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Abstract: Dielectric composites made using P(VDF-CTFE) 88/12 mol% as polymer matrix and both 
micro-sized and nano-sized CaCu3Ti4O12 (CCTO) particles as filler are developed. These composites 
exhibit high dielectric constant with a small dielectric loss. More importantly, it is found that the 
dielectric constant of these composites is almost independent of temperature from 25 ℃ to 125 ℃. 
Comparing the composites made using micro-sized CCTO particles, the composites made using 
nano-sized CCTO particles exhibit a smaller dielectric loss. The dielectric properties of these 
composites indicate that the nano-sized CCTO particles have a smaller dielectric constant than the 
micro-sized CCTO particles. 
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1  Introduction 

Polymer-based dielectric composites are highly 
desirable for applications ranging from electronic 
packaging, embedded capacitors, to energy storage, 
since these composites are highly flexible with a low 
process temperature and they exhibit a relatively high 
dielectric constant, low dielectric loss, high dielectric 
strength [1,2]. A great deal of effort has been dedicated 
to the development of these composites. The dielectric 
property of a composite is strongly dependent on the 
connectivity of its constituents. Due to the simple 
preparation process and desirable flexibility, 0-3 
composites are the main category of polymer based 
composites studied [1]. In a polymer-based 0-3 

composites, polymer serves as the matrix, and the 
particles of other materials are embedded into the 
polymer matrix as filler. The filler can be either a 
dielectric or conductor [1,2]. The high dielectric 
constant obtained in the 0-3 composites using 
conducting filler is caused by the percolation 
phenomenon. The dielectric properties of a 0-3 
composite using a dielectric as filler are dependent on 
the dielectric properties of both the matrix and filler [1]. 
To achieve a high dielectric constant in polymer based 
0-3 composites using dielectric filler, it is necessary to 
have: (1) dielectric with high dielectric constant as 
filler and (2) polymer with high dielectric constant as 
matrix.   

Most of dielectrics used as fillers in the development 
of polymer based 0-3 composites are inorganic polar 
materials, especially ferroelectrics [3-9], such as 
BaTiO3 (BT), (Ba,Sr)TiO3 (BST), Pb(Mg2/3Nb1/3)O3 
(PMN), P(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) and Pb(Zr, 
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Ti)O3 (PZT), since these dielectrics exhibit a dielectric 
constant as high as 103 to 104 [10]. The dielectric 
constant can reach 100 in these composites [4,7]. 

However, the polar dielectrics exhibit a strong 
electromechanical effect, which is undesirable for 
dielectric applications. Additionally, the dielectric 
properties of the polar materials exhibit a strong 
temperature dependence [10], which is undesirable for 
many dielectric applications. Regarding polymer 
matrix, it is well known that most of polymers exhibit 
a low dielectric constant (<5) [1,11]. To have a 
polymer with a high dielectric constant, most attention 
has been given to PVDF-based polymers, such as 
PVDF homopolymer and P(VDF-TrFE) copolymers, 
which exhibit a dielectric constant more than of 10 at 
room temperature [7,11-15]. Again, it is necessary to 
mention the dielectric constant of these polymers 
exhibits a strong temperature dependence due to its 
ferroelectric nature. For example, the dielectric 
constant of P(VDF-TrFE) can reach up to 80 at the 
ferroelectric-to-paraelectric phase transition 
temperature [15], which is more than 7 times of that at 
room temperature. The ferroelectric-to-paraelectric 
phase transition temperature in P(VDF-TrFE) ranges 
from 60 ℃ to 150 ℃ depending on the composition 
[16]. Therefore, the dielectric properties of a composite 
made of polar polymer matrix and/or polar filler are 
strongly dependent on the temperature.  

The discovery of CaCu3Ti4O12 (CCTO) and other 
similar materials opens a new avenue for the 
development of 0-3 composites, since these materials 
exhibit an ultrahigh dielectric constant (104-105)， and 
their dielectric constant is almost independent of the 
temperature over a broad temperature range that covers 
the room temperature [17-19]. Additionally, these 
materials are not piezoelectric. CCTO has been used as 
filler material for the development of polymer based 
0-3 composites, and CCTO-based composites exhibit a 
high dielectric constant [20-24]. In these composites, 
ferroelectric-like polymers, such as PVDF and 
P(VDF-TrFE), have been used as polymer matrix. 
Therefore, the dielectric constant of these composites 
exhibits a strong temperature dependence. For example, 
for composites made of CCTO particle with 
P(VDF-TrFE) 55/45 mol%, the dielectric constant at 
the ferroelectric-to-paraelectric phase transition 
temperature (~70 ℃) of P(VDF-TrFE) is about 2-3 
times of that at room temperature for the composite 
with 50 vol% CCTO [21]. It should be mentioned that 

the physics behind the high dielectric constant 
observed in CCTO is interesting. The dielectric 
behavior of CCTO-based composites provides a unique 
way to study the origin of high dielectric constant 
obtained in CCTO.   

In researching electroactive polymer, it is found that 
P(VDF-CTFE) copolymers have following features 
[25-27]: (1) similar with other PVDF-based polymer, 
P(VDF-CTFE) copolymer at room temperature exhibit 
a dielectric constant  about 10; (2) P(VDF-CTFE) 
copolymer can withstand a very high electric field. 
Both of these make the P(VDF-CTFE) copolymer a 
great candidate for energy storage. A great deal of 
efforts has been given to the development of 
energy-storage composites using P(VDF-CTFE) 
copolymer as matrix [27-30]. All this research focuses 
on energy storage density and dielectric properties of 
these composites at room temperature. It should be 
noticed that P(VDF-CTFE) copolymer does not show 
phase transition, so its dielectric constant is only 
weakly dependent on the temperature. This and the 
above two features make P(VDF-CTFE) copolymer an 
ideal polymer to be used as polymer matrix for the 
development of polymer-based 0-3 composites for 
dielectric applications.  

In this work, 0-3 composites using CCTO particles 
as filler and P(VDF-CTFE) 88/12 mol% copolymer as 
polymer matrix are developed. The dielectric 
properties and their dependences on the composition, 
temperature, and frequency are reported here. It is 
found that these CCTO-P(VDF-CTFE) composites 
exhibit a relatively high dielectric constant with a low 
dielectric loss and, more importantly, the dielectric 
constant of these composites is almost independent of 
the temperature over temperatures ranging from 25 ℃ 

to 125 ℃. Both micro- and nano-sized CCTO particles 
were prepared using the same CCTO ceramics.  

In the experiments, CCTO ceramics were prepared 
by using a traditional powder processing method as 
described in References [20,21]. CCTO particles/    
powders in size about 10 μm (i.e., microsized particles) 
were prepared from CCTO ceramics using a ball miller, 
while the CCTO particles in size less than 1 μm (i.e., 
nanosized particles), mostly ranging from 100 nm to 
600 nm, were prepared from CCTO ceramics using a 
Fritsch P4™ high-energy ball milling system. 
P(VDF-CTFE) 88/12 mol% copolymer was first 
dissolved in dimethyl formamide (DMF) using 
magnetic stir bar for 8 h at room temperature. The 
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CCTO particles were then added to the polymer 
solution and stirred for another 8 h and sonicated for 
about 20 min. The final CCTO/P (VDF-CTFE) 
suspension/solution was cast on a glass plate at 70 ℃ 
for 8 h. The composites with 0, 10, 20, 30, 40, and 
50 vol% of CCTO were prepared. The as-cast film 
was annealed at 125 ℃ for 8 h. The thickness of 
as-cast film is around 50-80 µm. To improve the 
uniformity of the composite, a stack of as-cast 
composite film with 4 layers was placed in a hot-press 
machine at 150 ℃. The stack was pressed with 10 tons 
force for 10 seconds. The scanning electron 
microscope (SEM JSM-7000F, JEOL) observation 
confirmed that the hot-press samples have a much 
better uniformity than the as-cast samples, which is 
consistent with the results obtained from 
CCTO-P(VDF-TrFE) composites [20,21]. The 
hot-press samples with sputtered gold electrode on 
both sides were used for the dielectric characterization. 
The morphology of the composites was examined 
using SEM. The impedance of the samples at 
frequencies ranging from 100 Hz to 1 MHz over a 
temperature range from 25 ℃ to 125 ℃ was measured 
using an impedance analyzer (Agilent 4294A). The 
dielectric constant was calculated from the impedance 
using parallel plate mode.  

The frequency dependences of the dielectric 
constant and dielectric loss for the composites at room 
temperature are shown in Fig. 1(a), where the 
composites with different CCTO contents (0, 10, 20, 
30, 40, 50 vol%) are presented and the content of 
CCTO is identified in the figure. Clearly, the dielectric 
constant of the composites increases with increasing 
CCTO content. The data shown in Fig. 1 indicates that 
CCTO-P(VDF-CTFE) composites exhibit a high 
dielectric constant with a low loss. For example, the 
composite with 50 vol% CCTO exhibits a dielectric 
constant more than 150 with a dielectric loss about 
13% at 1 kHz. This dielectric constant is about 18 
times of that of pure P(VDF-CTFE) copolymer.  

As shown in Fig. 1(b), the dielectric loss at high 
frequency (>100 kHz) increases with increasing 
frequency, which is dominated by the dielectric 
relaxation process in the polymer matrix. The dielectric 
loss at low frequency (<10 kHz) is more complicated. 
For the composites with low CCTO content (e.g., 0, 10, 
20 vol%) (named as Regime-I for later on discussion), 
the dielectric loss at low frequency is almost 
independent of the CCTO content. However, for the 

composites with a higher CCTO content (>20 vol%) 
(named as Regime-II for later on discussion), the 
dielectric loss at low frequency is clearly higher than 
that of polymer matrix and increases with decreasing 
frequency. To further study the composition 
dependence of the dielectric properties at low 
frequency, the dielectric properties at 1 kHz of these 
composites are plotted against its CCTO content as 
shown in Fig. 2. Although the dielectric constant of the 
composites increases with increasing CCTO content, 
the dielectric loss in both Regime-I and Regime-II 
remains almost a constant. Comparing composites in 
Regime-I and Regime-II, it is found that the 
composites in Regime-I exhibit an even lower 
dielectric loss. For all composites reported here, the 
experimental results indicate that the 
CCTO-P(VDF-CTFE) composites have a lower 
dielectric loss than other high dielectric constant 
composites. For example, the dielectric loss of 
CCTO-P(VDF-CTFE) composites reported here is 
mostly less than 15%, while the CCTO-P(VDF-TrFE) 
composites exhibit a dielectric loss mostly higher than 
30% at room temperature [20].  

100 1k 10k 100k 1M
0

20

40

60

80

100

120

140

160

180

200

 

 

 30%
 40%
 50%

   0%
 10%
 20%

D
ie

le
ct

ri
c 

co
ns

ta
nt

 

Frequency (Hz)

CCTO-P(VDF-CTFE)88/12 (a)

 

100 1k 10k 100k 1M
0

10

20

(b)CCTO-P(VDF-CTFE)88/12

ta
n




 

 

Frequency (Hz)

 30%
 40%
 50%

   0%
 10%
 20%

 
Fig. 1  Dielectric constant (a) and dielectric loss (b) 
versus frequency for CCTO/P(VDF-CTFE) 
composites at room temperature. The content of 
CCTO (0, 10, 20, 30, 40, 50 vol%) in the composites 
is indicated in the figure. Here, the CCTO particles 
are micro-sized CCTO particles. 
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Fig. 2 Dielectric constant and dielectric loss at 1 
kHz versus volume content of micro-sized CCTO 
for the composites at room temperature.   

The temperature dependences of the dielectric 
constant are summarized in Fig. 3 and Fig. 4 for the 
composites studied here. In Fig. 3, the dielectric 
constant at 10 kHz is plotted against temperature for all 
composites. As mentioned above, the dielectric 
property of P(VDF-TrFE)-based composites exhibits a 
strong temperature dependence due to the ferroelectric-   
to-paraelectric phase transition. For example, for 
CCTO-P(VDF-TrFE) composites, the dielectric 
constant at the ferroelectric-to-paraelectric phase 
transition temperature of P(VDF-TrFE) is about 2 to 3 
times higher than that at room temperature [20,21]. 
Comparing to P(VDF-TrFE)-based composites, the 
composites reported here show an almost temperature 
independent dielectric constant, as shown in Fig. 3. To 
further study the temperature dependence of the 
dielectric properties, a temperature coefficient 
(Temp-Coef) is defined as 

Max( ) Min( )
Temp-Coef

Max( ) Min( )

 
 





       (1) 

where Max(ε) and Min(ε) are the maximum and 
minimum values of the dielectric constant at a constant 
frequency over the temperature range from 25 ℃ to 

125 ℃. The Temp-Coef defined in Eq. (1) represents 
the maximum derivation of the dielectric constant from 
its median value. The value of Temp-Coef at some 
frequencies for different composites is summarized in 
Fig. 4. Comparing with other composites with high 
dielectric constant or composites using polar materials 
[7,20,21], the composites studied here clearly exhibit a 
miniscale temperature dependence of the dielectric 
constant. The composites in Regime-I exhibit a smaller 
Tem-Coef than composites in Regime-II. More 
importantly, for the composites in Regime-I, the 
Temp-Coef decreases with increasing CCTO content. 

That is, the composites have a smaller Temp-Coef than 
the pure polymer matrix.   

The dielectric loss obtained in a dielectric may 
originate from electric conductivity and the dielectric 
relaxations, which includes interface relaxation for a 
composite. The dielectric loss originating from 
electrical conductivity is unacceptable for many of the 
dielectric applications, such as energy storage. It is 
well known that the temperature dependence of the 
dielectric loss reflects the nature of the dielectric loss 
observed in a dielectric. For dielectrics, the 
temperature dependence of the electrical conductivity 
can be written as  

0
0 exp

T

T
      

 
             (2) 

where σ and σ0 are the conductivity at temperature T 
and the conductivity at very high temperature, T0 is the 
equivalent temperature of the activation energy of the 
conduction process in the dielectric. Therefore, the 
dielectric loss originating from the electrical 
conductivity would increase with increasing 
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Fig. 3  Temperature dependence of dielectric 
constant at 10 kHz for the composites with different 
contents of micro-sized CCTO particles. 
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Fig. 4  The temperature coefficient (Temp-Coef) 
defined by Eq. (1) is plotted against the CCTO 
content for the composites. 
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temperature. The dielectric loss and its temperature of 
the composites are examined. The results shown in Fig. 
5 are the dielectric loss at 1 kHz and 100 kHz for the 
composites at different temperatures. At 100 kHz, the 
dielectric loss of the composites decreases with 
increasing temperature, which indicates that the 
dielectric loss observed in the composites are 
dominated by the dielectric loss originates from the 
relaxations. In other words, these composites have 
insignificant electrical conductivity. At 1 kHz, there is 
a clear increase in the dielectric loss with increasing 
temperature at temperature higher than 70 ℃ for all 
composites and also for pure polymer matrix. At 
temperature below 70 ℃, for the composites in 
Regime-I, the dielectric loss shows a similar 
temperature dependence, while for the composites in 
Regime-II, the dielectric loss decrease with 
temperature.  

It was reported that the size of CCTO particles plays 
an important role on the dielectric behavior of 
CCTO-P(VDF-TrFE) composites [21]. To examine 
influence of particle size of CCTO on the dielectric 
property of the composites and to verify the conclusion 
that the CCTO-P(VDF-CTFE) composites have an 
almost temperature-independent dielectric constant, the 
composites using nano-sized CCTO particles were 
studied. The results shown in Fig. 6 are the dielectric 
constant and loss of the composites with 50 vol% 

nano-sized CCTO. In the figure, the dielectric constant 
at 10 kHz and dielectric loss at 1 kHz are plotted for 
the composite with 50 vol% of micro-sized CCTO 
particles for the comparison purpose. The results 
shown in Fig. 6 reveals following conclusions. First, it 
is found that the composites using nano-sized CCTO 
particles exhibit a significantly smaller dielectric loss. 
For example, the nano-composite at room temperature 
has a dielectric loss of 4% at 1 kHz, while the 
micro-composite has more than 10%. Secondly, the 
nano-composites exhibit a smaller dielectric constant 
than the micro-composites. This is consistent with the 
results obtained in CCTO-P(VDF-TrFE) composites 
[21]. Thirdly, the nano-composites exhibit a smaller 
Temp-Coef than the micro-composites. For example, 
for the dielectric constants at 1, 10, 100 kHz, the 
Temp-Coef is about 5%, 6%, 6%, respectively, for the 
composite with 50 vol% of micro-sized CCTO, while 
it is 4.0%, 0.5%, 1.5%, respectively, for the composite 
with 50 vol% of nano-sized CCTO.  

It is interesting to compare the difference in the 
dielectric property between the composites made of 
nano-sized and micro-sized CCTO particles. The 
dielectric property of a 0-3 composite is determined by 
the dielectric property of the matrix, filler, and the 
interfacial layer between the matrix and filler and by 
the morphology of the composite. Since the 
composites were prepared at temperature no more than 
150 ℃, it is not expected that the CCTO itself changes 
during the composite process. Therefore, the interfacial 
layer between the CCTO particle and P(VDF-CTFE) 
matrix is P(VDF-CTFE) polymer chains with different 
conformation and morphology than the polymer chains 
in the polymer matrix. Both nano- and micro-    
composites studied here have a relatively good 
uniformity or similar morphology except the size of 
the CCTO filler. Therefore, there are two possibilities 
for the difference in the dielectric property between the 
nano- and micro-composites shown in Fig. 6: (1) the 
nano-sized CCTO particles have a smaller dielectric 
constant and a lower dielectric loss than the 
micro-sized CCTO particles; (2) the interfacial layer 
has a lower dielectric constant and a lower dielectric 
loss than the polymer matrix. It is noticed that in 
literatures the interfacial layer in polymer-based 
composites is usually used to explain the increase in 
the dielectric constant with increasing interfacial layer 
[1]. That is, a higher dielectric constant is assigned to 
the interfacial layer. However, the CCTO-based 
composites show that for the composites with the same 
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Fig. 5  Dielectric loss at 1 kHz and 100 kHz versus 
temperature for the composites. 
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polymer matrix and the same concentration, the 
composites using nano-sized CCTO particles exhibits a 
smaller dielectric constant and a lower dielectric loss 
than the composites using micro-sized CCTO particles. 
Therefore, these results indicate that the CCTO 
nano-sized particles have a smaller dielectric constant 
and a lower dielectric loss than the micro-sized CCTO 
particles. This may explain the experimental results 
that the dielectric property of the CCTO ceramics is 
sensitive to the microstructure.   

In conclusion, 0-3 composites using micro-sized and 
nano-sized CCTO particles as filler are prepared using 
P(VDF-CTFE) copolymer as matrix. It is found that 
these composites exhibit a high dielectric constant with 
a low dielectric loss compared to the similar 
composites that use polar materials, such as 
ferroelectrics. More importantly, the dielectric constant 
obtained in CCTO-P(VDF-CTFE) composites is 
almost independent of temperature over temperature 
ranging from 25 ℃ to 125 ℃. Based on the dielectric 
property, the composition of the composites can be 
classified into two regimes: one is low CCTO content 
and the other is high CCTO content (>20 vol%). In 
each regime, the dielectric loss does not change much 
with the CCTO content. The composites in low CCTO 
content range exhibit a significant lower dielectric loss 
than the composites in high CCTO content range. It is 

also found that, for the composites in low CCTO 
content range, the temperature dependence of the 
dielectric constant becomes weaker as CCTO content 
increases. Comparing composites made using 
micro-sized CCTO particles, the composites made 
using nano-sized CCTO particle exhibit a significantly 
small dielectric loss and a weaker temperature 
dependence on the dielectric constant. It is concluded 
that the nano-sized CCTO particles have a smaller 
dielectric constant and a lower dielectric loss than the 
micro-sized CCTO particles.   
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