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Abstract

:

Dielectric elastomer (DE) is a type of electric field type electroactive polymer material that can produce greater deformation under the action of an electric field and has a faster recovery speed. It has the advantages of high energy density, large strain, low quality, and commercialization, and has become the most widely concerned and researched electroactive polymer material. In this study, copper calcium titanate (CCTO) particles with a large dielectric constant were selected as the filling phase, and a silicone rubber (PDMS) with better biocompatibility and lower elastic modulus was used as the matrix to prepare CCTO/PDMS, which is a new type of dielectric elastomer material. The structure of the dielectric elastomer is analyzed, and its mechanical properties, dielectric properties, and driving deformation are tested. Then, KH550, KH560, and KH570 modified CCTO is used in order to improve the dispersibility of CCTO in PDMS, and modified particles with the best dispersion effect are selected to prepare dielectric elastomer materials. In addition, mechanical properties, dielectric properties, and driving deformation are tested and compared with the dielectric elastomer material before modification. The results show that as the content of CCTO increases, the dielectric constant and elastic modulus of the dielectric elastomer also increase, and the dielectric loss remains basically unchanged at a frequency of 100 Hz. When the filling amount reaches 20 wt%, the dielectric constant of the CCTO/PDMS dielectric elastomer reaches 5.8 (100 Hz), an increase of 120%, while the dielectric loss at this time is only 0.0038 and the elastic modulus is only 0.54 MPa. When the filling amount is 5 wt%, the dielectric elastomer has the largest driving deformation amount, reaching 33.8%. Three silane coupling agents have been successfully grafted onto the surface of CCTO particles, and the KH560 modified CCTO has the best dispersibility in the PDMS matrix. Based on this, a modified CCTO/PDMS dielectric elastomer was prepared. The results show that the improvement of dispersibility improves the dielectric constant. Compared with the unmodified PDMS, when the filling content is 20 wt%, the dielectric constant reaches 6.5 (100 Hz). Compared with PDMS, it has increased by 150%. However, the improvement of dispersion has a greater increase in the elastic modulus, resulting in a decrease in its strain parameters compared with CCTO/PDMS dielectric elastomers, and the electromechanical conversion efficiency has not been significantly improved. When the filling amount of modified CCTO particles is 5 wt%, the dielectric elastomer has the largest driving deformation, reaching 27.4%.
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1. Introduction


Among the various new materials, polymer smart materials have attracted widespread attention from the academic community due to their advantages of light weight, high strength, large deformation, good biocompatibility, good processing performance, and low price [1,2]. Polymer smart materials can produce corresponding stress responses to specific external stimuli, such as electric field changes, temperature changes [3], light [4], magnetism [5], pH, and other stimuli that produce specific responses, including structural changes, color changes [6], and shape changes, as well as other forms. Therefore, it has played a good role in promoting the interdisciplinary development and cross development of other disciplines.



The deformation scale of DE material under the action of electric field is very large, the area deformation can generally exceed 100%, and its response to stimuli is also very sensitive. The response speed is usually in the millisecond level, and the maximum stress can reach 3.3 above MPa, the energy density reaches 3.4 J/g, and the electromechanical conversion efficiency is above 80% [7]. In other words, the deformation scale and efficiency of DE materials are very close to those of electro-deformable materials, but they require lower energy, lighter weight, and overall performance similar to the muscle tissue. In addition, these data are constantly on the rise, thus research on DE materials is very necessary [8,9].



Silicone rubber is not sensitive to temperature and humidity, and at the same time, it has a wide temperature range and a very fast response speed. In addition, silicone rubber materials have good biocompatibility and are the first choice for artificial muscle materials, which are widely used in the medical field [10,11,12]. The molecular formula of silicone rubber is shown in Figure 1:



Commonly used silicone rubber materials are the HS3 series rubber, Sylgard series silicone rubber, CF series silicone rubber, etc. [10]. However, as a common non-polar rubber, silicone rubber has a low dielectric constant and a higher elastic modulus than VHB (a series of polyacrylate pressure-sensitive adhesives produced by 3M in the United States) series materials. Therefore, a larger field strength is required to obtain a larger amount of deformation. When the amount of deformation is large enough, due to the inherent characteristics of rubber, its elastic modulus will also increase rapidly, which further limits its development [13,14,15].



The most common way to improve the performance of DE is to increase the dielectric constant of DE, which is also an active field of DE material research. Increasing the dielectric constant of the material can effectively reduce the driving voltage and achieve higher electromechanical conversion efficiency. Common methods include filling ferroelectric ceramic materials and filling conductive fillers. Kumar et al. [16] prepared BT randomly filled PDMS and BT oriented filled PDMS dielectric elastomers. Compared with silicone composites cured in the absence of an electric field, they are filled with 15% filler content in the presence of an electric field. The cured silicone composite material has a higher dielectric constant (3.8, 100 Hz). The elongation at break of the oriented particle composite material increases, and when the filling load is 15%, the actuation strain area increases from 5.5% to 18%. By adding 5.1 vol% CCTO to PDMS, Romasanta et al. [17] significantly improved the dielectric and mechanical properties of the dielectric elastomer of the CCTO/PDMS composite material. The maximum deformation of the dielectric elastomer increased by 100%. Compared with PDMS, the driving voltage required to achieve the same deformation is reduced by 25%. Gall et al. [18] explored the electrical performance of PMN-PT/PMDS composites. With a 30 wt% addition of composites, the dielectric constant increased from 8 to 32 at 10 Hz, but the loss and elastic modulus also increased. Galantini et al. [19] doped PU with functionalized multi-walled carbon nanotubes to significantly increase the dielectric constant and reduce the elastic modulus.



Copper calcium titanate (CCTO), as a functional ceramic material, has many excellent properties. The most typical advantage is its excellent dielectric properties. It is a giant dielectric ceramic material with a large relative dielectric constant (under the condition of 1 kHz, the measured dielectric constant is about 1500), and its relative dielectric constant is very stable (DC-106 Hz). When the frequency changes greatly or the temperature changes (100–400 K), the relative permittivity changes are very small [20,21].



In this study, the giant dielectric ceramic particles of copper calcium titanate (CCTO) were used as a reinforcing material to be dispersed in PDMS, in order to obtain a dielectric elastomer with high dielectric constant and low elastic modulus, using silane coupling modified CCTO to enhance its dispersibility in PDMS. On the other hand, the influence of the filler content on the properties of dielectric elastomers was explored.




2. Experimental


2.1. Materials


Analytical pure absolute ethanol, tetrahydrofuran, Yaohua brand silane coupling agents KH550(NH2(CH2)3Si(OC2H5)3), KH560(CH2CH(O)CH2O(CH2)3Si(OCH3)3), and KH570(CH2=C(CH3)COO(CH2)3Si(OCH3)3), Dow Corning′s Sylgard 184 silicone rubber and its matching curing agent, as well as industrial pure copper calcium titanate particles were produced by the lock screen of Hunan Kelai New Material Co., Ltd (Changde, China).




2.2. Measurements


A FEI Sirion200 field emission scanning electron microscope was used to characterize the microstructure of the particles. The unmodified CCTO particles and @CCTO modified with a silane coupling agent were observed, the energy spectrum was drawn, and the dispersion in PDMS was characterized. The unmodified CCTO particles and @CCTO modified with a silane coupling agent were tested and characterized by an X-ray diffractometer produced by the Dutch company PANalytical, and the crystal form changes and the interlamellar spacing were analyzed. A Nicolet iS10 infrared spectrometer was used to test and characterize the unmodified CCTO particles and @CCTO modified with a silane coupling agent, and then the unmodified and modified PDMS films were tested. The Alpha-A broadband dielectric spectrometer produced by Novocontrol in Germany was used to test the dielectric properties of the composite material. The AGS-J10 electronic universal testing machine from Shimadzu Corporation of Japan was used to test the elastic modulus of the composite material. The DTZG-60 high-voltage DC power supply was used to test the electro-deformation behavior of the samples.




2.3. Preparation of CCTO/PDMS Dielectric Elastomer


First, the CCTO was placed in a vacuum oven and taken out after a constant weight. A certain amount of CCTO was weighed and grinded with an agate mortar for 20 min until there were no large particles. Then, the solution was added to tetrahydrofuran, sealed, and ultrasonically dispersed for 20 min. After the dispersion was uniform, the CCTO tetrahydrofuran solution was mixed with the A and B components of Sylgard 184 silicone rubber mixed in a 20:1 mass ratio, and stirred well for 30 min to obtain a uniform. The mixed solution was poured into the preheated self-made iron mold coated with a white petrolatum release agent, and heated in an oven at 80 °C for 2 h. After the curing was complete, the sample was taken out to obtain the CCTO/PDMS composite material.




2.4. Preparation of CCTO/PDMS Dielectric Elastomers Modified by Different Silane Coupling Agents


A certain amount of dried CCTO was added to absolute ethanol and dispersed for 30 min. In another beaker, 1% KH550 of CCTO mass (KH560 and KH570 are the same) and absolute ethanol were added and dispersed for 30 min. Then, the dispersed CCTO ethanol solution and the silane coupling agent ethanol solution were mixed, stirred for 2 h, and after the mixture fully reflected, ethanol was used to clean, centrifuge, and remove the supernatant three times. After that, the solution was placed in a 70 °C oven, baked to a constant weight, and taken out to obtain a silane coupling agent modified CCTO, which was marked as @CCTO. The preparation method of @CCTO/PDMS was the same as that of CCTO/PDMS.




2.5. Manufacturing of Dielectric Elastomer Actuators


The DE film was made into a circular sheet with a radius of 55 mm, and the edge of the circular sheet was fixed with a self-made PMMA clamp. A conductive carbon paste with a radius of 10 mm and a thickness of 1 mm was applied evenly on the centers of both sides of the DE film, and connected to the high-voltage power supply with a wire. During the boosting process, a camera was used to record the deformation. In the Photoshop software, the number of pixels represents the area change. Three elastomers for each group of samples were prepared and the average value was taken.





3. Results and Discussion


3.1. Characterization of CCTO Particle Microstructure


As observed in Figure 2, the main features of the calcium copper titanate are consistent with the position and intensity of the diffraction peaks of the standard spectrum of copper calcium titanate (JCPD Cade No. 21-0140). In addition, there are fewer and smaller impurity peaks, indicating that the purity of copper calcium titanate is relatively high and the crystal form is uniform. The stronger main peak intensity of CCTO means that its crystallinity is higher and the crystal grains are larger.



The SEM analysis result of CCTO particle morphology is shown in Figure 3a. As can be seen, the CCTO particles are irregularly spherical, and have uneven particle sizes. The particle size distribution diagram is shown in Figure 3b, with an average particle size of 1.2 µm.




3.2. Analysis of Microscopic Appearance of Three Modified Particles


Figure 4 shows the SEM image of three kinds of modified particles. Observing the spectrum shows that the addition of the coupling agent does not make it agglomerate. The dispersion is still very good, and the particle size has not changed significantly. Table 1 shows the energy spectrum comparison table of unmodified CCTO and modified CCTO. Using the energy spectrum analysis, it can be seen that there are C and Si elements in the system, indicating that after full washing, modifier elements are still found in the system and the silane coupling agent successfully reacted on the particle surface.



Figure 5 shows the XRD spectra of the unmodified CCTO and modified CCTO. As can be seen, the peak position has not changed significantly, indicating that the addition of the silane coupling agent does not affect the crystal structure, only the adhesion on the surface of the crystal.



Figure 6 shows the IR comparison of unmodified CCTO and modified CCTO. The simplified structure of the three silane Euro links is shown in Figure 7. On the KH550 modified CCTO, a different infrared absorption peak at 3302 cm−1 can be clearly seen, which is the stretching vibration of amino NH peak, thus we can know the presence of amino groups in the system. An infrared absorption peak at 909 cm−1 can be seen on the KH560 modified CCTO, which is a characteristic peak of epoxy groups, indicating that there are epoxy groups in the system. On the KH570 modified CCTO, it can be seen that there are different absorption peaks at 1720 and 1631 cm−1, which are the absorption peak of the ester carbonyl group and the vibration absorption peak of the carbon-carbon double bond, indicating that the system contains esters, radicals, and carbon-carbon double bonds. The three modified infrared spectra all have absorption peaks at 1080 and 950 cm−1, which are the vibration absorption peaks of Si-O bond and Ti-O bond, respectively, indicating that the silane coupling agent and CCTO reacted and successfully grafted to the surface of the particles. Near 2841 and 2941 cm−1 are the symmetrical and antisymmetric vibration absorption peaks of —CH3 and —CH2—, respectively, which come from the chain of the silane coupling agent [22,23,24,25].




3.3. Comparison of the Dispersion of CCTO in PDMS before and after Modification


SEM was used to observe the brittle section of PDMS filled with CCTO, and the results are shown in Figure 8. As can be seen, the dispersion of CCTO in PDMS is generally good, with agglomeration in some areas. However, the overall distribution is uniform, and the end surface is very smooth, which indicates that CCTO and PDMS have good compatibility.



Figure 9 shows an SEM image of three types of 5 wt% CCTO particles after PDMS dispersion. As can be clearly seen, the particles modified with KH560 have significantly less agglomerates in the matrix than the other two, and the dispersibility is better. Therefore, in the next experiment, the modifier used is KH560, and the CCTO particles modified by KH560 are marked as @CCTO.




3.4. Mechanical Properties of Dielectric Elastomer Composites


Figure 10 shows the stress-strain curves of CCTO/PDMS and @CCTO/PDMS composites. By calculating the slope of the curve, the elastic modulus of the material can be obtained.In this paper, the Sylgard 184 silicone rubber is used with a ratio of 20:1 to the curing agent. It has better flexibility and has an elastic modulus of only 0.25 MPa, which greatly improves the electro-induced deformation of the dielectric elastomer. For CCTO/PDMS composites with filling amounts of 5, 10, 15, and 20 wt%, the elastic modulus is 0.3, 0.37, 0.44, and 0.54 MPa, respectively, and the elastic modulus has increased by 20%, 48%, 76%, 116%, respectively. This is due to the fact that the addition of CCTO forms physical crosslinking points with PDMS, and the elastic modulus of inorganic fillers is much higher than that of polymer materials, thus the modulus of elasticity increases. When the filling value is 20 wt%, the elastic modulus is only 0.54 MPa. Although there is a large increase, it still has a lower elastic modulus than the other polymer materials. The low modulus ensures that the DE material has a better strain capacity and can produce greater deformation under the action of an electric field [26].



When the @CCTO filling amount is 5, 10, 15, and 20 wt%, the elastic modulus of @CCTO/PDMS composites are 0.33, 0.41, 0.49, and 0.6 MPa, respectively. Compared with the modified PDMS, it has increased by 32%, 64%, 96%, and 140%, respectively. It can be found that after the KH560 modification, it is higher than the unmodified CCTO filled composite material at the same content. This is due to the fact that the addition of KH560 makes the dispersion of CCTO better, and the interface bonding force is stronger, which increases the Interface effect, thus the elastic modulus rises more obviously.




3.5. Dielectric Properties of Dielectric Elastomer Composites


Figure 11 shows the dielectric constant diagram of different contents of the CCTO/PDMS composite at different frequencies. Since CCTO and PDMS are less dependent on frequency, there is no obvious rise and fall on the curve, and they basically tend to be stable. At 100 Hz, the dielectric constant of the unmodified PDMS is 2.6, and the CCTO/PDMS composites with filling amounts of 5, 10, 15, and 20 wt%. At 100 Hz, the dielectric constants are 3.9, 4.4, 5, and 5.8, with an increase of 50%, 69%, 92%, and 120%, respectively. This is due to the fact that CCTO is a material with a huge dielectric constant. A strong polarization is formed on the interface between the CCTO particles and the PDMS matrix, so the dielectric constant changes very obviously. As the amount of filler increases, the distance between the CCTO particles gets closer, and dipole polarization occurs between the particles, which causes the dielectric constant to increase rapidly. On the other hand, due to the increase of CCTO particles, the interface formed between the CCTO particles and the PDMS matrix also increases, the effect of interface polarization is enhanced, and the dielectric constant of the composite material is further increased [26,27,28].



When the filling amount is 5, 10, 15, and 20 wt%, @CCTO/PDMS composite materials have a dielectric constant of 4.2, 4.8, 5.3, and 6.5 at 100 Hz, respectively, which increase by 62%, 84%, 104%, 150%, respectively. Compared with the unmodified CCTO, both have increased. This is due to the fact that the modified CCTO has enhanced dispersibility, in which the interface becomes more and stronger. The increased interface effect and the more uniform dispersion makes the internal dipolar polarization increase, thus the dielectric constant is higher.



Figure 12 shows a graph of the change in dielectric loss of the DE material. As can be seen, the dielectric loss of the five materials is consistent above 100 Hz, and all are less than 10−2, maintaining a low dielectric loss. Here, the XRD pattern that the crystal forms of CCTO is the same and there are fewer defects. Therefore, as the filling amount increases, the dielectric loss is not significantly affected.



As can be seen, after the KH560 modification, the dielectric loss has not increased, and is still less than 10−2, maintaining a low dielectric loss. Except for the 10 wt% @CCTO/PDMS dielectric loss, which is larger than the unmodified dielectric loss, the others are all smaller than before the modification. This situation may be due to experimental errors. As the dispersibility becomes better, the friction between the crystal grains is relatively reduced, the density of the material is increased, and the defects are reduced, thus the dielectric loss also decreases [17].



In the dielectric loss graph, we found that there is a fluctuation when it is lower than 100 Hz. This is due to the fact that the dielectric loss test is a wavelet analysis and is susceptible to external interference. At 100 Hz, the electrodes, wires, and a macroscopic capacitance is formed between the power supplies, which interferes with the signal.



Figure 13 shows the conductivity change diagram of each group of DE materials. Since the dispersion of CCTO in PDMS is relatively uniform, there is no significant change in the curve. Due to the addition of the reinforcement, it is easier for the electrons to pass through the PDMS gap, resulting in a slight increase in its electrical conductivity. However, it is still lower than 10−7, which maintains a good insulation performance.




3.6. Electro-Deformation Properties of Dielectric Elastomer Composites


Figure 14 shows the electrostrain graph of PDMS and different contents of CCTO and @CCTO filled PDMS composites. As shown, when the unmodified CCTO is used to fill PDMS, the electro-deformation of all the materials increases with the increase of the electric field strength, and the electro-deformation of 5 wt% CCTO/PDMS is the highest, reaching 33.8%. The amount of electro-induced deformation decreased with the increase of the filling volume, but they were all higher than that of the unmodified PDMS. After modification, the amount of electro-induced deformation increased, but it was less than the amount of unmodified electro-induced deformation. The maximum deformation is 5 wt% @CCTO/PDMS, which reaches 27.4% at a field strength of 14 V/µm.



In fact, the DE model is also a relatively active field. For example, Wissler et al. [29] started with the structure of dielectric elastomers and gave the Maxwell model. Goulbourne [13], Dorfmann, among others [30] have made improvements based on the source of internal stress after deformation and the nonlinear factors in the deformation process. The essence of these theories is to combine the theory of superelastic large deformation with the theory of electrostatics. According to the thermodynamic theory, Sou et al. [31] obtained the constitutive equations of DE using the conversion process of electrostatic energy and elastic strain energy. More scientific researchers continue to invest in improving these models to make their simulations in different situations and fields more realistic. For example, Bustamante proposed a system of equations suitable for boundary values [32]. Mehenrt et al. [33] proposed a system of constitutive equations for DE materials without pretension based on a finite-strain viscoelastic material model. Additionally, Hossain et al. [34] proposed a large-strain framework based on phenomenology. Putting forward the constitutive equation, these models are in good agreement with the experimental results in their applicable fields.



The deformation is less than 100%, so the Maxwell model can describe its deformation behavior well. Research on the deformation mechanism of DE materials can effectively improve the understanding of DE materials, in order to design DE materials with a higher performance or specific performance based on the principle. Researchers before 2002 were human, and the electrostrictive behavior of insulating materials was the traditional electrostrictive behavior [35]. In the study of small deformations of DE materials, researchers generally use the Maxwell model to make predictions. The Maxwell stress formula is as follows:


  P =  ε 0   ε r   E 2   



(1)




where    ε 0    is the vacuum dielectric constant,    ε r    is the relative permittivity, and  E  is the electrostatic field strength.



Here, we define the strain parameters as follows:


  Λ =    ε 0   ε r   Y   



(2)







Among them,  Y  is the elastic modulus, so for a small deformation, the elastic modulus is considered to be linear and constant, and the strain    S Z    in the thickness can be expressed as:


   S Z  = −  P Y  = −    ε 0   ε r   E 2   Y  = − Λ  E 2  = − Λ   (  V z  )  2   



(3)







Among them,  V  is the voltage applied on both sides of the DE material, and  z  is the thickness of the material.



The result of Equation (3) is more consistent with the result of the small deformation of DE material under a DC electric field [36], thus this formula has been widely recognized. People have thought about, analyzed, and predicted electro-induced deformation. At times, this formula is generally used.



Based on the results of the mechanical and dielectric properties of CCTO/PDMS and @CCTO/PDMS, we can know the changes in strain parameters of CCTO/PDMS composites with filling amounts of 5, 10, 15, and 20 wt%, which is 2.5, 1.43, 1.21, and 1.03 times. The strain parameter changes of @CCTO/PDMS composites were 1.93, 1.31, 1.08, and 1.07 times, respectively. We have found that the addition of CCTO can indeed increase its strain parameters, thereby increasing its electro-induced deformation. At the same time, as the amount of CCTO filler increases, its strain parameters decrease, due to fact that the change rate of its elastic modulus is higher than that of the medium, which is the rate of change of the electrical constant.



At the same time, we found that after KH560 is modified, the changes in strain parameters of the composite are lower than those of the unmodified, that is, the enhancement effect of KH560 on mechanical properties is greater than that on dielectric properties.





4. Conclusions


In this paper, the dielectric elastomer was prepared by adding different contents of CCTO particles and CCTO particles modified by the silane coupling agent to PDMS, and its mechanical properties, electromechanical properties, etc. were tested. The electro-deformation ability of the two dielectric elastomers was studied separately, the comparative analysis was carried out, and the following conclusions were obtained:




	1.

	
The elastic modulus and dielectric constant of the CCTO/PDMS dielectric elastomer are higher than those of the unmodified PDMS, and the conductivity (<10−7) and dielectric loss (0.0038) of the dielectric elastomer did not occur significantly. The strain parameter of 5 wt% CCTO/PDMS is increased by 2.5 times compared with PDMS, reaching 33.8%. However, the growth rate of the dielectric constant of the dielectric elastomer is lower than the growth rate of the elastic modulus. As a result, the strain parameter of the dielectric elastomer decreases as the filler content increases. The electromechanical deformation and electromechanical conversion efficiency of the modified material are higher than those of the unmodified PDMS. However, when the amount of filler is too large, the maximum deformation will decrease due to the decrease of the breakdown field strength (14 V/µm).




	2.

	
Comparing the dispersion effect of CCTO modified by three silane coupling agents (KH550, KH560, KH570) in PMDS, the dispersion effect of CCTO modified by KH560 is the best. While KH560 improves the dispersion of CCTO, it also improves the dielectric constant and elastic modulus of the dielectric elastomer. When the filler content is 20 wt%, the dielectric constant reaches 6.5 (100 Hz), which is an increase of 150% compared with the unmodified PDMS. However, the effect of KH560 on the modulus of elasticity is greater than the effect on the dielectric constant, resulting in its electromechanical conversion efficiency being lower than CCTO/PDMS. In addition, 5 wt% @CCTO/PDMS has the largest strain parameter, which is 1.93 times higher than that of the unmodified PDMS. The maximum amount of deformation reaches 27.4% at a field strength of 14 V/µm.




	3.

	
Through the preparation of CCTO/PDMS composite materials, preparations are made for exploring new research directions and further improving the performance of materials. In the next work, higher performance dielectric elastomers will be pursued.
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Figure 1. Molecular formula of silicone rubber material. 
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Figure 2. XRD spectrum of unmodified copper calcium titanate (CCTO). 






Figure 2. XRD spectrum of unmodified copper calcium titanate (CCTO).



[image: Polymers 13 01075 g002]







[image: Polymers 13 01075 g003 550] 





Figure 3. (a) Particle morphology of CCTO; (b) particle size distribution of CCTO. 
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Figure 4. SEM of CCTO particles modified by the silane coupling agent: (a) KH550 modified CCTO; (b) KH560 modified CCTO; (c) KH570 modified CCTO. 
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Figure 5. XRD spectrum of unmodified and modified CCTO. 
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Figure 6. Infrared spectra of unmodified CCTO and modified CCTO. 
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Figure 7. (a) Simplified structure of KH550; (b) simplified structure of KH560; (c) simplified structure of KH570. 
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Figure 8. Sectional SEM image of 5 wt% CCTO/ silicone rubber (PDMS). 






Figure 8. Sectional SEM image of 5 wt% CCTO/ silicone rubber (PDMS).



[image: Polymers 13 01075 g008]







[image: Polymers 13 01075 g009 550] 





Figure 9. Cross-sectional SEM photos of PDMS composites doped with different silane coupling agents modified CCTO particles: (a) KH550-CCTO/PDMS; (b) KH560-CCTO/PDMS; (c) KH570-CCTO/PDMS. 
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Figure 10. (a) The stress-strain curve of CCTO/PDMS composite; (b) The stress-strain curve of modified CCTO/PDMS(@CCTO/PDMS) composite. 
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Figure 11. (a) The broadband dielectric spectroscopy of CCTO/PDMS composite; (b) The broadband dielectric spectroscopy of modified CCTO/PDMS composite. 
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Figure 12. (a) The dielectric loss spectrum of CCTO/PDMS composite; (b) The dielectric loss spectrum of modified CCTO/PDMS composite. 
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Figure 13. (a) Conductivity of CCTO/PDMS composites at different frequencies; (b) Conductivity of @CCTO/PDMS composites at different frequencies. 
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Figure 14. Electrostrain diagram of PDMS and different contents of CCTO (a) and @CCTO (b) filled PDMS composites. 
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Table 1. List of elements contained in the unmodified CCTO and modified CCTO.
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	Element
	CCTO
	KH550-CCTO
	KH560-CCTO
	KH570-CCTO





	C
	×
	√
	√
	√



	O
	×
	√
	√
	√



	Si
	×
	√
	√
	√



	Ca
	√
	√
	√
	√



	Ti
	√
	√
	√
	√



	Cu
	√
	√
	√
	√
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
= o
o —
i — S e
2 e o e
o | [ e o [
R RSt 2,
3, H
H
N H

Elcetric fiold (/us)
@






media/file8.jpg
CCTO
-~ KH550-CCTO|
220 ~——— KH560-CCTO
-~ KH570-CCTO
400 440
L |
) '
o=
o )
L \ L L L ,
10 20 30 40 50 60 70 80

20 (°)





media/file27.png
Lo
o1

(%)
()

N
()]

\\)
S

—t

Actuated Strain (%)

—_
()

30
s PDMS
—&— PDMS —o— Hwt%@CCTO/PDMS
—o— Hwt%CCTO/PDMS 25 | |—&— 10wt%@CCTO/PDMS
—A— 10wt%CCTO/PDMS A 15wt%@CCTO,/PDMS
—v— 15wt%CCTO/PDMS - 20wt%@CCTO/PDMS
20wt%CCTO/PDMS =20 [
=
<
+
Y25 |
o)
<D}
+
3
+ 10 F
»)
=
5 -
el o . | | | | . | . | e . . . I
2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Electric field (V/ um) Electric field (V/ um)

(a) (b)





media/file13.png
OC2H5 /\/\C‘)CH:J, O /\/\C‘)CH:J,
NH, \/\/Si—OC2H5 O Y Sj—OCH; O Y Si—OCH;
: | |

OC,Hs OCHj OCH,

(a) (b) (c)






media/file12.jpg





media/file18.jpg
o= tecrorons e
w0l 3 Tscerorm e L2 ssccnommes
3 o me) - i
- 2000CT0/POS| " wiok |3 aomsaocro
2o
fon) ”
siia Siran 0

(a) (b)





media/file9.png
CCTO

—— KH550-CCTO
220 — KH560-CCTO
——— KH570-CCTO
400 140
- . b
I J.ml b b
A\ JL____L L .
\ _IL,,_L T R .
1 1 1 1 1 1
10 20 30 40 50 60 70 80
20 (%)





media/file14.jpg





media/file20.jpg
Froa. )

(@

Tonsaccto |

Frea, )

)





media/file23.png
Tan

0.25 = un-PMDS —=— un-PMDS
b —® Hwt%CCTO/PMDS 0.25 o Swt%@CCTO/PMDS
*. —A— 10wt%CCTO/PMDS *. —A— 10wt%@CCTO/PMDS
0.20 - ~ v 15wt%CCTO/PMDS 0,20 1 —v— 15wt%@CCTO/PMDS
( *  20wt%CCTO/PMDS i & 20wt%@CCTO,/PMDS
0.15 i 0.15 [*
l\Q = f'l:'ll
N E (. 10 Y

_0. 05 ERERLLLL T T T T T T Ty _D. ﬂE] & i s aiaal MR ETIT | s aaaand - PR TR | . i i s il s s aaainl - s saanad : 3 i aasaad )
107! 10" 10! 107 10° 10° 10° 10° 107 1 10" 10! 10° 10 1ot 107 10° 107
Freq. (Hz) Freq. (Hz)

(a) (b)





media/file5.png
L]

N\
o s )

20.00kv T2 40000x 11.1mm 9.0

il

- A - . s
HV det mag 0O WD spot HFW use case

10.4 um OptiPlan

(a)

b—-1ydym————

HRBUST

[ =

Jum
Mano Measurer 1.2.5

(b)






media/file15.png
2\ det mag 0O WD spot HFW use case
10.00kV ETD 10000x 9.8 mm 10.0 41.4 pm Standard

10 pm
HRBUST






media/file19.png
0.12

0. 10

e
o
IS

Stress (MPa)
o
S

o
<
o~

0.02

0. 00

| = PDMS

| |—v— 15wt%CCTO/PDMS

—o— 5wt%CCTO/PDMS
—A— 10wt%CCTO/PDMS

20wt%CCTO/PDMS

20wt%

15wt%

Owt%

HSwt%

Owt%

Strain (%)

(a)

20

Stress (MPa)

—=&— PDMS

—o— 5wt%@CCTO/PDMS

—A— 10wt%@CCTO/PDMS

—w— 15wt%@CCTO/PDMS
20wt%@CCTO,/PDMS

20wt%

1 Hwt%

Owt%

Hwt%

Owt%

5 10
Strain (%)

(b)

15

20





media/file2.jpg
1000

3000

2000

1000

(220

(310)

—— CCTo

(440)

70






nav.xhtml


  polymers-13-01075


  
    		
      polymers-13-01075
    


  




  





media/file11.png
— CCTO0

—— KH550-CCTO
—— KH560-CCTO
KH570-CCTO

/
2967 2852

4000 3500 3000 2500 2000 1500 1000 500

wavelength Cem )





media/file6.jpg





media/file24.jpg
< Suectomns
< Tontcctormos,
-t
- Zowectomos

e e e e e
Frea, () Frea. ()

@ "





media/file1.png
)

Si O\/ |i O
TR

[

R,





media/file10.jpg
CcTo
—— KH550~-CCTO
—— KH560-CCTO

—— KH570-CCTO)

4000 3500 3000 2500 2000 1500 1000 500
wavelength (em ')





media/file7.png
4

N
\"-.‘

] 3 Fa . J .
% HV det mag o WD spot HFW use case : ¢, HV et mag O WI spot  HFW use case
: 20.00kV T2 40000x 11.0mm 11.0 10.4 um OptiPlan 20.00kv T2 40000x 11.0mm 11.0 10.4 pm OptiPlan

spot HFW use case

/ e g O WD
2000kV T2 40000x 11.0mm 11.0 104 pm OptiPlan






media/file16.jpg





media/file3.png
Intensity (a. u.)

4000

3000

2000

1000

(220)

(310)

(400)

— (CCTO

(422)

(440)

. L

20 (°)

60 70

80





media/file22.jpg
|5 Towuccrorms|
|+ tswccrors

scco/mws,

[ A P O
Froa. () Frea. ()

@ )





media/file17.png
10.00 kV ETD 10000x 10.

o
4mm 10.0

HFW 150

414 pm Standard

5:‘5 HV
4 10.00 kV

jet
ETD 1

3 o WD

0000x 9.8 mm

O Hy jet ma 0 WD pot HFW
"% 10.00kV ETD 10000x 98mm 100 41.4 uym

$po

10.0 41.4pum

HFW use case
Standard

HRBUST

Standard






media/file4.jpg
EREEERERAEE






media/file25.png
107"

Sig (S/cm)
S = = =

H
<
5

J.U'_H

10 15
107!

1 D(]

10'

10°

103
Freq.

(a)

—&— un—PMDS

Swt%CCTO/PMDS

—A— 10wt%CCTO/PMDS
—w— 15wt%CCTO/PMDS

& 20wt%CCTO/PMDS

(Hz)

10°

Sig (S/cm)

10‘“]

—&— un—PMDS
e Hwt%@CCTO/PMDS
—A— 10wt%@CCTO,/PMDS

- — v 15wt%@CCTO/PMDS
-~ ¢ 20wt%@CCTO/PMDS

107! 10" 10 10* 10° 10 10° 10° 107
Freq. (Hz)

(b)





media/file0.jpg
n





media/file21.png
Eps

or —e— 5wt%CCTO/PMDS
ok —A— 10wt%CCTO,/PMDS

o

=

L2

FV"—"—"—'—'—
ok TT*WTTTTT*TT¥*TT¥fTTTF1

[

-()T‘*‘lF.4FiFi4IIH‘1I.4l1FlHI1llHI1FIﬂIIF‘%I]F.H.1

i

D_
_II—I—IFII—I—I—IHII—I—I—II—H—!!M i aL.n
10" 10" 10! 107 10° 107 10° 10° 10’

o

—&— un—PMDS

i v Swt%CCTO/PMDS
- + 20wt%CCTO/PMDS

’Q ) &
’-
‘ * o0 000*0‘0000*¢¢‘*’ ’*’f#{

M—i—L—A—A—L—LH*A A A A A A A S Y e ewwwwww

Freq. (Hz)

(a)

Eps
E‘JI

:-'I

&N

R

T =

4}

[ ]

s

=T < | B = B < | B

L= 5 7 I = I 1 I =

—&— un—PMDS

- —® Hwt%@CCTO/PMDS

- —A— 10wt%@ccTo/PMDs

—w— Hwt%@CCTO/PMDS
¢ 20wt%@ccTo/PMDS

W
**00000#0#0*0*0##“000#00001

0000000000000 000000000000004

kel /P, Pl P e . P M B P 1 ol Y. B 77 LW TE UL

10 1n° 10" 10 10° 10 10° 10° 107

Freq. (Hz)

(b)





