
1Scientific RepoRts | 6:35763 | DOI: 10.1038/srep35763

www.nature.com/scientificreports

Process and Microstructure to 
Achieve Ultra-high Dielectric 
Constant in Ceramic-Polymer 
Composites
Lin Zhang1, Xiaobing Shan1, Patrick Bass1, Yang Tong1, Terry D. Rolin2, Curtis W. Hill2, 
Jeffrey C. Brewer2, Dennis S. Tucker2 & Z.-Y. Cheng1

Influences of process conditions on microstructure and dielectric properties of ceramic-polymer 
composites are systematically studied using CaCu3Ti4O12 (CCTO) as filler and P(VDF-TrFE) 55/45 mol.% 
copolymer as the matrix by combining solution-cast and hot-pressing processes. It is found that the 
dielectric constant of the composites can be significantly enhanced–up to about 10 times – by using 
proper processing conditions. The dielectric constant of the composites can reach more than 1,000 over 
a wide temperature range with a low loss (tan δ ~ 10−1). It is concluded that besides the dense structure 
of composites, the uniform distribution of the CCTO particles in the matrix plays a key role on the 
dielectric enhancement. Due to the influence of the CCTO on the microstructure of the polymer matrix, 
the composites exhibit a weaker temperature dependence of the dielectric constant than the polymer 
matrix. Based on the results, it is also found that the loss of the composites at low temperatures, 
including room temperature, is determined by the real dielectric relaxation processes including the 
relaxation process induced by the mixing.

Flexible dielectrics with a high dielectric constant are critical for many applications, such as energy-storage capac-
itors, gate dielectrics in field-effect transistors, and pulse-power and system-on-package technologies1,2. Although 
polymers are flexible, they exhibit a low dielectric constant3. To create flexible dielectrics with a high dielectric 
constant, a great deal of effort has been devoted in recent years to the development of polymer-based dielectric 
composites, especially the 0–3 composites in which a dielectric polymer matrix is filled with particles of either 
conductors or dielectrics3–7.

The dielectric response of a dielectric polymer filled with conductive particles – conductor-dielectric com-
posite (CDC) – is determined by a percolation phenomenon. The CDCs are insulative/dielectric when the filler 
content (ϕ) is less than a certain value (the percolation threshold ϕc). In the insulative regime, the dielectric 
constant of a CDC increases with increasing the ϕ. As the ϕ approaches the ϕc, the dielectric constant of the CDC 
can reach a very high value4–6. Therefore, the composites using different conducting fillers (i.e. metal, carbon, car-
bon nanotube, conducting polymer) in different shapes (i.e. spherical particles8–10, fibers/rods/wires11,12, plates/
discs13) have been studied4–6,14. When ϕ is close to ϕc, the CDCs can exhibit a high dielectric constant (~1,000), 
which is, however, usually associated with a high dielectric loss (tan δ ~ 100 to 102)5.

The dielectric response of a dielectric polymer filled with dielectric particles – dielectric-dielectric composite 
(DDC) – is determined by many factors, such as the dielectric properties of each constituent, size and shape of 
the filler particles, and the composition (i.e. the ϕ ) and the microstructure (i.e. the distribution and connectivity 
of the filler particles) of the composites3–6. For the development of DDCs, dielectric ceramics, especially ferroe-
lectric/relaxor ceramics such as BaTiO3, Pb(Mg1/3Nb2/3)O3, Pb(Zr,Ti)O3, (Ba,Sr)TiO3 have been widely used as 
fillers due to the fact that these ceramics exhibit a high dielectric constant (103 ~ 104)15–19. However, the dielectric 
constant of these DDCs, even with the ϕ reaching 50 vol.%, is barely higher than 100 (mostly less than 50)5. 
Additionally, the dielectric properties of ferroelectrics/relaxor ceramics are strongly dependent on the temper-
ature and exhibit a strong piezoelectric effect20,21, which are undesirable for dielectric applications. The recent 
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study on CaCu3Ti4O12 (CCTO) provides a new opportunity to develop high-performance DDCs because CCTO 
ceramic exhibits a giant dielectric constant (> 104) with a weak temperature dependence over a wide temperature 
range and does not have the piezoelectric effect22–24. It was reported that CCTO-P(VDF-TrFE) composites with 
a ϕ of 50 vol.% at room temperature exhibit a dielectric constant of ~400 at 100 Hz with a dielectric loss of about 
0.625. The dielectric constant observed in the CCTO-P(VDF-TrFE) is significantly higher than that observed 
in other DDCs. Since the report, CCTO-polymer composites become an interesting topic and have been stud-
ied by many research groups26–40. CCTO particles, ranging in size from nanometers to micrometers, have been 
used in the studies. The dielectric constant of most CCTO-polymer composites is about or less than 100, while 
some reports show a significantly high dielectric constant26–31. For example, in a study of CCTO-PVDF com-
posites using CCTO prepared by a wet chemical process, it was reported that the composites using nano-sized 
CCTO exhibited a dielectric constant of > 106 at 100 Hz at room temperature, but with an extremely high loss 
(tan δ ~ 50)33. Regarding the size of CCTO, some reports show that the composites using micro-sized CCTO 
exhibited a higher dielectric constant35, while some show that the composites using nano-sized CCTO exhibit a 
higher dielectric constant33.

The huge differences in the dielectric properties observed in the CCTO-polymer composites may originate 
from: 1) the dielectric properties of CCTO; 2) the microstructure of the composites. It is well known that the 
dielectric properties of CCTO itself are very sensitive to the preparation process and to the impurities in the 
CCTO22–24. Therefore, the CCTO prepared by using a wet chemical process and the CCTO prepared by using a 
traditional ceramic process can be very different in terms of the dielectric properties.

The microstructure of the composites plays an important role on their dielectric properties. For example, in 
extreme cases for a binary system, two constitutes can be connected either in parallel or in series, which would 
result in a huge difference in the dielectric response of the composites. As described by the widely accepted 
Wiener limit5,41, for the composites with the same composition but different connectivities, a real composite 
exhibits a smaller dielectric constant than the composite with the parallel connection, but a higher dielectric con-
stant than the composites with the series connection; for composites with the same microstructure/connectivity 
but different compositions, the dielectric constant of the composites changes with the composition monotoni-
cally. For example, if a dielectric polymer is filled with a dielectric with a higher dielectric constant, the dielectric 
constant of the composites would monotonically increase with increasing the content of filler. The microstructure 
of a composite is determined by its preparation process. Most reported composites are prepared using a one-step 
process, such as solution cast, spin-coating, hot mold, etc.5.

In this paper, the process used to prepare the composites is studied to control the microstructure, so the 
dielectric response of a composite can be manipulated. Here, a solution cast is combined with a hot-pressing 
process to prepare the composites. The composite film is first prepared using the solution casting process. Then, 
the hot-pressing process is used to prepare the final composites. During the hot-pressing process, multiple layers 
of the as-cast films with the same composition are stacked together as the starting materials. It is found that, by 
using controlled hot-pressing conditions, the dielectric constant of the composites can be significantly enhanced. 
For example, at room temperature, the dielectric constant at 100 Hz for the composites with 50 vol.% CCTO can 
be enhanced from about 80 for the solution-cast films to about 760 for hot-press composites; at 75 °C, the com-
posites exhibit a dielectric constant of more than 1,300, which is considerably higher than the dielectric constant 
reported for the DDCs5. The dielectric constant of the DDCs reported here is similar to that of the CDCs with a 
composition close to the ϕc, but these DDCs have a much smaller dielectric loss (tan δ  ~ 10−1) compared to the 
CDCs (tan δ  ~ 100 to 102).

Results and Discussion
Dielectric properties of solution cast CCTO-P(VDF-TrFE) composites.  The dielectric properties of 
CCTO ceramics at room temperature are presented in Fig. 1, where the SEM micrograph of the cross section is 

Figure 1. Frequency dependence of the dielectric constant and loss for CCTO ceramics at room 
temperature (Insert: SEM micrograph of CCTO ceramic cross section). 



www.nature.com/scientificreports/

3Scientific RepoRts | 6:35763 | DOI: 10.1038/srep35763

also shown. Clearly, the ceramics exhibit a high dielectric constant. For example, the dielectric constant at 1 kHz 
is about 190,000 with a loss of 0.17. It is also noticed that there is a relaxation process around 1 MHz. Due to 
this relaxation process, the dielectric constant of the ceramics at high frequency is low: the dielectric constant at 
1 MHz is about 10,000. Micro-sized CCTO particles prepared from the ceramics were used as the filler to prepare 
the composites. P(VDF-TrFE) 55/45 mol.% copolymer was selected as the polymer matrix since it has a high 
dielectric constant and weak piezoelectric effect.

The dielectric properties of the CCTO-P(VDF-TrFE) solution-cast composites at room temperature are shown 
Fig. 2. As the CCTO content (ϕ) increases, the dielectric constant of the composites increases slowly for the ϕ 
ranging from 0 to 30 vol.%, and then rapidly as ϕ increases from 30 to 40 vol.%. However, it is found that com-
posites with ϕ =  50 vol.% exhibit a lower dielectric constant than composites with ϕ =  40 vol.%. That is, the 
composites with 40 vol.% CCTO exhibit the highest dielectric constant: the dielectric constant at 100 Hz is more 
than 130 with a loss less than 0.2, which can be seen as typical dielectric properties of DDCs with a high dielectric 
constant5.

Regarding the dielectric loss, it is found that the frequency can be divided into two regimes: low frequency  
(< 100 kHz) and high frequency (> 100 kHz) regime. In the low frequency regime, the dielectric loss increases 
with increasing ϕ from 0 to 40 vol.%. However, the composites with 50 vol.% CCTO exhibit a lower loss than the 
composites with 40 vol.% CCTO. In the high frequency regime, the loss of the composites is almost independent 
of ϕ, but is strongly dependent on the frequency as shown in Fig. 2(b). Interestingly, the composites exhibit a 
lower loss than the polymer matrix.

Hot-press composites using multilayer structures. Due to the poor wettability, it was reported that the 
solution cast CCTO-P(VDF-TrFE) composites do not have a uniform microstructure. For example, a thin poly-
mer layer can be observed on the bottom side of the as-cast film25. It was reported that the hot-pressing process 
can be used to improve the composites25. Here a systemic study on the hot-pressing condition is carried out. For 
the multilayer stack used in the hot-pressing process, both the number of layers and the configuration/pattern 
of the stacked forms are studied along with the hot-pressing time. Regarding the configuration of the stack, the 
as-cast composite films were labeled as “P” for the bottom side with a thin polymer layer and “C” for the top side. 
The multilayer stacks had two different configurations: (a) PCPC pattern, in which the “P” side of an as-cast film 
was placed in contact with the “C” side of the next as-cast film; (b) PCCP pattern, in which the “P” side of one 
as-cast film is in contact with the “P” side of the next as-cast film.

Figure 3 shows the dielectric properties of two groups (2 layers and 6 layers) of composites at room tempera-
ture, where the results from composites with 50 vol.% CCTO prepared using two configurations (i.e. PCPC and 

Figure 2. Frequency dependence of the dielectric properties for solution cast CCTO-P(VDF-TrFE) composites 
with 0 to 50 vol.% of CCTO at room temperature: (a) dielectric constant, and (b) dielectric loss.

Figure 3. Frequency dependence of the dielectric properties of CCTO-P(VDF-TrFE) composites with 50 vol.% 
of CCTO with different hot-press conditions: (a) 2 layers with PCPC and PCCP configurations for 10s, and (b) 6 
layers with PCPC and PCCP configurations for 10s.
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PCCP) are presented. Comparing with the results of the solution-cast composites shown in Fig. 2, the hot-press 
composites exhibit a higher dielectric constant. More interestingly, it is found that the hot-press composites pre-
pared using the PCCP pattern/configuration exhibit a significantly (2 to 3 times) higher dielectric constant than 
composites using the PCPC pattern, while the dielectric loss of the composites prepared using the PCCP pat-
tern are only slightly higher than that of the PCPC composites. This indicates that the dielectric properties of 
the composites can be significantly improved by using the PCCP pattern during the hot-pressing process. The 
microstructure of the composites was examined using SEM as shown in Fig. 4. Fig. 4(a-d) are  composites with 
50 vol.% CCTO prepared with a hot-pressing time of 10 s, but with different numbers of layers, are presented. 
One can find that the composites prepared using the PCCP pattern, Fig. 4(b,d), have a more uniform and denser 
microstructure than the composites prepared using the PCPC pattern, Fig. 4(a,c). The SEM images shown in 
Fig. 4(a–d) indicate the overall uniformity of the composites. In order to show the interface between the filler and 
matrix, the SEM images with a higher resolution are shown in Fig. 4(e–f), which clearly indicates there are good 
connections between the filler particles and the matrix in the hot-press composites. These images demonstrate 
the effectiveness of the hot pressing process in improving the connections between the filler particles and matrix. 
Therefore, the high dielectric constant observed in the composites prepared using the PCCP pattern can be linked 
to the dense and uniform microstructure of the composites.

The PCCP pattern was further studied for the composites with different compositions. Both the number of 
layers used in the hot-pressing process and the hot-pressing time were studied. The results are summarized in 
Fig. 5, where the composites prepared using 2, 4, and 6 layers with different hot-pressing times are presented. 

Figure 4. SEM of fresh, fractured cross-section of different CCTO-P(VDF-TrFE) composites prepared under 
different hot-pressing conditions: (a) 50 vol.%, 2 layers with a PCPC pattern 10s, (b) 50 vol.%, 2 layers with a 
PCCP pattern 10s, (c) 50 vol.%, 6 layers with a PCPC pattern 10s, (d) 50 vol.%, 6 layers with a PCCP pattern 10s, 
(e) 40 vol.%, 4 layers with a PCCP pattern 20s, (f) 50 vol.%, 6 layers with a PCCP pattern 30s.
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Regarding hot-pressing time, if too short, the particles are not able to move to form a new distribution, but if too 
long (> 40 second), there are resulting negative changes in the polymer. Therefore, three hot-pressing times (10, 
20 and 30 second) were used in the experiments. To clearly show the trend, the results are summarized in Table 1.

The data shown in Fig. 5 clearly indicates that under each hot-pressing condition, the dielectric constant of the 
composites increases initially, and then decreases with increasing the ϕ, which is similar with what is observed 
in Fig. 2 for the solution-cast composites. This results in the appearance of a maximum dielectric constant for 
composites with the same composition but different processing conditions. For example, for composites prepared 
using two and four layers with a hot-pressing time of 20 s, the composites with 40 vol.% CCTO exhibit the highest 
dielectric constant; for composites prepared using four layers with 30 s and using six layers with 20 and 30 s, the 
composites with 50 vol.% CCTO exhibit the highest dielectric constant. The highest dielectric constant (> 750 
at 100 Hz) obtained here is well higher than the dielectric constant obtained in other DDCs. This high dielectric 
constant is comparable to the dielectric constant obtained in the CDCs with the ϕ close to ϕc, but the composites 
reported here have a much smaller loss (tanδ ~ 0.4 at 100 Hz) compared to the CDCs.

The change in the dielectric properties of the composites with the hot-pressing condition, shown in Fig. 5, is 
certainly related to the change in the composites during the hot-pressing process. Considering the temperature 
used in the hot-pressing process, one would not expect any change in the ceramics. The only changes that can 
be induced by the hot-pressing process are: (1) the microstructure of the polymer matrix (i.e. crystallinity, size 
and shape of the crystalline regions, structure of the crystal, and the conformation of the polymer chains in the 
amorphous region); and (2) the microstructure of the composite. It is known that the change in the dielectric 
constant of the copolymer used here by changing its microstructure is small at room temperature. For example, 
the dielectric properties of the copolymer prepared under different conditions are almost the same. Therefore, one 
can conclude that the observed significant change in the dielectric constant by the hot-pressing process originates 
from changes in the microstructure of the composites during the process.

Figure 5. Dependence of dielectric constant at 100 Hz on CCTO content for the composites at room 
temperature. The composites were prepared under different hot-pressing conditions: 1, 2, 4, and 6 layers with a 
PCCP configuration for 10, 20, and 30 s.

Hot pressing time Layer number

CaCu3Ti4O12 Concentration (vol.%)

10 vol.% 20 vol.% 30 vol.% 40 vol.% 50 vol.% 60 vol.%

as-cast 1 layer 27.5 38.1 49.6 136.1 77.7 —

10 s

2 layer 29.3 48.1 58.6 251.0 454.1 72.8

4 layer 28.6 39.6 60.9 107.0 116.8 112.2

6 layer 28.7 47.9 103.9 126.0 256.1 305.1

20 s

2 layer 26.6 36.7 51.9 446 227 245

4 layer 27.9 42.7 66.0 370.0 236.1 202.2

6 layer 27.1 62.7 65.9 104.0 462.3 307.8

30 s

2 layer 24.6 29.6 61.3 292.1 253.1 213.2

4 layer 27.4 42.0 70.5 133.1 381.2 197.9

6 layer 28.3 49.3 51.6 108.2 758.0 352.2

Table 1.  Summary of dielectric constant (at 100 Hz) for the composites prepared using different hot 
pressing processes: hot pressing time and number of layers used in the hot pressing stack.
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As revealed by the SEM observation shown in Fig. 4, during the hot-pressing process, there are two types of 
possible changes in the microstructure: (1) making the composites denser by eliminating porosity in the as-cast 
films and by improving connections between filler particles and matrix; (2) changing the distribution of the filler 
particles in the matrix. To further illustrate the influence of the hot-pressing process on the dielectric response 
of the composites, the frequency dependence of the dielectric constant is plotted in Fig. 6(a) for composites with 
50 vol.% CCTO, where the hot-pressing composites were prepared using six layers and 30s. One can find that 
the ratios of the dielectric constant obtained in the composites after hot-pressing to the dielectric constant of the 
solution-cast composites are about 7~10. That is, by using the hot-pressing process with the proposed conditions, 
the dielectric constant is improved by 7~10 times. Interestingly, it is found that this ratio is not independent of fre-
quency. If the only effect of the hot-pressing process is eliminating the pores in the as-cast film and/or improving 
connections between the filler particles and matrix, it would be expected that this ratio is almost independent of 
the frequency. Therefore, the frequency dependence of this ratio indicates that in addition to eliminating porosity 
and improving connections between the filler particles and matrix, the distribution of the filler particles in the 
matrix is changed during the hot-pressing process.

It is known that the dielectric relaxation processes in a composite can originate from the relaxation processes 
existing in each constituent and new dielectric relaxation processes are introduced by the mixing of two different 
dielectrics, such as the Maxwell-Wagner effect42. The change in the distribution of the filler particles in a compos-
ite would not affect the relaxation processes of each constituent, but would have a stronger influence on the new 
dielectric relaxation processes arising from mixing. Comparing the uniform and non-uniform distribution of the 
filler particles within a matrix, a non-uniform distribution results in a weaker mixing effect since there are more 
filler particles directly connected to each other. Therefore, one would expect that the new relaxation process has 
the strongest contribution to the dielectric properties of the composites when the filler particles are uniformly 
distributed in the matrix. Based on this, one can speculate that during the hot-press process, the distribution of 
the CCTO particles changes from non-uniform in the as-cast films to a uniform distribution, which results in the 
highest enhancement on the dielectric constant of the composites.

Based on the above discussion, one can assume that the composites with the highest dielectric constant at 
each composition have a similar microstructure (i.e. dense and uniform). It is well known that the microstruc-
ture uniformity of a composite has a strong influence on the measured dielectric constant of the samples of the 
composite10. If a composite has a uniform microstructure, the dielectric constant observed from different pieces 
of the composite should be the same. If a composite has a non-uniform microstructure, the dielectric constant 
observed from different pieces of the composite would be different. For the composites with less than 40 vol.% 
CCTO, it is experimentally found that the relative error in the measured dielectric constant is less than 5%. For 
the composites with 40 and 50 vol.% CCTO, the relative error changes over a very big range, from up to 30% down 
to a few percent. This is consistent with the data shown in Fig. 5: the hot pressing process has a weaker influence 
on the dielectric constant of the composites with lower CCTO content, but a very strong impact on the dielectric 
constant of the composites with 40 and 50 vol.% CCTO. More interestingly, a strong correlation between the die-
lectric constant and relative error is observed. The higher the dielectric constant, the smaller the relative error. In 
other words, for the composites with the same CCTO content but prepared using different hot pressing processes, 
the composite with the highest dielectric constant shows the smallest relative error (i.e. less than 10%). This is 
consistent with the conclusion made above that the composite with a uniform microstructure exhibits a higher 
dielectric constant.

For the composites with the same CCTO content, the composite with the highest dielectric constant is selected 
to represent the composite with a uniform microstructure. The composition dependence of the dielectric constant 
for these composites is plotted in Fig. 6(b), where the dielectric constant at 100 Hz is used. Again, it is found that 
the dielectric constant of the composites increases initially, and then decreases, with increasing the ϕ.

Regarding the composition dependence of the dielectric constant for the composites, there are many models/
equations introduced for DDCs5,41. However, none of these models/equations would be able to fit the data shown 
in Fig. 6(b) since the dielectric constant decreases with increasing ϕ at higher ϕ. However, the data shown in 

Figure 6. (a) Frequency dependence of the dielectric constant for composites with 50 vol.% CCTO prepared 
under different conditions: solution-cast composites and hot-pressing using 6 layer with a PCCP configuration 
for 30 s. (b) The dielectric constant versus the composition for the composites that exhibit the highest dielectric 
constant for each composition. Insert figure shows the fitting curve by Eq. (1).
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Fig. 6(b) is very similar to what is obtained in the CDCs, where the dielectric constant increases (ϕ <  ϕc), and 
then decreases (ϕ >  ϕc), with increasing the ϕ. In the insulative regime, the dielectric constant (εr) of the com-
posites can be written as:5,43–46

ε ϕ ϕ ϕ ϕ∝ − <−( ) ( ) (1)r c
s

c

where s (> 0) is a constant. Based on the experimental results, it is found that “s” can be as small as 0.17 and as 
high as 1.7847,48. From the data shown in Fig. 6(b), one would expect that the ϕc is somewhere between 0.4 to 0.5. 
Using Eq. (1) to fit the data (ϕ =  0 to ϕ =  0.4) shown in Fig. 6(b), it is obtained that ϕc = 0.47 and s = 1.57. That 
is, if the composites are treated as CDCs, the composites with 50 vol% CCTO (i.e. ϕ >  ϕc) would be a conductor. 
However, the dielectric loss observed in the composites with 50 vol% CCTO is less than 0.35 at 100 Hz and 0.25 
at 1 kHz, respectively. As will be discussed in next section, the composites with 50 vol.% CCTO are still insulative 
and its dielectric loss at room temperature is dominated by the dielectric response.

Temperature Dependence of Dielectric Properties.  The temperature dependence of the dielectric 
properties was characterized as shown in Fig. 7(a,b), where the results from the composites with 50 vol% CCTO 
that exhibit the highest dielectric constant are presented. The composites exhibit a high dielectric constant with 
a low loss over a wide temperature range. For example, the dielectric constant at 100 Hz and 1 kHz is more than 
1,000, which is significantly higher than the dielectric constant obtained in other DDCs and is similar to the die-
lectric constant observed in CDCs with a ϕ close to ϕc. However, the composites reported have a much smaller 
loss (tanδ  ~ 10−1) than the CDCs (tanδ  ~ 100 to 102).

To study the nature of the dielectric loss observed in the composites, the imaginary part (ε″ r = εr · tanδ) of 
the dielectric permittivity is plotted in Fig. 7(c). For a dielectric with a considerable electric conductivity, the 
measured ε″ r originates from: (1) real dielectric response (ε″ r,real) such as dielectric relaxation processes and (2) 
electrical conductivity (σ). That is, the measured ε″ r can be written as:49

ε ω ε ω σ
ε ω

′′ = ′′ +( ) ( )
(2)r r real,

0

where ω is the angular frequency and ε0 ( =  8.85 ×  10−12 F/m) is the dielectric permittivity of free space. It is well 
known that the temperature dependence of the σ can be written as:5

σ σ=



−





T
T

exp
(3)

a
0

where T is the temperature in Kelvin, σ0 is the pre-exponential factor, and Ta is the equivalent temperature of the 
activation energy. Based on Eqs (2) and (3), one can get that if the measured ε″ r is dominated by the electrical 
conductivity, a linear relationship would be obtained between ln(ε″ r) and 1/T at one each frequency. Based on 
Eq. (3), the electrical conductivity increases with increasing temperature or the conductivity has a stronger con-
tribution to the ε″ r at higher temperatures. Assuming that the measured ε″ r at high temperatures is dominated 
by the electrical conductivity, one can use Eq. (3) to fit the data shown in Fig. 7(c) for high temperatures. The 
fitting results are shown in Fig. 7(c) as the solid lines. Based on Eq. (2), the lower the frequency is, the stronger 
the contributor of the conductivity to the ε″ r is. That is, the conductivity has the strongest influence on the ε″ r at 
100 Hz among all frequencies used. From Fig. 7(c), one can find for the results at 100 Hz that the measured ε″r at 
room temperature is significantly higher than the solid line. Additionally, if the ε″ r is dominated by the electrical 
conductivity, the fitting results at different frequencies should have the same slope. As shown in Fig. 7(c), the fit-
ting lines for different frequencies are different. For the results at 1 MHz, the slope of the fitting results even has a 
different sign comparing to that at 100 Hz (i.e. the measured ε″ r is dominated by the real dielectric response). All 
of this indicates that even at a temperature as high as 120 °C, the ε″ r is not dominated by the electric conductivity. 
Therefore, one can conclude that the measured ε″ r or the dielectric loss of the composites reported here, especially 
at low temperatures including room temperature, is mainly determined by the real dielectric response which 
includes the response from the dielectric process induced by the mixing.

Figure 7. (a) Dielectric constant versus temperature, (b) loss versus temperature, (c) imaginary part of 
dielectric permittivity versus 1000/T, where the solid lines are the fitting results using Eqs (2) and (3), for the 
composites with 50 vol.% of CCTO prepared using 6 layers with a PCCP configuration for 30 s.
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As shown in Fig. 7(a,b), the dielectric constant of the composites exhibits a maximum peak at a temperature 
(Tmax) around 70 °C. To study the nature of this maximum peak, the temperature dependence of the dielec-
tric properties is presented in Fig. 8 for the composites shown in Fig. 6(b). Clearly, the dielectric constant of 
the matrix shows a peak at a temperature around 70 °C that is its ferroelectric-to-paraelectric phase transition  
temperature49. Therefore, the fact that a dielectric-constant-maximum peak appears at the Tmax for all composites  
is due to the phase transition in the polymer matrix. For the matrix, there is a step increase in the dielectric 
constant at temperatures around − 10 °C, which is associated with its glass transition temperature (Tg). From the 
results shown in Fig. 8(a), one can find that the composites exhibit a significantly weaker temperature depend-
ence of the dielectric constant than for the polymer matrix at temperatures around Tg and Tmax. This reflects the 
changes in the matrix due to the appearance of CCTO. It is expected and supported by the X-ray diffraction data 
that both the size of the polymer crystals and the crystallinity in the polymer matrix decreases as ϕ increases since 
the CCTO particles limit the growth of the polymer crystals. For the polymer matrix used here, a lower crystallin-
ity would result in a weaker peak for the dielectric constant at Tmax and a smaller size of the polymer crystals has a 
lower ferroelectric-to-paraelectric phase transition temperature50. Therefore, as the ϕ increases, the temperature 
dependence of the dielectric constant around Tmax would become weaker and the Tmax should decrease, which are 
exactly what is observed in Fig. 8(a).

The reduction in the crystallinity and the size of the polymer crystals in the matrix with increasing ϕ is also 
confirmed by the temperature dependence of the dielectric loss, where a loss peak appears at the phase transition 
temperature. Regarding the Tg, it is well known that as the ϕ of the composites increases the Tg of a polymer 
matrix decreases and broadens11,51, which would result in a weaker temperature dependence of the dielectric 
constant at temperatures around the Tg. This is what is observed in Fig. 8(a). The loss shown in Fig. 8(b) also con-
firms the change in the Tg. At temperatures higher than 80 °C, the loss increases with the temperature as shown in 
Fig. 8(b), which is due to the increase in the electric conductivity as described above. In other words, at tempera-
tures below 80 °C, the loss of the composites is mainly determined by the real dielectric responses.

Conclusions
In conclusion, it is experimentally demonstrated that the dielectric constant of a polymer-based 0–3 composite 
can be significantly enhanced by combining solution-cast and hot-pressing processes. More interestingly, it is 
found that the stack configuration of the as-cast films used in the hot-pressing process plays an important role on 
the dielectric enhancement. By using a proper hot-pressing condition, composites with an ultra-high dielectric 
constant are developed. For example, the dielectric constant of the CCTO-P(VDF-TrFE) composites can exceed 
1,000, which is significantly higher than the dielectric constant observed in other DDCs. This ultra-high dielectric 
constant is comparable to the dielectric constant obtained in the CDCs, but the composites developed here have 
a much smaller dielectric loss (10−1) compared to the conductor-dielectric composites (100–102). It is concluded 
that besides eliminating porosity the redistribution of the filler particles in the matrix during the hot-press pro-
cess plays an important role on the observed high dielectric constant. The experimental results indicate that the 
composite with a uniform microstructure (i.e. the distribution of the filler particles in a matrix) exhibits a higher 
dielectric constant. It is also found that the dielectric constant of the composites exhibit a weaker temperature 
dependence at temperatures around Tg and Tmax.

Methods
Synthesis of CaCu3Ti4O12 (CCTO) ceramics. The CaCu3Ti4O12 (CCTO) ceramics were prepared by using 
a traditional powder processing method. High-purity metal oxide powders of Calcium Carbonate (CaCO3, 99.5%, 
Alfa Aesar), Copper Oxide (CuO, 99.7%, Alfa Aesar) and Titanium Dioxide (TiO2, 99.8%, Alfa Aesar) were used 
to prepare the ceramics. The ceramics were calcined at 900 °C and sintered at 1075 °C for 72 h52. The dielectric 
behavior of the ceramics at room temperature is shown in Fig. 1. The ceramic pellets were milled to powders to 
prepare the micro-sized CCTO particles, which were used as the fillers for the composites reported here.

Figure 8. Temperature dependence of (a) dielectric constant and (b) loss at 1 kHz for the composites with 
different CCTO contents shown in Fig. 6(b).
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Preparation of CCTO-P(VDF-TrFE) composites.  P(VDF-TrFE) 55/45 mol.% copolymer (i.e. polymer 
matrix) was first dissolved in dimethyl formamide (DMF) using magnetic stirring for 8 h at room temperature. 
The micro-sized CCTO particles were then added to the solution and stirred for 8 h, which was followed with 
a 20 min sonication. The final CCTO-P(VDF-TrFE) suspension/solution was cast on a pre-heated glass plate at 
70 °C for 8 h. The CCTO-P(VDF-TrFE) composites with 0, 10, 20, 30, 40, 50, and 60 vol.% of CCTO were pre-
pared. The thickness of as-cast film is around 50–80 μ m. The as-cast film was annealed at 125 °C for 8 h to form 
the solution-cast composites.

A hot-pressing process was used to prepare the final composites using the as-cast film as the starting materials. 
The as-cast films with the same compositions were stacked together to form a multilayer stack with two different 
configurations. The multilayer stack was hot pressed at 200 °C for different times: 10, 20 and 30 s, respectively. 
Finally, the hot-pressed samples were annealed at 125 °C for 8 h by placing it between two glass plates.

Characterization. The morphology and the uniformity of the composite films were examined using a JEOL 
JSM 7000F FE-SEM. The samples used in SEM were prepared by breaking composite in liquid nitrogen and the 
cross-sections were used in the SEM observations. The structure of the composites was characterized with D8 
Discover X-ray Diffractometer. For the characterization of the dielectric properties of the composites, the samples 
were sputtered with gold in a circular shape with a diameter of 3 mm on both surfaces as electrodes. An Agilent 
4294A Impedance Analyzer was used to characterize the capacitance and loss using Cp ~ D function. The dielec-
tric constant was calculated from the capacitance using the parallel plate mode. The relative error of the dielectric 
properties was calculated based on the measured results of 3 to 5 samples of a composite. The dielectric properties 
of the composites at room temperature were characterized over a frequency range from 100 Hz to 1 MHz. The 
temperature dependence of the dielectric properties was characterized at 100 Hz, 1 kHz, 10 kHz, 100 kHz and 
1 MHz over a temperature range from − 80 °C to 120 °C with a heating rate of 3 °C/min.

References
1. Osaka, T. & Datta, M. Energy Storage Systems for Electronics (Gordon & Breach, 2001).
2. Hippel, A. V. Dielectric Materials and Applications (Technology Press of MIT, Cambridge, 1954).
3. Dang, Z. M. et al. Fundamentals, processes and applications of high-permittivity polymer matrix composites. Pro. Mater. Sci. 57, 

660–723 (2012).
4. Nan, C. W., Shen, Y. & Ma, J. Physical properties of composites near percolation. Ann. Rev. Mater. Res. 40, 131–151 (2010).
5. Zhang, L. & Cheng, Z.-Y. Development of polymer-based 0–3 composites with high dielectric constant. J. Adv. Dielect. 1, 389–406 

(2011).
6. Dang, Z. M., Yuan, J. K., Yao, S. H. & Liao, R. J. Flexible nanodielectric materials with high permittivity for power energy storage. 

Adv. Mater. 25, 6334–6365 (2013).
7. Wang, Q. & Zhu L. Novel ferroelectric polymers for high energy density and low loss dielectrics. Macromolecules 45, 2937–2954 

(2012).
8. Dang, Z. M., Lin, Y. H. & Nan, C. W. Novel ferroelectric polymer composites with high dielectric constants. Adv. Mater. 15, 

1625–1629 (2003).
9. Panda, M., Srinivas, V. & Thakur, A. K. On the question of percolation threshold in polyvinylidene fluoride/nanocrystalline nickel 

composite. Appl. Phys. Lett. 92, 132905 (2008).
10. Zhang, L. et al. Metal-polymer nanocomposites with high percolation threshold and high dielectric constant. Appl. Phys. Lett. 103, 

232903 (2013).
11. Dang, Z. M. et al. Giant dielectric permittivities in functionalized carbon-nanotube/electroactive-polymer nanocomposites. Adv. 

Mater. 19, 852–857 (2007).
12. Zhang, L. et al. Nano-clip based composites with a cow percolation threshold and high dielectric constant. Nano Energy 26, 550–557 

(2016).
13. He, F., Lau, S., Chan, H. L. & Fan, J. T. High Dielectric Permittivity and Low Percolation Threshold in Nanocomposites Based on 

Poly(vinylidene fluoride) and Exfoliated Graphite Nanoplates. Adv. Mater. 21, 710–715 (2009).
14. Zhang, L., Bass, P. & Cheng, Z.-Y. Revisiting the percolation phenomena in dielectric composites with conducting fillers. Appl. Phys. 

Lett. 105, 042905 (2014).
15. Bai, Y. et al. High-dielectric-constant ceramic-powder polymer composites. Appl. Phys. Lett. 76, 3804–3806 (2009).
16. Hilczer, B. et al. Dielectric relaxation in ferroelectric PZT-PVDF nanocomposites. J. Non-Cryst. Solids 305, 167–173 (2002).
17. Dang, Z. M., Xu, H. P. & Wang, H. Y. Significantly enhanced low-frequency dielectric permittivity in the BaTiO3/poly(vinylidene 

fluoride) nanocomposite. Appl. Phys. Lett. 90, 012901 (2007).
18. Li, K. C. et al. Surface functionalized Ba0.6Sr0.4TiO3/poly(vinylidene fluoride) nanocomposites with significantly enhanced dielectric 

properties. Appl. Phys. Lett. 95, 202904 (2009).
19. Zhang, L. et al. Preparation process and dielectric properties of Ba0.5Sr0.5TiO3-P (VDF-CTFE) nanocomposites. Composites B 56, 

284–289 (2014).
20. Cheng, Z.-Y., Katiyar, R. S., Yao, X. & Bhalla, A. S. Temperature dependence of the dielectric constant of relaxor ferroelectrics. Phys. 

Rev. B 57, 8166–8177 (1998).
21. Safari, A. & Akdogan, E. K. Piezoelectric and Acoustic Materials for Transducer Application (Springer, New York, 2008).
22. Homes, C. C. et al. Optical response of high-dielectric-constant perovskite-related oxide. Science 293, 673–676 (2001).
23. Subramanian M. A. & Sleight, A. W. ACu3Ti4O12 and ACu3Ru4O12 perovskites: high dielectric constants and valence degeneracy. 

Solid State Sci. 4, 347–351 (2002).
24. Subramanian, M. A. et al. High dielectric constant in ACu3Ti4O12 and ACu3Ti4FeO12 phases, J. Solid State Chem. 151, 323–325 

(2000).
25. Arbatti, M. D., Shan, X. B. & Cheng, Z.-Y. Ceramic-polymer composites with high dielectric constant. Adv. Mater. 19, 1369–1372 

(2007).
26. Prakash, B. S. & Varma, K. B. R. Dielectric behavior of CCTO/epoxy and Al-CCTO/epoxy composites. Compos. Sci. Technol. 67, 

2363–2368 (2007).
27. Amaral, F. et al. Dielectric properties of polystyrene-CCTO composite. J. Non-Cryst. Sol. 354, 5321 (2008).
28. Dang, Z. M. et al. Advanced calcium copper titanate/polyimide functional hybrid films with high dielectric permittivity. Adv. Mater. 

21, 2077–2082 (2009).
29. Wang, F. J., Zhou, D. X. & Hu, Y. X. Preparation and dielectric properties of CaCu3Ti4O12-polyethersulfone composites. Phys. 

Status Solidi A 206, 2632–2636 (2009).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:35763 | DOI: 10.1038/srep35763

30. Thomas, P., Satapathy, S., Dwarakanath, K. & Varma, K. B. R. Dielectric properties of poly(vinylidene fluoride)/CaCu3Ti4O12 
nanocrystal composite thick films. Express Polym. Lett. 4, 632–643 (2010).

31. Shen, Y. P., Gu, A. J., Liang, G. Z. & Yuan, L. High performance CaCu3Ti4O12/cyanate ester composites with excellent dielectric 
properties and thermal resistance. Compos. Part A 41, 1668–1676 (2010).

32. Zhang, L., Shan, X. B., Wu, P. X. & Cheng, Z.-Y. Microstructure and dielectric properties of CCTO-P (VDF-TrFE) nanocomposites. 
Ferroelectrics 405, 92–97 (2010).

33. Yang, W. H., Yu, S. H., Sun, R. & Du, R. X. Nano- and microsize effect of CCTO fillers on the dielectric behavior of CCTO/PVDF 
composites. Acta Mater. 59, 5593–5602 (2011).

34. Romasanta, L. J. et al. Towards materials with enhanced electro-mechanical response: CaCu3Ti4O12-polydimethylsiloxane 
composites. J. Mater. Chem. 2012, 22, 24705–24712 (2012).

35. Zhang, L., Shan, X. B., Wu, P. X. & Cheng, Z.-Y. Dielectric characteristics of CaCu3Ti4O12/P (VDF-TrFE) nanocomposites. Appl. 
Phys. A. 107, 597–602 (2012).

36. Shan, X. B., Zhang, L., Yang, X. Q. & Cheng, Z.-Y. Dielectric composites with a high and temperature-independent dielectric 
constant. J. Adv. Ceramics 1, 310–316 (2012).

37. Yang, Y. et al. Polyimide/nanosized CaCu3Ti4O12 functional hybrid films with high dielectric permittivity. Appl. Phys. Lett. 102, 
042904 (2013).

38. Yang, C., Song, H. S. & Liu, D. B. Effect of coupling agents on the dielectric properties of CaCu3Ti4O12/PVDF composites. Composites 
B 50, 180–186 (2013).

39. Chi, Q. G. et al. Enhanced dielectric performance of amorphous calcium copper titanate/polyimide hybrid film. J. Mater. Chem. C 
2, 172–177 (2014).

40. Ehrhardt, C. et al. A solution-based approach to composite dielectric films of surface functionalized CaCu3Ti4O12 and P(VDF-HFP). 
J. Mater. Chem. A. 2014, 2, 2266–2274 (2014).

41. Zhang, L., Bass, P. & Cheng, Z.-Y. Physical aspects of 0–3 dielectric composites. J. Adv. Dielect. 5, 1550012 (2015).
42. Scaife, B. K. P. Principle of Dielectrics. Chapter 4 (Clarendon Press, Oxford, 1989).
43. Nan, C. W. Physics of inhomogeneous inorganic materials. Prog. Mater. Sci. 37, 1–116 (1993).
44. Webman, I., Jortner J. & Cohen, M. H. Theory of optical and microwave properties of microscopically inhomogeneous materials. 

Phys. Rev. B 15, 5712–5723 (1977).
45. Clarkson, M. T. Electrical-conductivity and permittivity measurements near the percolation transition in a microemulsion: 2. 

Interpretation. Phys. Rev. A 37, 2079–2090 (1988).
46. Zhang, L., Bass, P., Dang, Z. M. & Cheng, Z.-Y. Characterization of percolation behavior in conductor-dielectric 0–3 composites. J. 

Adv. Dielectrics 4, 1450035 (2014).
47. Yuan, J. K., Dang, Z. M. & Bai, J. B. Unique dielectric properties in polyaniline/poly(vinylidene fluoride) composites induced by 

temperature variation. Phys. Stat. Sol. 2, 233–235 (2008).
48. Macutkevic, J. et al. High dielectric permittivity of percolative composites based on onion-like carbon. Appl. Phys. Lett. 95, 112901 

(2009).
49. Cheng, Z.-Y., Zhang, Q. M. & Bateman, F. B. Dielectric relaxation behavior and its relation to microstructure in relaxor ferroelectric 

polymers: High-energy electron irradiated poly(vinylidene fluoride-trifluoroethylene) copolymers. J. Appl. Phys. 92, 6749–6755 
(2002).

50. Cheng, Z.-Y. et al. Structural changes and transitional behavior studied from both micro- and macroscale in the high-energy 
electron-irradiated poly(vinylidene fluoride-trifluoroethylene) copolymer. Macromolecules 35, 664–672 (2002).

51. Bansal, A. et al. Quantitative equivalence between polymer nanocomposites and thin polymer films. Nature Mater. 4, 693–698 
(2005).

52. Shan, X. B. High dielectric constant 0–3 ceramic-polymer composites, Auburn University, 2008.

Acknowledgements
This work was supported by a NASA grant (Grant #G00007275) and an AU-IGP grant. Patrick was also supported 
by an NSF IGERT traineeship (Award #: 1069004).

Author Contributions
L.Z., X.S. and Z.-Y.C. conceived the method and designed the study, L.Z. and X.S. produced the samples, L.Z., P.B. 
and Y.T. carried out SEM and dielectric measurement, T.D.R., C.W.H., J.C.B. and D.S.T. analyzed the results, L.Z., 
X.S., P.B. and Z.-Y.C. wrote the manuscript, Z.-Y.C. coordinated the research. All authors discussed the results and 
contributed to the manuscript preparation.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Zhang, L. et al. Process and Microstructure to Achieve Ultra-high Dielectric Constant 
in Ceramic-Polymer Composites. Sci. Rep. 6, 35763; doi: 10.1038/srep35763 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2016

http://creativecommons.org/licenses/by/4.0/

	Process and Microstructure to Achieve Ultra-high Dielectric Constant in Ceramic-Polymer Composites
	Introduction
	Results and Discussion
	Dielectric properties of solution cast CCTO-P(VDF-TrFE) composites
	Hot-press composites using multilayer structures
	Temperature Dependence of Dielectric Properties

	Conclusions
	Methods
	Synthesis of CaCu3Ti4O12 (CCTO) ceramics
	Preparation of CCTO-P(VDF-TrFE) composites
	Characterization

	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Process and Microstructure to Achieve Ultra-high Dielectric Constant in Ceramic-Polymer Composites
            
         
          
             
                srep ,  (2016). doi:10.1038/srep35763
            
         
          
             
                Lin Zhang
                Xiaobing Shan
                Patrick Bass
                Yang Tong
                Terry D. Rolin
                Curtis W. Hill
                Jeffrey C. Brewer
                Dennis S. Tucker
                Z.-Y. Cheng
            
         
          doi:10.1038/srep35763
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep35763
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep35763
            
         
      
       
          
          
          
             
                doi:10.1038/srep35763
            
         
          
             
                srep ,  (2016). doi:10.1038/srep35763
            
         
          
          
      
       
       
          True
      
   




