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Abstract

In this study, the mechanical and electrical properties of a silicone polymer were studied
as a function of pre—strain in order to improve our understanding of dielectric breakdown
phenomena in amorphous elastomeric materials. HSIII silicone (Dow Corning) films were
prepared and studied by dynamic mechanical analysis, dielectric analysis, and dielectric
breakdown experiments. It was found that the storage modulus increased significantly with
uniaxial stretch, from 0.4 MPa in the unstretched state to 9.1 MPa at 250% uni-axial pre—
strain. The mechanical loss factor was unaffected by pre—strain. The real and imaginary
parts of the complex dielectric permittivity were also unaffected by the application of a
biaxial pre—strain.

For HSIII films with no pre—strain applied, the dielectric strength increased with decreasing
thickness. The dielectric strength was also found to be strongly dependent on pre—strain,
with a near doubling of dielectric strength with a 200% uniaxial pre—strain applied. A series
of experiments carried out over a range of film thicknesses and at two pre—strain levels (0%
and 200% uniaxial) demonstrated that both pre—strain and thickness independently affected
the observed breakdown strength, and that pre—strain was the more important factor over
the thickness range studied (25-480).

Résum é

Dans le cadre de cetttude, les propétés necaniques eglectriques d’'un polymre de
silicone ontéte étudiees en fonction d’une pcontrainte appligee, afin de mieux conitae

le phenorene de claquage@ectrique dans les n&iauxélastongéres amorphes. Des pel-
licules de silicone HS 11l RTV (Dow Corning) orite piepaees eetudiées lors d'analyses
mécaniques dynamiques, d'analyseseittriques et d’exgriences de claquageatiectrique.
On a obser& que le module de stockage augmentait ca@raiolement en fonction de
I'allongement uniaxial, de 0,4 MPa (non allajg 9,1 MPa avec une @contrainte uni-
axiale de 250 %. Le facteur de pert&oanique n’a paéte affecé par la pecontrainte.
Les parties &elles et imaginaires de la permitt&itiélectrique complexe n’ont pasé
affecées non plus par I'application d’'unegmontrainte biaxiale. Dans le cas des pelli-
cules HSIII sans g@contrainte appligee, la Esistance canique dilectrique est inver-
sement proportionnella I'épaisseur. Laasistance macanique ddlectrique eségalement
fonction de la pecontrainte, et laésistance @lectrique double pratiquement lorsqu’une
précontrainte uniaxiale de 200 % est appégqu Une &rie d’exgeriences @ali€es pour
differentepaisseurs de films et pour deux niveaux decpntraintes (unixiales de 0 % et
de 200 %) ont @monteé que la pecontrainte et Bpaisseur affectaient de mare incepend-
ante la ésistance mecanique de claguage obseey et que la @contraintectait le facteur
le plus important pour la plage &baisseurgtudiée (25a 430um).
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Executive summary

Effect of Pre—Strain on the Dielectric and Dynamic
Mechanical Properties of HSIII Silicone:

J.P. Szabo, R.S. Underhill, M. Rawiji, I.A. Keough; DRDC Atlantic TM 2005-251;
Defence R&D Canada — Atlantic; January 2006.

Background

One of the key technologies used in modern warships to reduce ship radiated noise is
the use of resilient mounts to isolate the vibrations originating from marine engines and

generators. Active vibration isolation shows great promise either as a replacement for, or
in combination with passive isolation, which is currently used on Canadian Forces ships

and submarines.

Dielectric actuators are promising candidates for active vibration isolation applications
in military platforms where they can combine both passive as well as active isolation
characteristics. Integration of passive and active aspects of vibration isolation into a single
actuator offers several advantages over traditional approaches, including effectiveness at
low frequencies, where passive isolation performance is inherently poor. For passive
isolation, the dielectric elastomer may be formulated to have a Young’s modulus near that
of natural rubber{ 2 MPa), the most commonly used material for vibration isolation.
Other types of actuator materials, including shape memory alloys, piezoelectric polymers
and ceramics, are generally too stiff to be useful for passive isolation, typically having
Young’s moduli hundreds or thousands of times larger than natural rubber.

Over the last few years, DRDC Atlantic has carried out research on dielectric polymer
actuators under a Technology Investment Fund project, as well as a collaborative project
with Victhom Human Bionics. The performance of these devices depends strongly (to the
second power) on the maximum voltage that can be applied before dielectric breakdown
occurs across the polymer film. Previous research had shown that for some materials,
such as VHB acrylic elastomer (3M), the dielectric breakdown strength can be increased
substantially (up to an order of magnitude) with uniaxial and biaxial stretching of the film.
These studies suggested that the increased dielectric strength was caused by pre—strain, but
they did not separate the effects of film thickness, which is also known to also influence the
dielectric breakdown strength of thin films.

This report describes a set of experiments that were carried out to help improve the un-
derstanding of the effect of pre-strain on mechanical and electrical properties of polymeric
films. HSIII from Dow Corning was selected for this study because films could be produced
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in the laboratory with controlled thickness, as opposed to VHB acrylic which is factory
made and available in only two nominal thicknesses.

Principal results

HSIII silicone (Dow Corning) films were prepared and studied by dynamic mechanical
analysis, dielectric analysis, and dielectric breakdown experiments. It was found that
the storage modulus increased significantly with uniaxial stretch, from 0.4 MPa in the
unstretched state to 9.1 MPa at 250% pre—strain. The mechanical loss factor was unaffected
by pre—strain. The real and imaginary parts of the complex dielectric permittivity were also
unaffected by the application of a biaxial pre—strain.

For HSIII films with no pre—strain applied, the dielectric strength increased with decreasing
thickness. The dielectric strength was also found to be strongly dependent on pre—strain,
with a near doubling of dielectric strength with a 200% uniaxial pre—strain applied. A series
of experiments carried out over a range of film thicknesses and at two pre-strain levels
(0% and 200%) demonstrated that both pre—strain and thickness independently affected
the observed breakdown strength, and that pre—strain was the more important factor over
the thickness range studied (25-480).

Significance of results

The results of this work improve our understanding of dielectric breakdown phenomena in
thin films, which is critical to the performance of dielectric actuators. Dielectric actuators
show enormous potential for use in future military platforms as actuators, sensors, and
energy harvesting devices. The results are also relevant to the area of high energy density
capacitors, which will likely find increasing use in the military as compact energy storage
devices.

Future work

Follow on work will seek to further clarify the underlying mechanism by which pre-strain
affects dielectric breakdown in polymeric films. Specifically, the effects of pre—strain on
breakdown will be studied in the context of changes in polymer morphology (orientational
effects) and modulus for a number of different materials. Future work will support the
Supercapacitor TIF project beginning in April 2006.
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Contexte

L'une des technologies &$ utili€es dans les navires de combat dans le buédeire le

bruit rayonré des navires est I'utilisation de suppogésstiques ayant pour but d’isoler

les vibrations produites par les moteurs et leségatrices des navires. Lisolation active

des vibrations est prometteuse, soit comme remplacement de l'isolation passive qui est
employée actuellemerd bord des navires et des sousmarins des Forces canadiennes, ou
conjugleea celleci.

Les actionneurs @lectriques constituent des sstes prometteurs qui permettraient d’'as-
surer l'isolation active des vibrations sur des plates-formes militaineslsopourraient
combiner des caragtistiques d’isolation passive et active. Ligfration de l'isolation pas-
sive et active des vibrations dans un actionneur unique offre plusieurs avantages par rap-
port aux néthodes classiques, y compris I'efficé&c@ux basses équences, lorsque le
rendement de l'isolation passive est faible. Pour assurer I'isolation pas&iasténere
diélectrique doit pogsder un module @lasticié voisin de celui du caoutchouc, qui est le
magriau anti-vibration le plus couramment utiissoit un module d’environ 2 MPa. Les
autres madriaux utilisa cette fin, dont les alliages memoire de forme, les polyanes
piezcelectriques et leséramiques, sontayeralement trop rigides pour assurer une isola-
tion passive, car ils posgent normalement un modulegthisticie qui est des centaines de
fois, voire des milliers de fois plusleve que le module &lasticié du caoutchouc naturel.

Au cours des derpres anaes, RDDC Atlantique aali€ des recherches sur les action-
neurs delectriques en polyere dans le cadre d’un projétali€ gace au Fonds d'investis-
sement technologique, ainsi qu’un projet en collaboration avec Victhom Human Bionics.
Le rendement de ces dispositifegend consigrablement (un rapport c&jrde la ten-
sion maximale pouvarétre appligée avant que survienne le claquagelettrique de la
pellicule en polyngre. Des travaux de recherclaali€s pecedemment avaientainonte
que, pour certains matiaux, comme Blastongre acrylique VHB (3M), la&sistance au
claquage peuétre accrue de matie substantielle (jusga’'un ordre de grandeur), avec
etirement uniaxial et biaxial de la pellicule. Cetsides laissent supposer quedaistance
au claguage @éiectrique accru@tait cauée par une fcontrainte, mais elles n'ont pas
distinguer les effets dedpaisseur de la pellicule, qui esgalement reconnue pour avoir
une incidence sur l&sistance au claquagestiictrique des pellicules minces. Leepent
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rapport dcrit des expriences qui onéte realises dans le but d’aidex aneliorer les
connaissances des effets delsqontraintes sur les proptes nécaniques etlectriques des
pellicules polyn&riques. Des pellicules en silicone HSIII de Dow Corning@&tatretenues
pour cetteétude en raison du fait qu’elles peuveaite produites dans le laboratoire et
gu’on peut leur corérer uneepaisseur condtée, contrairemerd I'acryligue VHB qui est
fabriqué en usine et qui n’est disponible que dans depisseurs nominales.

Principaux r ésultats

Les pellicules en silicone HSIII de Dow Corning agté pepaées ettudiées lors d'ana-
lyses nécaniques dynamiques, d’analyseseitriques et d’exgriences de claquageatiec-
trique. On a obselrque le module de stockage augmentait carsillement en fonction
de l'allongement uniaxial, de 0,4 MPa (non all@&@ 9,1 MPa avec une @contrainte
uniaxiale de 250 %. Le facteur de pertéecanique n’a paste affecé par la pecontrainte.
Les parties &elles et imaginaires de la permitt&itli€lectrique complexe n’ont pasé
affeceées non plus par I'application d’'unegmontrainte biaxiale. Dans le cas des pelli-
cules HSIII sans g@contrainte appligee, la Esistance canique dilectrique est inver-
sement proportionnella I'épaisseur. Laasistance macanique ddlectrique eségalement
fonction de la pecontrainte, et laésistance @lectrique double pratiquement lorsqu’une
précontrainte uniaxiale de 200 % est appégu Une 6érie d’exgeriences @aliges pour
differentepaisseurs de films et pour deux niveaux decpntraintes (unixiales de 0 % et
de 200 %) ont @monteé que la pecontrainte et Bpaisseur affectaient de mare incepend-
ante la ésistance mecanique de claguage obseey et que la @contraintectait le facteur
le plus important pour la plage &baisseurgtudie (25a 430um).

Port ée des r ésultats

Les resultats de ces travaux ont permis de mieux ctirmde plenonene de claquage
diélectrique dans les pellicules minces, qui constitue un aspect critique du rendement des
actionneurs dilectriques. Les actionneursétictriques pesentent de lirérét pour les
plateformes militaires futures, comme les actionneurs, les capteurs et les dispositifs de
stockage de €nergie. Lesasultats sonkgalement pertinents pour ce qui est des conden-
sateurs hauténergie, qui pourraieritre de plus en plus utiis dans le domaine militaire

sous la forme de dispositifs de stockagerwrgie.

Recherches futures

Les travaux de suivi auront pour butédlaircir davantage le @tanisme sousjacent par
lequel la pecontrainte a une incidence sur le claquagdedirique dans les pellicules
polymériques. Plus particrement, les effets de lagmontrainte sur le claguage seront
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étudés dans le contexte des changements qui surviennent dans la morphologie des po-
lymeres (effets d’orientation) et dans le module pour un certain nombre deriawat
différents. Les travau venir appuieront le projet de supercondensateur TIF gjouitdra

en avril 2006.
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1 Introduction

Dielectric polymer actuators are a promising new class of active materials. Under the
influence of an external electric field, thin elastomeric films with complaint electrodes
exhibit deformation due to the induced Maxwell stress. For unconstrained boundaries,
the resulting actuation strainin the plane of a film of thickness may be described by

_ €,EE2
Y

(1)

In Equation 1,6, = 8.85x 10~12 F/m is the permittivity of free space, is the relative
permittivity of the dielectrick is the applied electric field, andis the Young’s modulus.
Equation 1 assumes that the Poisson’s ratio of the elastomer is equal to 0.5. For small
strains, the electric field is approximately equal to the applied voltage divided by the initial
film thickness,E =V /d. According to Equation 1, the maximum achievable strain has a
guadratic dependence on the maximum field that can be applied.

Kofod et al. have shown that uniaxial or biaxial pre-strain has a large effect on the measured
dielectric breakdown strength of VHB polyacrylate films [1,2]. In fact, applying a 560%
500% biaxial pre-strain to VHB films increases its dielectric breakdown stréfpgthv,, /d

from 18 MV/m to 218 MV/m [2]. As a result of the very high dielectric strength of pre-
strained VHB films, it has been possible to fabricate dielectric polymer actuators with linear
actuation strains exceeding 70% [3].

Application of a pre-strain to a polymer film results in alignment of polymer chains in
the plane of the film as well as a decreased film thickness. For example, in the course of
applying 500%x 500% pre-strain to VHB films, the thickness is decreased by a factor
of ~ 36 (assuming conservation of volume). Both polymer alignment and decreasing film
thickness may contribute to increasing the dielectric strength of stretched VHB films, but
the relative importance of each cannot be determined from data currently published in the
literature.

This report describes a set of experiments that were carried out to help increase the un-
derstanding of the effect of pre-strain on mechanical and electrical properties of polymeric
films. HSIII from Dow Corning was selected for this study because films could be produced

in the laboratory with controlled thickness, as opposed to VHB acrylic which is factory
made and available in only two nominal thicknesses: 1.0 mm and 0.5 mm. In addition,
HSIII based actuators have shown an increased actuation strain when a pre-strain is applied
in a manner similar to VHB [4].

DRDC Atlantic TM 2005-251 1



2 Experimental

2.1 Film Preparation

HS-IlI silicone resin and clear catalyst (Dow Chemical, MI) were added in a 10:1 w/w ratio
to a double planetary mixer (Charles Ross & Son, NY) and stirred under vacuum for 10
minutes at 20 RPM.

The mixture was then poured onto aluminum plates that had been previously cleaned with
acetone. Drawdown blades (Gardco, FL) were used to cast films ranging from 5 to 25 mil.
The films were allowed to cure for 48 hours in a closed plastic box to protect from dust.

After curing, the films were marked with gridlines spaced 1 cm apart using an indelible
marker. They were then transferred to a cutting surface (to avoid marring the casting plate
backing) by gently releasing most of the film from the backing and then sliding the cutting
plate underneath it, laying down the film as carefully as possible.

To yield thinner films, a 3 3 cm section was cut out, and for thicker films & 8 cm
portion was removed.

2.2 Breakdown Measurements

For breakdown measurements, films were tested with either no pre—strain or 200 % uniaxial
pre—strain. Pre—strain was applied using a custom—made stretch apparatus (Martec Limited
[5]), and determined by measuring the distance between the grid lines before and after
stretching. The uniaxial pre—strain is defined here in terms of the initial ldpgaimd the

final lengthL as

(2)

Film thicknesses were measured using an eddy current probe (Gardco, Fl). To avoid the
uncertainty associated with the pressure exerted by the probe, a microscope cover slip of
known thickness was placed between the probe and the samples. This spread the force over
a wider area.

Breakdown measurements were carried out using a method that involved a point contact
electrode and a large area aluminum backing plate [6], as illustrated in Figure 1. For

stretched films, a smaller aluminum plate was gently held against the bottom side of the
film using a paper accordion.

Custom software controlling a NI-6036E data acquisition board (National Instruments)
was used to drive a high voltage amplifier (Trek model 20/20C) through a slow voltage

2 DRDC Atlantic TM 2005-251
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Figure 1: Illustration of method used to carry out point breakdown experiments. Adapted
with permission from Reference [6].

ramp. Film breakdown caused the amplifier to enter a trip status, which was detected by
the software. The breakdown fielg} was determined using Equation 3:

Ep = \Wp/d ()

whereV, is the breakdown voltage amtis the film thickness.

2.3 Permittivity Measurements

Complex permittivity measurements were carried out using TA Instruments DEA 2970
Dielectric Analyzer with parallel plate sensors. Experiments were carried out @t

over the frequency range 1bHz to 1® Hz. The real and imaginary parts of the complex
permittivity were determined for an HSIII film with no pre—strain applied as well as for an
HSIII film with that was biaxially stretched. The thickness of the sample before stretching
Lo, and after stretching, was determined by the LVDT sensor located in the base of the
DEA. Using the assumption of constant volume (see Section 3 and Equation (5)), the area
strain was calculated from the change in sample thickness:

. Lo—L
area strain= OT (4)

DRDC Atlantic TM 2005-251 3



2.4 DMTA Measurements

The samples were analyzed in a TA Instruments Q800 Dynamic Mechanical Analyzer
using the thin film tension clamps. The temperature was maintained°& @€ing a

Gas Cooling Apparatus. The samples were excited at 0.1 Hz and at 1% dynamic strain
amplitude. The samples were exposed to increasing pre—load (0.02 N to 2.50 N) values
to obtain uniaxial pre—strains up to 150%. The sample length, before and after exposure
to increasing pre—loads, was determined by the displacement sensor located in the base
of the instrument. The complex modulus was determined from experimental force and
displacement data using equations presented in Section 3.

3 Dynamic Mechanical Properties

For samples under large uniaxial pre—strains, the deformed length and cross-sectional area
are significantly different from the undeformed values, and this must be accounted for
in the calculation of complex modulus. While the length was directly measured during
the experiment, the cross-sectional area was not. Rather, it was inferred from the initial
dimensions and the measured lengtlas described below.

For the purposes of this work, it was assumed that the Poisson’s ratio = 0.5, and the volume
was constant:

Vo - L()Ao - LoWodo - V - LA - LWd (5)

whereVy, Lo,Ao,Wo, do are the initial volume, length,cross—sectional area,width and thick-
ness, an&/ ,L,A, w, d are the deformed volume, length,width and thickness of the sample.
Constant volume is a good assumption for soft viscoelastic materials [7]. It follows from
Equation 5 that the deformed cross-sectional area is giveéhbW,/L, and the dynamic
stress amplitude may be expressed as:

_ FL

- - 6
5=, (6)
whereF is the dynamic force amplitude. The tilde symbol is used here to represent the
amplitude of a complex variablég.,, F = |F*|. The dynamic strain amplitude is defined
as:

l
|l B

(7)

<
I

4 DRDC Atlantic TM 2005-251



where thel is the dynamic displacement amplitude.

The Young's modulu¥ is defined by the following equations:

Y = G% - %exp(iq)) 8)

where¢ is the phase angle between stress and strain. It follows that the magnitude of the
Young’s modulus is given by

o o
Y] 7
The complex Young’'s modulus may also be expressed in terms of its real and imaginary
components, referred to as the stor&@and loss modulu¥”, respectively. The following
equations summarize the relationships amwhgyY’, Y”, the loss facton, and the phase
angled:

Y =Y +iY” (10)
1

n= v = tang (12)

Y' =Y cosp (12)

Y” =Y sing (13)

It follows from Equations 6,7,9,and 12, that the storage modulus corrected for changes in
cross-sectional area may be expressed as

FL?
Y = i cosp (14)

(0]

Figure 2(b) shows the storage modulus of HSIII at@0and 0.1 Hz calculated according
to Equation 14, plotted as a function of the strexchlefined as

A= (15)

DRDC Atlantic TM 2005-251 5
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Figure 2: Storage modulus of HSIII silicone at 20 °C and 0.1 Hz as a function of uniaxial
stretch A. (a) Uncorrected modulus, Equation 16. (b) Corrected modulus, Equation 14.

For comparison, the uncorrected storage modulus (assuming cross-sectional area is con-
stant,A = Ap) is presented in Figure 2(a). It was calculated by the TA Instrument DMA
software according to the equation:

FL
Y' = —cosp (16)
Aol
No corrections were necessary for the loss factor, which was computed according to Equa-
tion 11 and presented in Figure 3.

It is clear from Figures 2 and 3 that while the loss factor is essentially independent of
stretch, the storage modulus has a strong dependence. In fact a strétch 26 is
associated with a storage modulusYé6t= 9.1 MPa, compared witN’ = 0.4 MPa for the
unstrained state\(= 1). The increase in modulus with pre-strain in HSIII (a filled poly-
dimethylsiloxane) is most likely due to strain induced crystallization, which is commonly
observed in elastomers with a regular backbone structure sutk-ds4—polybutadiene,

butyl rubber, and natural rubber [8]. Other elastomers such as styrene butadiene rubber
(SBR) show no effect of pre—strain on dynamic modulus [9].

It is interesting to note that the pre-strain had no significant effect on the mechanical loss

6 DRDC Atlantic TM 2005-251
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Figure 3: Mechanical loss factor nj of HSIII silicone at 20 °C and 0.1 Hz as a function of
uniaxial stretch .

factor (Figure 3).

4 Dielectric Permittivity

The dielectric properties of HSIII films are presented in Figures 4 and 5. Figure 4 shows the
real part of the complex permittivity as a function of frequency for unstretched films, and
for films stretched biaxially such that the area increase was approximately.88%/ A, ~

1.38. Figure 5 displays the frequency dependence of the imaginary part of the complex
dielectric permittivity for stretched and unstretched HSIII films. The data suggests that
there is little or no influence of pre-strain on the dielectric properties of HSIII. A change in
dielectric properties with pre-strain is associated with electrostriction. The electrostrictive
stress coefficien is defined by [10]

Q

NI =
Q)lQ)
| m

17)

For certain semi-crystalline polymers such as polyvinylidene difluoride (PVDF) and its
co-polymers with trifuoroethylene or tetrafluoroethylene, electrostriction may contribute

DRDC Atlantic TM 2005-251 7
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Figure 4: Real part of complex dielectric permittivity of HSIII silicone at 20 °C for (a)
unstretched film and (b) biaxially stretched film with area strain = 38%.

up to 90% of the actuation strain in dielectric actuators. For soft amorphous polymers
above their glass transition temperature, electrostriction is thought to make only a minor
contributution to the total actuation strain [11]. Beslin [12] has explained the low elec-
trostriction coefficients of soft elastomers in terms of low volume strain associated with
the incompressibile rubbers (Poisson’s rati®.5). The observed dielectric behaviour of
HSIII silicone reported here is consistent with other soft elastomers such as VHB 4910
acrylic [2].

5 Dielectric Strength

In this section the dielectric strength of HSIII films is presented for various thicknesses and
pre—strains. For uniaxial pre—strain, the stretches along the width and thicknedg,axes
andAq are equali.e.

A = Mg (18)
w d
we T (19)
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Figure 5: Imaginary part of complex dielectric permittivity of HSIII silicone at 20 °C for
(a) unstretched film and (b) biaxially stretched film with area strain = 38%.

For constant volume conditions, it follows from Equations 5 and 19 that the final thickness
d is related to the stretch along the length axis= L /L, by Equation 20:

do

d=
VAL

(20)

5.1 Constant Initial Thickness

A series of HSIII films were prepared with a fairly narrow range of initial thicknesses
ranging from 130-158m. These films were stretched various amounts up to 20Q%3)

along the length axis. The measured final thicknesses after stretching ranged from 65-130
pm. Figure 6 shows the calculated final thickness plotted as a function of the measured
final thickness. As one can see from the figure, Equation 20 slightly overestimates the final
thickness. Part of the explanation for this may lie in the fact that the deformation imposed
on the films was not pure uniaxial stretch, since the width of the samples was a significant
fraction of the length. Under such conditions, the thickness would be expected to vary over
the area of the film, and deviate from Equation 20 to some extent.

Dielectric breakdown experiments were conducted on the stretched HSIII films described

DRDC Atlantic TM 2005-251 9
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Figure 6: Thickness of uniaxially stretched HSIII films calculated according to Equation
20 (ordinate) and measured thickness (abscissa). Solid line corresponds to a slope = 1.

above. The breakdown results are presented as a function of strain in Figure 7. The error
bars in breakdown fields in Figure 7 correspond to an uncertainty in thickness measurement
of + 5 um. The dielectric strength increases with pre—strain, nearly doubling from 63
MV/m at no pre—strain to 108 MV/m at 200% pre—strain.

The dielectric breakdown data in Figure 7 are plotted as a function of final thickness (after
stretching) in Figure 8. As the figure shows, the breakdown strength decreases with final
thickness. However, since the final thickness and pre—strain are strongly correlated in this
set of experiments, it is not possible to say if this decrease is caused by thickness or pre—
strain effects.

5.2 Constant Pre-=Strain

In order to improve our understanding of dielectric breakdown phenomena in HSIII sil-
icone, a series of films were prepared over a wide range of initial thicknesses ranging
from 25-430um. The dielectric breakdown strength of each film was determined in the
unstretched state\(=1) and at 200% strail\(=3). The results of these experiments are
presented in Figure 9. For unstretched films, the dielectric strength decreases monoton-
ically with film thickness. For films stretched to 200%, the dielectric strength does not

10 DRDC Atlantic TM 2005-251
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Figure 7: Dielectric breakdown strength of HSIII films as a function of uniaxial pre—strain.
Films were all approximately the same initial thickness (130-153 pm thick). Solid line is
the linear least squares regression line. Error bars in dielectric strength correspond to = 5
Mm error in thickness measurement.
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Figure 8: Dielectric breakdown strength of stretched HSIII films as a function of final
thickness. Films were all approximately the same initial thickness (130-153 pm thick).
Solid line is the linear least squares regression line.
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decrease with increasing thickness, and in fact may increase slightly with increasing film
thickness. Because of the scatter in the data at low thicknesses, the statistical significance
of the slope in Figure 9(b) is marginal (slope 284 0.09 x 102 V/m).

The data in Figure 9 clearly shows that for the same final thickness, stretched HSIII films
have a significantly higher dielectric breakdown strength than unstretched HSIII films. For
example, at 177m film thickness E, =60 MV/m for unstretched filmsersus =114
MV/m for 200 % strain. The effect of stretch is less clear at thicknesses belqum5th

part because of higher scatter in the data and larger error bars at low thickness.

It was proposed in Kofoet al. that the increase in the dielectric strength with pre—strain

in VHB acrylic films is due to polymer chain alignment [13]. It was hypothesized that
the collision cross-section between avalanching electrons and polymer atoms would be
higher along the (aligned) polymer chains than between chains. While this is a reasonable
hypothesis, there are alternative mechanisms that would explain the data in Reference
13 equally as well, including the effects of pre—strain on film thickness, modulus, defect
distribution, and/or shape of air void defects. The results presented here suggest that for
HSIII silicone films, pre—strain increases the dielectric strength, and this increase is not
due to film thickness effects. Further study is required to test the hypothesis that chain
alignment is the predominant mechanism for pre—strain effects in amorphous elastomeric
films.

6 Conclusions

The effects of pre—strain on the properties of HSIII silicone films have been examined
in this study. It was found that the storage modulus increased significantly with uniaxial
stretch, from 0.4 MPa in the unstretched state to 9.1 MPa at 250% pre—strain. The mechan-
ical loss factor was unaffected by pre—strain. The real and imaginary parts of the complex
dielectric permittivity were also unaffected by the application of a biaxial pre—strain.

For HSIII silicone films with no pre—strain applied, the dielectric strength increased with
decreasing thickness. The dielectric strength was also found to be strongly dependent on
pre—strain, with a near doubling of dielectric strength with a 200% pre—strain applied.
A series of experiments carried out over a range of film thicknesses and at two pre—
strain levels (0% and 200%) demonstrated that both pre—strain and thickness independently
affected the observed breakdown strength, and that pre—strain was the more important
factor over the thickness range studied (25—48%). Future experiments are planned

to elucidate the mechanism by which pre—strain affects dielectric breakdown strength in
polymeric films.

DRDC Atlantic TM 2005-251 13
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Figure 9: Dielectric breakdown strength of HSIII films at two different pre—strain levels
and over a range of final thicknesses. (a) Unstretched films. (b) Films with 200% pre—
strain. Solid lines correspond to linear least squares regression lines. Error bars in dielectric
strength correspond to £ 5 Um error in thickness measurement.

14 DRDC Atlantic TM 2005-251



References

[1] Kofod, G. (2001), Dielectric Elastomer Actuators, Ph.d. thesis, The Technical
University of Denmark.

[2] G, Kofod, P, Sommer-Larsen, R, Kornbluh, and R, Pelrine (2003), Actuation
Response of Polyacrylate Dielectric Elastoméasjrnal of Intelligent Materials
Systems and Structureld(12), 787—793.

[3] R.Kornbluh, R.Pelrine, Pei, Q., Oh, S., and Joseph, J. (2000), Ultrahigh strain
response of field-actuated elastomeric polymereceedings- Spie the International
Society for Optical Engineering3987), 51-64. International Society for Optical
Engineering 0277-786X.

[4] Pelrine, R., Kornbluh, R., Joseph, J., and Chiba, S. (2002), Artificial Muscle for
Small RobotsTransactions of the Institute of Electrical Engineers of Japol.
122(No.2), 97-102. 0928-4931.

[5] MacKay, Ken (2004), Development of an Apparatus for the Introduction of Biaxial
Strain in Thin Polymer Films, (Contract Report 2004-143), Defence R&D Canada
- Atlantic.

[6] Cameron, C.G., Underhill, R.S., and Szabo, J.P. (2003), High Field Assessment of
Actuator Candidate Material®roceedings of 10th CF/DRDC Meeting on Naval
Applications of Materials Technologgp. 229—-241. Defence R&D Canada —

Atlantic SL 2003-135.

[7] Stanojevic, M. and Lewis, G.K. (1983), A comparison of two test methods for
determining elastomer physical propertieslymer Testing3, 183—195.

[8] Roland, C.M. (2005), Structure Characterization in the Science and Technology of
Elastomers, In Mark, J. E., Erman, B., and Eirich, F.R., (E&j)ence and
Technology of RubbeBrd ed, pp. 105-155, Academic Press.

[9] Kramer, Ole, Hvidt, Soren, and Ferry, John D. (1994), Dynamic Mechanical
Properties, In Mark, James E., Erman, Burak, and Eirlich, Frederick R., (Eds.),
Science and Technology of Rubp®econd ed, Toronto: Academic Press.

[10] Guillot, F.M., Jarzynski, J., and Balizer, E. (2001), Measurement of electrostrictive
coefficients of polymer filmsJournal of the Acoustical Society of Ameridd.0(6),
2980-2990.

[11] Yamwong, T., Voice, A.M., and Davies, G.R. (2002), Electrostrictive Response of an
ideal polar rubberJournal of Applied Physic91(3), 1472-1476.

DRDC Atlantic TM 2005-251 15



[12] Beslin, Olivier (2002), Analytical Modeling of Dielectric Polymer Actuators,
(Contract Report 2002-160), Defence R&D Canada - Atlantic. 47 pages.

[13] Kofod, G., Kornbluh, R. D., Pelrine, R., and SommerLarsen, P. (2001), Actuation
response of polyacrylate dielectric elastomers 432%i&;eedings of SPIE Smart
Structures and Materials 2001: Electroactive Polymer Actuators and DevA&29,
141-147.

16 DRDC Atlantic TM 2005-251



Distribution list

DRDC Atlantic TM 2005-251

Internal distribution

5

1

DRDC ATLANTIC LIBRARY FILE COPIES
J. Szabo: 1 CD, 1 hardcopy

R. Underhill: 1 CD, 1 hardcopy

I. Keough

H/EMAT

Total internal copies: 11

External distribution

1
1

NDHQ/DRDC/DRDKIM 3

Marc Rawiji

NMS Communications
4200 rue La Prire
St-Hubert, Quebec
Canada J3Y 9G3

Total external copies: 2

Total copies: 13

DRDC Atlantic TM 2005-251

17



18

This page intentionally left blank.

DRDC Atlantic TM 2005-251



DOCUMENT CONTROL DATA

(Security classification of title, body of abstract and indexing annotation must be entered when document is classified)

1. ORIGINATOR (the name and address of the organization preparing the 2. SECURITY CLASSIFICATION
document. Organizations for whom the document was prepared, e.g. Centre (overall security classification of the document
sponsoring a contractor’s report, or tasking agency, are entered in section 8.) including special warning terms if applicable).
Defence R&D Canada — Atlantic UNCLASSIFIED
P.O. Box 1012, Dartmouth, Nova Scotia, Canada B2Y 327
3. TITLE (the complete document title as indicated on the title page. Its classification should be indicated by the appropriate
abbreviation (S,C,R or U) in parentheses after the title).
Effect of Pre—Strain on the Dielectric and Dynamic Mechanical Properties of HSIII Silicone:
4. AUTHORS (last name, first name, middle initial)
Szabo, J.P.; Underhill, R.S.; Rawiji, M.; Keough, I.A.
5.  DATE OF PUBLICATION (month and year of publication of 6a. NO. OF PAGES (total 6b. NO. OF REFS (total cited
document) containing information. in document)
Include Annexes,
Appendices, etc).
13
January 2006 30
7. DESCRIPTIVE NOTES (the category of the document, e.g. technical report, technical note or memorandum. If appropriate, enter the type
of report, e.g. interim, progress, summary, annual or final. Give the inclusive dates when a specific reporting period is covered).
Technical Memorandum
8.  SPONSORING ACTIVITY (the name of the department project office or laboratory sponsoring the research and development. Include
address).
Defence R&D Canada — Atlantic
P.O. Box 1012, Dartmouth, Nova Scotia, Canada B2Y 377
9a. PROJECT NO. (the applicable research and development project 9b. GRANT OR CONTRACT NO. (if appropriate, the applicable
number under which the document was written. Specify whether number under which the document was written).
project).
11gm19
10a. ORIGINATOR’'S DOCUMENT NUMBER (the official document 10b. OTHER DOCUMENT NOs. (Any other numbers which may be
number by which the document is identified by the originating assigned this document either by the originator or by the
activity. This number must be unique.) sponsor.)
DRDC Atlantic TM 2005-251
11. DOCUMENT AVAILABILITY (any limitations on further dissemination of the document, other than those imposed by security classification)
(X) Unlimited distribution
() Defence departments and defence contractors; further distribution only as approved
() Defence departments and Canadian defence contractors; further distribution only as approved
() Government departments and agencies; further distribution only as approved
() Defence departments; further distribution only as approved
() Other (please specify):
12. DOCUMENT ANNOUNCEMENT (any limitation to the bibliographic announcement of this document. This will normally correspond to the

Document Availability (11). However, where further distribution beyond the audience specified in (11) is possible, a wider announcement
audience may be selected).




13.

ABSTRACT (a brief and factual summary of the document. It may also appear elsewhere in the body of the document itself. It is highly desirable
that the abstract of classified documents be unclassified. Each paragraph of the abstract shall begin with an indication of the security
classification of the information in the paragraph (unless the document itself is unclassified) represented as (S), (C), (R), or (U). It is not
necessary to include here abstracts in both official languages unless the text is bilingual).

In this study, the mechanical and electrical properties of a silicone polymer were studied as a function
of pre—strain in order to improve our understanding of dielectric breakdown phenomena in amorphous
elastomeric materials. HSIII silicone (Dow Corning) films were prepared and studied by dynamic
mechanical analysis, dielectric analysis, and dielectric breakdown experiments. It was found that the
storage modulus increased significantly with uniaxial stretch, from 0.4 MPa in the unstretched state to
9.1 MPa at 250% uni-axial pre—strain. The mechanical loss factor was unaffected by pre—strain. The
real and imaginary parts of the complex dielectric permittivity were also unaffected by the application
of a biaxial pre—strain.

For HSIII films with no pre—strain applied, the dielectric strength increased with decreasing thickness.
The dielectric strength was also found to be strongly dependent on pre—strain, with a near doubling
of dielectric strength with a 200% uniaxial pre—strain applied. A series of experiments carried out
over a range of film thicknesses and at two pre—strain levels (0% and 200% uniaxial) demonstrated
that both pre—strain and thickness independently affected the observed breakdown strength, and that
pre—strain was the more important factor over the thickness range studied (25—430 pm).

14.

KEYWORDS, DESCRIPTORS or IDENTIFIERS (technically meaningful terms or short phrases that characterize a document and could be
helpful in cataloguing the document. They should be selected so that no security classification is required. Identifiers, such as equipment model
designation, trade name, military project code name, geographic location may also be included. If possible keywords should be selected from a
published thesaurus. e.g. Thesaurus of Engineering and Scientific Terms (TEST) and that thesaurus-identified. If it not possible to select
indexing terms which are Unclassified, the classification of each should be indicated as with the title).

Dielectric strength
Polymer films
Dielectric actuators




This page intentionally left blank.



Defence R&D Canada R & D pour la défense Canada

Canada’s leader in defence Chef de file au Canada en matiere
and National Security de science et de technologie pour
Science and Technology la défense et la sécurité nationale

DEFENCE @V ’DEFENSE

L

www.drdc-rddc.gc.ca



	Abstract
	Résumé
	Executive summary
	Sommaire
	Table of contents
	List of figures
	1 Introduction
	2 Experimental
	2.1 Film Preparation
	2.2 Breakdown Measurements
	2.3 Permittivity Measurements
	2.4 DMTA Measurements

	3 Dynamic Mechanical Properties
	4 Dielectric Permittivity
	5 Dielectric Strength
	5.1 Constant Initial Thickness
	5.2 Constant Pre--Strain

	6 Conclusions
	References
	Distribution list



