
E
g

1l

max =

® iy

1. Introduction

ILICONES, a family of commonly used spacecraft materials,

do not chemically erode away with atomic oxygen (AO) attack
like other organic materials that have volatile oxidation products.
Silicones react with AO and form an oxidized hardened silicate
surface layer. Often loss of methyl groups causes shrinkage of the
surface skin and “mud-tile” crazing degradation. But silicones often
do not lose mass,' and some silicones actually gain mass during
AO exposure. Therefore, the effective AO fluence for silicones in
a ground-test facility should not be determined based on mass loss
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measurements, as they typically are with polymers such as Kapton.?
Another method for determining effective fluence needs to be used.
A technique based on changes in surface hardness has been devel-
oped at NASA Glenn Research Center at Lewis Field. Specifically,
this technique has been used to determine the equivalent amount
of atomic oxygen oxidation via oxide hardness measurement. The
approach was to compare changes in the surface hardness of ground-
laboratory-exposed DC 93-500 silicone with DC 93-500 exposed to
low Earth orbit (LEO) AO as part of a shuttle flight experiment.
The ground-to-space effective AO fluence was determined based
on the Kapton effective fluence in the ground-laboratory facility
that produced the same hardness for the fluence in space. Because
microhardness measurements needed to be obtained on the very
surface layer of a rubber substrate (with primarily elastic defor-
mation), traditional techniques for microhardness characterization
that apply relatively large forces and characterize hardness based
on plastic deformation could not be used. Therefore, nanomechani-
cal testing using ultra-light-load indentations and continuous load-
displacement monitoring was used to determine the surface hardness
of the silicones. Hardness vs contact depth were obtained for five DC
93-500 samples exposed to AO in an electron cyclotron resonance
(ECR) thermal energy source facility and for space-exposed DC 93-
500 from the Evaluation of Oxygen Interactions with Materials II1
(EOIM III) shuttle flight experiment. Ground-to-space correlation
values were determined based on the near-surface depth data.

II.

A. Materials
1. DC 93-500 Silicone

The product name for DC 93-500 is Dow Corning® 93-500 Space
Grade Encapsulant. It is supplied as a two-part liquid component
kit. When the liquid components are thoroughly mixed, the mixture
cures to aclear, flexible, low-volatility space-grade elastomer, which
is suited for the protection of electrical/electronic assemblies, and
has numerous other spacecraft applications. The service temperature
range of DC 93-500 is —45 to +200°C (—49 to +392°F).

Experimental Procedures
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Fig. 1 Images of the EOIM III DC 93-500 sample: a) preflight and
b) postflight showing surface crazing due to AO oxidation.

2. Ground-Laboratory ECR AO Exposed DC 93-500

The ground-laboratory test samples were exposed to AO in an
ECR facility. These samples were approximately 0.25 x 0.25 in.
(0.635 x 0.635 cm) in size, and approximately 0.020-0.025 in.
(0.051-0.064 cm) thick. These samples were made to have the same
thickness as the space-flight sample, as thickness variations of soft
materials could affect hardness values. All samples (pristine con-
trols, ground-laboratory ECR-exposed, and the space flight sample)
were mounted using the same type and thickness sample holder for
hardness characterization.

3. In-Space Exposed DC 93-500

The in-space exposed DC 93-500 sample was exposed to LEO AO
as part of the EOIM III shuttle flight experiment flown on STS-46.
This sample was exposed to directed ram AO from within the shuttle
bay and received a LEO atomic oxygen fluence of 2.3 4 0.3 x 10%°
atoms/cm? (Ref. 3). The flight sample was 1 in. (2.54 cm) in diame-
ter and was approximately 0.020-0.025 in. (0.051-0.064 cm) thick.
The silicone received enough AO while in LEO to cause significant
microcrazing of the surface. Pre- and postflight micrographs of the
flight sample surface are shown in Fig. 1. A pristine control sample
fabricated at the same time as the flight sample was also available
for testing.

B. ECR Source AO Exposure

The ground-laboratory test samples were exposed to AO in an
ECR source facility at the Lockheed Martin Space System Com-
pany Advanced Technology Center. This directional plasma system
provides ~90% thermal AO (0.1 eV) and ~10% ionized species
(15-20 eV). The effective exposed area is 68 in. (15.2-20.3-cm)
diameter with ~20% drop-off at 4 in. (10.2 cm) off center. The Kap-
ton effective atomic oxygen flux is ~6 x 103 atoms/cm? s, based
on mass loss measurements. Five DC 93-500 samples were exposed
to ECR AO from 18 to 40 h. The sample temperature during ECR
exposure was 80°C. The ground-laboratory exposed samples and
the corresponding Kapton mass loss effective fluence values are
provided in Table 1.

Table 1 ECR AO exposed samples

AO Kapton effective fluence,

AO, h x 1029 atoms/cm?
0 0

18 4.2

20 4.7

24 5.6

30 7.0

40 94

Applied
T Force T

Fig. 2 Indentation profile during nanomechanical indenting.®

C. Nanomechanical Hardness Testing
1. Nanoindentation Background Introduction

The hardness of a material can be defined as the resistance to
penetration,* or the resistance to plastic deformation, and is de-
pendent on the type of test used to determine its value. Traditional
hardness testers force an indenter with known geometry into the
surface of a material with known applied load. Depending on the
type of test, the hardness (H ) is expressed by a number that is either
inversely proportional to the depth of indentation for a specified load
and indenter, or equal to the load (P) over the area of indentation
(A), H=P/A (Ref. 5). It should be kept in mind that the hard-
ness value obtained in a particular test serves only as a comparison
between materials or treatments.>

Nanoindentation arose from the realization that an indentation
test with a sharp indenter applied with a low force is an excellent
way to measure very small volumes of materials and thin films. But
a need existed to be able to determine the indentation area without
a high-magnification microscope. Therefore, depth-sensing inden-
tation (DSI) techniques were developed. Nanoindentation refers to
depth-sensing indentation testing in the submicrometer range. In
nanoindentation techniques, the load and displacement of the inden-
ter are recorded during the indentation process and these data are
analyzed to obtain the contact area, and thereby mechanical proper-
ties, without having to see the indentations. DSI techniques provide
a means for studying elastic and time-dependent plastic properties
of materials.

An illustration of the mechanics of an indent along with the
resulting contact depth 4., maximum depth /., and residual
depth & is illustrated in Fig. 2 (Ref. 6). A typical nanoindentation
load-displacement curve and relevant parameters used to determine
mechanical properties, such as hardness and elastic modulus, are
provided in Fig. 3.

In the TriboScope® system, the procedure used to calculate the
hardness (H) from the load—displacement data is presented by
Oliver and Pharr in Ref. 7 and is known as the Oliver and Pharr
method. This method accounts for the curvature in the unloading
data (nonlinear unloading) and uses a procedure for determining
contact area (A) at peak load based on the indenter shape and depth
of penetration. The hardness is defined as the mean pressure the
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Fig. 3 Typical indentation load-displacement curve with the relevant
Oliver and Pharr model parameters illustrated.’

material will support under load and is computed from the peak in-
dentation load (Py,,y) and the projected area of contact at peak load,
H = P/ A (Ref. 7).

In this method, A= F(h.). The tip area function needs to be
empirically determined for each tip by performing indents into a
material of known modulus to relate the cross-sectional area of the
indenter to the distance from its tip.’

The contact depth is determined from

hc = hmax - S(Pmax/S) (1)

where /1, is the maximum loading displacement, ¢ is a tip ge-
ometry factor (¢ =0.75 for this analysis), and § is the gradient of
the initial unloading curve, called the contact stiffness at unloading
(S =dP /dh). This procedure is reliant on the accuracy of some key
quantities including the unloading stiffness, the load frame compli-
ance of the instrument (machine compliance), and the area function
of the indenter tip.” It should be noted that this definition of the
hardness is different from the conventional definition of hardness.
In the nanoindentation analysis the hardness is calculated utilizing
the contact area at maximum load, whereas in conventional tests
the area of the residual indent after unloading is used; therefore the
values differ.

2. TriboScope Nanomechanical Test System

A Hysitron, Inc., TriboScope nanomechanical test system oper-
ated in conjunction with a Park Scientific AutoProbe atomic force
microscope (AFM) was used to determine the surface hardness of
the silicone samples. The TriboScope nanomechanical test instru-
ment is a quantitative depth-sensing nanoindentation system that
uses a three-plate capacitive force/displacement transducer. The
Hysitron nanomechanical system can provide ultralight load inden-
tations (less than 25 ©N) and continuously measures force and dis-
placement as an indent is made. The maximum force experienced
by these samples (the sample force, Fiampie) is not the same as the
prescribed applied force (the force applied to the center plate of the
transducer, Fypplicq), primarily due to the large displacement of these
samples with soft bulk thickness.

3. Preliminary Nanomechanical Calibration and Testing

Before data acquisition, a significant amount of preliminary cali-
bration and optimization testing is necessary with a nanomechanical
test system. Load-frame compliance calibration of the system (ma-
chine compliance) is necessary, using the specific type of sample
holder the test samples are mounted on. Also, tip-shape area func-
tion determination needs to be conducted for the particular indenter
tip used.

OSMvs DSM.  The Hysitron system used for this study has both
quasi-static measurement (QSM) and continuous stiffness measure-
ment, called dynamic stiffness measurement (DSM), also referred to
as nanoDMA (dynamic mechanical analysis) techniques. By taking
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Fig. 4 Effect of preload on the hardness of the 24-h AO-exposed DC
93-500 sample for low applied indentation forces.

a series of indents at various applied indent forces using QSM and
its software, a plot of the sample hardness vs contact depth can be
obtained. This technique is much more time-consuming than using
DSM, which can provide modulus vs depth in a single indent but
does not provide hardness values. The DSM technique would be
beneficial for tacky silicones, because data vs depth can be acquired
in a single indent and the chance of tip contamination or breaking is
greater with tacky materials. The QSM software used (TriboScope
V4.1) has the ability to correct for large displacements (automatic
correction of the electrostatic force constant at large displacements),
which was determined to be necessary for these extremely soft sam-
ples. It was decided to use the QSM mode for data acquisition for
this research because it provides hardness values in additional to
modulus data for a given displacement depth.

Preload and applied indent force determination. Tests were
conducted to determine the effect of the transducer tip preload and
indent force on the hardness values. It is necessary to have some
limited preload prior to indenting to keep the transducer tip in contact
with the sample as controlled through the AFM feedback system.
A preload below 0.089 mg (equivalent to 0.87-uN applied force)
provided unstable tip/sample control. Indentations were made (in
the 24-h AO-exposed DC 93-500 sample) at 100-, 150-, 200-, and
225-uN applied indent forces with preloads of 0.112 mg (1.10 uN),
and then 0.125 mg (1.23 uN). Figure 4 indicates that the preload
will significantly affect the hardness value when less than 200-uN
applied indented force is used. It was determined to use a 0.112-mg
preload (1.10 uN) for all applied forces of 200 uN and below.

Hold time determination for creep.  Viscoelastic creep during
unloading can be a problem for polymers. Therefore creep tests were
conducted where different hold times (5, 10, and 20 s) were used
during a trapezoid-type loading cycle. Although these tests did not
indicate additional creep for the longer hold times (one would want
to increase the hold time just long enough to be sure creeping had
stopped prior to unloading), the curve fits for the longer hold times
appeared to fit better and hence were used for all sample indent tests.

Curve fit effect.  The curve fit of the sample force-vs-
displacement data was found to be critical for the resulting hard-
ness value. Including too much of the curve often resulted in a
good fit too far from the initial unloading point, where the hard-
ness data should be obtained. Therefore, for each sample indent, the
best curve fit was carefully determined. An example of a sample
force-vs-displacement curve for an applied force of 700 uN with
a typically used fit (upper fit of 99% (includes 99% of the upper
curve) and lower fit of 65% (65% of the lower curve) is shown in
Fig. 5.

4. Indentation Procedures

The transducer tip was brought into contact with the surface of
the sample using the AFM electronics and feedback system. Once
in contact with the surface, the tip was left at an ultralight preload
and the system was left to settle for 2 min before starting the indent,
to minimize drift. Indentations in the test samples were taken using
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Fig. 5 Sample force vs displacement for pristine DC 93-500 with an
upper fit of 99% and lower fit of 65%.

a trapezoid loading curve with a 20-s hold period (5-s ramp up, 20-s
hold, 5-s ramp down) using a Berkovich indenter. A Berkovich tip
is a three-sided pyramid tip with an area-to-depth function that is
the same as that of a Vickers indenter.” The total included angle of
a Berkovich tip is 142.3 deg with a half-angle of 65.35 deg. This tip
geometry has been used as the standard for nanoindentation. The
average radius of curvature is typically between 100 and 200 nm.
Indents were made with applied forces ranging from 75 to 900 uN,
and up to 1500 uN when possible. The maximum applied load
was determined by the limit of the transducer displacement for each
sample (4700 nm). Each indentation was taken at a new sample lo-
cation. Approximately 20-25 individual indentations were obtained
for each sample. Preloads of 0.112 mg (1.10 uN) were used for less
than 200-uN applied indent force indents. Preloads of 0.125 mg
(1.23 uN) were typically used for higher than 200 wN load forces.
In some of the earlier test sets, preloads of 0.111 mg (1.09 uN) were
used for higher forces but were determined not to affect the hardness
values for the higher loads.

III. Results and Discussion

A. Pristine DC 93-500 (ECR Control)

During indent testing of the pristine DC 93-500, negative unload-
ing force values were observed in the real-time force vs displace-
ment data during the second set of indents, possibly indicating tip
contamination. Tests were conducted that verified that the sample
tip was contaminated from the silicone (i.e., repeated indents were
consistently “softer” than the original data taken at the same loca-
tion prior to tip contamination). After tip cleaning, additional data
was taken to verify that the tip was not changed. The results of the
noncontaminated pristine data obtained during two separate indent
sessions at two different locations are provided in Fig. 6 along with
a curve fit for the data. An image of the sample surface is also
provided in Fig. 6. As can be seen, the hardness of the pristine sil-
icone is greater at the near surface than deeper in the bulk of the
material. This is commonly found for both metal and polymer mate-
rials using nanoindentation techniques. Polymers typically display
greater hardness values at the surface due to air- or light-induced
cross linking and ambient oxidation of the surface.

B. Eighteen-Hour AO Exposed DC 93-500

The 18-h ECR-exposed sample received a Kapton effective flu-
ence of 4.2 x 10%° atoms/cm?. Hardness data were acquired on the
18-h AO-exposed sample during two indentation sessions at differ-
ent locations. The hardness vs contact depth data are provided in
Fig. 7 along with a curve fit for the data. An image of the sample sur-
face is also provided in Fig. 7 and shows that very fine microcracks
have developed.
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Fig. 6 Hardness vs contact depth for the pristine DC 93-500 ECR
control sample.
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Fig. 7 Hardness vs contact depth for the 18-h ECR AO-exposed DC
93-500.
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Fig. 8 TriboScope software sample force vs displacement curve for
900-1.N applied force indent in the 18-h AO-exposed DC 93-500 sample.

An interesting effect was observed in the 18-h sample data at
higher applied indent forces (400, 600, 800, and 900 N). An appar-
ent film breakthrough was displayed in the loading curve. It appears
that the tip broke through a hardened surface layer and down into
a softer underlying layer. An example is provided in Fig. 8 for the
900-uN applied force indent in the 18-h AO exposed sample. This
type of breakthrough was observed for most of the oxidized films
after some loading force is applied. It should be noted that the screen
image shown in Fig. 8 provides the displacement at breakthrough,
not the actual contact depth.
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Fig. 10 Hardness vs contact depth for the 24-h ECR AO-exposed DC
93-500.

C. Twenty-Hour AO Exposed DC 93-500

The 20-h ECR-exposed sample received a Kapton effective flu-
ence of 4.7 x 10?° atoms/cm?. Hardness data were acquired on the
20-h AO-exposed sample during two separate indentation sessions
at two different locations. The hardness vs contact depth data are
provided in Fig. 9 along with a curve fit for the data. There was a fair
amount of scatter in the data for contact depths between approxi-
mately 200 and 500 nm. Film breakthrough was observed when the
500-, 700-, and 800-uN applied indent forces were used. An image
of the sample surface is also provided in Fig. 9 and shows that the
surface has more craze lines (additional fine lines) than the 18-h
exposed sample.

D. Twenty-Four-Hour AO Exposed DC 93-500

The 24-h ECR-exposed sample received a Kapton effective flu-
ence of 5.6 x 10%° atoms/cm?. The 24-h sample was indented during
one session at two different regions. The hardness vs contact depth
data are provided in Fig. 10 along with a curve fit for the data. Film
breakthrough was observed for all indents at or above 200-uN ap-
plied indent forces. An image of the sample surface is also provided
in Fig. 10 and shows that the surface has a well-developed crazed
texture.

E. Thirty-Hour AO Exposed DC 93-500

The 30-h ECR-exposed sample received a Kapton effective flu-
ence of 7.0 x 10%° atoms/cm?. The hardness vs contact depth data
are provided in Fig. 11, along with a curve fit for the data. Film
breakthrough was observed for all indents at or above 300-uN ap-
plied indent forces. An image of the sample surface is also provided
in Fig. 11 and shows that the surface has a well-developed crazed
texture like the 24-h exposed sample.

F. Forty-Hour AO Exposed DC 93-500
The 40-h ECR-exposed sample received a Kapton effective flu-
ence of 9.4 x 10 atoms/cm?. The hardness vs contact depth data
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Fig. 11 Hardness vs contact depth for the 30-h ECR AO-exposed DC
93-500.
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Fig. 12 Hardness vs contact depth for the 40-h ECR AO-exposed DC
93-500.
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Fig. 13 Hardness vs contact depth for the EOIM III control sample
fabricated at the same time as the flight sample.

were obtained at two separate regions of the sample. The hardness
vs contact depth data are provided in Fig. 12 along with a curve fit
for the data. Film breakthrough was observed for indents at or above
625-uN applied indent forces. An image of the sample surface is
also provided in Fig. 12 and, like the 24- and 30-h exposed samples,
shows a well-developed crazed texture.

G. EOIM III Control DC 93-500

The hardness vs contact depth data for the EOIM III control sam-
ple are provided in Fig. 13 along with a curve fit for the data. The
surface of the control was very smooth.

H. EOIM III DC 93-500 Flight Sample

The EOIM III flight sample was exposed to a LEO AO fluence
of 2.3 x 10%° atoms/cm?. The hardness vs contact depth data are
provided in Fig. 14 along with a curve fit for the data. Film break-
through was observed for indents at 600- and 700-.N applied indent
forces. An image of the sample surface is also provided in Fig. 14
and shows that the surface has a well-developed crazed texture.
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I. Ground-Laboratory to In-Space Effective Fluence
for the ECR Facility

The AO exposure does cause surface hardening, as expected, as
the silicone is oxidized. The nanomechanical hardness data indi-
cate that the AO-exposed samples are substantially harder at the
near surface than the pristine silicone. Another observation is that
the hardened layer decreases with depth, as one would expect, with
the hardness of the AO-exposed samples becoming the same as
pristine DC 93-500 at a depth of approximately 1500 nm. The
consistency of the hardness for all samples below this depth was
excellent and shows excellent repeatability of this nanomechani-
cal technique. There was a fair amount of scatter and data overlap
for some samples at the low applied indent forces. Surface rough-
ness, such as that which occurs with the “mud-tile” cracking of
the oxidized silicate layer, and inhomogeneities in the surface ox-
ide could contribute to hardness variations, particular for low-force
indents.

Although film breakthrough was observed at various applied
loads for all oxidized films (e.g., the ECR and flight samples), spe-
cific trends were not investigated. This would require additional
analyses of the force vs distance curves to determine the specific
depth of contact and applied load for which breakthrough occurred.
This information was not readily available but could be obtained
by analyzing the Hysitron indent data files. As previously men-
tioned, the observation of film breakthrough confirms that an embrit-
tled oxidized layer has developed over the soft underlying silicone
layer.

Using values obtained from the curve fit equations for each data
set (the curve fit equations are given in the hardness vs depth charts);
plots of hardness vs Kapton effective fluence at contact depths of
150, 200, 250, and 300 nm were produced. These depths represent
the near-surface data. The 150-nm contact depth and 300-nm con-
tact depth plots are provided in Figs. 15a and 15b, respectively. The
hardness for the ECR pristine sample and the EOIM III control sam-
ples were very similar. The EOIM III control was slightly harder
at a contact depth of 150 nm, which is not surprising. Even if the
mix ratios and degrees of cure were the same for both controls, the
EOIM III control was made years earlier; thus there would be a
difference in the quantity of residual outgassing products and ox-
idation that could increase the hardness slightly over time. These
aging differences may also affect the flight sample hardness, but are
considered negligible, as the hardness difference of the two controls
was determined to be insignificant at a contact depth of 150 nm (and
they were essentially the same at 300 nm).

Based on the linear fits for the hardness vs Kapton effective AO
fluence data, the ECR Kapton effective fluence that provided the
same hardness as the EOIM III sample for 150-, 200-, 250-, and
300-nm depth was 6.10, 6.00, 6.04, and 6.16 x 10% atoms/cm?, re-
spectively. Averaging these values provides 6.08 x 10%° atoms/cm?;
therefore the Kapton effective atomic oxygen fluence in the ECR
facility needs to be 2.64 times higher than that in LEO to replicate
equivalent exposure damage in the ground test silicone as occurred
in the space exposed silicone.

When the surface crazing is compared, the extent of crazing in
the 18- and 20-h ECR exposed samples appears to be less devel-
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Fig. 15 Hardness vs Kapton effective AO fluence a) at contact depth
150 nm and b) at contact depth 300 nm.
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Fig. 16 Hardness vs contact depth for pristine, 24-h ECR-exposed and
LEO space-exposed DC 93-500 silicone.

oped than that in the flight sample, while the 24-h ECR-exposed
sample seems more substantially crazed like the flight sample. This
is a qualitative assessment only, and may be contributed to by sam-
ple handling procedures. For comparison purposes, the hardness vs
contact depth curves for the EOIM III flight sample and the 24-h
ECR sample, which was closest to the necessary ECR fluence for
equivalent damage, were overlaid on the pristine ECR sample data
and are provided in Fig. 16.

IV. International Space Station Application

The relevance of this method is further enhanced by correlating
these results with silicone pressure-sensitive adhesive (PSA) sam-
ples that were ECR-exposed for the International Space Station solar
array diode tape blocking assessment. The DC 93-500 samples as
described herein were ECR-exposed simultaneously with silicone
PSA samples. On-orbit, the silicone PSA surface will eventually
convert to a hardened silicate glass layer, converting a sticky sur-
face to a glassy nonblock surface. By using the correlation of ground
and space DC 93-500 data, the ground-test effective fluence of the
silicone PSA can be deduced and the degree of blocking vs AO
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exposure that can be expected in-orbit for the diode tape can be
more accurately determined.

V. Conclusions

Traditional techniques for determining effective AO fluence ex-
posures in ground-laboratory facilities based on mass loss measure-
ments should not be used for silicones. Therefore, a technique has
been developed for ground-laboratory to in-space effective AO flu-
ence determination for silicones based on changes in surface hard-
ness, which occurs as the silicone is oxidized. Specifically, nanoin-
dentation hardness measurements were determined for ground test
(ECR)-exposed DC 93-500 silicone and DC 93-500 exposed to LEO
AO as part of the EOIM I1I shuttle flight experiment. The ground-
to-space effective AO fluence was determined based on the Kapton
effective fluence in the ECR source that produced the same hard-
ness for the fluence in space. Preliminary calibration and optimiza-
tion testing of the nanomechanical system with silicone samples
were conducted and critical issues reviewed. Hardness vs contact
depth measurements were obtained for five ECR-exposed DC 93-
500 samples (ECR-exposed for 18—40 h, corresponding to Kapton
mass loss effective fluences of 4.2 x 10%° to 9.4 x 10%° atoms/cm?,
respectively) and for the EOIM III LEO-exposed DC 93-500 sil-
icone. Pristine controls for the ECR tests and for the EOIM III
flight sample were also measured. The ground-to-space correla-
tion value was determined based on correlation values for four
contact depths (150, 200, 250, and 300 nm), which represent the
“near-surface” depth data. The results indicate that the Kapton ef-
fective AO fluence in the ECR facility needs to be 2.64 times
higher than in LEO to replicate exposure damage in the ground-
test silicone equivalent to that which occurred in the space exposed
silicone.
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