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ABSTRACT: The dielectric properties, elastic modulus, and electromechanical responses of dielectric elastomers (DEs) consisting of sil-

icone rubber and carbon black (CB) incorporated with BaTiO3 (BT) were studied. When compared with single filler/rubber compo-

sites, the resulting three-component nanocomposites yielded very abnormal phenomena. They might be attributed to the interactions

between the two kinds of fillers. The increase in concentration of CB (BT) would play a destructive role to the network structure

formed by BT (CB) particles. The maximum electromechanical strain of the nanocomposites achieved at mass fraction mCB ¼ 0.03

and mBT ¼ 0.06. The resultant electromechanical strain would be attributed to the large dielectric permittivity in the three-compo-

nent nanocomposites, in which the BT particles themselves have a high dielectric permittivity and the electrical networks of CB par-

ticles have a contribution on the increase in dielectric permittivity of the three-component nanocomposites. VC 2012 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Laid between two compliant electrodes, dielectric elastomers

(DEs) are capable of being used as electromechanical actua-

tors according to their electromechanical response.1–5 In

recent years, a great deal of efforts has been focused on devel-

oping DEs due to their large deformation, fast response

speed, heavy load driving, and giant energy density when

exposed to electric fields.6–16 Originating from electrostatic

force, it has been shown that the electromechanical response

is related to dielectric constant, elastic modulus, and electric

field strength. However, the unfortunate drawback for DEs

materials is the incredibly high operating voltages (order of

100 MV/m), and therefore, it blocks their commercial viabil-

ity. Theoretically, based on the assumptions that DE film is

an ideal rubber (incompressible and has a Poisson’s ratio of

0.5) with constant modulus and free boundary, and the active

area covers the entire surface of the film, the electric field-

induced strain of the DEs should follow the relation

expressed by

S ¼ e0ecE
2=Y (1)

where Y is the elastic modulus, ec is the relative dielectric per-

mittivity of the materials, and E is the applied electric field

strength.17 Generally, increasing the dielectric permittivity of the

elastomer films is an effective way to reduce the required elec-

tric field strength for the same strain.18–21

The most commonly followed approach to increase dielectric per-

mittivity involves loading the elastomer matrix with high-permit-

tivity ceramic powders.22–26 In some cases, these composites can

lead to significant improvement in dielectric permittivity, but

their efficient enhancement of dielectric permittivity can be

achieved only if the loading of fillers is high enough. Because of

the network structure formed by high loading of fillers, the unin-

tended consequence is the dramatic increase in elastic modulus.

This is a remarkable disadvantage for actuation, because the elec-

tromechanical strain resulting from the electrostatic pressure is

inversely proportional to the elastic modulus of the material.

VC 2012 Wiley Periodicals, Inc.
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To decrease the filler volume fraction while improving the

dielectric permittivity of the composite at the same time, filling

the elastomer host with either organic or inorganic conductive

particles has been adopted.27,28 The conductive filler/elastomer

composites are usually associated with a sudden increase in

dielectric permittivity at certain concentration of filler; this is

attributed to the percolation network structures established by

conductive clusters. However, the resulting composites simulta-

neously show a rapid increase in dielectric loss, follow reduction

of dielectric strength and electromechanical transduction effi-

ciency; such consequences play a negative role to the DEs

deformation.

To overcome such limitations, in this work, both BaTiO3 (BT)

and acetylene carbon black (CB) are added to room tempera-

ture vulcanization silicone rubber. It is expected that two types

of fillers have appreciable advantages over single filler on solving

the contradiction between dielectric permittivity and elastic

modulus. By adjusting the concentration of fillers, the compo-

sites are expected to have improved dielectric properties and

appropriate elastic modulus as well, and their electromechanical

strain responses are also prospected to have considerable

improvement.

EXPERIMENTAL

Materials

It has been proved that silicone rubber is one of the most

promising elastomers among the explored DEs during the last

20 years. Their low modulus, biocompatibility, thermal adapta-

bility, and high elongation stress–strain properties are of signifi-

cant interest.15,16,22–27 Here, room temperature vulcanized poly-

dimethyl siloxane (107 silicone rubber) provided by GE Toshiba

with viscosity of 3600 cSt was used as elastomer host. Acetylene

CB particles were provided by Beijing Calcium Carbide Manu-

factory with about 50 nm in diameter and 60–70 (m2/g) in

surface area. BT powder with about 100 nm in diameter was

received from Guo Teng Ceramic Co. Before use, all the par-

ticles were dried at 100�C for 24 h to eliminate water.

Fabrication of the (CB-BT)/Silicone Rubber Nanocomposites

The CB and BT powders were mixed with silicone rubber using

a three-roll grinding mill at room temperature for 30 min. Cur-

ing agent and activator were subsequently added into the com-

posites for further mixing. Then, the (CB-BT)/silicone rubber

nanocomposites obtained were compressed with a panel under

15 MPa pressure at room temperature for 6 h. The final samples

were composite sheets with a thickness of about 100 mm and

length of 7 cm. To limit the unexpected decrease in the dielec-

tric strength of the (CB-BT)/silicone rubber nanocomposites,

only low contents of CB (from mass fraction mCB ¼ 0.01 to

mCB ¼ 0.05) could be exploited.

Measurement of Microstructures, Dielectric Properties,

Mechanical Properties, and Electromechanical Strain

Responses of the Nanocomposites

The microstructures of the fractured surface of the nanocompo-

sites were characterized by scanning electron microscopy (SEM,

Hitanchi S-4700). The strips tailored SEM samples were first

quenched in liquid-nitrogen, and then, the fractured cross sec-

tion was sprayed by gold. The dielectric properties were meas-

ured by an impedance analyzer (Aglient 4294A), demanding

samples with an area of 1 cm2 and two sides with silver elec-

trode. The mechanical properties, in particular the elastic mod-

ulus, were gained by means of a tensile apparatus (type Ins-

tron1185) at room temperature and with test velocity of 20

mm/min, requiring dumbbell-shaped samples. The actual elec-

tromechanical strain responses perpendicular to the applied

field of the planar sheets were recorded with a Canon SX100 at

sixfold zoom. Before use, the planar sheets were coated with

carbon-powder compliant electrodes with a diameter of 2.5 cm.

Considering the safety and utility, the applied electric field

strength to the samples was below 30 MV/m. The results of me-

chanical properties and electromechanical strain response pre-

sented in this work are the average from at least three samples

with the same compositions.

RESULTS AND DISCUSSION

Microstructure of Fractured Cross Section of the

Nanocomposites

Figure 1 displays the SEM micrograph of the fractured cross

section of the (CB-BT)/silicone rubber nanocomposites at mBT

¼ 0.60 and mCB ¼ 0.01. It was observed that both BT and CB

particles were homogeneously dispersed in the rubber host

without serious aggregation, and the blurry interfaces supported

a strong interaction between the nanosized particles and the

rubber matrix.

Dielectric Properties of the Nanocomposites

Figure 2(a) shows the dependence of the dielectric permittivity

of the nanocomposites on mass fraction of CB at room temper-

ature and 103 Hz. In general, the dielectric permittivity

increased with the increase in mCB at fixed mBT. However, at

fixed mCB, the dielectric permittivity did not change uniformly

with increase in mBT. The curves indicate that at lower mCB,

namely mCB < 0.03, the increasing amount of BT caused an

increase in dielectric permittivity, whereas at higher mCB,

namely mCB � 0.03, the increasing amount of BT induced an

initial increase and subsequent decrease in dielectric

permittivity.

Figure 1. SEM micrograph of fractured cross section of the (CB-BT)/sili-

cone rubber nanocomposites at mBT ¼ 0.60 and mCB ¼ 0.01.

ARTICLE

2 J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38044 WILEYONLINELIBRARY.COM/APP



Figure 2(b) displays the dependence of the dielectric loss of the

(CB-BT)/silicone rubber nanocomposites on mCB at room tem-

perature and 103 Hz. It can be observed that the dielectric loss

of the nanocomposites increased with increasing mCB. It is

worth noting that at lower mass fraction of BT, namely mBT �
0.47, the dielectric loss increased dramatically when mCB was

higher than 0.03. At lower mass fraction of CB (mCB � 0.03),

the dielectric loss was below 0.02, which was beneficial

for highly efficient electromechanical response of the

nanocomposites.

The dependences of the dielectric permittivity and loss of the

nanocomposites with mBT ¼ 0.55 on frequency at room tem-

perature are shown in Figure 3(a, b), respectively. With increas-

ing frequency, the dielectric permittivity of all samples displayed

a slight drop as presented in Figure 3(a). However, the dielectric

permittivity increased with increasing mCB at the same fre-

quency, which would be attributed to the gradual formation of

percolation in the composites. In addition, it could be seen that

the dielectric loss of all samples were below 0.03 from 102 Hz to

106 Hz, which was valuable to electrostriction of composites. Of

course, the dielectric loss increased with increasing mCB at the

same frequency, showing the effect of CB concentration.

Mechanical Properties of the Nanocomposites

Figure 4(a) shows the elastic modulus of the (CB-BT)/silicone

rubber composite with different mass fractions of BT as a func-

tion of mCB. Differing from the general consideration that CB

fillers loading would inevitably stiffen the filler/polymer compo-

sites,29,30 the overall tendency of elastic modulus of the three-

component nanocomposites revealed unusual phenomena. As

shown in Figure 4(a), the elastic modulus first decreased and

subsequently increased with increase in mCB. The phenomena

may be related to the interaction between CB and BT particles.

Additionally, the elastic modulus increased with an increase in

mBT at given mCB, and the lowest values of the elastic modulus

were achieved at different mCB for different mBT. Figure 4(b) also

shows the stress–strain curves of the pure matrix and the three-

component nanocomposites with mBT ¼ 0.55 and different mCB.

Schematic Diagram of the Network Formed by Various Mass

Fractions of BT and CB Particles

As mentioned above, all the obtained results of (CB-BT)/sili-

cone rubber nanocomposites, whether dielectric permittivity or

elastic modulus, behave quite differently compared with the

monotonic behavior of composites loaded with single fillers.

The interpretation of this phenomenon is shown in Figure 5.

Figure 2. Dependences of (a) dielectric permittivity and (b) loss of the

(CB-BT)/silicone rubber nanocomposites on mCB measured at room tem-

perature and 1000 Hz, respectively. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 3. Dependences of (a) dielectric permittivity and (b) dielectric loss

on frequency of the nanocomposites with different compositions. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Here, the gray grain represents BT particle, black grain repre-

sents CB particle, the gray line vividly shows the network

formed by BT particles, and black line means network formed

by CB particles.

In (CB-BT)/silicone rubber nanocomposites, the existence of BT

fillers may hinder the contact between CB particles. In compari-

son with lower BT mass fraction (mBT � 0.47), the high content

of BT particles (mBT � 0.55) most likely leads to higher BT par-

ticles insertion between the adjacent CB particles and accord-

ingly destroys the network formed by CB particles [as shown in

Figure 5(a, c)]. This interacted structure impeded the long-

range electronic transitions and minimized the leakage current

and decreased the dielectric loss, which was undoubtedly proved

by the loss measurements shown in Figure 2(b). Similarly, the

abnormal behavior of dielectric permittivity of the nanocompo-

sites shown in Figure 2(a) also provided proof of this structure.

At higher concentration of CB (mCB � 0.03), the dielectric per-

mittivity initially increased but subsequently decreased with

increase in mBT and in mathematical sense 0.47 shows a maxi-

mum for permittivity versus mBT.

In view of mechanical properties, previous studies on ceramic/

polymer composites have reported a dependence of elastic mod-

ulus on the type of the ceramic and elastomeric polymer matri-

ces.22–26 For CB/elastomer composites, an increase in elastic

modulus is reported.28,29 In this study, the elastic modulus

showed an increase with increasing mBT at given mCB as shown

in Figure 4(a). However, with increasing mCB at given mBT, an

initial decrease followed by an increase in elastic modulus was

observed. This unusual phenomenon could also be interpreted

by schematic diagram displayed in Figure 5. When comparing

Figure 5(b) with Figure 5(c), it is noted that with the increase

in mass fraction of CB, more and more insertion of CB particles

may destroy the network formed by BT fillers. Moreover, the

particles with varying size (dCB ¼ 50 nm, dBT ¼ 100 nm) would

enlarge the packing volume fraction of the fillers.31 Because of

these mentioned reasons, the elastic modulus would decrease

with increase in mCB. Of course, by further increase in CB fill-

ers, the CB network would be reformed gradually and would

raise the elastic modulus again.

Electromechanical Strain Response of the Nanocomposites

As evidenced by the results gained from the independent dielec-

tric and mechanical tests, it is worth noting that the content

adjustment of mCB and mBT seems to be responsible for the

abnormal trend of dielectric permittivity and elastic modulus.

High values of dielectric permittivity along with low elastic

modulus were acquired at a particular content of CB located

between mCB ¼ 0.02–0.04 (around 0.03), and they happened to

Figure 4. (a) Dependence of elastic modulus on mCB with various mBT;

(b) stress–strain curves of the pure matrix and the three-component

nanocomposites with mBT ¼ 0.55 and different mCB. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Schematic diagram of the network formed by various mass fractions of BT and CB particles with (a) mBT � 0.47, mCB � 0.03, (b) mBT �
0.55, mCB < 0.03, and (c) mBT � 0.55, mCB � 0.03.
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be two advantageous features for an energy transduction mate-

rial to achieve larger strains. Here, the actual electromechanical

strain response of the (CB-BT)/silicone rubber nanocomposites

with mBT ¼ 0.47, 0.55, and 0.60 were reported in Figure 6(a–c)

as a function of mCB. In fact, due to the leakage current raised

by the CB network structure, at lower content of BT (mBT <

0.47), the dielectric strength was so small that the nanocompo-

sites failed to provide any measurable deformation.

According to eq. (1), it is obvious that at the same electric field,

the higher is the quotient ec=Y , the larger would be the theoret-

ical strain response (s). Or in other words, the ec=Y has the

same trend with the s Hence, the ec=Y was used to represent

the theoretical strain response. Considering that dielectric per-

mittivity had a weak dependence on frequency, it is reasonable

to think that the ec=Y might have similar tendencies at different

frequencies. In this work, the used value of ec was at 1000 Hz.

When comparing the curves in Figures 6 and 7, it is found that

the values of ec=Y first increased but subsequently decreased

with the increase in mCB, and the actual strain responses also

showed the same trend. Additionally, the trend became more

and more significant as the electric field strength increased. The

maximum values of ec=Y were found at around mCB ¼ 0.03–

0.04 with specific mBT, namely mBT ¼ 0.47, 0.55, and 0.60. As

reasonably expected, the actual maximum strains were also

reached at around mCB ¼ 0.03–0.04 for each given mBT. For

instance, at mBT ¼ 0.47 and 30 MV/m, a strain of 7.13% was

observed at mCB ¼ 0.03, and it was four times higher than at

mCB ¼ 0.01 or mCB ¼ 0.05, as shown in Figure 6(a). Figure

6(b, c) showed the maximum strain of 6.42% and 7.46% at

(mBT ¼ 0.55, mCB ¼ 0.04) and (mBT ¼ 0.60, mCB ¼ 0.03),

respectively.

Based on the data originated from the independent dielectric

and mechanical tests, the maximum theoretical value of strain

response should have achieved at filler concentration combina-

tion of mCB ¼ 0.03 and mBT ¼ 0.47 as shown in Figure 7.

However, the experimental maximum strain response obtained

from the electromechanical strain response deviated from theo-

retical values and shifted to new filler concentration combina-

tion of mCB ¼ 0.03 and mBT ¼ 0.60. The differences between

theory and test may be attributed to the dielectric loss. In fact,

besides Y, ec and E, the electromechanical strain response of

DEs is related with several other factors, such as the dielectric

Figure 6. Electromechanical strain response at different electric fields as a

function of mass fraction of CB with (a) mBT ¼ 0.47, (b) mBT ¼ 0.55,

and (c) mBT ¼ 0.60. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 7. Dependence of ec=Y on the mass fraction of CB in the (CB-

BT)/silicone rubber nanocomposites. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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loss, type of electrode, structure of the actuator, and so on. It is

easy to find in Figure 2(b) that the dielectric loss value of the

nanocomposites with mCB > 0.03 and mBT ¼ 0.47 was higher

than that with mCB > 0.03 and mBT ¼ 0.60, which illustrated

that the energy transferred by electric field might be dissipated

as heat rather than being stored in the form of elastic energy. In

brief, according to the results from Figures 6 and 7, mCB ¼ 0.03

and mBT ¼ 0.60 seem to represent the optimal concentration of

fillers of the nanocomposites according to the electromechanical

strain response.

CONCLUSIONS

Different from previous reports that both the dielectric permit-

tivity and the elastic modulus would increase inevitably with

the increase in concentration of inorganic fillers, this work dem-

onstrated an increase in dielectric permittivity and an decrease

of elastic modulus in the (CB-BT)/silicone rubber nanocompo-

sites. The interesting results were attributed to the interaction

between two different types of fillers, which played a negative

role to the network formed by each other. The varying size of

the particles further enlarged the packing volume of the fillers.

Both, dielectric loss and elastic modulus, decreased by the dis-

ruption of the network structure. All of these factors synergisti-

cally contributed to a remarkable increase in the electromechan-

ical strain response. The maximum strain response was found at

mCB ¼ 0.03 and mBT ¼ 0.60. Although the result disagreed

with the optimal concentrations of fillers calculated theoreti-

cally, this is acceptable by further considering the dielectric loss.

The approach proposed in this work can be extended to differ-

ent kinds of conductive-ceramic fillers and elastomer matrices.

These improvements may lead to the development of functional

materials with improved electromechanical response.
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