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Prestrain-Free Dielectric Elastomers Based on Acrylic
Thermoplastic Elastomer Gels: A Morphological and

(Electro)Mechanical Property Study

Pruthesh H. Vargantwar, A. Evren Ozg¢am, Tushar K. Ghosh, and Richard J. Spontak*

Recent efforts have established that thermoplastic elastomer gels (TPEGs)
composed of styrenic triblock copolymers swollen with a midblock-selective
solvent exhibit remarkable electromechanical properties as high-performance
dielectric elastomers. This class of electroactive polymers typically requires
high electric fields for actuation, and a shortcoming that continues to thwart
the widespread commercialization of such materials in general is the need

to apply mechanical prestrain prior to electroactuation to decrease film
thickness and, thus, the electric potential required to promote actuation. To
alleviate this requirement, TPEGs consisting of acrylic triblock copolymers
differing in molecular weight and composition, and swollen with a high die-
lectric, midblock-selective solvent are investigated. Synchrotron small-angle
x-ray scattering is used to probe the nanoscale morphologies of the resultant
materials, and analysis of quasi-static and cyclic tensile properties provides
additional insight into both blend morphologies and electroactuation efficacy.
Actuation strains measured in the absence of mechanical prestrain exceed
100% on an area basis, and electric fields capable of inducing actuation are
as low as ~20 kV/mm. Failure occurs by either electromechanical instability
or dielectric breakdown, depending on the copolymer and TPEG composition
employed. The electromechanical properties of these acrylic-based TPEGs

B-selective solvent to yield thermoplastic
elastomer gels?™ (TPEGs), which con-
tinue to garner considerable scientific and
technological interest as broadly functional
materials. At copolymer concentrations
below the critical micelle concentration
(cmc), copolymer molecules remain in
solution as unimers. As the copolymer
concentration is increased above the cmc,
however, micelles develop as the solvent-
incompatible endblocks self-assemble to
form a glassy core within a solvated shell
of the solvent-compatible midblock."!
Between the cmc and the critical gel
concentration (cgc), so-called “flowered”
micelles are sufficiently distant that the
B midblocks form loops, wherein both
ends of a copolymer molecule reside in
the same micelle, or, to a lesser extent,
thermodynamically unfavorable dangling
ends, in which one endblock is located
within a micelle and the other remains
in the incompatible solvent matrix. At
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match or exceed those of skeletal muscle, in which case they constitute an
attractive and unexplored alternative to existing dielectric elastomers.

1. Introduction

Triblock copolymers composed of glassy A endblocks and a
rubbery B midblock are commonly classified as thermoplastic
elastomers!!! (TPEs) and can be swollen with a low-volatility
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the cgc, the micelles are sufficiently close
to permit the midblocks to connect (i.e.,
bridge) adjacent micelles and thus form
a network physically stabilized by glassy
cross-link sites.2®1 The morphological
features and mechanical properties of such gels depend sensi-
tively on several material factors including copolymer compo-
sition, molecular weight and concentration, as well as solvent
quality and free volume.®! Most of the TPEGs studied thus
far are based on styrenic copolymers, that is, copolymers with
polystyrene endblocks and polydiene or polyolefin midblocks.
Such TPEGs have gained tremendous attention as vibration
dampeners,®! pressure-sensitive adhesives,!'”! microfluidic sub-
strates,['!] and, most recently, dielectric elastomers.['?]

Another family of emerging TPEs relies on acrylic, rather
than styrenic, endblocks to improve properties such as UV
resistance and thermal stability over a broadened tempera-
ture range (due to a higher upper glass transition tempera-
ture, T,).*! The endblocks of such TPEs are frequently atactic
poly(methyl methacrylate) (PMMA) with a T, in excess of
120 °C, and the midblock is typically a low-T, acrylate rubber
such as poly(n-butyl acrylate) (PnBA), which possesses a T,
of about =50 °C at infinite molecular weight. Addition of a
midblock-selective solvent to an acrylic TPE yields acrylic gels
(ATPEGs) that are relatively new and unexplored. Shull and
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co-workers!'*1°] have pioneered this field by investigating the

morphological characteristics and mechanical properties of
such materials intended for use as adhesives. In their studies,
they have employed high-vapor-pressure alcohols as the mid-
block-selective solvents, and the copolymer concentrations
examined span the dilute to semi-dilute regimes. In this work,
ATPEGs composed of two different PMMA-b-PnBA-b-PMMA
(MBM) triblock copolymers differing in molecular weight and
composition are examined in the presence of dioctyl phthalate
(DOP), a midblock-selective solvent with a high normal boiling
point (384 °C). Since most prior efforts have analyzed ATPEGs
stabilized by spherical micelles, the present study is restricted
to the concentrated copolymer regime so that structure-property
relationships of ATPEGs possessing non-spherical morpholo-
gies can be elucidated. Moreover, these materials exhibit elec-
troactuation properties that make them uniquely attractive as
dielectric elastomers (DEs).

Electroactive polymers are macromolecules that are gener-
ally capable of changing their size and shape in response to
the application of an external electric potential. As a growing
class of electroactive polymers that shows tremendous promise
for use in diverse technologies ranging from micro air vehicles
and mini/microrobotics to flat panel speakers and responsive
prosthetics, DEs, or electroelastomers, operate on the principle
of electrostatic actuation in the presence of an applied electric
field.[16-20] Actuation in this case results from the development
of a compressive Maxwell stress, as described in more detail in
the following section. Unlike their inorganic counterparts (e.g.,
shape-memory alloys,?!! carbon nanotubes?” and piezoelec-
tric ceramics?®)), DEs are relatively inexpensive, lightweight,
mechanically robust, and scalable. They can afford exception-
ally large area actuation strains (~300%), high energy densi-
ties (>8 MJ/m?), high electromechanical coupling efficiencies
(>90%), and low cycling hysteresis.! Our previous studies of
DEs derived from styrenic copolymers selectively swollen with
a largely aliphatic mineral oil have repeatedly demonstrated
that TPEGs are ideally suited for this nontraditional application
and, unlike conventional DEs produced from chemically cross-
linked elastomers,?* provide unprecedented versatility with
regard to property design. Two drawbacks, however, continue
to plague the commercialization of DEs: (i) a high electric field
(typically ranging from ca. 20 to over 200 kV/mm) is required
to induce electrical actuation, and (ii) mechanical prestrain is
commonly needed to reduce specimen thickness and therefore
lower the voltage required for actuation. The latter, in parti-
cular, necessitates a rigid support frame that is accompanied
by added weight and space, and raises mechanical property
concerns regarding long-time stress relaxation of the DE and
premature failure of the DE upon cycling due to stress concen-
tration along the frame. In the present study, we demonstrate
that ATPEGs employed as nanostructured DEs can overcome
both of the inherent shortcomings of contemporary DEs.

2. Electroactuation Background

The mechanism by which DEs undergo electrical actuation and
stretch laterally derives from (i) the electrostatic force of attrac-
tion between two oppositely charged compliant electrodes on
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Figure 1. Schematic illustration of the general actuation mechanism
exhibited by DEs. During actuation, electrostatic attraction of the oppo-
sitely charged compliant electrodes on each side of the DE film, cou-
pled with repulsion of like charges along each electrode, generates a
compressive stress referred to as the Maxwell stress (the magnitude of
which is given by Equation 1 for an ideal DE) within the active area of
the electrodes.

opposing sides of a DE film and (ii) the concurrent accumula-
tion of repulsive like charges along both film surfaces. For an
ideal DE, the magnitude of the resulting Maxwell stress (oy),
portrayed in Figure 1, is given by!!%l

Oy = €0 E? (1)
where g, and ¢ denote the permittivity of free space and the
dielectric constant of the DE, respectively, and E represents the
electric field arising from the voltage applied across the film
thickness. The resulting actuation causes the film thickness to
decrease while the active area corresponding to the compliant
electrode expands in an isochoric process. The actuation strain
(reported here on an area basis) is determined from the change
in active area relative to the initial active area in the circular
test configuration conventionally used to analyze the electroac-
tuation of DEs. Alternatively, the transverse strain in the film
thickness direction can be computed or measured directly.'"]
Other important performance measures include the electrome-
chanical coupling efficiency (K?), which provides a measure of
the conversion of electrical energy to mechanical work, and the
energy density (F), which corresponds to the amount of elec-
trical energy that is converted to mechanical work per volume
of material per cycle.'% In a recent study!® of DEs composed
of styrenic TPEGs, the ultimate electromechanical properties
achieved during actuation — namely, the maximum actuation
strain and the dielectric breakdown strength (i.e., the electric
field at which failure occurs) — have been shown to depend
on both the level of mechanical prestrain and the initial spec-
imen thickness. If the copolymer used to prepare the TPEG
is of sufficiently low molecular weight, maximum actuation
strains of up to 20% and K? values of up to 30% can be real-
ized®®! without mechanical prestrain prior to electroactua-
tion. This response, although promising and superior to that
of VHB (the benchmark DE composed of an acrylic elastomer
and available as adhesive tape from 3M Co.), is insufficient for
applications that, for example, emulate mammalian muscle,
which exhibits higher performance metrics (cf. Table 1).117:26]
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Table 1. Comparison of electroactuation performance metrics for
various systems with no mechanical prestrain.

Property Mammalian skeletal VHB4910 SEBS75 ATPEGs
musclel'”] acrylic TPEGs!?
elastomerl?¢]
Typical Maximum ~ Maximum Maximum® Maximum?

Area actuation 20 >40 8 3-19 12-10
strain (%)

Energy density 8 40 6 1-26 18-49
(kj/m?)

Coupling — 40 14 6-29 21-77

efficiency (%)

#Since the properties of TPEGs and ATPEGs are sensitive to copolymer concentra-
tion, a range is provided.

As anticipated, the electric fields and, hence, voltages needed to
induce actuation in these tests are disappointingly higher than
those required after mechanical prestrain.

3. Experimental Section
3.1. Materials

Two commercial MBM triblock copolymers were used in this
study, and their designations, molecular characteristics and manu-
facturers are listed in Table 2. Reagent-grade DOP (98% purity) and
toluene were purchased from Fisher Scientific and silver grease
(i-e., silver particles suspended in a silicone matrix) was obtained
from Chemtronics Circuit Works (Kennesaw, GA).

3.2. Sample Preparation

Each sample was prepared by dissolving predeter-
mined quantities of copolymer and DOP, along with
1 wt% Irganox 1010 (as an antioxidant) relative to the copolymer
concentration, in toluene and then casting the resultant solu-
tion in a Teflon tray and permitting the toluene to evaporate
over 2 days. The ensuing film was annealed at 135 °C for 12 h
under vacuum to remove residual toluene and subsequently
melt-pressed at 135 °C to a uniform specimen thickness of
0.1-0.2 mm. The copolymer concentration in each ATPEG
series ranged between 45 and 65 wt% in 5 wt% increments

Table 2. Characteristics of the two MBM triblock copolymers used in
this study.?)

Copolymer Composition ~ Number-average Polydispersity Manufacturer

designation  [wt% M] molecular weight index

[kDa]
MBM104 50.0 104 1.56 Arkema, Inc.
MBM146 31.3 146 1.04 Kuraray America

AThe molecular weight values listed here were measured by size exclusion chroma-
tography (unlike those provided by the manufacturers in ref. 29).
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(this range corresponds to 20-30 vol% in the MBM104 series
and 12-18 vol% in the MBM146 series). The ATPEGs pro-
duced in this fashion were designated as MBMm-c, where m
denotes the number-average molecular weight of the copolymer
(in kDa) and c indicates the copolymer concentration (in wt%).
Comparisons made with other block copolymer systems follow
the same naming convention. For example, SEBS75-45 identi-
fies a TPEG composed of a poly[styrene-b-(ethylene-co-butylene)-
b-styrene] (SEBS) triblock copolymer with a molecular weight of
75 kDa at a concentration of 45 wt% copolymer.

3.3. Morphological Characteristics

Morphological features of ATPEGs from both copolymer series
were deduced by small-angle X-ray scattering (SAXS) performed at
10 kV on beamline 7.3.3 of the Advanced Light Source at the Law-
rence Berkeley National Laboratory. The beam size was 0.1 mm x
0.1 mm, and the sample-to-detector distance was held constant at
2.3 m. Two-dimensional scattering patterns were collected on a
Pilatus 1M detector after an exposure time of 20 s and then azi-
muthally integrated and radially averaged to yield 1D profiles.
In these profiles, scattered intensity was determined as a func-
tion of wave vector (q) given by (47/A)sin(6/2), where A is the
wavelength of the X-ray beam (0.1240 nm at 10 kV) and 6 is
the scattering angle, after correcting for dark background, spec-
imen transmittance, pixel efficiency, and spatial heterogeneities
in the beam. Specimens were heated to a target temperature at
a rate of 10 °C/min and held at that temperature for 10 min to
achieve thermal equilibration prior to data acquisition.

3.4. Mechanical and Thermal Properties

Each ATPEG examined here was subjected to uniaxial tensile
testing on a computer-controlled MTS-30G load frame, and
tests were performed to failure at a constant crosshead speed
of 127 mm/min at ambient temperature. Properties such as
the tensile modulus, strength at break and elongation at break
were measured from the resulting nominal stress-strain plots.
To discern the extent to which these ATPEGs exhibit hysteresis
upon cyclic deformation, two types of strain cycling tests were
conducted. In the first, each ATPEG was cycled (loading-
unloading) 30x up to 100% strain. After 30 cycles, the non-
recoverable strain (set) was evaluated. The peak stress corre-
sponding to 100% strain in each cycle was recorded to ascertain
the extent of stress relaxation. In the second type of test, a spec-
imen was strained to a selected stress value (0y,,,) and released
to a lower stress value (Oy,;,) chosen so that specimen slack
was avoided. After completion of a cycle, 0, Was increased
incrementally and the loading- unloading cycle was repeated
with O, unchanged. This process was continued until Gy,
approached the stress determined from the quasi-static uniaxial
tensile tests performed to failure. To discern the effect of DOP
on the thermal characteristics of the ATPEGs, differential scan-
ning calorimetry (DSC) was performed on a TA Instruments
Q2000 instrument operated from —125 to 170 °C at a constant
heating/cooling rate of 10 °C/min under nitrogen. Glass transi-
tion temperatures were identified as points of inflection from
second-heat thermograms.

Adv. Funct. Mater. 2012, 22, 2100-2113
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Intensity (arb. log scale)
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Figure 2. SAXS profiles acquired for the a) MBM104 and b) MBM146
ATPEG series at 135 °C (with the exception of the MBM104-45 formula-
tion, which was measured at 90 °C to keep it below its order-disorder
transition at ~120 °C, according to dynamic rheology). Scattering peaks
are identified by open arrowheads, and copolymer concentrations
(in wt%) are labeled.

3.5. Electromechanical Properties

The electroactuation behavior of each ATPEG was assessed at
0% mechanical prestrain unless otherwise noted. For this pur-
pose, a circular active area was created on each test specimen
by applying compliant electrodes (silver grease) on both sides
of the specimen while the specimen was held in a circular,
rigid test frame. Edge effects were precluded by ensuring that
the active electrode area was small relative to the film area. The
electrodes were connected to a Bertan 225-30R high-voltage
power supply (Spellman High Voltage Electronics Corp., Haup-
pauge, NY), and actuation was induced by an automated voltage
trigger. The voltage was ramped at 250 V/s until the specimen
being tested underwent breakdown. As the voltage was ramped,
in-plane expansion of the active area was digitally recorded,
and the resulting footage was analyzed frame-by-frame with
the MATROX Inspector 4.0 software package to determine the
corresponding actuation strain. Dielectric constants of all the
ATPEGs were measured in film form with a dielectric test fix-
ture (Agilent 16451B) connected to an LCR meter (HP4284A)
operated at 25 °C from 20 to 10° Hz.

4. Results and Discussion

4.1. Morphological characteristics

As shown in Figure 2, SAXS profiles acquired above the T, of
the M endblocks (106 °C in MBM104 and 121 °C in MBM146,
according to the DSC results listed in Table 3) at 135 °C (except
for MBM104-45) provide insight into the melt morphologies of
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Table 3. Thermal properties of the MBM104 and MBM146 ATPEGs
according to DSC analysis.

ATPEG Series  Copolymer concentration  Endblock T,? Midblock T,
(wt%] [°q [°q]

MBM104 100 106.2 —46.5
65 66.1 -72.7
60 59.0 -73.9
55 56.4 —74.5
50 50.3 -76.3
45 49.7 -77.7

MBM146 100 120.6 —41.7
65 109.6 -72.6
60 79.1 -76.9
55 80.8 -75.4
50 79.0 -76.5
45 73.5 -77.5

?)Unlike the lower T,, the upper T, in many of the specimens tested was broad.

the ATPEGs examined here, since they are processed at that tem-
perature (see the Experimental Section). Here, only select scans
relevant to the present work are shown, and a detailed account
of additional results will be forthcoming. Peak ratios relative to
the principal peak in the structure factor reveal the symmetry
of the existing morphology. Peak ratios of 1:V2:V3:2:\5:\6,
1:V3:2:7:V9 and 1:2:3:4 correspond to the classical morpholo-
gies: spheres on a body-centered cubic (bcc) lattice, cylinders
on a hexagonal lattice and alternating lamellae, respectively.
When the volume fractions of the endblocks are considered
(20-30 vol% for MBM104 and 12-18 vol% M for MBM146),

Intensity (arb. log scale)

-1 -1
q(nm) q (nm)
Figure 3. SAXS profiles acquired for the a) MBM104 and b) MBM146

ATPEG series at 35 °C (below T, of the M endblocks). Scattering peaks are
annotated in the same fashion described in the caption of Figure 2.

wileyonlinelibrary.com

2103

“
G
F
F
>
v
m
~




-
™
s
[
-l
wd
=
™

2104  wileyonlinelibrary.com

www.afm-journal.de

Mok

www.MaterialsViews.com

Table 4. Morphological details extracted from the SAXS patterns acquired from the MBM104 and MBM146 ATPEGs at 135 °C (in the melt) and

35 °C (with glassy endblocks).

Temperature ATPEG Series Copolymer concentration 2m/q#?) Peak ratios Morphology

ra [wi%s] [nm]

135 MBM104 100 349 1:1.97:2.96 Lamellar
65 34.8 1:1.71:1.99:2.66 Cylindrical
60 34.9 1:1.97:2.66 Cylindrical
55 34.7 1:1.99:2.65 Cylindrical
50 35.9 1:1.98:2.84:3.30 Cylindrical
45 35.6 1:2.02 Uncertain

35 MBM104 100 349 1:1.97:2.96 Lamellar
65 34.7 1:1.74:1.99:2.68:3.46 Cylindrical
60 333 1:1.73:1.97:2.64 Cylindrical
55 35.4 1:1.99:2.66 Cylindrical
50 36.5 1:1.75:2.02:2.62 Cylindrical
45 37.6 1:2.66 Uncertain

135 MBM146 100 35.7 1:1.73:2.65:3.02 Cylindrical
65 35.7 1:1.71:2.46 Uncertain
60 35.8 1:1.72:2.45 Uncertain
55 346 1:1.70:2.43 Uncertain
50 34.4 1:1.70:2.46 Uncertain
45 333 1:1.42:1.75:2.25:2.44 Spherical

35 MBM146 100 35.2 1:1.71:2.01:2.65 Cylindrical
65 35.0 1:2.02:2.45 Uncertain
60 349 1:1.70:2.43 Uncertain
55 349 1:1.63:2.43 Uncertain
50 339 1:1.63:1.99:2.44 Uncertain
45 30.4 1:1.41:1.96:2.25:2.49 Spherical

2g* denotes the wave vector of the principal scattering peak.

the morphologies that could be unambiguously assigned on
the basis of peak ratios match well with the morphologies
observed!” in styrenic TPEGs. Since the MBM 104 molecules are
shorter than the MBM146 chains and are therefore able to self-
organize more readily, long-range order is expected to be more
fully developed in the ATPEGs generated from the MBM104
copolymer. On the basis of the peak ratios in the SAXS patterns
displayed in Figure 2a and Figure 3a, the morphologies of the
ATPEGs ranging in copolymer concentration from 50 to 65 wt%
can be described as hexagonally-packed cylinders. Since higher-
order peaks are not evident in the MBM104-45 system, the
corresponding morphology could not be assigned with
confidence. At the opposite extreme, the neat (i.e., non-
solvated) copolymer is found to possess the lamellar morphology,
which is consistent with the composition of the copolymer
(~48 vol% M).

In the case of the ATPEGs produced from the MBM146
copolymer (cf. Figure 2b), only the morphology of the
MBM146-45 formulation is clearly classified (as bcc spheres)
from SAXS. At concentrations ranging from 50 to 65 wt%
copolymer, the SAXS patterns appear similar, in which case
these ATPEGs most likely possess identical morphologies.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Regrettably, the lack of peaks in these patterns do not permit
unambiguous discrimination between bcc spheres and hexago-
nally-packed cylinders (see Table 4). Elucidating these morpholo-
gies by electron microscopy, as well as the existence of order-(dis)
order transitions by rheology and SAXS, is the focus of ongoing
research and will be reported in a future publication. The neat
MBM146 copolymer possesses a cylindrical morphology, which
is consistent with the copolymer composition (~29 vol% M).
This assignment further indicates that the unclassified mor-
phologies exist between bcc spheres and hexagonally-packed
cylinders and may represent a coexisting, frustrated mixture
of the two or a nonequilibrated intermediate morphology (e.g.,
undulating cylinders), especially since the peak in the vicinity
of 0.45 nm™ is clearly present in each of the patterns. These
morphological differences within and between the two ATPEG
series can be reasonably expected to affect the corresponding
(electro)mechanical properties, as interrogated in the following
sections. Since all of the (electro)mechanical tests are con-
ducted at ambient temperature, it is important to note that the
morphologies identified in Figure 2 persist as the pure copoly-
mers and their respective ATPEGs are cooled to ambient tem-
perature, as evidenced by the SAXS patterns collected closer to

Adv. Funct. Mater. 2012, 22, 2100-2113
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Figure 4. Nominal (engineering) stress displayed as a function of strain
for the a) MBM146 and b) MBM104 ATPEGs at ambient temperature.
Solid lines serve to connect the data (not all data points are shown), and
copolymer concentrations (in wt%) are labeled.

ambient temperature (at 35 °C) and displayed in Figure 3. In
this case, the endblocks are glassy, and shifts in the principal
peak reflect dimensional changes that are introduced during
vitrification. Comparison of the patterns in Figure 2 and 3 indi-
cate that the morphologies classified at 135 °C are most likely
retained upon vitrification of the M endblocks.

4.2. Mechanical properties

Representative nominal stress-strain curves are shown in
Figure 4 for ATPEGs in both copolymer series: (a) MBM146
and (b) MBM104. Several important features are evident in this
figure. The first is that an increase in copolymer concentra-
tion is accompanied by increases in both the tensile modulus
and the strength at failure in both series. These relationships
are explicitly provided in Figure 5a and Figure 5b, respectively,
and demonstrate that, in both cases, the mechanical proper-
ties of the ATPEGs derived from the MBM104 copolymer
are more sensitive to copolymer concentration (due presum-
ably to its higher M content) than are those containing the
MBM146 copolymer. These property changes constitute a
general consequence of increasing the concentration of the
glassy M endblocks and are comparable to reports of styrenic
copolymers in which the styrene content dominates the mechan-
ical behavior.””l The increase in modulus can be attributed

Adv. Funct. Mater. 2012, 22, 2100-2113
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to the effect of a reinforcing filler, viz., the M microdomains,
whose population and size increase with increasing copolymer
concentration. This explanation agrees favorably with the
results of Seitz et al.,?® who reported that the glassy domains
in MBM-based ATPEGs influence the mechanical properties
more than the network formed by bridged B midblocks. In gen-
eral, the elongation at break likewise decreases (by comparable
extents in both series) with decreasing copolymer concentration
and can most likely be attributed to enhanced plasticization of
the glassy M domains with DOP, as evidenced by lower glass
transition temperatures at elevated DOP concentrations (from
thermal calorimetry, cf. Table 3).

Comparison of the two copolymer series in Figure 4 also
reveals a profound difference in stress evolution with strain. As
above, the apparent stress—strain behavior can be interpreted
in terms of the higher glassy content in ATPEGs consisting of
the MBM104 copolymer. The steep rise in stress at low strain
levels, the higher moduli and consequently higher stress values
at break in the MBM104 series are due to the higher glassy con-
tent relative to the MBM146 series. Strain softening at interme-
diate strain levels (~200%) is a common characteristic of TPEGs,
but is not observed in most of the MBM 104 series in Figure 4b.
One plausible explanation for this observation, as well as the
higher moduli, is that cylinders, not spheres, exist in formu-
lations with 50-65 wt% copolymer in the MBM104 series and
offer greater resistance to deformation at low strains than do
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Figure 5. a) Tensile moduli measured at ambient temperature from
uniaxial stress-strain curves and presented as a function of copolymer
concentration for the MBM104 (0) and MBM146 (A) ATPEG series.
b) Values of the stress (open symbols) and strain (filled symbols) evalu-
ated at failure in both copolymer series: MBM104 (diamonds) and
MBM146 (squares). Solid lines are straight lines through the data and
serve as guides for the eye, and error bars correspond to the standard
error in the data.
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Figure 6. Cyclic tensile stress-strain curves obtained by loading and unloading a,b) MBM146 and c,d) MBM104 formulations with a,c) 45 and b,d)
60 wt% copolymer. For clarity, data collected from only the 15 (), 2"¢ () and 30™ (A) cycles are displayed. Hysteresis is evident from (i) the devel-
opment of stress softening (the reduction in stress at the maximum applied strain), (ii) the area within loading-unloading loops and (iii) the non-
recoverable strain, or set (the shift in curves along the strain axis upon cycling).

spheres. Laurer et al.”l and Seitz et al.l”®l independently report
that cylindrical morphologies possess higher moduli than spher-
ical ones in TPEGs and ATPEGs, respectively. At higher strains
near failure, formulations in the MBM146 series in Figure 4a
exhibit significant strain hardening as the midblocks approach
full extension. In sharp contrast, ATPEGs derived from the
MBM104 copolymer display evidence of strain softening at this
limit in Figure 4b due to irreversible deformation and damage
to the glassy M microdomains. Thus, the results presented in
Figure 4 and 5 establish that the two ATPEG series considered
in this study possess markedly different mechanical properties
that relate to copolymer composition and morphology.

As DEs, these ATPEGs are required to withstand cyclic
deformation. To determine their ability to do so, we have sub-
jected them to multicycle uniaxial tensile deformation in two
types of strain-cycling tests. In the first, specimens are cycled
30x between 0 and 100% strain, and the results are shown
in Figure 6 for two formulations (45 and 60 wt% copolymer)
in the MBM104 and MBM146 series. In all cases examined,
the nominal stress-strain response becomes independent
of cycle number after about 25 cycles, which indicates that
our choice of 30 cycles is sufficient to ascertain the cyclic
deformation behavior of the present materials. To facilitate
scrutinization of the data in Figure 6, only the 1%, 20d and
30" loading-unloading loops are shown. In Figure 6a, the
MBM146-45 formulation exhibits virtually indistinguishable

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

loading-unloading loops with complete elastic recovery and
little hysteresis (the level of unrecoverable strain is <5%)
upon repeated tensile deformation, which is strikingly remi-
niscent of styrenic TPEGs discussed elsewhere.?) Minimal
stress softening is also apparent in multiple loading and
unloading cycles over the strain range examined. Figure 6b
shows, however, that the MBM146-60 formulation is more
sensitive to cyclic loading and undergoes limited hysteresis, as
evidenced by a small shift in the data at zero load to a higher
unrecoverable strain (set) after just one cycle. After 30 cycles,
however, the set remains at less than 10% strain. This
specimen also undergoes stress softening that becomes detect-
able after the second cycle and that increases slightly with
copolymer concentration. According to the results provided in
Figure 7, the degree of stress softening, as determined from
a reduction in the ratio of the peak stress measured at 100%
strain (0,) during each cycle (n) to that measured after the
first cycle (07), remains negligibly small for all the ATPEGs
produced from the MBM146 copolymer.

On the basis of their minimal hysteresis, set and stress sof-
tening due to cyclic deformation, it immediately follows that the
MBM146-based ATPEGs appear suitable for use in continuous
electroactuation applications. This is not the case, however, for
formulations derived from the MBM104 copolymer. In Figure 6¢
and 6d, corresponding to the MBM104-45 and MBM104-60
systems, hysteretic losses due to cycling are pronounced and
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Figure 7. Stress softening evaluated from cyclic tensile stress-strain
curves as the maximum stress of each cycle (o,) normalized by that of
the first cycle (07) and presented as a function of cycle number (n) for
the MBM146 and MBM104 ATPEG series (solid and dashed lines, respec-
tively). The curves are shifted vertically by one unit for clarity, and the
copolymer concentrations (in wt%) are labeled.

become progressively worse as the copolymer concentration
is increased. Stress softening is clearly discernible in all these
ATPEGs and increases with increasing copolymer concentra-
tion (cf. Figure 7). For comparative purposes, the value of 03¢/ 0y
for the MBM104-65 formulation is 50%, in marked contrast to
96% for the MBM146-65 formulation under identical test con-
ditions. Similarly, values of the set measured for both ATPEG
series and included in Figure 8 confirm that those generated
from the MBM104 copolymer are considerably more sensitive
to cycling than those derived from the MBM146 copolymer. In
fact, set values determined for formulations with the MBM146
copolymer are typically less than or equal to 5%, whereas those
for materials incorporating the MBM104 copolymer can exceed
35% after 30 cycles, suggesting that these systems may not be
suited for use as actuators that could require millions of strain
cycles during their active lifetime.

The mechanical properties of the ATPEGs under investiga-
tion here can be explained in light of their nanoscale morpholo-
gies. The prominent hysteresis loops, set and stress softening
displayed by the MBM104-based ATPEGs upon cycling are
largely attributed to the permanent deformation of glassy M

40
30f
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Set (%)
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0_....I....I....l....l....l....
40 45 50 55 60 65 70

Copolymer concentration (wt%)

Figure 8. Dependence of non-recoverable strain (set) measured at the
end of 30 loading-unloading cycles up to 100% strain on copolymer con-
centration for the MBM104 (©) and MBM146 (A) ATPEG series. Solid
lines are linear fits to the data and serve as guides for the eye.
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microdomains that, as cylinders, are discrete but potentially long
and intertwined. In this case, the cyclic mechanical properties of
network materials possessing anisotropic glassy microdomains
are expected to display evidence of viscoelasticity, unlike analo-
gous systems containing uniformly-dispersed, spherical M micro-
domains. Recall, for instance, that the MBM146-45 formulation
possesses a spherical morphology according to SAXS (cf. Figure 2
and 3) and exhibits a nearly elastic response to cyclic deforma-
tion in Figure 6a. Comparable behavior is retained when the
strain is doubled to 200%. These observations support the find-
ings of Seitz et al.?®l and Mamodia,*” who report that discretely
distributed spheres suffer negligible deformation under uniaxial
tension. Even under biaxial tension, the deformation of glassy
spheres in a TPEG is minimal.®!! Another consideration here
is the fraction of bridged midblocks, which dictates the connec-
tivity of the network responsible for the mechanical integrity, as
well as the recoverability, of a swollen triblock copolymer sub-
jected to deformation. Matsen and Thompson[®? predict, on the
basis of self-consistent field theory, that the fraction of bridged
midblocks is the largest for the spherical morphology, in which
case it immediately follows that the restorative capability of the
midblock network decreases upon changing from a spherical to
a cylindrical morphology.

Although the bridging fraction may differ considerably
between spherical and cylindrical block copolymer morpholo-
gies, we do not believe that the bridge fraction changes appre-
ciably during cyclic loading. The ATPEG series derived from
the MBM104 copolymer, for instance, exhibits permanent
deformation in all the formulations examined here. Except
for MBM104-45 (whose morphology cannot be classified from
SAXS), all other formulations possess hexagonally-packed cylin-
ders, according to the SAXS patterns provided in Figures 2 and 3.
In cyclic loading tests, the maximum damage to the material
occurs during the first loading cycle, after which subsequent
damage continues incrementally in subsequent cycles. Recovery
achieved during the unloading cycles is due almost exclusively
to the bridged midblocks. If M endblocks were to pull out from
glassy micelles during deformation, the population of bridged
midblocks would decrease and the unloading behavior, in turn,
would most likely continue to evolve as the number of cycles
increased. According to the data presented in Figure 6¢ and 6d
(as well as additional data not shown for other formulations),
the unloading curves appear similar in each cycle, strongly
suggesting that the bridging fraction remains unchanged
during tensile deformation under the test conditions employed
here. Since the tests have been performed at ambient tempera-
ture (below T, of the M blocks), we instead suspect that frac-
ture or otherwise permanent deformation of the glassy cylin-
drical microdomains under loads exceeding their elastic limit
is responsible for the results displayed in Figure 6-8. Results
from the second cycling test (described in detail below) are con-
sistent with this conclusion. In these tests, samples subjected
to increasing stress after a single cycle to a predetermined
stress show evidence of additional energy dissipation, softening
and set consistent with increased deformation and/or fracture
of the M cylinders. Similar behavior independently reported for
ATPEGs on the basis of compression testing!' and indentation
techniques?®! has been ascribed to morphological differences
deduced solely on the basis of composition.
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0.80 rapidly reaches the quasi-static tensile curve (cf. Figure 4)
[ ] measured at the same composition (identified by open circles
= ol b in Figure 9). According to Roos and Creton!”! and Drozdov,?*]
e ' this characteristic is a signature feature of the Mullins effect,
s I ] thereby confirming our earlier conclusion.
& 040 . On one hand, the Mullins effect is apparent at all composi-
3 I i tions in the MBM104-based ATPEG series (data not shown), and
5 0.20 | ] it becomes more pronounced as the copolymer concentration is
H increased from 45 to 65 wt%. In the MBM146-45 formulation,
L ogos ] on the other hand, evidence of the Mullins effect is completely
0.00 #=Frmmm absent, but becomes increasingly discernible with increasing
80 prers ] polymer concentration. These observations are likewise con-
25k 3 sistent with the ATPEG morphologies assigned from SAXS, as
—~ ] well as the observations reported by Mamodial®¥ for neat sty-
& 20f 3 renic triblock copolymers. Glassy cylinders (in the MBM104
>3 . 3 series) can undergo microbuckling and form a chevron-type
@ 15¢ E pattern, which results in the Mullins effect. The increase in this
L0 ; 3 effect with increasing copolymer concentration may reflect cor-
] ; ] responding changes in the dimensions of the glassy cylinders,
0.5 4 7 since resistance to fracture or permanent deformation depends
00 4 on both cylinder size and modulus.?® Although an experimen-
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Figure 9. Cyclic tensile loading-unloading curves measured between
stress points as the upper stress limit is progressively increased after
completing 1 cycle for the a) MBM146 and b) MBM104 ATPEGs with
60 wt% copolymer. Subsequent cycles are differentiated by alternating
solid and dotted lines. Corresponding data obtained from tensile tests
conducted to failure (o, cf. Figure 4) are included.

Stress softening (cf. Figure 7) is a frequently encountered phe-
nomenon widely referred to as the Mullins effect in filled rub-
bersB and crystallizing gums.?¥ It has been interpreted?®! in
terms of molecular-level processes such as molecular slippage,
chain breakage and chain disentanglement and is manifested as
a significant reduction in stress. Recently, this effect has been
reported to occur in styrenic TPEs due to either strain-induced
crystallization of the polyolefin midblocks (which depends on
midblock composition and chain length) or microbuckling of
glassy cylindrical or lamellar microdomains.?**%l In the present
study, midblock crystallization in the presence of DOP can be
immediately ruled out, and so we only consider further the
second possibility. To determine if the present ATPEGs display
evidence of the Mullins effect, cyclic tensile tests have been per-
formed between two stresses — a maximum (Gy,,,) and a min-
imum (Op,;,) — with 0y, increased stepwise after completion
of each cycle. Representative test results are provided in Figure 9
for formulations containing 60 wt% copolymer in both series.
Several features in this figure warrant discussion. The nominal
stress-strain curves corresponding to loading and unloading
in Figure 9a and 9b are strongly nonlinear and reminiscent of
the data shown earlier in 6b and 6d, respectively. The hyster-
esis energy, as determined from the area between the loading
and unloading curves in each cycle, increases noticeably as Gy,
is increased in both systems and is attributed to an increase
in the strain-induced damage to the glassy microdomains.
When 0y, is subsequently increased after completing a
loading-unloading cycle at a given stress, the stress—strain curve

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

tally corroborated correlation is not yet established between
microdomain stiffness and the Mullins effect, variation in
microdomain size with copolymer concentration could help to
explain the property trends ascertained in the MBM104-based
ATPEG series. In Figure 2a and 3a, for instance, the principal
peak systematically broadens (which means that the cylin-
drical diameter correspondingly decreases) as the copolymer
concentration is increased. This variation suggests that the
Mullins effect, under comparable load cycling, becomes increas-
ingly pronounced as the glassy cylinders become thinner. This
observation is certainly amenable to further experimental veri-
fication and computer simulation. In the one formulation pos-
sessing an unequivocal spherical morphology (MBM146-45),
no microbuckling of the glassy microdomains can occur and,
hence, no Mullins effect is observed.

In the discussion above, we demonstrate that the Mul-
lins effect is a consequence of the cylindrical microdomains
in the ATPEGs produced from the MBM104 copolymer. Can
this relationship help to identify the unclassified morpholo-
gies in the MBM104 and MBM146 series? Although electron
microscopy, coupled with electron tomography®*! when nec-
essary, is conventionally used to identify the morphology of
microphase-separated block copolymer systems, the M and B
blocks of the parent MBM copolymers are chemically similar
and, as acrylics, are inherently resistant to most heavy-metal
stains, thereby making selective staining to enhance phase
contrast difficult, if at all possible. While such efforts remain
underway, we turn our attention to an alternative and somewhat
unconventional approach to morphological determination. If
the SAXS patterns displayed in Figure 2 and 3 are considered in
light of the mechanical property results provided in Figure 6-9,
then additional insight into the morphologies of the unclassified
formulations can be gleaned. First, recall that the undetermined
MBM146 morphologies possess similar scattering patterns and
are therefore considered to be the same. Second, these mor-
phologies are likely to be dispersed since they reside between
hexagonally-packed cylinders (MBM146-100) and bcc spheres
(MBM146-45). Since spherical morphologies do not show

Adv. Funct. Mater. 2012, 22, 2100-2113
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evidence of the Mullins effect,?” the unclassified morphologies
in the MBM146 series are most likely not spherical in nature.
As they exhibit the Mullins effect to a relatively small degree,
however, we suspect that the morphology is slightly anisotropic
(to permit detectable strain-induced microdomain fracture or
permanent deformation). Morphologies consistent with these
requirements include short, stubby cylinders or, alternatively,
ellipsoids that, because of their slight anisotropy, do not readily
arrange on a lattice. Another possibility is a mixed morphology
composed of spheres with a small fraction of cylinders that frus-
trate lattice packing and undergo strain-induced damage upon
cycling. In the case of the undetermined MBM104-45 formula-
tion, the Mullins effect is also clearly encountered. This feature,
combined with the composition of this material (24 vol% M),
strongly suggests that the morphology in this ATPEG is either
cylindrical or a mixture of cylinders and spheres.

4.3. Electromechanical properties

Interest in selectively swollen triblock copolymer systems as
DEs capable of being finely tuned in the manner by which they
respond to an applied electric fields continues to grow, and this
study represents the first attempt to employ ATPEGs for the
purpose of being used as electromechanical actuators. While
previous investigations of ATPEGs have utilized midblock-
selective solvents with relatively high vapor pressures suitable
for materials processing, use of high-boiling DOP as the mid-
block extender in the present study permits extended stabi-
lization of the resulting materials for application purposes.
Preferential compatibility between the copolymer midblock and
DOP can be explained in terms of their solubility parameters
(6). The value of & for the B midblock [9.1 (cal/cm?)!/2]B
is marginally closer to that of DOP [7.9 (cal/cm?)Y/2*% than is &
of the M endblock [9.3 (cal/cm?)!/?).3% The difference in solvent
quality relative to the copolymer blocks, coupled with the com-
positions and molecular weights of the two copolymers and
the solvent concentrations examined, promotes micellization
(spherical, cylindrical or an intermediate/mixture thereof) of
M blocks embedded in a matrix of B blocks swollen with DOP.
Due to the similarity in the chemical nature (and solubility
parameters) of the blocks comprising the copolymers, how-
ever, the solubility of DOP in M cannot be ignored, in which
case it is reasonable to expect that the micelles containing M
cores are somewhat swollen by DOP. An undesirable rami-
fication of DOP in the micellar cores is a reduction in the
upper T, due to plasticization of the endblocks, which serve
as the physical cross-links responsible for network stabiliza-
tion. Analysis of these depressed T, values (listed in Table 3)
by the Fox-Flory equation indicates that the DOP concentra-
tion within the micellar cores ranges from 3 to 17 wt%.

The mechanical properties reflecting the presence of a
supramolecular micellar network and interrogated in the
previous section confirm that at least some of the present
ATPEGs are suitable candidates as DEs on the basis of their
response to strain cycling. In this section, the dependence of
electrical actuation without mechanical prestrain on copolymer
concentrationisascertained for both series of ATPEGs and quan-
titatively compared with two other DEs previously measured under
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Figure 10. Frequency dependence of the real dielectric constant (&)
measured at three different copolymer concentrations (in wt%) in the a)
MBM146 and b) MBM104 ATPEG series: 45 (0), 55 (A) and 65 (<). Other
ATPEGs not shown (for clarity) exhibit similar trends. Results from the
VHB4910 acrylic elastomer () and SEBS75-45 TPEG (©) are included for
comparison, and the dashed lines serve to connect the data.

comparable test conditions:1?%! (i) a SEBS75-45 TPEG composed
of a styrenic triblock copolymer and reported to attain a
maximum actuation strain of 7% with no mechanical prestrain,
and (ii) the benchmark acrylic elastomer VHB4910, where the last
2 digits identify film thickness (in tenths of a millimeter). Recall
that electroactuation depends on the development of a Max-
well stress that serves to compress the DE under examination.
According to Eq. 1, oy in the case of an ideal DE is dependent
on the dielectric constant of the DE (€) and the applied electric
field (E). Measured values of the real component of the complex
dielectric constant (¢) are provided as a function of frequency for
both copolymer series in Figure 10 and reveal several important
features. The first is that an increase in DOP concentration sig-
nificantly increases € (in one case beyond 5.0), which is not sur-
prising since the dielectric constant of pure DOP is 5.1. Whereas
the VHB4910 acrylic elastomer exhibits a weak maximum in
€ at 100 Hz and decreases slightly, but monotonically, at higher
frequencies, some of the current ATPEGs in the MBM146 series
display a minimum in ¢ at 100 Hz and then become almost
independent of frequency at higher frequencies. In the MBM104
series, € decreases with increasing frequency, but not to the same
extent as the acrylic elastomer. The dependence of € on copolymer
concentration in both ATPEG series is provided at 10* and 10° Hz
in Figure 11 for completeness and confirms, as expected, that &
tends to increase with decreasing copolymer (and increasing DOP)
concentration in both series and at both frequencies.
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Figure 11. Dependence of € on copolymer concentration in the MBM104
(circles, solid lines) and MBM146 (triangles, dashed lines) ATPEG series
evaluated at 10° (open symbols) and 10° (filled symbols) Hz. The solid
and dashed lines serve to connect the data.

The results displayed in Figure 10 and 11 confirm that the
dielectric properties of ATPEGs are composition-tunable and that
these materials are electrically stable over a broad frequency range
spanning over four decades. Such stability is critically important
for high-frequency applications such as those requiring flapping or
rippling motion (e.g., a micro air or underwater vehicle). Figure 10
also shows that measured values of ¢ for the SEBS75-45 TPEG and
the VHB4910 acrylic elastomer are lower (by up to 100% and 30%,
respectively) compared to those of the present ATPEGs. This differ-
ence suggests that the ATPEGs under investigation are more prone
to respond to an applied electric field. Once a test specimen is
mounted on a circular support and compliant electrodes are painted
on both sides of the specimen, an electric field is applied, and the
ensuing actuation is directly evaluated from the lateral (in-plane)
change in active area, as discerned from analysis of real-time video
footage. Values of the maximum actuation strain, as well as the cor-
responding maximum transverse (thickness) strain, measured at
failure for both ATPEG series at ambient temperature are displayed
as a function of copolymer concentration in Figure 12. Included in

120 e
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40f
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Max. actuation strain (%)

Copolymer concentration (wt%)

Figure 12. Maximum electroactuation-induced area (open symbols) and
thickness (filled symbols) strains presented as functions of copolymer
concentration for MBM104 (circles) and MBM146 (triangles) ATPEGs
without mechanical prestrain conditions. Error bars correspond to the
standard error in the data. The corresponding actuation metrics of the
SEBS75-45 TPEG (diamonds) are included for comparison, as are those of
the VHB4910 acrylic elastomer likewise actuated without prestrain (thick
and thin dashed lines denote area and thickness strains, respectively).
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Figure 13. Area actuation strain displayed as a function of applied elec-
tric field for the a) MBM146 and b) MBM104 ATPEG series. Copolymer
concentrations (in wt%) are labeled. Dashed lines serve as guides for the
eye, while the solid lines are linear fits to the electromechanical (pull-in)
instability regime. The images show the active (electrode) area in the
MBM146-65 formulation in (a) at electric fields that are identified (grey
squares) and numbered.

this figure for comparison are results reported?®l for the SEBS75-45
TPEG and the VHB4910 acrylic elastomer without mechanical pre-
strain. At the lowest copolymer concentration investigated (45 wt%),
the largest actuation strain occurs with the MBM146-45 formula-
tion at ~115%, which is about 16x that of the SEBS75-45 TPEG and
14x that of the VHB4910 acrylic elastomer. Recall from Figure 2
and 3 that this material possesses a spherical morphology with no
evidence of the Mullins effect during strain cycling. In both ATPEG
series, an increase in copolymer concentration promotes reductions
in the maximum actuation and transverse strain due to a decrease
in high-e DOP and an increase in modulus.

The in-plane actuation strain is presented as a function of
the nominal electric field (normalized with respect to initial
film thickness) in Figure 13 for all the ATPEGs examined here.
Although both ATPEG series display a similar and conventional
response to the applied electric field, Figure 13a reveals an
experimental phenomenon resulting from electromechanical
stability™*!] that has not been previously reported: buckling. As
the applied electric field is increased, a film thins so that the
actual electric field is higher than the nominal electric field.
This increase in electric field promotes further nonuniform
thinning of the DE, followed by eventual failure. Before failure,
the constraints imposed by the relatively stiff boundary of the
active area, coupled with electromechanical instability, promotes
out-of-plane deformation, as evidenced by the development of
specimen buckling. Images acquired from the MBM146-65
formulation at three electric fields are numbered in Figure 13a

Adv. Funct. Mater. 2012, 22, 2100-2113
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Figure 14. Maximum (breakdown) electric field displayed as a function of
copolymer concentration for the MBM104 (0) and MBM146 (A) ATPEG
series. The solid lines are linear regressions to the data and are provided
as guides for the eye.

and show the formation of buckles, which is only observed
in the case of the MBM146-based ATPEG series. We attribute
this difference in electroactuation behavior to the lengths of
the copolymer midblocks. Recall that the MBM104 copolymer
possesses shorter midblocks that are extended upon micro-
phase separation (before electroactuation). As the midblocks
are stretched further at the onset of actuation, the film quickly
stiffens to prevent the occurrence of instability.*!! Failure at
higher electric fields is a consequence of dielectric breakdown,
the second mode of soft dielectric material failure according
to Zhao and Suo.*Y In the case of ATPEGs derived from the
MBM146 copolymer, however, the midblocks are longer and
can stretch more during actuation, thereby accommodating
electromechanical instability. An implication of out-of-plane
buckling is that the strain values (area and thickness) shown in
Figure 12 are underestimated significantly.

The results displayed in Figure 13 permit direct comparison
of the electric fields required for actuation. Maximum actuation
(115% area strain) in the MBM146-45 system occurs at 26 kV/mm,
whereas that in the MBM104-45 formulation (65% strain)
requires a higher electric field (50 kV/mm). Under similar test
conditions, the VHB4910 acrylic elastomer fails at 17-34 kV/mm
after only ~7% actuation strain,?®) thus establishing the supe-
rior actuation performance of ATPEGs without mechanical
prestrain. It is important to realize that the electric fields
needed to actuate the ATPEGS in this work are generally
lower than those required to actuate biaxially-prestrained DEs.
While the precise reason for such improved actuation effi-
cacy remains unclear, we contend that it is a consequence of
the higher € of the ATPEGs (due to the presence of DOP), in
conjunction with the morphology-dependent mechanical prop-
erties of the materials. With regard to the latter consideration,
a trend reported for DEs generated from SEBS-based TPEGs
is that materials possessing the same (spherical) morphology
exhibit overlapping trends in actuation strains and breakdown
electric fields irrespective of copolymer molecular weight. In
Figure 14, the dielectric breakdown field is consistently higher
in the MBM104 series and increases linearly with increasing
copolymer concentration in both ATPEG series. Recall that, with
the exception of the MBM104-45 formulation, all the ATPEGs
in the MBM104 series possess cylindrical morphologies. A bcc
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Figure 15. Dependence of a) energy density (F) and b) electromechanical
coupling efficiency (K?) on copolymer concentration for MBM104 (o) and
MBM146 (A) ATPEGs subjected to electroactuation without mechanical
prestrain. Error bars correspond to the standard error in the data. Cor-
responding results obtained under similar test conditions from the
SEBS75-45 TPEG (®) and VHB4910 acrylic elastomer (dashed line) are
included for comparison. Solid lines serve to connect the data.

spherical morphology can therefore be reasonably anticipated
at copolymer concentrations below 45 wt%. According to SAXS
(cf. Figure 2 and 3), the spherical morphology does exist in
the MBM146-45 system. Linear extrapolation of the two data-
sets displayed in Figure 14 provides the point of intersection at
~33 wt% copolymer, which corresponds to about 9 and 14 vol%
M in the MBM146 and MBM104 series, respectively. At this
concentration, a spherical morphology can be expected to form
and, from the relationship established by Shankar et al.,*! the
actuation strains should be comparable. Difficulty associated
with the preparation of such materials (which readily damage
because they are excessively soft) has, however, thus far pre-
cluded experimental confirmation of this supposition.

Two additional electroactuation performance metrics intro-
duced earlier in the Electroactuation Background and described
in detail elsewhere*®! — the energy density (F) and electro-
mechanical coupling efficiency (K?) — are shown as func-
tions of copolymer concentration in Figure 15a and Figure 15b,
respectively. In Figure 15a, values of F determined from both
ATPEG series are greater than those of the VHB4910 acrylic
elastomer and SEBS75-45 TPEG. In addition, values of F calcu-
lated for the MBM146 series, while consistently lower than those
from the MBM104 series, are nearly independent of copolymer
concentration. This is not the case for K2 shown in Figure 15b.
Here, values of K? calculated for the MBM146 series are signifi-
cantly and generally larger than those from the MBM104 series.
The maximum values of K* from each series are 77 and 64%,
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respectively, in marked contrast to 14% from the VHB4910 acrylic
elastomer and 12% from the SEBS75-45 TPEG. It is important to
recognize that the maximum efficiencies exhibited by the ATPEGs
are higher than many DEs subjected to mechanical prestrain prior
to electroactuation.! The current range of maximum efficiencies
afforded by DEs (including those composed of VHB4910 or var-
ious TPEGs) are highlighted for completeness in Figure 15b. The
results obtained from the MBM104-based ATPEG series display
two intriguing features: (i) K? increases sharply with decreasing
copolymer concentration, and (ii) K? levels off at the value of K?
determined from the VHB4910 elastomer at high copolymer con-
centrations. Since F and K? are calculated from transverse strains
and, as explained earlier, these strains are underestimated due to
the onset of electromechanical instability, the values obtained for
these metrics are also anticipated to be largely underestimated.
Comparison of these performance metrics with those of mam-
malian skeletal muscle in Table 1 confirm that the ATPEGs
investigated here generally possess comparable, if not superior,
electroactuation characteristics relative to muscle and are therefore
suitable, on this basis, for (micro)robotic applications. In addition,
these materials constitute ideal candidates as functional materials
for large-scale touchscreen devices (e.g., televisions and computer
screens) in which DEs requiring mechanical prestrain could be
irreparably problematic over time.

5. Conclusions

Thermoplastic elastomer gels composed of MBM triblock copoly-
mers differing in molecular weight and composition and a low-
volatility, B-selective solvent consist of M micelles (spherical or
cylindrical) dispersed in a solventrich matrix. With the excep-
tion of one system (MBM104-45), all the MBM104 formulations
examined here possess the hexagonally-packed cylindrical mor-
phology, according to SAXS analysis. In marked contrast, the only
morphology that could be conclusively assigned on the basis of
SAXS data in the MBM146 series is spherical on a bec lattice (for
MBM146-45). Mechanical property analysis reveals that an increase
in copolymer concentration promotes concurrent increases in the
ultimate stress at failure and the tensile modulus due to a corre-
sponding increase in the fraction of the glassy M endblocks. The
Mullins effect, described as stress softening upon cyclic loading
and unloading, is observed in the MBM104 ATPEG series, but not
to the same extent in the MBM146 series. The existence of dis-
persed cylinders that microbuckle under stress are presumed to be
responsible for this behavior. Due to its spherical morphology, how-
ever, the MBM146-45 system displays almost no evidence of this
effect. This observation strongly suggests that, within the present
ATPEG series, the dispersed elements comprising the copolymer
nanostructure must be rigid (glassy) and irreversibly deform under
an applied load for the Mullins effect to manifest. As expected,
the mechanical properties of ATPEGs directly influence the elec-
troactuation properties achieved, with stiffer materials exhibiting
smaller actuation strains. Due to their relatively high dielectric
constants, the present ATPEGs undergo actuation without any
mechanical prestrain and at relatively low electric fields compared
to other DEs. Measured actuation strains are sensitive to both
copolymer nanostructure and tensile modulus. Electromechanical
instability resulting in out-of-plane actuation appears as buckles
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and develops in the MBM 146 series due most likely to the longer B
midblock than in the MBM104 series. Cylindrical copolymer mor-
phologies exhibit higher breakdown electric fields than spherical
morphologies, thus confirming that the copolymer nanostructure
directly influences the development of electromechanical proper-
ties. Maximum values of actuation (area) strain, energy density
and electromechanical coupling efficiency — ~110%, ~50 kJ/m?
and ~80%, respectively — match or exceed the electromechanical
attributes of skeletal muscle (cf. Table 1), thereby making ATPEGs
suitable for a wide variety of biomimetic applications, as well as
advanced engineering and biomedical technologies.
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