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Abstract

:

PDMS-based composites such as silicone elastomers are commonly found in high-voltage engineering, especially in outdoor insulation as coatings or structural elements or at interfaces between network elements, such as cable sealing ends (CSE). They are also promising prospects for dielectric elastomer generators (DEG), which are retrieving electrostatic energy from large strain amplitudes. The upper limit of energy conversion from these transducers is determined by the dielectric breakdown strength (DBS). Therefore, developing reliable systems that operate under high electric fields and variable repeated strains requires a thorough understanding of the mechanisms behind electrical breakdown and its coupling to mechanical cycling. In this study, the effect of Mullins damage and mechanical fatigue on silicone elastomers has been investigated. An electro-mechanical instability model that considers cyclic softening allows for predicting the evolution of the breakdown strength depending on the loading history. The results highlight the importance of the “first cycle,” where up to a 30% reduction in the mean DBS was measured. However, subsequent mechanical fatigue only marginally contributes to the degradation, which is a promising perspective for the long-term performance of any silicone elastomer as long as the precise impact of the first cycle is known.
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1. Introduction


Polydimethylsiloxane (PDMS) based elastomers can be used in soft transducers, which are suitable for a wide range of potential applications such as sensors, soft robotics, energy harvesting, and biomedical devices. They consist of an elastomeric film, which is coated on both sides with compliant electrodes to form a stretchable capacitor. A number of DEG devices were proposed [1] with a particular interest in novel wave energy converters [2,3,4] due to the potentially high conversion efficiency at large strain amplitudes at low frequencies of ocean waves. The convertible energy of DEG scales with the strain amplitude, dielectric permittivity, and the applied electric field. Despite its low permittivity, PDMS is a popular choice for DEG due to its high stretchability, good aging resistance, and high electrical resistivity. Its versatility and ease of processing also allow the formulation of nanocomposites in order to tailor the mechanical and electrical properties to several electrical applications. For DEG, the dielectric breakdown strength bounds the ultimate convertible energy, and that physical limit is of primary importance because of its quadratic contribution to the energy output. The DBS of dielectric elastomers has been widely investigated, and a variety of parameters are found to influence the electrical limits. Among them, elastomer stiffness [5,6,7] and amount of pre-stretch [8,9,10] can determine the onset of electrical failure. The breakdown strength of PDMS is also reported to change with the thickness of the dielectric layer [11,12,13], the shape of the electrodes [12,13], and their size [10,14]. The choice of PDMS in high-voltage applications is often driven by a particular environment that requires stretchability. Although strain and electric field result from different mechanical and electrical sources, cross-interactions can build up, resulting in premature failures. These synergetic effects are scarcely explored in the literature, and this study aims to better understand the effect of mechanical loading on the DBS. Electro-mechanical instabilities are acknowledged as the dominant failure mechanisms in dielectric elastomers; therefore, the relation between mechanical properties and electrical limits is of particular importance in these soft materials subjected to extreme loadings.



Meanwhile, elastomers are highly nonlinear materials for which the mechanical response varies with time, temperature, strain rate, or load history. A particular feature of highly filled elastomers is known as the Mullins effect, which corresponds to a reduction in mechanical stress on the second and subsequent mechanical loadings. This softening has various interpretations, including damage in the elastomer matrix, filler network alteration, or rubber–filler interface changes [15]. For the specific case of silica-filled PDMS, this reduction is typically attributed to the disentanglement of adjacent chains [16] or detachment/slippage on the filler surface of chains having reached their limit of extensibility [17]. Additionally, under cyclic mechanical loadings, filled elastomers are prone to additional softening, which is often considered the result of stress relaxation [18]. Alternatively, the Mullins effect and cyclic softening could be related to one single process caused by sliding and friction between polymeric chains and fillers [19].



The relation between mechanical properties and electric breakdown has been widely investigated. When a dielectric elastomer film is subjected to an electric field, the electrostatic pressure is thinning the membrane and increasing the internal mechanical stress. When the voltage increases further and exceeds a critical threshold     V   c    , the equilibrium between electrostatic and mechanical stresses becomes unstable, causing huge, localized strains (Figure 1). This phenomenon is known as pull-in instability or electro-mechanical instability (EMI), which can cause an electrical breakdown if the resulting strain or electric field exceeds the material’s intrinsic limits [20]. EMI is acknowledged as the main cause of dielectric breakdown in the absence of defects. An early description of EMI was proposed by Stark and Garton for stiff polymers with a model relating the breakdown strength to permittivity and Young’s modulus [21]. Extensions of this model have been proposed to account for non-linear elasticity in polymers [22] and highly stretchable elastomers [6,11,23]. Therefore, the softening induced by the Mullins effect is expected to change the dielectric breakdown strength, and experimental results on silicone support this assumption [24].



The first part of this study further discusses the crucial role of the first cycle and extends the preliminary results presented in [7]. The long-term performance of dielectric elastomers remains an exploration field. The influence of millions of squared drive voltage applications on PDMS dielectric actuators has been investigated with regard to electrode performance [25] and dielectric breakdown strength [9]. However, degradation of the dielectric properties after large mechanical cyclic loadings remains scarcely investigated. In the second part of this study, a series of low-cycle fatigue tests were carried out at various stretch amplitudes, and then electrical breakdown tests were performed on the fatigued specimens. Based on the observed softening, an electro-mechanical instability model was proposed, which allows the prediction of the reduction in breakdown voltage from the mechanical damage accumulated.




2. Materials and Methods


The two dielectric elastomers have been prepared for analysis from two components, platinum catalyzed, liquid silicone rubbers (LSRs) with a shore hardness of 50 ShA and 70 ShA, respectively. Variation in the silica content between the two formulations gives different mechanical responses and Mullins damages under cyclic loadings. These LSRs were diluted in a volatile silicone fluid using a turbine mixer under a vacuum environment (~100 mbar). The resulting mixtures were coated on a polyester carrier film using a roll-to-roll coating process entirely enclosed in a clean room environment (ISO 8). A first crosslinking was performed at 110 °C for a duration of 10 min, then the dielectric elastomers were peeled from their polyester carriers, and a final post-curing was performed at 120 °C for a duration of 15 h to complete the crosslinking reaction and eliminate the volatile residuals.



Samples were cut from the PDMS thin films in a rectangular shape of 300 mm length and 200 mm width (Figure 2a). For the mechanical loading, the samples were placed in a tensile test machine (Zwick/Roell Z100, Ulm, Germany) controlled in displacement at a fixed strain rate of 3%·s−1. Samples were held into pneumatic clamps to prevent slippage in the jaws under load. The tensile stretch was defined as     λ   1   =   L  /    L   0       with L, the distance between the clamps (Figure 2b) and     L   0     to the initial length of the sample (    L   0     = 220 mm). Incompressibility of the elastomers     λ   1     λ   2     λ   3   = 1   yields an equal stretch in the direction of the width and thickness     λ   2   =   λ   3   =     λ   1     −   1   2      .



The nominal tensile stress was defined as     T   1   =   F  /    A   0      , with   F   the force measured by the load cell and     A   0     the original cross-sectional area. The machine was loading the sample up to a pre-defined value of maximal stretch       λ   1     m a x     before releasing completely the mechanical stress before the electrical test, individual samples were evaluated at different levels of maximal stretch for the two formulations.



Additionally, the effect of multiple cycles on the dielectric breakdown strength has been investigated for the 70 ShA elastomer. Individual samples were elongated to different pre-defined values of maximal stretch (respectively,       λ   1     m a x   = 1.3  ,       λ   1     m a x   = 1.7  , and       λ   1     m a x   = 2.4  ). Then, samples were fully released following a triangular displacement-controlled pattern at a crosshead speed of 6 mm/s. This sequence constitutes one mechanical cycle, which was repeated 1000 times before submitting the samples to the DBS evaluation. For the higher stretch amplitude evaluated (      λ   1     m a x   = 2.4  ), intermediate breakdown strength measurements were performed after 10 and 100-cycle repetitions, respectively.



After mechanical cycling, the dielectric membranes are installed on an in-house developed breakdown tester, which allows measuring the DBS automatically in multiple locations on the tensile test sample. The PDMS dielectric elastomer film is deposited on a 304 stainless steel plate having a mirror finish polishing on which a DC power supply is connected (Heinzinger PNC 30 kV, Rosenheim, Germany). Ethanol is used to ease the sample installation and to prevent trapped air at the interface between the sample and the high-voltage electrode. Before starting any measurement, a rest time of 3 h is respected to ensure the desorption of solvent residuals. For each testing location, the film thickness is preliminary measured using an Eddy current displacement sensor (Micro-Epsilon EddyNCDT DT3100/EPS08, Ortenburg, Germany). The sensor is integrated into a cylindrical holder with a vertical offset between the sensor head and the lower surface of the cylinder, preventing contact with the measuring object (Figure 3a). The sensor holder is automatically positioned on the stainless-steel plate at the future locations of the breakdown measurements, and this calibration step gives the value of the offset     δ   0    . The same measurement is repeated at the surface of the film to obtain the local dielectric thickness     d   0   = δ −   δ   0    . Repeatability of the thickness measurement was found to be 1 μm and mean membrane thicknesses were 138 ± 5 µm for the 70 ShA and 105 ± 3 µm for the 50 ShA. The corresponding thickness distributions (gathering the measurements of all the tested specimens) are represented in Figure 3c.



Then, the elastomer film is immersed in a silicone fluid to prevent flashover. For the ground electrode, a 40 mm diameter cylinder of stainless steel 304 is used (Figure 4a), for which all edges have been rounded to a 3.2 mm radius, such as limiting electric field enhancement at that location [13,26]. This electrode is actuated by a 3-axis motor to the first testing location, where the cylinder is deposited on the dielectric elastomer, and only the mass of the cylinder contributes to the contact pressure at the film interface. Subsequently, a positive DC voltage   V   is applied across the dielectric elastomer using a ramp of 500 V/s. Assuming that the thickness is uniform across the tested location, the electric field E across a linear membrane is obtained from the initial dielectric thickness as   E =   V  /    d   0      . The breakdown voltage     V   B D     is detected from a sharp increase in the current measurement, and the corresponding DBS is calculated from (1) [27].


    E   B D   =   V   B D   /   d   0    



(1)







After lifting the ground electrode, the motor automatically advances to the next testing location and repeats the breakdown process there. Using only the stretched surface and ignoring the part of the sample that was previously clamped in the tensile test machine, a maximum of 23 breakdown points can be measured (Figure 3b). Samples were stored and tested in a climate-controlled room, where the temperature and relative humidity were maintained at 23 °C and 50%, respectively.



Experimental breakdown results of every single mechanical testing scenario are fitted with a two-parameter Weibull distribution. The probability density function of a Weibull distribution is given by (2), where η is the scale parameter and β the shape parameter. The mean of the Weibull distribution is given by (3), with   Γ   being the gamma function [28].


  f   E   =   β   E   β − 1       η   β       e   −       E   η       β      



(2)






     E  ¯  = η Γ     1   β   + 1      



(3)







For each material, a virgin unstretched sample was tested to attain a reference point and evaluate the effect of the subsequent mechanical loadings.




3. Model


3.1. Hyperelastic Model


The mechanical properties of the two elastomers have been modeled using an Ogden–Roxburgh hyperelastic model. The detailed methodology and results were introduced in a previous work [7]. In this approach, the Mullins effect is accounted for through a damage parameter   D  , which evolves with the maximal strain energy density     W   m a x      reached in the mechanical loading history of the elastomer [29]:


   D = 1 −   1   r   e r f       W   m a x   −   W  ~    m + b   W   m a x          



(4)




where   r  ,   m  , and   b   are material parameters,   e r f ⁡ ( x )   is the error function,     W   m a x     is the evolving maximum strain energy density reached throughout the deformation history and     W    ~    the strain energy density function of a virgin material. Under a uniaxial test condition applied along direction   i  , the Cauchy stress (5) and the nominal stress (6) are represented as follows:


     σ   i   = D µ       λ   i     α   −     λ   i     −   α   2          



(5)






     T   i   =     σ   i       λ   i        



(6)







Figure 5 shows the experimental tensile test results of the two elastomers and the Ogden–Roxburgh model obtained from the material parameters of Table 1.




3.2. Electro-Mechanical Model


When subjected to an external voltage   V  , a dielectric elastomer experiences a Maxwell compressive stress     σ   E     that reduces its thickness to   d =   λ   3     d   0    . The equation of this electrostatic compressive stress is given by (7) with     ε   0      is the vacuum permittivity and     ε   r     is the relative permittivity of the dielectric elastomer. This equation only holds if the permittivity is stretch-independent. In previous works [30,31], a variation of the permittivity with the applied stretch was reported for acrylic elastomers, whereas the permittivity of natural rubber was found insensitive to stretch. In our study, a stretch-independent relative permittivity of     ε   r      = 2.7 was measured, and that value is used in our model.


     σ   E   =   ε   0     ε   r         V   d       2      



(7)







At equilibrium, the mechanical stress (5) balances the electrostatic stress (6), and the relation between voltage and compressive stretch is given by (8). Voltage-induced actuation depends on the historical loading through the value of the damage parameter D. In this approach, the friction at the interface between the dielectric layer and electrodes is considered negligible, and the stiffness of the surrounding inactive material (not covered by electrodes) is assumed to have a marginal contribution on the actuation stretch of the active region.


   V =   λ   3     d   0    −   D µ     ε   0     ε   r           λ   3     α   −     λ   3     −   α   2           



(8)







For a virgin material, the damage parameter   D   is inactive (taking the value 1), and     λ   3     decreases (corresponding to compressive stretch) when the voltage increases (going from right to left in Figure 6b,d). This trend is observed until a maximum critical point {    λ   c   ;   V   c   }    at which no additional increase in the voltage is required to cause further deformation. This yields extreme deformations, causing an electrical breakdown because of the monotonic decrease in the voltage curve beyond that critical point. The model predicts a critical voltage     V   c      = 15 kV for the virgin unloaded 50 ShA and     V   c   =  28 kV for 70 ShA used in this study.



When considering a sample that has been stretched prior to the breakdown experiment, the Mullins effect alters the material’s response to electrical stress, and the resultant voltage curve follows a different path before recovering one of the virgin materials. If the historical strain energy density     W   m a x     applied in the tensile experiment is below a threshold     W   c    , no consequence is predicted for the breakdown, as the irreversible critical point is identical to the point of the original virgin material. However, if     W   m a x      of a material has been raised above     W   c     in its loading history, its voltage curve will not pass through the instability point and will recover the curve of the virgin material in an unstable region (where thickness collapses without the need for additional voltage). This leads to breakdown voltages lower than     V   c     initiated at the locations of the colored stars, presented in Figure 6b,d.



Interestingly, for materials with significantly high values of historical SED, the voltage curve indicates a local maximum (upward arrow in Figure 6b,d). However, the decrease in the voltage is not monotonic beyond this local “pull-in instability”; thus, a further increase in voltage is required before recovering the permanently decreasing curve at the location of the stars (Figure 6b,d). A local instability does not necessarily imply an electrical breakdown [11,20]. However, once the curve of the virgin material is reached, the voltage becomes immediately unstable, resulting in a snap-through, which will ineluctably cause an electrical breakdown.





4. Results and Discussion


4.1. Mullins Effect


To confirm the theoretical predictions from the proposed model, the experimental DBS was measured for various values of maximum historical SED obtained from the tensile test experiment (Figure 7). The reported breakdown values for both model and experimental data were obtained from (1). For each individual mechanical loading case, the Weibull probability density function of the experimental electrical failures (2) is represented vertically. For the virgin sample and the first loading case of the 70 ShA elastomer, electrical breakdowns were not reached for all the testing locations due to the voltage limitation of the DC power supply. These corresponding data were treated as suspensions in the evaluation of the Weibull parameters and are represented by upward arrows in Figure 7b. For the virgin 50 ShA material, the mean of the experimental failure was measured at     E  ¯  = 140 ± 6   V ·   µ m   − 1    , whereas for the 70 ShA material, a significantly higher DBS of     E  ¯  = 224 ± 9   V ·   µ m   − 1     was obtained (uncertainties were determined from the two-sided 95% confidence bound interval). This increase in the DBS was anticipated by the EMI model introduced in Section 3.2 due to the substantial variation in mechanical properties between the two elastomers considered. For the 50 ShA material, the model predicts a breakdown value of 145 V·µm−1, and that value is contained within the confidence bounds of the experimental results. For the 70 ShA material, a breakdown strength of 205 V·µm−1 is calculated for a virgin material, which is only 8% lower than the mean experimental value. The historical SED threshold under which no consequence is expected on the DBS has been verified experimentally as the mean DBS of the samples previously stretched to     λ   m a x   = 1.3   are very similar to the ones of the virgin materials (    E  ¯  = 135 ± 6   V·µm−1 for the 50 ShA and     E  ¯  = 210 ± 7   V·µm−1 for the 70 ShA). Above this threshold, the overall feature of the Mullins damage is also predicted accurately compared with experimental data obtained for the most severe loading cases. This finding confirms that breakdown is initiated at the location of the stars, and the local instability observed on the highly stretched samples is not causing a breakdown. The behavior observed here supports previous works [11] where it was found that pull-in instability does not necessarily imply an electrical failure. The Mullins damage is found to cause a plateau in the stretch–voltage curve (Figure 6b,d). This feature is interesting for dielectric elastomer actuators for which obtaining a large stretch amplitude from a low voltage variation is desirable from a transducer efficiency perspective. Although a preliminary stretch of the elastomer beyond its operating domain can be used to enhance its actuation response, further measurement would be required to conclude whether the plateau could be exploited or not. The instability phenomenon might lead to localized inhomogeneous deformation, which is known as creasing, cratering, snap-through, or wrinkling, and the typical distance between creases was found to be approximately the same as the thickness of the film [32]. In our experimental setup, the electrode covers a relatively wide surface (40 mm diameter), and the actuation region is hidden underneath the steel cylinder, preventing direct observation of the actuation mechanisms.



In the Ogden–Roxburgh model, the damage parameter   D   is considered a scalar value indifferent to the direction of the principal strain. In the tensile experiment, the strain is applied along direction 1 (Figure 2), whereas the elastomer expands equibiaxially in the plane of the dielectric sheet when voltage increases. The Mullins effect-induced damage might preferably occur in the tensile direction, resulting in enhanced actuation along this axis. Further tests would be required to verify this anisotropy in the Mullins softening, with the possible outcome of tailoring the actuation response of dielectric elastomer actuators along a preferred orientation. This could be an alternative to the existing solutions that use orientated fibers to restrict deformation in one direction [33].



As the Mullins effect is found to reduce the breakdown strength significantly, it is worth discussing any potential mitigation to that degradation mechanism. The Mullins damage is attributed to complex interactions between polymeric chains and fillers. Therefore, it could be of interest to limit the silica content in PDMS composites while trying to stiffen the mechanical response using alternative strategies. Varying the crosslinking density of the elastomer network or changing the chemistry of the crosslinker could be considered in future research studies.




4.2. Mechanical Cycling


With the effect of cycle accumulation, the mechanical response is modified, leading to a softening of the elastomer and a reduction in the maximal stress reached in the mechanical cycle. Subsequent to the first cycle, minor changes are observed in the stress–stretch response between the loading and unloading phase, indicating that viscous losses can be considered negligible in proportion to the Mullins damage. Therefore, for the sake of clarity, it is chosen to display only the unloading curves in Figure 8, where the softening behavior is represented for the three stretch amplitudes evaluated. For the samples stretched to       λ   1     m a x   = 1.3  , the mechanical response is almost unaffected when the number of cycles increases. However, for the two other loading cases (      λ   1     m a x   = 1.7   and       λ   1     m a x   = 2.4  ), the softening is significant and culminates in about a 40% reduction in the peak tensile stress after 1000 cycles.



From a modeling perspective, this softening can be interpreted as an increase in the Mullins damage with the number of cycles. A modification of the Ogden–Roxburgh model is introduced where the value of     W   m a x     in (4) is replaced by a variable     W   *    , which increases with the number   N   of mechanical cycles (9). An exponential function (10) is chosen for the expression of     W   *      as it was found to represent the experimental cycle-induced softening accurately.


   D = 1 −   1   r   e r f       W   *   −   W  ~    m + b   W   *          



(9)






     W   *   =   W   m a x     e   A ( 1 −   1     N   B     )      



(10)







Parameters A = 0.24 and B = 0.25 were calculated, such as minimizing the error between the evolving experimental tensile stress and the stress derived from the modified Ogden–Roxburgh model (Figure 8). This approach constitutes a convenient way to model the experimental results but is only valid if the maximal stretch remains constant during the fatigue experiment. In the case of more complex random loadings, a different softening is expected, which would require the implementation of more sophisticated constitutive models.



Using this modified damage parameter in (8) allows us to predict the evolution of the EMI in the stretch–voltage diagram based on the number of cycle repetitions (Figure 9). For the lower stretch amplitude (      λ   1     m a x   = 1.3  ), the location of the critical instability is found unaffected as the instability is identical to the snap-through of the virgin material, as represented by the black star in Figure 9. For the larger stretch amplitudes, only minor reductions in the breakdown voltage are expected after mechanical fatigue, as the location of the snap-through is marginally modified compared to a sample stretched only once (  N = 1  ). In other words, the softening caused by the Mullins effect predominantly contributes to the location of the EMI, whereas the role of fatigue softening appears negligible.



To verify these model predictions, experimental breakdown tests were performed on unstretched film after a different number of mechanical cycles at three given stretch amplitudes (Figure 10). A good agreement was found between the EMI model and the mean of the Weibull distributions. It indicates that at this relatively low number of cycles, the breakdown strength is still driven by EMI. In this experimental setup, the number of cycles was limited to one thousand mechanical cycles because of the limited capacity of the tensile machine or premature failure of the samples in the clamping system. Extrapolating the result to long-term fatigue is not expected to affect the breakdown response further as the Mullins damage tends to stabilize towards an asymptotic endpoint as the number of cycles increases. However, for a large number of cycles, one could expect micro-cracks to propagate/nucleate, resulting in local electric weak points that cannot be captured from a global mechanical characterization. However, this type of flaw was not observed in the most severely loaded sample (    λ   m a x   = 2.4   and   N = 1000   cycles) with microscope inspection under ×700 magnification, further fatigue experiments on longer duration can constitute future research work to better understand the long-term performance of dielectric elastomer generators.




4.3. Energy Density


The convertible energy     W   e     of DEGs is known to increase linearly with the relative permittivity     ε   r     and quadratically with an increasing applied electric field (11) [1].


     W   e   ∝   ε   r       E   B D     2      



(11)







Intense research activities are devoted to developing material formulations with higher relative permittivity [34], which is valuable for decreasing the operating voltage of dielectric actuators or enhancing their actuation stretch. However, it is worth discussing its beneficial contribution to DEGs. Inserting (8) into (11) shows that the convertible energy is actually independent of     ε   r     for a system in which the failure mechanism is driven by electro-mechanical instabilities (12). In other words, a rise in the relative permittivity is equally balanced by a reduction in the breakdown voltage in the overall energy balance. Although the underlying conclusion only holds if the relative permittivity remains unchanged with the accumulated mechanical damage, that property shall be considered carefully when attempting to develop new material formulations with enhanced energy densities.


    W   e   ∝ −     λ   c     2   D µ       λ   c     α   −     λ   c     −   α   2         



(12)







Increasing the pre-stretch of the dielectric elastomer is a strategy that is often reported to prevent electro-mechanical instability and can be an option to overcome the limitation between permittivity and breakdown strength. However, in large-scale DEG, the failure mechanism is rarely driven by EMI, as the probability of defect-related breakdowns scales with the size of the transducer [14]. In such a case, increasing the permittivity might still be beneficial to increase the energy density of DEG.





5. Conclusions


The influence of multiple mechanical cycles on the DBS of PDMS elastomers has been investigated. The stretch amplitude of the first cycle was found to be of primary importance because the Mullins effect significantly changes the onset of electro-mechanical instability. Using stiffer PDMS elastomers is one approach for increasing the dielectric breakdown strength of a virgin material; however, this beneficial enhancement is partially counteracted by a higher softening resulting from the Mullins damage.



Subsequently, after this first loading, the breakdown strength remains nearly stable up to 1000 cycles. These experimental results are consistent with theoretical predictions obtained from a hyperelastic model that uses the damage accumulated along the fatigue experiment to derive the evolution of the electro-mechanical instability.



The outcome of this study helps to understand the relationship between dielectric performance and mechanical properties and contributes to gaining knowledge on the long-term reliability of DEGs. This constitutes one of the key milestones to reach before deploying these systems in commercial applications.
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Figure 1. (a) Dielectric elastomer at rest, (b)thinned by an electric field, (c) and electro-mechanical instability (c). The electro-static pressure is schematically represented by red arrows. 
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Figure 2. Tensile test sample: (a) unloaded; (b) stretched to     λ   1    ; (c) corresponding experimental setup. Axes of the coordinate system are denoted as 1, 2, and 3. 
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Figure 3. (a) Schematic representation of the thickness measurement using the Eddy current sensor, (b) location of measurement points on the tensile test sample, (c) distribution of thickness measurements for the two elastomers evaluated. 
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Figure 4. (a) Schematic of the breakdown setup; (b) automated multipoint DBS tester. 
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Figure 5. Mullins effect and strain softening behavior modeled with an Ogden–Roxburgh model: (a) 50 ShA material; (b) 70 ShA material. 
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Figure 6. Uniaxial tensile stress derived from the Ogden–Roxburgh model (left column) and evolution of the critical instability (right column) for (a,b) the 50 ShA material; (c,d) the 70 ShA material. Initiation of the critical instability is represented with stars. 
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Figure 7. Comparison of experimental data to the EMI model: (a) 50 ShA material; (b) 70 ShA material. 
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Figure 8. Softening of the 70 ShA material with cycling. 
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Figure 9. Evolution of the critical instability in the stretch–voltage diagram. The critical instability of a virgin material is represented with a black star. 
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Figure 10. Evolution of the dielectric breakdown strength with mechanical cycling after a maximal stretch of: (a)     λ   1   = 1.3  ; (b)     λ   1   = 1.7  ; (c)     λ   1   = 2.4  . 
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Table 1. Ogden and Ogden–Roxburgh parameters [7].
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Parameter

	
Symbol

	
50 ShA

	
70 ShA

	
Unit






	
Ogden

	
µ

	
1.01 × 106

	
2.58 × 106

	
Pa




	
   α   

	
2.1

	
1.61

	
–




	
Ogden–Roxburgh

	
   r   

	
1.4

	
1.35

	
–




	
   m   

	
7.0 × 105

	
3.4 × 105

	
–




	
   b   

	
0.2

	
0.26

	
–
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