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ABSTRACT: The potential of nanoclay reinforcement to improve radome performance and longevity is quantified via a resonant tech-
nique. Epoxies used for radome applications are susceptible to environmental degradation through moisture absorption. Moisture in
composite systems can degrade mechanical and dielectric properties, which is of particular concern in radome applications where low
dielectric properties are crucial for maintaining radar transparency. The addition of nanoclay may prove a viable method for dielectric
and structural performance improvement through moisture absorption minimization. The dielectric properties of an epoxy/montmo-
rillonite nanocomposite are evaluated as a function of nanoclay weight percentage and moisture content using a split-post dielectric
resonator operating at 10 GHz. An increase of 25% in relative permittivity and 480% in loss tangent is observed for nanocomposites
contaminated with 8.4% water by weight in the most extreme case. The addition of 2% nanoclay by weight effectively delayed a 16%

degradation in relative permittivity by 760 hours. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 42691.
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INTRODUCTION

In recent years, thermoset composites and nanocomposites have
garnered considerable attention. The excellent mechanical prop-
erties of these polymers coupled with the vast improvement
provided by low amounts of nanofillers make these composites
excellent candidates for myriad applications where structural
soundness and high performance are of paramount importance,
such as the aerospace industry.'™> Within the latter, thermoset
composites are primarily used as the radar-protecting structure,
or radome, in aircraft-based radar systems (Figure 1). Due to
their high strength, stiffness, and ability to withstand high tem-
peratures,® epoxies are used in ground, marine and aircraft
radome applications either as the main structural component or
as coatings in radome construction. In such applications, main-
taining radar transparency is crucial: The radar signal must pass
unimpeded through the radome. In practical terms, this trans-
lates to choosing materials of low relative permittivity and loss
tangent for radome construction, such as epoxies. However, a
major drawback of these and other polymers is their susceptibil-
ity to readily absorb atmospheric moisture even in hot, dry
climates.”

The operating environment of polymer composite radomes
results in continuous exposure to moisture from humid air or
precipitation in the form of water, ice or snow. The presence of
water in composite systems can have a plasticizing effect on the
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material, acting as a crazing agent that significantly reduces
both mechanical and dielectric properties.”™"" This is of particu-
lar concern in radome applications where, as stated previously,
maintaining structural integrity and radar transparency is cru-
cial. Water present on the surface of stationary radomes in the
form of thin films due to rainfall has been shown to induce
transmission losses by its mere presence, and more significantly
by increasing the relative permittivity of the material, which in
turn leads to radar signal attenuation.®'*™'* In addition, for
ground-based radar systems, standing water layers during heavy
rainfall have been shown to produce significant transmission
losses, especially at higher frequencies.'® This is not of particular
concern for aircraft radomes, where precipitation causes tempo-
rary and minimal signal attenuation due to water beading and
the inherent large airflow surrounding the radar structure.'”
Water present within the polymer network, however, can have a
much more lasting and damaging effect over the service life of
the aircraft, potentially resulting in permanent damage in the
mechanical and dielectric properties of the material.

Over the last decade, epoxy resins have been successfully rein-
forced with nanoclays to produce nanocomposites with
improved mechanical properties and moisture barrier capabil-
ities intended to mitigate the deleterious effects of moisture
ingress. Researchers report a substantial increase in Young’s
modulus, storage modulus, ultimate strength at failure, and
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Radar antenna

Figure 1. Aircraft radomes protect the radar antenna from environmental
degradation. Water absorption and pooling within the radome can signifi-
cantly attenuate the radar signal. Image courtesy of Raytheon Company.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

thermal stability with only a small amount of nanoparticles
(generally up to 5% by weight) incorporated in the polymer
resin.”*'>"'7 Of the thermoset nanocomposites, epoxy/nanoclay
composites have been the most widely studied due to the ubig-
uitous nature of these clays, their affordability, and their unique
geometries. Sheet silicates, such as bentonite (montmorillonite)
clays, have a layered structure comprised of an aluminum octa-
hedron sandwiched between two silica tetrahedrons. Each of
these layers, or sheets, is approximately 1 nm thick and can be
up to several microns wide. The layers are piled together to
form “stacks”, each layer being separated by a van der Waals
gap of approximately 1.8 nm called the gallery spacing, basal
spacing, or intragallery space.'> The high aspect ratios of these
clays provide a “tortuous” path for the diffusion of water
through the polymer, effectively delaying moisture uptake. How-
ever, improvements in barrier properties are contingent upon
proper delamination and dispersion of these clays, which is a
highly challenging process and is dependent on numerous fac-
tors including clay surface treatment, the cation exchange
capacity of the clays, curing rate, and clay compatibility with
the resin.'®"”

Clay nanocomposites can have one of three different types of
morphologies:'>'® microcomposite, intercalated nanocomposite,
or exfoliated nanocomposite. Due to the vast increase in surface
area and phase homogeneity produced in the exfoliated mor-
phology, it is the most likely to appreciably improve mechanical
properties.”® It is also the most likely morphology to generate
improvements in moisture barrier properties. Liu et al. reports
a rapid decline in transverse diffusivity and moisture uptake
rate in orderly exfoliated epoxy/clay nanocomposites with
increasing clay loading up to 7.5% by weight, further stating
that the higher the aspect ratio of the clays, the lower the trans-
verse diffusivity values observed.'®

Although the intercalation chemistry of nanoclays has been
studied extensively, there is still no general consensus for a
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fabrication method that will produce a true exfoliated morphol-
ogy. This is because complete delamination and intercalation of
the clays is dependent upon many factors that are difficult to
independently control. Silicate clays are naturally hydrophilic.
As a result, the hydrated cations of the intragallery must be
exchanged with onium cations to make them organophilic to
improve compatibility with the polymer resin and to allow for
intercalation with the galleries.'” Further, although delamination
is controlled by a mechanical force (shear mixing), intercalation
and expansion of the intragallery space is controlled by a chem-
ical reaction factor.”! Hence, the choice of curing agent plays a
crucial role in the final composite morphology. Due to these
numerous factors involved in proper clay dispersion, in practice
most nanocomposites will have, upon well dispersion of the
clays, a combination of both intercalated and exfoliated
morphologies.

Recent work has focused on the addition of inorganic nanofil-
lers to epoxy resins to assess and quantify effects on dielectric
properties. The incorporation of metal oxide nanoparticles has
been shown to improve dielectric properties at low frequen-
cies.”? However, the addition of nanofillers has been shown to
also deteriorate dielectric properties in some cases, with impact
on dielectric properties dependent on factors such as fabrication
method, type of nanoparticle, nanofiller loading, surface treat-
ment, and frequency.”>*” Although the effect of nanoclays on
dielectric properties such as relative permittivity and loss tan-
gent has not been thoroughly assessed in the literature, a slight
reduction in these properties was reported for low frequencies
(50 and 60 Hz) and low clay loadings (up to 5% by weight),
and attributed to the restriction in polymer chain mobility pro-
vided by the nanoclays.”>*»*® The objective of the present work
is to determine whether nanoclays have an effect on the dielec-
tric properties of an epoxy resin at 10 GHz (X-band), and to
assess whether, through a decrease in moisture barrier proper-
ties, nanoclays can effectively delay or mitigate significant
dielectric property degradation as a result of water contamina-
tion. To this end, epoxy nanocomposites were fabricated with
nanoclay loadings of 1, 2, 3, and 5% by weight using an identi-
cal procedure, which was expected to produce nanocomposites
of varying morphology for evaluation.”"**° X-ray diffraction
analyses (XRD) and transmission electron microscopy (TEM)
were used to determine the degree of nanoclay dispersion and
the nanocomposite morphologies. The relative permittivity and
the loss tangent, which are directly related to the radar transpar-
ency of the material,”">> were evaluated in the dry state using a
split-post dielectric resonator (SPDR) to determine the effect of
clay loading percentage and morphology. Samples were then
immersed in constant temperature water baths to carry out the
diffusion experiments, and the relative permittivity and loss tan-
gent evaluated as a function of moisture uptake at different
time intervals.

EXPERIMENTAL

Materials

The epoxy resin used is a diglycidyl ether of Bisphenol A
(EPON™ 828, supplied by Momentive™ Specialty Chemicals,
Inc.). This epoxy has very good mechanical, adhesive, dielectric
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and chemical resistance properties and is widely available,
widely studied, and commonly used in radome construction
and/or coating. The curing agent used is aminoethylpiperazine
(EPIKURE™ 3200, also supplied by Momentive™ Specialty
Chemicals), which was chosen because it cures at room temper-
ature in 24 hours, thus allowing more time for the polymer
chains to intrude the intragallery space and increase the basal
spacing between clay platelets. The montmorillonite clay used is
Cloisite® 30B, supplied by Southern Clay Products, Inc. (now a
part of BYK Additives & Instruments), which is also widely
available and widely studied. This clay is surface treated with a
methyl tallow bis-2-hydroxyethyl quaternary ammonium.

Fabrication of Epoxy Nanocomposites

The epoxy nanocomposites were fabricated with clay loadings of
1, 2 3, and 5% by weight to assess the effect of typical nanoclay
loading percentages on relative permittivity and loss tangent.
Further, the fabrication method was kept consistent regardless
of clay loading. This is atypical in epoxy/nanoclay systems,
which generally require optimization of dispersion method
based on clay loading percentage. As such, the consistent mixing
method regardless of clay content was expected to result in
nanocomposites of varying degrees of dispersion and exfolia-
tion. In this study, such a range of morphologies was desired to
provide insight into any potential effect of clay dispersion or
exfoliation on dielectric properties.

The resin to curing agent ratio used was 100 to 22 by weight.
The resin (50 g) was poured into 150 mL glass beakers and
then heated to approximately 60°C over a hot plate to remove
bubbles introduced in the pouring process. The nanoclay was
added to the beaker and mixed by hand, followed by high shear
mixing at 2000 rpm for 1.5 hours, irrespective of clay loading.
The nanoclay-resin mixture was then sonicated for 15 minutes
over an ice bath to prevent the resin from burning due to the
high temperatures induced by sonication. The mixture was then
degassed in a vacuum oven maintained at 80°C for 24 hours, or
until all entrapped air had been removed. This greatly reduces
the amount of nano to micro-sized voids which can ultimately
prevent performance improvement.” After degassing was com-
plete, the samples were allowed to cool to approximately 35°C
before mixing with the curing agent.

Once mixed with the curing agent, samples were cast between
two heat resistant square glass plates and clamped together,
with 0.9 mm thick aluminum shims employed to maintain con-
sistent separation between the plates and minimize sample
thickness variations. The plates were first treated with Frekote®
44-NC™ Mold Release Agent as per manufacturer instructions.
The samples sandwiched between the glass plates were allowed
to cure at room temperature for 24 hours, followed by a 1 hour
post-cure at 150°C. Once the samples were demolded, they were
cut using a wet diamond saw into squares of approximately
6 cm by 6 cm. Three samples were cut for the neat epoxy and
each clay loading percentage. Finally, cut and labeled samples
were dried in a vacuum oven at 50°C for 48 hours, and left in a
desiccator for an additional 48 hours to ensure removal of all
residual moisture. Dry samples were weighed, the relative per-
mittivity and loss tangent measured, and then immersed in
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containers filled with distilled water. These containers were then
submerged in a water bath maintained at 25°C. The time and
date of immersion was recorded.

Characterization

Nanocomposite morphologies were evaluated by small angle
XRD. The radiation used was Cuk, (1= 1.54056 A), with a 20
scan range from 0.02° to 9.98°. The nanostructure of the com-
posite was assessed through TEM. Samples of 1 mm by 1 mm
were embedded in a low viscosity “Spurr” resin, and thin sec-
tions of approximately 80 nm were then cut using an ultrami-
crotome prior to TEM characterization.

Experimental Procedures

Dielectric Property Measurements. To perform the dielectric
measurements, an SPDR connected to a vector network analyzer
(Agilent AT-E8362C/P1) operating at 10 GHz was used. The
thickness of each sample was measured using a digital microme-
ter caliper. Five thickness measurements were performed at the
center and four corners of each sample and averaged. The aver-
age thickness was used in the computation of the relative per-
mittivity and loss tangent for each sample. For measurements in
the dry state, samples were removed from the desiccator one at
a time and five measurements per sample were taken by shifting
the sample slightly within the resonator cavity. Reported dielec-
tric properties are an average of these five measurements.
Because the SPDR method is highly sensitive to thickness varia-
tions, this was done to account for the minutely varying thick-
ness of each sample. At predetermined time intervals after
immersion, samples were removed from the water bath one at a
time and dried using a lint-free cloth. The dielectric properties
were measured immediately after drying, again taking and aver-
aging five measurements for each sample.

Gravimetric Moisture Uptake Measurements. Gravimetric
moisture uptake was monitored via a high precision analytical
balance. Samples were removed from immersion one at a time
and dried using a lint-free cloth. Weight was recorded immedi-
ately after measuring the dielectric properties for each sample.
The samples were then re-immersed in the water baths, and the
procedure was repeated for the neat epoxy and for each clay
loading percentage. Total immersion time was recorded for all
samples.

RESULTS AND DISCUSSION

Nanocomposite Morphology

As expected, a range of nanocomposite morphologies were pro-
duced by varying clay content without adjusting the fabrication
method. These morphologies were characterized using the
standard procedure of XRD and TEM. In this case, characteriza-
tion by these methods indicated that the 2% clay/epoxy system
most likely contains the most effectively dispersed nanoclay. As
a result, this system is expected to exhibit the most significant
improvements in mechanical properties and moisture barrier
performance.

To arrive at this conclusion, XRD was used to determine gallery
spacings using a simple form of Bragg’s equation:
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Figure 2. XRD patterns for nanocomposites. Peaks are indicative of inter-
calated morphologies. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

A=2dsin 0 (1)

where A is the radiation wavelength, d is the gallery space, and
0 is the diffraction angle. The presence of peaks in the XRD
pattern indicates ordered-intercalated and/or ordered-exfoliated
nanocomposites.”’ Figure 2 shows the XRD patterns for the
nanocomposites, with all samples showing a peak corresponding
to a 20 angle of approximately 2.2°. Using eq. (1), these peaks
correspond to an increased basal spacing of approximately
3.87 nm, 3.80 nm, 3.94 nm, and 4.24 nm respectively, in order
of increasing clay loading. These basal spacings are consistent
with the literature and are indicative of an ordered-intercalated
morphology.”>*"** For the lower clay loadings, this peak is
quite small, however it is much more prominent for the higher
clay percentages. Generally, an exfoliated nanocomposite will
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exhibit basal spacings greater than 8 nm, with values up to
240 nm reported for fully exfoliated structures.”®**

Additionally, for the higher clay loadings, a smaller peak is
observed at a 20 angle of around 5°. This peak is representative
of the peak observed in the pure clay diffraction pattern (at
approximately 4.8°)* and is indicative of clay agglomerates
present in the nanocomposites. This simply means that the clay
was not sufficiently delaminated, i.e., stacks may have remained
intact and no polymer likely intruded the gallery spacing. The
presence of agglomerates at higher clay percentages is quite
common.

TEM is normally performed in conjunction with XRD to deter-
mine the degree of intercalation and/or exfoliation and whether
the clay platelets are ordered or randomly oriented within the
resin. Figure 3 shows TEM images at low magnification for all
clay loadings. While all images depict some degree of ordered
intercalation, the 2% clay sample appears better intercalated
than the rest. The high magnification images shown in Figure 4
more effectively illustrate the higher degree of intercalation
exhibited by the 2% sample. Darker areas indicate the intersec-
tion of individual silicate sheets,”! and are more prominent in
the 1, 3, and 5% clay samples. These areas also indicate the
presence of agglomerates, where each silicate sheet was mini-
mally sheared from its “stack” or not properly delaminated, and
the basal spacing was not uniformly increased. Although a
higher aspect ratio and clay volume fraction are desirable for a
reduction in transverse diffusivity and moisture uptake rate, the
presence of agglomerates produces the same effect as reducing
the aspect ratio of the clays. That is to say, the rate of reduction
in transverse diffusivity for the other clay loadings may be in
fact much lower due to the presence of large amounts of

(d)
Figure 3. Low magnification (25,000X) TEM images: (a) 1%; (b) 2%; (c) 3%; (d) 5% clay loading percentages.
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agglomerates, despite intercalation of the clay platelets.'® Based
on the higher degree of intercalation observed in the 2% sample,
it is expected to offer the greatest improvement in moisture bar-
rier properties by providing a wider intragallery space wherein
the diffusion of water molecules might be effectively delayed.

In summary, characterization showed that the chosen fabrication
method resulted in the most desirable morphology for the 2%
nanoclay/epoxy system. Besides moisture barrier property improve-
ment, it is postulated that any potential improvement in dielectric
properties would be seen in this system as opposed to the other clay
loadings. Such a result would be consistent with the slight improve-
ment in these properties observed at low frequencies and low clay
loading percentages, which has been attributed to the restriction in
polymer chain motion provided by the clays.***2

Dielectric Properties in the Dry State

The resonance method used in this study for dielectric property
characterization is a highly accurate and convenient method that
uses an SPDR fixture connected to a vector network analyzer to
compute the real part of the relative permittivity and loss tangent
of a thin, laminar sample.’® The schematic of the fixture used is
shown in Figure 5. The relative permittivity and loss tangent of a
thin dielectric material is calculated using the shift in resonant
frequency and Q-factor due to the presence of a specimen in the
resonator. To compute the real part of the relative permittivity, ¢/,
of a sample, the following equation is solved iteratively:

= 1+fo—f
" hfoKi (e, h)
where h is the sample thickness, f; is the resonant frequency of

the empty SPDR, f; is the resonant frequency of the SPDR with
the dielectric sample, and K is a function of the sample relative

(2

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

42691 (5 of 9)

CIENCE

(d)
Figure 4. High magnification (130,000X) TEM images: (a) 1%; (b) 2%; (c) 3%; (d) 5% clay loading percentages.

permittivity and thickness. K; is computed and tabulated for
every specific SPDR.

Similarly, to compute the loss tangent of the material (also
known as tan delta, tangent loss, or dissipation factor), the fol-
lowing equation is used:

o

P, (3)

tan 0=

where Q is the unloaded Q-factor of the resonator containing
the dielectric sample, and p,, is the electric energy filling factor
of the sample.

Typical uncertainty using an SPDR for calculation of the relative
permittivity is £1 percent, given that the thickness of the sample
is measured with an accuracy of *£0.7 percent or better. The
principal source of uncertainty in measurements of the real per-
mittivity is related to uncertainty in thickness measurements,
with the relative error due to thickness uncertainty equivalent to:
Ag, T Ah
g h

r

(4)

Where 1 < T< 2. Normally, T is close to unity except for thick,
large permittivity samples.’” Hence, to reduce the error associ-
ated with calculating the relative permittivity, it is imperative
that samples be of a consistent thickness throughout, and that a
micrometer caliper be used to ensure accurate thickness
measurements.

The incorporation of nanoclays did not adversely affect the rela-
tive permittivity or loss tangent of the epoxy nanocomposites in
the dry state. Figures 6 and 7 show the relative permittivity and
loss tangent as a function of clay loading. The 5% clay sample
shows an increase (deterioration) in the relative permittivity
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z
Figure 5. SPDR fixture for dielectric property measurements. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlineli-
brary.com.]

compared to the neat sample. However, this value is representa-
tive of only a 0.36% deterioration. Conversely, the 1% clay sam-
ple shows an improvement of 0.42% in relative permittivity
compared to the neat sample. When considering the importance
of accurately measuring the thickness of the samples and the
thickness sensitivity of the method used for calculating the rela-
tive permittivity as seen in eq. (4), these slight fluctuations in the
reported values may well be attributed to thickness variations
from sample to sample. Despite a concerted effort to minimize
thickness variations, samples cast between the plates varied in
thickness from edge to edge by as much as 90 microns in some
cases. These inconsistencies, while small, may be significant
enough to cause a change in the calculated relative permittivity.
Regardless of this potential source of error, it is clear that the
addition of nanoclays does not appreciably affect the relative per-
mittivity of the epoxy. A similar trend is observed for the loss
tangent in the dry state. In fact, the addition of nanoclays can be
said to modestly improve the loss tangent values: For the most
extreme case (the 2% clay sample), the loss tangent improved by
13% when compared to the neat sample. As mentioned previ-
ously, this is likely due to the more effectively intercalated/exfoli-
ated morphology of the 2% clay sample, which may result in
restricted polymer chain motion and a reduced loss tangent.

Gravimetric Moisture Uptake

Moisture uptake curves are plotted in Figure 8. The reported
values represent the average of all three samples for the neat
case and for each clay loading. Only the 2% clay nanocomposite

209} ‘ .

298] _} T ,
297 ‘ I | ,

Relative permittivity
W
=
£
:
i
;

293 1

292 8

291

Neat 1% 2% 3% 5%
Clay loading

Figure 6. Relative permittivity as a function of clay loading. Error bars
depict a 95% confidence interval.
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Figure 7. Loss tangent as a function of clay loading. Error bars depict a
95% confidence interval.

exhibits a decrease in water uptake rate and a decrease in equi-
librium moisture content when compared to the neat sample.
The 1% clay sample shows a slight increase in total moisture
content, while the 3 and 5% clay samples fall slightly above the
1%. The best-fit curves corresponding to the one-dimensional
isotropic Fickian diffusion model for the neat and 2% clay sam-
ples are plotted in Figure 9. The Fickian mass gain is given by
the following equation:'®

—D(2n+1)’n*t

M, e 8
- ex 5
Mo ;(Zn-i-l)znz P h? (%)

where M, and M., are the mass uptake percentages at time ¢
and at equilibrium, respectively, D is the diffusion coefficient,
and h is the sample thickness. Fickian curves were plotted
against the experimental data and the diffusion coefficients cal-
culated from eq. (5) using a least squares regression. Although
the experimental data does not exactly obey Fick’s Law, this law
is widely used to calculate polymer diffusivities since water
uptake in polymers is linearly proportional to the square root
of immersion time in the initial stages.'® Calculated diffusivities
are shown in Figure 9.

The behavior observed in Figure 9, wherein only the 2% clay
samples show enhanced barrier properties, can be attributed to
several factors and is consistent with expectations based on the

10 - T T : : - . ;
9 wee L S 38081 T
‘_,41-""**":"; ggaggoenfad
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& o33 e
R +ra o o g ]
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o &
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1
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Figure 8. Moisture content as function of immersion time. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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Figure 9. Neat and 2% clay sample water uptake curves. Fickian curves
were plotted against the experimental data to calculate diffusion coeffi-
cients. Error bars depict a 95% confidence interval.

morphology characterization. The morphologies of the nanocom-
posites show partial ordered exfoliation at best for the 2% clay sam-
ples, with ordered intercalates observed in the 1%, 3%, and 5% clay
samples. At the forefront, improper clay dispersion (especially for
the higher clay loadings) may accurately explain the observed behav-
ior. However, the overall orientation of the clays within the polymer
likely plays a crucial role. Based on the TEM images, there is no clear
evidence as to the orientation of all the clay platelets within the com-
posites. However, as observed by Liu et al., nanoclays have no influ-
ence on the diffusivity of the nanocomposites in the direction
parallel to the clay platelets. In contrast, they have a great influence
on the diffusivity and moisture uptake rate in the direction normal
to the face of the clay platelets by providing a “tortuous” path for
the diffusion of water molecules around the platelets.'® Hence, the
slightly more intercalated/exfoliated morphology seen in the 2%
clay sample likely contributed to the enhanced moisture barrier
properties observed by providing more surface area (a higher
“tortuosity” factor) for the diffusion of water molecules to be effec-
tively reduced.

The increase in equilibrium moisture content with increasing
clay loading has been studied previously using treated and
untreated clays.>®®'® Untreated clays have been shown to
increase both transverse diffusivity and maximum water uptake
due to the hydrophilic nature of the clays. Treated clays, how-
ever, do not normally exhibit this behavior, although increases
in equilibrium moisture content have been reported and attrib-
uted to the growth of the interphase weight content at higher
clay loadings.® Pontefisso et al. studied the influence of the
interphase layer on the elastic properties of nanoparticle filled
polymers. Although they modeled spherical silica nanoparticles,
the presence of an interphase layer surrounding the nanoparticle
with properties differing from the nanofiller and the polymer
matrix is worth noting.*® The geometry of this interphase layer
may be quite complex and unique for layered silicates, yet it is
worth mentioning that the water content in this interphase at
the higher clay loadings may be significant enough to contribute
to the observed moisture uptake dynamics.

Furthermore, the incorporation of nanoclays in an epoxy resin
has been shown to increase free volume and micro-voids when

.17 . .
compared to the neat resin.” This can create a negative

Maﬁ‘i& WWW.MATERIALSVIEWS.COM
1

42691 (7 of 9)

- Moisture cunlenl.(wt. %)
Figure 10. Relative permittivity as a function of moisture content. [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com. ]

feedback loop when water is introduced to the resin by acceler-
ating moisture diffusion and increasing equilibrium moisture
content through the additional mass transport associated with
these inherent micro-imperfections, which are in turn further
exacerbated by moisture ingress.” In practice, a combination of
all these factors may have contributed to the observed moisture
uptake dynamics. Importantly, the 2% clay sample exhibits ideal
behavior and, even though it has a slightly higher diffusivity,
the maximum moisture uptake rate and equilibrium content for
the sample are significantly lower than that of the neat resin, as
expected. The slightly higher diffusivity is simply a result of the
dependence of this parameter on equilibrium moisture content,
which is considerably lower for the 2% clay sample.

Dielectric Properties in the Water-Contaminated State

Figures 10 and 11 show the relative permittivity and loss tan-
gent as a function of moisture content, respectively. For both
cases, a consistent increase (degradation) in dielectric properties
is observed, with a total degradation in the relative permittivity
and loss tangent of 25% and 280%, respectively, for the most
extreme case. Although the effects on the dielectric properties
due solely to the incorporation of the nanoclays are nearly neg-
ligible, the deleterious effects induced by the presence of
absorbed water are much more prominent, as expected. For all
clay loadings, a nearly direct correlation can be observed

0.12 T T T T T
0.1 —=— Neat I
+— 1% Cloisite 30B
2% Cloisite 30B
0.08 3% Cloisite 30B

5% Cloisite 30B

0.06

Loss tangent

0.04

0.02

0 L I 1 L L I L
0 1 2 3 4 5 6 7

Moisture content (wt. %)

Figure 11. Loss tangent as a function of moisture content. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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reach a 20% degradation in relative permittivity. This improved
dielectric performance suggests that nanoclay-reinforced epoxy
radomes may significantly improve radar performance and

CONCLUSIONS

Epoxies used in radome applications are susceptible to degrada-
tion due to environmental effects, particularly moisture absorp-
tion. Moisture in thermosetting polymers has been shown to
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Figure 12. Percent deterioration in relative permittivity for the neat and
2% clay samples plotted against total immersion time in hours. [Color
figure can be viewed in the online issue, which is available at wileyonline-
library.com.]

between dielectric property degradation and moisture content,
regardless of clay weight percentage. For example, at 2% mois-
ture content, the relative permittivity and loss tangent are nearly
equivalent for all clay loading percentages. This result suggests
that the interaction of the oscillating electromagnetic field with
water present in the nanocomposite completely overshadows
any dielectric effect of the clay. This result is not surprising,
given the very high relative permittivity (~80) of liquid water
at X-band.

The presence of water within composite radome structures is
most likely the result of precipitation, condensation, humid air,
or standing water within an improperly sealed radome in the
most extreme case. The scenario described in the present work
most closely represents this most extreme case. The practical
result of this or any type of real-world moisture exposure is a
fluctuating total moisture content within the material comprised
of alternating absorption/desorption cycles coupled with a base-
line moisture content. In delaying moisture uptake, the addition
of nanoclay may promote a lower baseline moisture content
and a lower maximum moisture content relative to the neat
epoxy.

To further illustrate this point, Figure 12 shows the percent
deterioration in relative permittivity plotted against immersion
time for the neat and 2% clay samples. In the initial stages,
nearly no delay in degradation is observed. For higher immer-
sion times, however, the delay in degradation is significant. For
example, a 15% degradation in relative permittivity was delayed
by 290 hours through the addition of nanoclay. Likewise, a 16%
degradation was delayed by approximately one month (760
hours). These delays are largely restricted to the upper end of
total moisture content. This is especially significant for the
worst-case (and relatively common) scenario wherein water
pools within a radome interior. In such a situation, water
absorption will be rapid and significant. The addition of nano-
clay may delay dielectric property degradation long enough to
allow removal of standing water through evaporation or via
maintenance operation. In addition, the total relative permittiv-
ity increase at equilibrium is much lower for the 2% nanoclay-
reinforced epoxy. These samples, unlike the neat epoxy, never
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negatively impact the material’s mechanical and dielectric prop-
erties. In recent years, high aspect ratio silicate sheets have been
shown to not only improve the polymer’s mechanical proper-
ties, but also to effectively decrease the moisture diffusion rate.
However, these improvements are dependent on the degree of
nanoclay dispersion and the formation of an exfoliated
nanocomposite.

In this study, the viability of using nanoclays for mitigating or
delaying significant dielectric property degradation was quanti-
fied and assessed. Epoxy samples were fabricated with up to 5%
clay content by weight and submerged in a water bath main-
tained at 25°C. Nanoclay dispersion was determined by small
angle XRD and TEM, and was found to be most effective in the
2% nanoclay samples. The dielectric properties were measured
in the dry state and at different moisture contents using a
SPDR connected to a vector network analyzer operating at X-
band (10 GHz). The XRD and TEM characterization revealed
ordered-intercalated composites, with a partially exfoliated mor-
phology seen in the 2% clay sample. Due to the lack of com-
plete clay exfoliation in all samples, moisture absorption
reduction was only observed for the 2% clay content sample.

Relative permittivity and loss tangent were not measurably
affected by the addition of nanoclay, providing sound evidence
that this reinforcement option will not sacrifice radar perform-
ance. These values significantly increased with increasing mois-
ture content, regardless of clay content. In the worst case,
relative permittivity and loss tangent increased by 25% and
480%, respectively. However, epoxy samples reinforced with 2%
clay content by weight exhibited improved water barrier proper-
ties when compared to the neat epoxy and improved dielectric
properties in the water-contaminated state. More importantly,
the degradation in dielectric properties was significantly delayed
temporally, thereby prolonging usable service life and likely
reducing baseline water content. Water-contaminated neat epoxy
exceeded 20% degradation in relative permittivity, while 2%
clay epoxy samples showed a worst-case degradation of approxi-
mately 16% within the experimental time frame. Further, this
level of degradation was delayed by more than one month for
the 2% clay sample at longer immersion times, which are repre-
sentative of worst-case standing-water scenarios. Therefore,
nanoclays appear to be excellent filler options for epoxy
radomes. The moisture barrier benefits provided may prolong
radome longevity by effectively reducing and delaying signifi-
cant dielectric property degradation without affecting the dry-
state performance.
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