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Structural capacitors are manufactured from glass fabric/epoxy prepreg dielectrics and metalized poly-
mer film electrodes. The electrical breakdown strengths of these multifunctional materials are investi-
gated across a wide range of electrode constructions and processing parameters. The results show that
electrode selection and materials processing have a significant impact on the energy that the device
can store. Also, this careful consideration of processing parameters and electrode construction has led
to the development of a structural capacitor with an energy density exceeding 0.90 J/cm?, the highest
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1. Introduction

There has been significant interest in developing multifunc-
tional materials that both store energy and support mechanical
load, referred to as structural power devices [1-8]. By combining
energy storage and structural functions, such materials offer the
possibility to reduce platform weight and volume, resulting in per-
formance improvements such as vehicles with increased fuel econ-
omy and range, satellites with reduced launch masses, and
electronics with more compact form factors. Several researchers
have pursued a variety of structural power concepts including
structural capacitors [8,9], batteries [2-4,10], supercapacitors
[11,12] and fuel cells [13,14]. Regardless of the energy storage
mechanism, combining energy storage and structure often
involves a reduction in per-mass or per-volume performance for
the structural and/or energy storage functions when compared to
their conventional, monofunctional counterparts. Despite this
compromise, the multifunctional approach can lead to overall vol-
ume or mass savings because the same mass and volume elements
are performing energy storage and mechanical functions simulta-
neously. The performance thresholds necessary to achieve mass
or volume savings have been derived and expressed in terms of a
minimum multifunctional performance metric [15].

In the present work we study how processing and
environmental conditioning affect the performance of structural
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capacitors, multifunctional materials that could enable mobilizing
pulsed power-based technologies such as electromagnetic armor,
rail guns, and high energy lasers. Earlier contributions demon-
strated the feasibility of achieving system-level weight [15] and
volume [16] savings with a structural capacitor made from a con-
tinuous glass fiber reinforced epoxy dielectric, sandwiched
between metallized polymer film electrodes (Fig. 1). The results
showed that the choice of dielectric material has a significant effect
on structural capacitor energy density. It was also found that the
breakdown strength decreases with increasing fiber volume
fraction, a result consistent with another investigation [17]. Unfor-
tunately, the mechanism causing this decrease was unclear. It is
possible that the electric field concentration caused by the dielec-
tric mismatch between the glass and polymer constituents results
in an increased probability of a critical flaw at higher fiber volume
fractions. However, an increase in void content accompanying the
increased fiber volume fraction confounded the experimental
results. Like reinforcing fibers, voids would also act as electric field
stress raisers that could precipitate breakdown in the surrounding
matrix, or directly initiate breakdown due to the relatively low
dielectric strength of the gas-filled void relative to the solid poly-
mer matrix. Also, specimens cured at higher pressures had higher
breakdown strengths, possibly as a result of decreased void con-
tent. Several researchers have shown that voids can play a signifi-
cant role in the performance of capacitors [18,19]. In other work
Flandin et al. [20] showed that the extent of reaction plays an
important role in breakdown strength of polymer composite
dielectrics. Together, these results suggest that processing plays a
significant role in the performance of structural capacitors.
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Fig. 1. Schematic of a structural capacitor. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

In addition to processing and environmental conditions, we
study the effects of electrode characteristics (metallization type,
thickness, and carrier material) on the energy density of structural
polymer composite capacitors. Previous work has shown that these
parameters can affect performance of conventional capacitors. For
example, researchers have shown that breakdown strength in solid
dielectrics has a positive correlation with the electrode metal’s
work function, suggesting that a greater work function necessitates
more energy to liberate a surface electron [21,22]. If such electrons
participate in the cascade that causes the breakdown event, select-
ing an electrode material with a high work function (thus limiting
the source of electrons) might increase breakdown strength. In
another work considering electrode properties, Sato et al. studied
the effect of electrode roughness and found that the breakdown
strength decreased as the electrode roughness increased [23].

The sections that follow describe a series of experiments con-
ducted on single dielectric layer capacitors. These experiments
investigate the effect of a range of parameters on the breakdown
strength, including processing method, processing pressure, cure
cycle, humidity, electrode metallization type, metallization thick-
ness, and electrode carrier material. The experimental techniques
for manufacturing and testing the capacitor specimens are
described first, followed by a presentation and interpretation of
the results.

2. Experimental
2.1. Materials

For this study, sixteen sets each of at least five capacitor speci-
mens were constructed using geometries similar to a previous
study, Figs. 2a and 3a [15]. A range of processing conditions and
laminate constructions, outlined in Table 1, were used in order to
study their effects on capacitor performance. All capacitors
consisted of layers of glass fabric-reinforced prepreg interleaved
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with thin metallized films of paper, polyimide (PI), or biaxially ori-
ented polypropylene (BOPP). The prepreg material used for most
specimens consisted of an FR4-type epoxy reinforced with a style
2116 woven E-glass (N4205-6FC, Nelcote, Northfield MN). Two
capacitor sets, used to study the effect of pressure on breakdown
strength, were constructed from a structural epoxy prepreg rein-
forced with a style 120 woven E-glass (120-765, Nelcote). Both
prepregs were approximately 100 um thick. The PI electrode car-
rier material was 12.7 pm thick with a 100 nm layer of aluminum
on one side (146454-004, Sheldahl Inc., Northfield MN). The BOPP
films (Bollore Inc. Dayville, CT) had metallizations of either Al, Zn,
or a Zn-Al alloy in thickness ranges from 4.3 to 12 nm (10-4 Q/sq).
While the precise composition of the Zn-Al alloy was not specified,
the manufacturer indicated that the metallization is mostly Zn
with a small amount of Al added to improve stability against atmo-
spheric corrosion [24]. Rutherford backscattering spectroscopy
indicated an atomic ratio of 9:1 Zn for Zn to Al. All paper carriers
(Winter-Wolff International, Inc., Jericho, NY) were 8 um thick,
1.3 g/cm® density, with Al metallizations ranging from 7 nm to
54 nm (4-0.5 Q/sq). All electrode metal resistivity values were
provided by the electrode manufacturers, and electrode metal
thickness was calculated using the manufacturer-provided sheet
resistivities along with the bulk resistivities of aluminum and zinc,
2.65 pQ-cm and 5.92 pQ-cm, respectively [25]. Copper tape with
an electrically conductive pressure-sensitive adhesive (05012D-
AB, 3 M via SPI Supplies, West Chester, PA) and conductive silver
paint (05002-GA, SPI Supplies) were used to enhance connectoriza-
tion, as described below.

2.2. Manufacturing

2.2.1. Layup and connectorization

Prior to layup, prepregs were wiped with technical wipes
(TX612, Texwipe, Mahwah NJ) that were partially soaked in 100%
ethanol. Compressed nitrogen was then blown on prepregs and
electrodes to help remove any remaining surface dust. A previous
study showed that cleaning the constituent materials greatly
improves their dielectric breakdown strength [26].

Two types of capacitors were fabricated, “unencapsulated” and
“encapsulated”. All polyimide electrode capacitors, sets 1-7, were
unencapsulated and consisted of one prepreg ply sandwiched
between two electrode layers, as seen in Fig. 2. The metallized
faces of the electrodes both faced the same direction, as this is
the configuration that would be used in a capacitor with multiple
dielectric layers. As such, one layer of the electrode support film
was present in the dielectric layer of all capacitors. Encapsulated
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Fig. 2. (a) Schematic and (b) photograph of unencapsulated capacitors, sets 1-7. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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