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Abstract – Temperature-frequency dependencies 

of the complex permittivity of composite materials 

with high permittivity on the basis of polyvinylidene 

fluoride were studied in this paper. The main pa-

rameters of dielectric relaxation spectra such as 

characteristic frequency and relaxation time of new 

composites with high specific storage energy were 

estimated in this work by means of the dielectric 

spectroscopy method. 

1. Introduction 

One of the advance fields of the material science is the 

development of novel polymeric composite materials 

(PCM) with high permittivity for HV techniques. 

These materials may be widely used for HV energy 

storage devices for the pulse power engineering. The 
front duration of voltage impulses of such HV energy 

storage devices may be changed from some nanosec-

onds to some seconds. Therefore PCM should have 

stable electrical properties over the frequency range. 

Filling of a polymeric matrix with ultra-disperse inor-

ganic fillers results in the essential modification of the 
structure and properties of PCM due to both the inter-

face interaction at the boundary matrix/filler and for-

mation of nano-layers at this boundary [1–5]. It can 

result in the redistribution of the local field inside 

PCM and frequency dispersion of the complex permit-

tivity. On designing these HV energy storage devices, 
the knowledge of the frequency spectrum of the com-

plex permittivity of polymeric matrixes and fillers is 

necessary.  

The study of temperature-frequency dependencies 

of the complex permittivity of polymeric nanodielec-

trics with high specific storage energy was the aim of 
this work. 

2. Experimental procedure and samples  

Polyvinylidene fluoride (PVDF, “Plastpolymer” Corp. 

Ltd., Russia, St.-Petersburg) was used as a matrix in 

this study. Nano-powders of nickel (Ni) and lead zir-
conate titanate (PZT) with average dimension of parti-

cles 200 and 800 nm were used as fillers. Composi-

tions used in this study are listed in Table 1. 

Measurements of the real part ε′ of the complex 

permittivity and tanδ were carried out under AC vol- 

tage 3 V at temperatures 20–100 °C in the frequency 
range from 10–2 Hz to 1 MHz by using the Solartron 

Instrument (Impedance/Gain-Phase Analyzer Solartron 

1260 + Dielectric Interface Solartron 1296) [6]. From 

five to ten measurements per decade over the frequency 

range were carried out for all samples.  
 

Table 1. Polymeric compositions used in this study 
 

Type Composition 

C1 PVDF 

C2 PVDF + 0.5 wt % Ni 

C3 PVDF + 1.0 wt % Ni 

C4 PVDF + 2.0 wt % Ni 

C5 PVDF + 0.5 wt % Ni +25 wt % PZT 

C6 PVDF + 0.5 wt % Ni +50 wt % PZT 

C7 PVDF + 0.5 wt % Ni +65 wt % PZT 

 

The measurements of ε′ and tanδ at the fixed fre-

quency F = 10–4 Hz were carried out separately be-
cause of long duration of the measuring procedure. 

The accuracy of the temperature adjustment at each 

temperature step was ± 1 °C.  

3. Experimental results and discussion 

The experimental results of study of temperature-

frequency dependencies of tanδ for PVDF are shown 
in Fig. 1. 

 
Frequency, Hz 

Fig. 1. Dependencies tan δ = f (F, T) for PVDF 

It can be seen that for PVDF the tanδ peak is 
shifted towards the higher frequency with changing 

temperature from 20 to 100 °C. For example, the 

change of temperature from 60 to 100 °C results in the 

shift of tan δ peak position from 0.015 up to 0.7 Hz 
(Fig. 1).  

Figure 2 shows the dependencies of ε′ = f(F, T) for 
PVDF. It is obvious that at F < 10  Hz a non-linear 

increase in ε′ is observed. Modification of PVDF by 
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0.5 wt % Ni results in not only the shift of tanδ peak 
position towards the lower frequency but also the 

change of its value at T ≥ 70 °C (Fig. 3). 

 
Frequency, Hz 

Fig. 2. Dependencies ε′ = f(F, T) for PVDF 

 
Frequency, Hz 

Fig. 3. Dependencies tanδ = f(F, T) for PVDF modified 

  by 0.5 wt % Ni 

The value of tanδ at T = 100 °C is increased by 
15% compared to that for PVDF. However, the value 

of tanδ for the modified PVDF does not changed at 

F > 1 kHz. The dependencies of ε′ = f(F, T) for C2 
have the same character (Fig. 4) just like for PVDF. 

 The tanδ value is increased with increasing nickel 

content in PVDF matrix up to 2 wt %. However in  

this case, the shift of the tanδ peak position towards 
the higher frequency is observed compared to that  

for C2. For example, the tanδ peak position for C3 

(Fig. 5) at T = 100 °C is observed at F ≈ 0.3 Hz and its  
 

value is increased by a factor of 1.4 and 1.6 compared 

to that for C2 and C1, respectively. The value of ε′ in 
this case at F < 10 Hz is decreased compared to that 

for C1 and C2. For comparison, the tanδ peak position 

for C4 at T = 100 °C is shifted to F ≈ 0.7 Hz just like 
for PVDF. 
 

 
Frequency, Hz 

Fig. 4. Dependencies ε′ = f(F, T) for PVDF modified 

  by 0.5 wt % Ni 

 
Frequency, Hz 

Fig. 5. Dependencies ε′ = f(F, T) for PVDF modified 

  by 1.0 wt % Ni 

Measurements of the complex impedance Z* for 

compositions C1…C4 at F ≈ 10–4 Hz were carried out 

for the calculation of the specific resistance ρv = 

= Za S/Δ [ohm ⋅ m], where Za is the real part of the 
complex impedance; S is the measuring electrode 

cross-sectional area; Δ is the sample thickness. The 

calculating results for ρv are represented in Table 2. 
 

 

Table 2. The values of ρv at different temperatures and F = 10–4 Hz 
 

ρv, Ohm ⋅ m, at different temperatures °С Composition 

Type 20 30 40 50 60 70 80 90 100 

C1 2.1 ⋅ 1012 2.2 ⋅ 1011 3.1 ⋅ 1010 4.4 ⋅ 109 1.0 ⋅ 109 4.6 ⋅ 108 2.1 ⋅ 108 1.5 ⋅ 108 5.4 ⋅ 107

C2 4.5 ⋅ 1012 4.5 ⋅ 1011 5.1 ⋅ 1010 6.8 ⋅ 109 1.0 ⋅ 109 5.4 ⋅ 108 2.3 ⋅ 108 9.8 ⋅ 107 4.9 ⋅ 107

C3 2.9 ⋅ 1012 2.7 ⋅ 1011 3.1 ⋅ 1010 4.0 ⋅ 109 6.5 ⋅ 108 2.9 ⋅ 108 1.3 ⋅ 108 6.6 ⋅ 107 3.3 ⋅ 107

C4 2.6 ⋅ 1012 2.9 ⋅ 1011 3.6 ⋅ 1010 5.2 ⋅ 109 8.0 ⋅ 108 3.3 ⋅ 108 1.3 ⋅ 108 6.5 ⋅ 107 2.9 ⋅ 107

C5 8.7 ⋅ 1012 1.1 ⋅ 1012 1.3 ⋅ 1011 2.0 ⋅ 1010 3.2 ⋅ 109 8.1 ⋅ 108 3.1 ⋅ 108 1.9 ⋅ 108 1.1 ⋅ 108

C6 2.8 ⋅ 1012 7.9 ⋅ 1011 2.2 ⋅ 1011 6.5 ⋅ 1010 2.2 ⋅ 1010 7.2 ⋅ 109 2.5 ⋅ 109 1.0 ⋅ 109 4.3 ⋅ 108

C7 3.9 ⋅ 1012 1.1 ⋅ 1012 3.7 ⋅ 1011 1.2 ⋅ 1011 4.0 ⋅ 1010 1.3 ⋅ 1010 5.2 ⋅ 109 2.2 ⋅ 109 9.7 ⋅ 108
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It is obvious that the specific resistance for C2 is 

increased by a factor of 2.2…1.5 with changing tem-

perature from 20 to 50 °C compared to that for C1. At 

T > 80°C the value of ρv is decreased by a factor of 1.3 

compared to that for C1. The decrease in ρv begins at 

T > 60 °C with increasing a nickel content compared 

to that for C1 and C2. The value of ρv is decreased at 

T = 100 °C by a factor of 1.6 and 1.9 for C3 and C4 

respectively compared to PVDF (C1).  

Dependencies lnρv = f(1/T) are two crossing lines 
with different slopes. The intersection point of these 

straight lines gives the value of the glass transition 

temperature Tg, which for PVDF is equal to 

65…70 °C [7].  
The experimental values of the dielectric strength 

for composites studied are represented in Table 3. It is 

obvious that the dielectric strength is unchangeable for 

all PCMs compared to that for C1.  
 

Table 3. The dielectric strength for composites 
 

Type C1 C2 C3 C4 

Eb, kV/mm 70.4 ± 2.8 71.1 ± 3.0 68.5 ± 2.1 67.8 ± 2.6 

 

Micrographs of sub-molecular structure for com-

posites C1–C4 are shown in Fig. 6. 

c d 

b 

10 µm 10 µm 

10 µm 10 µm 

a 

 

Fig. 6. Micrographs of sub-molecular structure for modified 

  PVDF: a – C1; b – C2; c – C3; d – C4 

It can be seen that the filling of PVDF by nano-

particles of Ni results in the essential modification of 
sub-molecular structure of composites. Large-size 

spherulite structure of PVDF is transformed into a 

small-size spherulite structure. Sub-molecular struc-

ture of modified PVDF becomes more inhomogeneous 

with increasing Ni content due to the increase in the  
 

size of agglomerates of Ni-particles. The average size 

of Ni-agglomerates is 2 and 12.5 μm for C2 and C4 
respectively.  

Analysis of the results shows that anomalous high 

values of tanδ for PCMs on the basis of PVDF modi-

fied by Ni are observed in the low-frequency range 

due to a non-linear increase in ε′. The value of 

tanδ > 1 is usually observed in ferroelectrics for which 

the complex permittivity dispersion in the low-

frequency range relates with the orientation of electric 

moments inside domains [8]. Because PVDF is a par-

tially crystalline polymer, then essential contribution 

into the increase of tanδ at T ≥ 60…70 °C may give 

the increase of its conductivity due to dissociation of 

molecules inside amorphous regions of a polymer [8]. 

The shift of tanδ peak towards the low-frequency 

range for C2 compared to PVDF (C1) may be caused 

by the change both of crystallinity and energy of co-

hesion interaction of matrix and filler. Besides, the 

increase of Ni content in PVDF-matrix may change 

the glass transition temperature of PCM. For that case 

the decrease in Tg is connected with both the decrease 

of packing density of molecules in a composite and 

formation of mechanical strain inside the PCM.  

On the other hand, the increase in Tg is conditioned by 

the limitation of mobility of the composite chains due 

to the filler [9]. Deviation of the glass transition tem-

perature being found in this study may be connected 

with a joint effect of both factors mentioned above. 

  Typical results for PCMs on the basis of PVDF 

filled with PZT are listed in Table 4. It can be seen 

that the permittivity (ε′) of PCMs is decreased not 

more than by 15% with temperature increase from 30 

to 70 °С in the frequency range from 1 kHz to 1 MHz.  

  The permittivity at F = 1 MHz and T = 30 °C for 

nano-compositions C5…C7 is increased by 10…185% 

and tanδ is decreased by 10% compared to those for 

PVDF-matrix. It is an evidence of good compatibility 

of PVDF-matrix and particles of PZT-filler.  

Figure 7 shows a non-linear increase in ε′ for all 

PCMs in the low-frequency range. On the other hand, 

the permittivity of all PVDF/Ni/PZT composites is 

slowly changed over the frequency range from 10 Hz 

up to 1 MHz.  

Since mechanical properties of PCMs with 

65…70 wt. % of PZT are not so good as for PVDF, 

then the maximum filler content for PCMs on the ba-

sis of PVDF should be not more than 55–60 wt. %. 

The results of study of compositions C5…C7 at 

F = 10–4 Hz were shown in Table 2. It is obvious that 

the maximum increase in ρv is observed for C5…C7 

over the temperature range from 20 up to 100 °C.  

In this case, the activation energy of the conductiv-

ity process is decreased with increase in the filler con-

tent. It can be connected with the increase in the vol-

ume fraction of an amorphous phase in PVDF-matrix 

for composites C5…C7. 
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Table 4. The relationships ε′ and tanδ = f(T) for PCMs on the basis of PVDF 

C5 C6 C7 
T, °C F, kHz 

ε′ tanδ, 10-2 ε′ tanδ, 10–2 ε′ tanδ, 10–2

1 11.95 1.46 18.93 1.53 28.59 1.85 

10 11.75 1.53 18.57 1.68 28.03 2.00 

100 11.45 3.93 18.08 4.06 27.09 4.29 
30 

1000 10.41 14.2 16.40 14.52 24.77 12.94 

1 12.29 2.95 19.41 2.61 29.27 3.00 

10 12.00 1.69 18.91 1.77 28.41 2.05 

100 11.67 2.77 18.50 2.32 27.60 2.86 
50 

1000 11.29 7.94 17.83 7.21 26.23 7.80 

1 12.66 7.08 19.61 4.42 29.72 5.23 

10 12.10 2.61 18.90 2.20 28.45 2.61 

100 11.80 2.04 18.46 1.95 27.59 2.46 
70 

1000 11.54 4.58 18.05 4.61 26.65 6.98 

 

 
Frequency, Hz 

Fig. 7. Dependencies ε′ = f(F) for PCMs with different PZT 

  content at T = 25 °C 

4. Conclusions 

1. Modification of PVDF by < 0.5 wt % Ni results in 

the essential change of sub-molecular structure of 

PCMs. Large-size spherulite structure of PVDF is 

transformed into small-size spherulite structure. 

2. The shift of tanδ peak towards the low-
frequency range for PVDF modified by Ni compared 

to PVDF may be caused by the change both of crystal-
linity and energy of cohesion interaction of matrix and 

filler.  

3. The glass transition temperature of PCMs is very 

much influenced by the Ni content in PVDF-matrix.  

  4. The permittivity of PVDF/Ni/PZT composites is 

slowly changed over frequency range from 10 Hz to 

1 MHz. Maximum PZT content in PCMs on the basis 
of PVDF should not be more than 60 wt %.  

5. It is possible to design a novel composition with 

high specific storage energy more than 105 J/m3 on the 

basis of PVDF-matrix filled with PZT nano-particles. 
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