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Abstract

Upcoming NASA missions have increased the
drive for development of multi-functional ma-
terials for Lunar surface deployment. Struc-
tural health monitoring (SHM) functionality
may be achieved through the incorporation of
carbon nanotubes (CNTs) into polymer ma-
trices, which may be used as binders in struc-
tural composites. Polymeric materials may
experience significant degradation when ex-
posed to high dosages of ultraviolet (UV) ra-
diation, an issue exacerbated by long expo-
sure periods and the extremely thin Lunar
atmosphere. CNT inclusions tend to retard
damaging UV effects in polymer composites,
but the influence of this exposure on SHM
capabilities has not yet been documented.
In this research, epoxy/1% MWCNT ASTM
D695 composite compression samples were
subjected to quasi-static mechanical testing
and electrical monitoring both with and with-
out UV exposure. Compression occurred
at 1.3 mm/min while 10kHz, 2V AC was
passed through attached electrodes. Re-
sistance and reactance were recorded via a
custom LabView program, and MATLAB
was used to identify relationships between
stress/strain and normalized electrical behav-
ior. Strain, microdamage, and macrodamage
sensing were noted in both sample categories,
though UV exposed samples showed distinct
differences when compared with unexposed
samples.

Introduction

The advent of the Artemis Program has led
to increased emphasis on materials, technolo-
gies and processes necessary to make a hu-
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man presence on the Moon both safe and sus-
tainable!. Nanomaterials have been specifi-
cally recommended as a way in which struc-
tural stability and safety may be increased,
in part through the design of self-sensing and
structural health monitoring (SHM) proper-
ties into novel material concepts?.

In SHM, structural members are moni-
tored either periodically or continuously for
evidence of damage which may lead to over-
all structural failure®. Various methods may
be used to carry out this task, including vi-
sual inspection®*, vibration analysis®, appli-
cation of discrete sensors*, or in-situ mate-
rial self-sensing®®. In-situ sensing eliminates
both the need for direct inspection and sim-
plifies sensing requirements, as internal ma-
terial states may be identified directly elec-
trical response®®. This type of sensing may
be achieved through incorporation of carbon
nanomaterials, such as nanotubes (CNTs) or
graphene nanoplatelets (GNPs), into poly-
mer matrices™!?. Specifically, low CNT mass
fraction polymer binders have been used to
detect both strain and damage in this man-
ner®811,12.

If self-sensing CNT /polymer composites
are to be applied to Lunar projects, an under-
standing of their behavior under intense UV
exposure is necessary. Polymeric materials
experience changes in mechanical and solubil-
ity properties'®!4, changes in thermal proper-
ties!® and mass loss!®!¢ when exposed to sig-
nificant dosages of UV radiation, which can
be detrimental to their functionality. How-
ever, when small proportions of CNTs are
dispersed within a polymer matrix, degrada-
tion effects decrease, in part due to the for-



mation of an entangled CNT network on ex-
posed surfaces!”!®. These effects might serve
to lessen the severity of UV degradation ef-
fects on the Lunar surface, where exposure
can be as high as 107 W /m? (when reflec-
tive and thermal conditions are not accounted
for)1? for ~93% of the time in South Polar ar-
eas?® such as those targeted by Artemis. For
comparison, at Earth’s surface this exposure
drops to around 35 W /m? with much shorter
durations?!.

The effect of UV induced surface CNT
networks and other UV effects on SHM prop-
erties of self-sensing CNT /polymer compos-
ites has not previously been investigated, and
it is this gap which this research seeks to fill.

Methodology
MWCNT Composite Fabrication

The binder selected for this study is a
79.1% Epon-862/20.9% Curing agent W sys-
tem?? with compositional similarities to low-
temperature epoxies?*?*. MWCNTs were ob-
tained from Cheaptubes.com and have an
outer diameter of 20-30 nm, inner diameter
of 5-10 nm, length of 10-30 pm, and electri-
cal conductivity of >100 S/cm, with >95%
purity and <1.5% ash content by weight.
The predetermined amount of CNTs was
first dispersed in 100 mL of acetone by hand
mixing, after which this slurry was subjected
to bath sonication for two cycles of 30-min
each at 20-sec pulse, 5-sec delay, and 25% am-
plitude. The Epon-862 was then hand mixed
into this slurry, after which another two cy-
cles of sonication were carried out to ensure
dispersion of CNTs. After sonication, the ace-
tone was stripped from the mixture using a
rotary evaporator on a 60 minute cycle in an
80 °C water bath at a vacuum pressure of 250
mb. Curing Agent W was then added and
hand mixed after which the composite was
degassed for 30 minutes at ~90 kPa vacuum
pressure before being poured into preheated,
degassed silicone molds (pre-sprayed
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Figure 1: Epoxy/CNT samples with electrodes.

with mold release agent) and degassed for
another cycle. A two-part curing process was
then carried out in a vacuum oven, with two
hours at 121 °C followed by two hours at 176
°C. Completed samples (including electrodes,
discussed below) can be seen in Fig. 1.

After removal from
molds, samples were
sanded to assure per-
pendicularity of circu-
lar faces. Sample
masses were recorded,
and void estimates were
made based on
pected mass of compos-
ite filling sample vol-
ume. Specimens to be
exposed to UV were
subjected to 288 or 576
hour exposure times
within the custom UV
chamber (see UV Expo-
sure, below).

Electrodes were
then created on both
faces of each specimen
using a thin layer of
silver conductive epoxy?. Two silicone-
insulated, stranded tinned copper wires were
stabilized on the sides of each specimen using
masking tape, after which they were bend
down to the conductive epoxy surface and
attached with conductive paint (see Fig. 2).
The tape was then removed and sample di-
mensions taken in preparation for testing.

Wire
-

Silver Epoxy

ade] Supsey
ade) Supjsey

eX-

Silver Epoxy

Figure 2: a) Con-
struction diagram
and b) finished
electrode.

UV Exposure

For a standing Lunar structure, UV expo-
sure (100-400 nm wavelength range)?® is es-



timated at 113 (W /m?)1927 2. The custom
UV chamber detailed in previous work®® pro-
vides an exposure spectrum >290 nm similar
to those which have been proven to gener-
ate entangled surface CNT networks (295-400
nm wavelengths)'®. Chamber photons carry
sufficient energies to break covalent bonds
found in the Epon-862 system® 3% mak-
ing degradation and surface network growth
likely. C-C backbone bonds are especially
susceptible, as all wavelengths below 346 nm
have the potential to cause chain scission.
To en-
able expo-
sures to be
consistent
(within
+5%  rel-
ative to
other sam-
ples in the
exposure
cycle), a
rotation
scheme was
developed
based on areas of higher or lower irradiance
within the chamber (positions near the cen-
ter had higher irradiance values than those
near the edges. See Fig. 3). For the 576 hr
(~500MJ/m?) exposures noted here, samples
were rotated 1/4 rotation after 144 hours, po-
sitions were switch at 288 hours, another 1/4
rotation was executed at the new positions at
432 hours, and samples were removed from
the enclosure at 576 hours.
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Figure 3:  Sample rotation
scheme to allow even exposures.

Mechanical and Electrical Testing

In preparation for testing, non-conductive pa-
per layers were taped to each platform on an
Instron uniaxial testing rig. Thin pieces of
aluminum plate were placed on these sheets
to keep them from being punctured by epoxy
samples (see Fig. 4). Samples were placed
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on this insulation, and after preloading to 1-2
N, baseline resistance and reactance measure-
ments were taken using an LCR meter set to a
frequency of 10 kHz and voltage of 2 V. Sam-
ples were then further preloaded to between
4 and 6 N, and mechanical compressive

testing and :
electrical data cap-
tured was insti-
gated  simultane-
ously. A crosshead
displacement rate
of 1.3 mm/min was
utilized to keep
testing within the
quasistatic regime.
At test conclusion,
electrical data cap-
ture was stopped
and recorded.

Electrodes

Al plate .
p ~

Figure 4: PBRC sample
in Instron uniaxial test-
ing rig. Note electrodes
attached to sample top
and bottom.

Data Analysis

Mechanical and electrical data was tabulated,
correlated relative to elapsed test time, and
interpolated to allow single values resistance,
reactance and stress to be associated with
specific strain values and enable comparison
and plotting of these metrics with strain pro-
gression. Methods were devised for identify-
ing various regions of interest (linear, damage
onset, microdamage dominated, and macro-
damage dominated) using standard MAT-
LAB functions and fitting tools.

Normalized change in resistance (NCR)
and normalized change in reactance (NCX),
important metrics of interest for in-situ SHM,
are calculated as in Eqs. 1-2 below, where R
is resistance and X is reactance, while val-
ues with a 0 subscript represent unstrained,
reference values of resistance and reactance,
respectively:

R— Ry
Ry

NCR = (1)



X=X,
_ 2
- )

Previous research has shown that these
general metrics allow correlation between in-
stantaneous material responses and concur-

rent electrical data®”8, so they will be the
primary indicators in this paper.

Results

NCX =

Two sample fabrications were undertaken,
yielding 18-20 samples each. Half of these
samples were exposed to ~500 MJ/m? of UV
radiation, while the control groups were not.
Example mechanical and associated electri-
cal results gleaned from one such set of ex-
posed and unexposed samples is shown in
Fig. 5. Results from two unexposed sam-
ples are shown in a-b, while those from two
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~500MJ/m? samples are shown in c-d. NCR
response can be seen in subfigures a) and c)
while NCX response is noted in b) and d).
Stress/strain respons is noted as solid lines,
while electrical response appears as dotted
lines. Insets are used to display electrical re-
sponse effects that are not apparent at the
main figure scale. It should be noted that
the included graphs only show through 0.35
strain, as this region exists before electrodes
began to fail. It can also be noted that the
exposed samples show two distinct behaviors,
with one failing much earlier than the other.
This is consistent with observations across
the complete sample set, where about half
of the tested samples followed each failure
mode.
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Figure 5: Mechanical and electrical response of unexposed (a-b) and 576 hour UV exposed (c-d)
epoxy/1% CNT samples. Regions of interest and minimums noted.
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NCR anc NCX data for both sample sets
show strong strain and damage sensing re-
sponse. Sample response can be divided into
four major regions R1-R4. R1 is the region
where instabilities caused by electrode incon-
sistencies and sample seating or geometric ir-
regularities are allowed to stabilize. In R2,
both mechanical and electrical data shows a
primarily linear response in the material elas-
tic regime as magnitudes of resistance and re-
actance decrease with compressive strain due
to geometric effects. In R3a, the negative
slope in electrical data indicative of this elas-
tic response begins to flatten as microscale
damage disrupts CNT networks and leads to
an increase in the magnitude of resistance or
reactance values. In R3b, which begins at
the minimum NCR or NCX value, this dam-
age influence begins to overcome the strain
response. At the beginning of R4, the re-
sponse is damage-dominated, as both resis-
tance and reactance magnitudes increase past
their initial baselines, and the slopes of both
NCR and NCX (often referred to as the gauge
factor) consistently increase with further net-
work disruption and increases in relative re-
sistance and reactance magnitudes regardless
of strain.

Both NCR and NCX have similar lin-
ear responses, and both also detect macro-
damage events as can be seen in the spikes
in specimen 2 values in the insets in Fig. 5
c-d (circled in red). It should also be noted
that NCX response is several orders of magni-
tude greater than NCR response in R4, which
suggests a higher sensitivity to micro-damage
accumulation.

One significant difference between ex-
posed and unexposed samples was the dispo-
sition toward early failure events in exposed
samples, likely brought on by embrittlement
and fracture of surface layers resulting from
UV degradation. Such behavior would create
stress concentrations and provide impetus for
crack propagation throughout the sample.
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Conclusions and Future Work

This study confirms that strain and damage
sensing capabilities persist after significant
exposure of epoxy/CNT specimens to UV ra-
diation. While changes in mechanical behav-
ior exist in exposed samples, useful SHM in-
formation can still be obtained from analysis
of NCR and NCX data. This shows that such
composites may still be applied in environ-
ments with high UV exposures, such as the
Lunar surface.

Future work will involve a more rigorous
analysis of NCR and NCX behavior, includ-
ing correlation of material properties, such
as non-linear onset strain and modulus, with
associated electrical response. Gauge fac-
tors will also be examined in greater detail
and used to provide a more holistic charac-
terization of sensing behavior. The noted
epoxy/CNT composite will next be used as
a binder in epoxy/CNT/Lunar regolith sim-
ulant samples to confirm if SHM capabilities
persist with high loadings of regolith partic-
ulate. Composition will be varied as neces-
sary to achieve useful electrical comparisons
while maintaining binder contents <20% to
allow for decreased launch mass of materi-
als transported to the Lunar surface. These
polymer-bonded regolith composites will also
be subjected to low temperatures to confirm
functionality in thermal conditions similar to
those which may be experienced during fu-
ture missions.
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