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Abstract. Dielectric materials, which are commonly used in capacitors, could increase
energy storage density on a per volume basis in film capacitors compared to current
technologies accommodating ever-increasing power demands. Recent work in this area
has brought about dramatic increases in the dielectric permittivity and moderate
increases in dielectric loss, leading to increased material performance on a per volume
basis. However, little is known about the aging and breakdown of these materials, which
could decrease the performance of these films over time due to decaying dielectric loss
and energy storage density. A basic study of the aging of two different state-of-the-art
dielectric materials, 3M's Very High Bond (VHB) 4910, commonly used in actuator
applications, and bi-axially oriented polypropylene (BOPP), commonly used in large
wound film capacitators, is completed. Accelerated life tests using distilled water are
conducted to simulate the aging of these materials in a marine environment. An
acceleration factor is determined by diffusion studies of distilled water into the
materials. Aminabhavi’s and Crank’s methods are used and compared to compute the
diffusion coefficient. The two methods produce identical activation energies and, in
turn, acceleration factors. The success of this work could actively exhibit the promise
of these materials in microelectronic uses.

1 INTRODUCTION

Dielectric elastomers and films are part of a broad range of materials commonly used
in adaptive structures due to their unique capabilities for real time control of a structure’s
shape, stiffness, and damping [7, 21, 22, 23]. Other application areas include robotics
[14, 19, 20], optical switches and speakers [9, 17], and prosthetic power capacitors [16,
23, 24]. These materials provide a unique combination of being able to withstand large
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deformation while being lightweight. Furthermore, the shape of these materials can be
controlled by varying the application of electric field across the material. These
materials can also be used in polymer-based wound film dielectric capacitors, which
provide a scalable and cost-effective energy storage approach, designable with
predictable failure modes. However, little work has been done to study the aging of
these materials when exposed to an underwater environment over long periods of time.
An evaluation of the aging and breakdown of dielectric materials is necessary so that
future measures can be taken to prevent or delay material breakdown or failure.

The major physical and environmental mechanisms leading to degradation of an
elastomer’s nominal thermo-electro-mechanical properties include impact damage,
mechanical fatigue, humidity, and fluid exposure. Types of degradation include:
oxidation, photo-oxidation, thermal and thermo-oxidation, ozone-induced, mechanical,
chemical, and hydrolytic. In an underwater environment, materials are most likely to
undergo hydrolytic degradation due to long-term immersion in salt water. Previous
work studying the effects of salt vs distilled water found the salt water to degrade the
material properties to a similar or lesser degree than distilled water. This work will study
the aging of two different dielectric elastomers via accelerated life tests using distilled
water to determine how the materials change over time when exposed to an underwater
environment. This will allow for the production of aged specimens for further testing,
modeling, and analysis. The success of this work could actively exhibit the promise of
these materials in microelectronic uses.

Two state-of-the-art dielectric elastomer materials are chosen for the current study.
The first material, Very High Bond (VHB) 4910 from 3M (St. Paul, MN), is
commonly used in actuator applications. The second material, bi-axially oriented
polypropylene (BOPP), is commonly used in large wound film capacitators. Both of
these materials present various advantages as dielectric materials. Aside from being
commercially available, these materials support a high dielectric breakdown strength
and contain the ability to sustain high electric fields, making these materials good
candidates for sustained insulating performance. The limitation of BOPP lies in its low
energy storage density and VHB’s is in its high pre-strain, which are both active areas
of research. The focus of this work will center on a basic study of the aging of these
dielectric materials.

The paper is organized as follows: in Section 2, the experimental protocol of the
accelerated life testing is discussed along with details about the materials studied.
Section 3 describes the material conditioning method in detail. Results obtained via the
accelerated life testing are presented and discussed in Section 4. The paper is closed by
a few concluding remarks.

2 EXPERIMENTAL PROTOCOL

Experimental protocols described herein involve the selection and design of
experimental specimens of the chosen materials, aging of these specimens, and
mechanical testing of unaged and aged specimens to quantify any degradation in select
viscoelastic properties. Experiments are divided into the main categories of specimen
conditioning and characterization of mechanical properties.
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2.1 Materials

Two different commercially available dielectric elastomer materials are studied:
VHB4910 from 3M (St. Paul, MN) and BOPP. VHB4910 is an acrylic elastomer
characterized by an operating temperature range of —10 to 90°C and a low mass density
of 0.96g/cm3[1]. BOPP is a dielectric thin film with a mass density of 0.91g/cm3 and
an operating temperature range of 0 to 105°C. BOPP possesses an oriented semi-
crystalline morphology, which provides a high dielectric breakdown strength in the
preferred direction. Both materials provide their own challenges originating from their
unique characteristics, e.g. VHB’s sticky surface in combination with its soft behavior,
and BOPP’s transparency combined with its manufacturing restriction to very thin
films, with a maximum thickness of 0.05mm.

Specimens intended for post-aging tensile testing are cut from bulk material
according to ASTM standards. Specimen sizing for VHB was per ASTM D638 [5] and
BOPP specimens dimensions follow ASTM D882-18 [6]. The nominal thickness of
1mm and non-rigidity of VHBA4910 classify the test specimens as Type IV. A Type IV
die is used to cut the VHB into specimens with a narrow width of 6mm, narrow length
of 33mm, overall width of 19mm, overall length of 115mm, and gage length of
25mm. All dimensions are confirmed with the use of either a micrometer or ruler. The
plastic backing covering the cut VHB specimens is removed prior to submersion and
testing. The nominal thickness of BOPP is 0.05mm. Specimens are cut by hand to a
width of 13mm with a maximum variance of 0.3mm over 4 width measurements per
specimen. The lengths of the specimens are predetermined by the size of the initial sheet
(216mm x 280mm). Due to the anisotropy of the material, two types of specimens are
created, one parallel to the long edge and one parallel to the short edge of the sheets, to
study the potential effect of anisotropy. A total of 135 specimens are cut (45 VHB, 45
BOPP-long, 45 BOPP-short).

2.2 Accelerated life testing setup

The aging process consists of immersion in water baths per a prescribed temperature
protocol to achieve accelerated aging of the specimens. The aging setup consists of
multiple acrylic plastic containers placed in either lab convection ovens or on a
laboratory bench depending on the assumed operating temperature for in-service
conditions. An illustration of the experimental setup can be seen in Figure 1. The plastic
containers are filled with distilled water and contain the submerged specimens. Previous
work by Heshmati et al. concluded that salt water degrades the mechanical properties
of adhesives to a lesser degree than distilled water [13]. The use of distilled water (1)
simplifies the challenge of maintaining salinity throughout the entire aging process and
(2) provides a more conservative estimate of the aging process. A similar trend is also
observed in Rudawka et al. even though salt water was compared to tap water [15].
Despite the stickiness of VHB, the specimens are able to remain submerged without
assistance. The specimens, however, are placed on a bed of marbles to prevent adhesion
of the specimens to the tank over time. The size of the positively buoyant BOPP
specimens poses a challenge for long-term submersion. Stainless steel metal rods are
placed on top of the BOPP specimens to maintain a submerged condition. All
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specimens, regardless of material, are laid on a bed of marbles to allow for penetration
of the water on both sides of the material. Two ovens (Cale-Parmer Stable Temp
SN.W125419 SKU.52412-85 and Precision Oven Model 45EM SN.601111258
Cat.51221135) were used to maintain a constant elevated temperature to accelerate the
exposure. Thermocouples (Omega DP80 Series SN.92032468 1D.27952
PA.6604346293) are used to monitor the temperature of the ovens to ensure stability. A
temperature of 65°C is utilized for an elevated acceleration factor, as this is the highest
temperature the plastic tanks can tolerate without deteriorating. Specimens are exposed
at this temperature for a maximum of 128 days. This is a sufficiently long period to
simulate either twelve or six months of real-time exposure in the assumed in-service
environment. Distilled water is regularly added to the plastic containers to ensure water
levels submerge the samples completely.

3 MATERIAL CONDITIONING

A diffusion study is carried out at three temperatures (23°C, 45°C, 65°C) to determine
the effect of temperature on distilled water ingression into the specimens using two
different methods [2, 11]. This diffusion data, coupled with Arrhenius’ methodology,
allows for the calculation of an acceleration factor relating laboratory exposure time at
elevated temperature to real-life service time.

Oven
Lid +—=
Tank —|— Distilled water
Weights
Specimens
Marble Bed

Figure 1. Illustration of accelerated aging experimental setup

3.1 Determination of the acceleration factor

Prior to conditioning the specimens, the acceleration factor (AF) must be determined.
This acceleration factor is a constant ratio of the time spent in accelerated aging, t ..,
to its corresponding simulated time in the real-life service environment, t,.,;.

AF = ‘red 1)

tacc
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The determination of the acceleration factor is based on calculations of the activation
energy necessary to complete the diffusion of the solution into the material at the various
temperatures tested [10, 20]. Specimens are immersed in a distilled water bath at
different temperatures. Their masses are periodically measured to track any changes in
mass due to water uptake as per ASTM D570-98 [4]. The water uptake is observed to
be Fickian and can, therefore, be modeled using Fick’s second law of diffusion in 1D

dc _d*C
=D @)

where C is the water concentration, D is the diffusion coefficient of the solution into
the material, t is time, and x is the position in the sample. Assumptions that the
specimens are initially free of moisture, the initial concentration distribution is uniform,
temperature is constant, fluid pressure is constant, surface concentrations are equal, and
the diffusion coefficient is constant are applied to Equation 2. This reduces Fick’s
second law of diffusion to

D(2n+1)%m?t
M, _bi@n+1)"n"t

s 1 )
M_m_l_ﬁnzzome[ 4l ] 3)

where M, is the total diffusion substance absorbed by the plate at time t, M, is the
quantity of diffusion substance gained after an infinite time (saturation), D is the
diffusion coefficient, and [ is the thickness of the specimen [11].

Two different methods, Aminabhavi’s method [2] and Crank’s method [11], can then
be used to calculate the diffusion coefficient from Equation 3. Aminabhavi’s method
proposes that given changes in mass below 60% of the equilibrium value, Equation 3
can be approximated to

1
M, _ 4Dy 3 @)
M, I (71) £z

The diffusion coefficient can be determined from the slope of the linear portion of a
normalized mass change vs square root of time plot from Equation 4. The second

method, Crank’s method, calculates the diffusion coefficient at the time at which half

of the equilibrium diffusion substance has penetrated the substance, ]1:_t (t = t1> = 0.5,
2

o)

0.04912
b=— ®)
2
With estimates of the diffusion coefficient in hand, the temperature dependence of
the diffusion coefficient can now be modeled using Arrhenius’ equation, which governs
the rate of the reaction as a function of temperature [3]. The Arrhenius equation can be
written as follows:

Eq
D = Dye RT (6)
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In(D) = In(D,) — If—; (7

where D is the diffusion coefficient, D, is the pre-exponential factor, E, is the activation
energy, R is the ideal gas constant, and T is the absolute temperature of the diffusing

substance. Obtaining the slope of a In(D) vs % plot gives the activation energy.
The acceleration factor can then be determined with

Zaf = _—
Ea:eR Tw Ta (8)

where D, is the diffusion coefficient for the accelerated laboratory testing at
temperature T, and D,, is the diffusion coefficient at the service temperature T,,.

4 RESULTS AND DISCUSSION

The normalized sample weight vs time is measured to obtain a plot of the Fickian
diffusion behavior where the water uptake steadily increases over time until an
equilibrium point is reached upon which a steady value is maintained. The data are then
be plotted as normalized mass change vs the square root of time for each temperature
as seen in Figure 2 and modeled using Equation 4. The water diffusion kinetics is shown
to be temperature dependent. Even though the initial water uptake is constant for all
temperatures, the specimens immersed in water at higher temperatures reach saturation
faster than those at lower temperatures.
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Figure 2: Average normalized mass change vs the square root of time during immersion of (a) VHB
and (b) BOPP in distilled water for three different temperatures

The diffusion coefficients calculated for all three temperatures using Aminabhavi’s
method and Crank’s method are listed in Table 1. The logarithmic values of the
calculated diffusion coefficients are then plotted against the inverse of the absolute
temperature as shown in Figure 3. The two methods used for the calculation of the
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diffusion coefficients give similar results. The diffusion coefficients fall within 2% of
each other for each respective case.

2
Table 1: Calculated diffusion coefficients (mT) for VHB and BOPP using either Aminabhavi’s method

or Crank’s method

Temperature Aminabhavi Crank
(°C) VHB BOPP VHB BOPP
23 7.83 x 10712 5.63 x 1071° 3.91x1071? |281x10°1°
45 1.13 x 10~ 11 2.03 x 10714 5.62 x 10712 1.02 x 10714
65 2.00 x 10711 2.86 x 10714 1.00 x 10711 1.43 x 10714
=24 T -30 !
-©-Crank -©-Crank
245+t Aminabhavi | { Aminabhavi
31+ |
25+
z T a5l O-.
8255/ O\\ @62 e
= 6l \°~\ = sl
‘o ‘s
-26.5
-34
-27 : ‘ ‘ : ‘ ‘
2.8 3 3.2 3.4 3.6 2.8 3 3.2 3.4 3.6
1/T (1/K) %1073 1T (1/K) %1073
(a) (b)

Figure 3: Determination of the activation energy for water diffusion into (a) VHB and (b) BOPP

The temperature dependence of the diffusion coefficients can be modeled using the

Arrhenius equation (Equation 7) by plotting In(D) vs % The activation energy can be
determined from the slope of Figure 3. Both Crank and Aminabhavi’s methods produce
a slope (“2)of 2101.3 for VHB and 3723.2 for BOPP.

Lastly, the acceleration factor is calculated with Equation 8. Given an assumed
service temperature of 17°C and an accelerated temperature of 65°C, the acceleration
factor is computed to be 2.85 for VHB and 6.38 for BOPP. The difference in the
acceleration factors are in alignment with the difference in thickness of the materials
(i.e., the thinner material has a higher AF). Therefore, an accelerated aging period of
128 days for VHB and 57 days for BOPP is approximately 12 months of real time
exposure to an underwater environment.
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5 CONCLUDING REMARKS

In this paper, two commercially available dielectric elastomers, VHB4910 and
BOPP, are artificially aged via accelerated life testing. An initial study of the diffusion
of water into the specimens is conducted to determine the acceleration factor and the
accelerated aging period given an accelerated temperature. Given a service temperature
of 17°C and an accelerated temperature of 65°C, acceleration factors of 2.85 and 6.38
are determined for VHB and BOPP, respectively. This translates to accelerated aging
periods of 128 and 57 days for VHB and BOPP. With these conditions, three sets of
specimens can be produced: unaged specimens, and two different aged specimens at 6
months and 12 months at the service temperature. Unaged specimens provide a baseline
for studied properties and a range of aged specimens show the influence of a seawater
environment on these materials. The effect of aging visibly affects VHB via changes in
color and stiffness. BOPP tells a different story. No visual changes are noted as aging
proceeds. Future work will consist of experimental testing on the procured sets of
specimens including tensile testing and dynamic mechanical analysis. These
experiments will allow for a study of the changes of the material properties as the
materials age. These experimental results will then be validated with a viscoelastic
constitutive model. Furthermore, the influence of seawater exposure on the viscoelastic
properties of the materials will be investigated via theoretical formulation, numerical
modeling, and statistical validation.
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