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Finite element Calculation Simulation: The phase field simulation for evolution of 

conductive channel was conducted as previously reported. A dimensionless phase 

field variable s (x, t) was introduced to characterize the breakdown state of the 

materials, where the value of s varies from 0 to 1, representing the undamaged state 

(s=1) and the completely breakdown state (s=0), respectively.When it was in any of 

the middle states, the dielectric constant εr can be calculated as follows: 

  (Eq. S1) 

where . ε0 is the initial εr, and η is set as 0.001. 

Integrating the entire space Ω occupied by the dielectric gives the energy 

function of the system: 

 (Eq. S2) 

where Γ and Φ is breakdown energy, and electric potential, respectively. When the 

electrostatic energy required to extend the conductive branch per unit length is more 

than the minimum energy Γ required for breakdown, a conductive channel emerges 

and propagates.The breakdown failure process is represented by a law of linear 

dynamic supposing the ratio of damage rate to energy driving force: 

 (Eq. S3) 



Thus, the evolution equation for the damage variable s can be obtained after 

substituting in the detailed forms of the energy functions: 

 (Eq. S4) 

where, the mobility m is used to characterize the damage diffusivity in composite. To 

facilitate numerical calculation,we will normalize all lengths by l, energies by Γl, time 

by mΓl, and electric pontentials by . the resulting dimensionless governing 

equations: 

 (Eq. S5) 

 (Eq. S6) 

In which the symbols with over-bars are the dimensionless counterparts of the 
corresponding quantities. 
 
 
 



 

Figure S1. DSC curves of TiO2/PEN nanocomposites. 
 

 

Figure S2. DSC curves of TiO2-PEN hybrids. 

 

Figure S3. TGA curves of TiO2/PEN nanocomposites. 
 



 

Figure S4. TGA curves of TiO2-PEN hybrids. 
 

 

Figure S5. Tensile strength of TiO2/PEN nanocomposites. 

 
Figure S6. Tensile modulus of TiO2/PEN nanocomposites. 



 

Figure S7. Elongation at break of TiO2/PEN nanocomposites. 

 

Figure S8. Tensile strength of TiO2-PEN hybrids. 

 

Figure S9. Tensile modulus of TiO2-PEN hybrids. 



 

Figure S10. Elongation at break of TiO2-PEN hybrids. 

 

Figure S11. Dielectric loss of TiO2/PEN nanocomposites. 
 

 

Figure S12. Dielectric loss of TiO2-PEN hybrids. 



 

Figure S13. Efficiency of TiO2/PEN nanocomposites and TiO2-PEN hybrids. 

 

Figure S14. Dielectric constant of 0 wt% TiO2-PEN at different temperatures. 
 

 
Figure S15. Dielectric constant of 5 wt% TiO2-PEN at different temperatures. 

 



 

Figure S16. Dielectric constant of 15 wt% TiO2-PEN at different temperatures. 
 

 
Figure S17. Dielectric constant of 20 wt% TiO2-PEN at different temperatures. 

 

 
Figure S18. Dielectric loss of 0 wt% TiO2-PEN at different temperatures. 

 



 
Figure S19. Dielectric loss of 5 wt% TiO2-PEN at different temperatures. 

 

 

Figure S20. Dielectric loss of 15 wt% TiO2-PEN at different temperatures. 
 

 

Figure S21. Dielectric loss of 20 wt% TiO2-PEN at different temperatures. 
 
 
 



 
Table S1. Properties of TiO2/PEN nanocomposites. 

 
 0 wt% 5 wt% 10 wt% 15 wt% 20 wt% 

Glass transition temperature (Tg, oC) 195.4 197.3 199.1 200.7 202.4 

Decomposition temperature (T10%,oC) 516.7 517.7 518.7 519.7 520.6 

Residue weight at 800 oC (W800, %) 60.1 62.3 64.2 66.1 68.2 

Tensile strength (MPa) 107.4 93.1 86.8 79.5 75.7 

Tensile modulus (MPa) 2038 1825 1692 1640 1596 

Elongation at break (%) 12.47 9.45 7.19 5.61 4.78 

Dielectric constant at 1000 Hz (εr) 3.96 4.34 4.5 4.61 4.72 

Breakdown strength (Eb, kV/mm) 227.5 212.7 207.2 202.1 197.3 

Discharged energy density (Ud, J/cc) 0.56 0.60 0.62 0.62 0.63 

Discharged energy efficiency (η, %) 98.4 97.5 96.2 94.8 93.3 

 
Table S2. Properties of TiO2-PEN hybrids. 

 
 0 wt% 5 wt% 10 wt% 15 wt% 20 wt% 

Glass transition temperature (Tg, oC) 217.7 217.9 218.1 220.4 221.7 

Decomposition temperature (T10%,oC) 521.7 531.2 539.1 547.1 560.9 

Residue weight at 800 oC (W800, %) 66.3 67.9 69.6 71.4 73.1 

Tensile strength (MPa) 109.7 115.3 113.4 111.1 109.2 

Tensile modulus (MPa) 2156 2277 2104 2059 1985 

Elongation at break (%) 9.23 7.75 7.22 6.19 5.39 

Dielectric constant at 1000 Hz (εr, 25 oC) 3.86 4.33 4.67 4.86 5.04 

Breakdown strength (Eb, 25 oC, kV/mm) 224.8 212.4 204.8 199.4 194.3 

Discharged energy density (Ud, 25 oC, J/cc) 0.53 0.59 0.63 0.65 0.65 

Discharged energy efficiency (η, 25 oC, %) 96.5 95.4 94.3 92.9 91.3 

Dielectric constant at 1000 Hz (εr, 150 oC) 4.07 4.49 4.79 4.96 5.09 

Breakdown strength (Eb, 150 oC, kV/mm) 208.1 198.4 192.7 187.2 181.9 

Discharged energy density (Ud, 150 oC, J/cc) 0.54 0.59 0.60 0.61 0.62 

Discharged energy efficiency (η, 150 oC, %) 93.6 92.4 91.0 89.2 87.1 

 
 
 
 



Table S3. Comparison of the composites characteristics with those in the literature. 
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Sample εr 

 

Tanδ Eb 

(kV/mm) 

η 

(%) 

Ue 

(J/cm3) 

Tg 

(℃) 

reference 

TiO2-PEN 5.04 0.021 194.3 91.3 0.84 221.7 This work 

TiO2/PEN 4.72 0.027 197.3 93.3 0.81 202.4 This work 

CCTO/PEN 4.99 0.038 168.8 / 0.63 / [1] 

PENS100 3.60 0.018 203.5 / 0.68 180.0 [2] 

TR-PEN200 4.11 0.020 220.7 / 0.89 222.9 [3] 

CCTO15-PEN 6.27 0.027 162.4 / 0.78 / [4] 

PENK2 4.07 0.013 191.2 / 0.66 216.2 [5] 

BT@CuPc/PEN 5.41 0.017 187.2 / 0.82 217.1 [6] 

BT@PANI/PEN 4.55 0.013 208.5 / 0.78 216.4 [7] 


