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Abstract—The K:0-ALO3-SiO: samples containing different
amounts of Ca0Q, CuO and TiO2 were successfully prepared by
conventional melting technique followed by heat treatment
method. The X-ray diffraction (XRD) results show the
existence of crystalline CaCusTisO12 phase in both the as-
synthesized and heat treated samples. In addition, dielectric
measurements were carried out in the frequency rang of 40
Hz-1 MHz. The highest dielectric constant (e~53) of the
CaCu3TisO12-containing sample is about 9 times that of pure
K20-AL203-SiO: glass.
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L INTRODUCTION

Dielectric materials have been playing an increasingly
important role in electric power systems. Among the
dielectrics, ceramics have low dielectric breakdown strengths
(BDS) owing to the existence of pores, while polymers have
low dielectric constants and poor thermal stability which
limits their practical application [1]. Glass-ceramics, which
are prepared via quenching followed by crystallization upon
heat-treatment, have high dielectric constants and large
breakdown strengths [2-5]. As a result, glass-ceramics can be
used as energy storage capacitor [6-8]. Therefore, dielectric
glass-ceramics are greatly concerned.

In recent years, CaCu3Ti4012 (CCTO) has been attracted
much attention due to its giant dielectric constant, . up to
~10* at room temperature [9-11]. In this work, different
amount of CaO, CuO and TiO; were added to K;O-Al,0s-
Si0, glass system so as to improve the dielectric constant of
sample.

Stoichiometric amounts of CaO, CuO and TiO,
corresponding to CaCusTi4O12 were introduced into a K,O-
Al,03-Si0; glass system. Although the melts of K»,O-ALOs-
Si0,-CaO-CuO-TiO, devitrified during the process of
quenching and forming, the products showed larger
dielectric constants than that of K,O-Al,03-SiO» glass. The
dielectric constants of the as-synthesized samples increased
after the thermal treatment.

II.  EXPERIMENTAL SECTION

Raw materials including analytical grade reagents of
K>COs, Si0,, Al,O3, TiO,, CuO and CaCOs were weighed in
proportion and mixed to prepare batches. The batch
compositions have K,O: Al,Os: SiO, molar ratios of 1: 1: 4
and CaO: CuO: TiO; molar ratios of 1: 3: 4. The total amount
of CaO, CuO and TiO; (abbreviated as CCT) accounted for

70 or 80 wt% of the batch, respectively, with the balance of
K»0, AlO3, SiO; being 30wt% or 20wt%. Accordingly, the
synthesized samples were designated as 70CCT or 80CCT
corresponding to the weight percentage of CCT in the batch.
And the heat treated samples were designated as 70CCT-HT
or 80CCT-HT.

The batches were put into silica crucibles and heated in
an electric furnace at 1450 °C for 2 h. Then the melt was
poured on a preheated steel plate. The cast samples were
immediately annealed at 500 °C for 4 h. The annealed
samples were cut into slices sized 10x10x2 mm before
thermal treatment. Finally, the samples were heat treated at
980 °C for 2 h.

X-ray diffraction (XRD) measurements were performed
on a DS8-advanced diffractometer (Bruke, Germany) to
identify the crystalline phases in both the as-synthesized and
the thermally treated samples. For the dielectric
measurements, Ag electrodes were painted with Ag pastes on
both sides of the samples and sintered at 600 °C in air for 20
min. Then the dielectric properties in the frequency range of
40 Hz to 1 MHz were measured using an impedance
analyzer (4294A, Agilent, USA).

III.  RESULTS AND DISCUSSION

A. The Density and XRD Analysis

TABLE L. THE DENSITY OF THE SAMPLES
Sample
Density
70CCT 70CCT-HT 80CCT 80CCT-HT
(g/em®) 3.2321 3.2664 3.3469 3.3701

The density data of both the as-synthesized and the
thermal treated samples are listed in TABLE. It shows that
after the thermal-treatment the densities of samples 70CCT,
80CCT increase from 3.2321 to 3.2664 g/cm’, and from
3.3469 103.3701 g/cm’, respectively. The densities of
thermal-treated samples are larger than that of as-synthesized,
indicating the increasing devitrification. It is also seen that
the density of 80CCT is larger than that of 70CCT
suggesting the increase of devitrification with increasing
CCT from 70% to 80%.

Copyright © 2017, the Authors. Published by Atlantis Press.

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).

480



£

ATLANTIS

PRESS
¥ CaCu,Ti 0, * CaTiOSIO,
* Tio, * Cu, O
s = Cu,Ti0,
-
- * l v *
; b J__L_ JI hil e ) b (d)
=
z | 1)
[ PRSI IR P NN N |9 (ommpeey
&

*
. ".1 *
0 LK . (S | N S
—__J-..A_L_AJ\ A fa)

10 20 30 40 50 60 70 80 90

2 Theta(’)
Figure 1 XRD patterns of the as-synthesized (a, b) and heat-heated (c, d)
samples: (a)70CCT (b)80CCT (c) 70CCT-HT (d) 80CCT-HT

The XRD patterns of the as-synthesized and thermally
treated samples are shown in Fig. 1. The patterns of the as-

synthesized samples have sharp diffraction peaks (Fig. la, b).

The crystalline phases are identified as CusTiO4 (JCPDF card
No.83-1285), TiO, (JCPDF card No. 21-1276),
CaTiO(SiO4)(JCPDF card No. 25-0177) and Cuy+;O(JCPDF
card No. 05-0667). The results indicate that as-synthesized
samples were devitrified. As can be seen from Fig. (a) and
(b), the diffraction peak intensity of 80CCT is higher than
that of 70CCT indicating the devitrification increase with
increasing CCT from 70% to 80%. In addition, both patterns
have indication of the existence of glass phase.

After the heat treatment, the thermally treated samples
show the decrease of the glass phase. Compared with the
patterns of the as-synthesized samples, some peaks become
stronger, while others become weaker or disappear (Fig. Ic,
d). The crystalline phases include CCTO (JCPDF card
No.75-2188) devitrified phase, Cuy+1O (JCPDF card No. 05-
0667), TiO,(JCPDF  card No. 21-1276) and
CaTiO(SiO4)(JCPDF card No. 25-0177). The results show
that TiO, and CCTO are two major crystalline phases. More
over, the peaks of the CCTO phase become stronger with the
content of CCT. However, the CaTiO(SiOs), Cup+1O
crystalline phases also increase at the same time.

The data in TABLE Il shows different amounts of
crystalline phases in the thermal-treated samples. It is shown
that the contents of CaTiO(SiO4) and TiO; phases decrease
with the increase of CCT. However, as can be seen from the
results, the percentages of CCTO and Cu,+;O phases increase
with the increase of CCT, indicating the increase of CCT
from 70% to 80% favors the crystallization of these two
phases. The result also indicates that the peak intensity of the
TiO; crystalline phase turn to be the strongest peak, with the
proportion of 44.53%. Moreover, the CaTiO(SiO4) phase
decreases from 19.41% t018.37%, suggesting a possible
chemical reaction between glass phase and TiO,. However,
with increasing CCT from 70 to 80%, the proportion of
CCTO and Cuy+,0 phases increase from 27.45% t029.47 %,
and from 8.58% to 10.04%, respectively, which suggests a
possible dynamic change between glass phase and crystalline
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phases. It seems that the evolution of the crystalline phases is
sensitive to the content of CCT.

TABLE II. AMOUNT OF CRYSTALLIZATION PHASES IN THE

SAMPLES
Amount of crystallization phases
Sample CCTO | caTio(sios)
4 iO. (Y 0
%) %) TiO2 (%) Cuz+10 (%)
70CCT-HT 27.45 19.41 44.53 8.58
80CCT-HT 29.47 18.37 42.12 10.04

B. Dielectric Properties and Frequency Dependence
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Figure 2 Dielectric constants of the samples at room temperature
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Figure 3 Dielectric loss of the samples at room temperature

Fig. 2 and 3 show the variations of dielectric constant and
dielectric loss of the studied samples in the frequency range
of 40 KHz tol MHz at room temperature. It is shown that the
dielectric constants of both the as synthesized and the
thermal treated samples decrease with increasing frequency.
With the application of electric field, charge carriers can hop
easily out of the sites at low frequencies, which contributes

481



£

ATLANTIS

PRESS

to large dielectric constant of sample. On the contrary, the
charge carriers can not be able to rotate with enough speed at
higher frequency, leading to the lagged oscillation of the
charge carriers. As a result, the decrease in the dielectric
constant is observed at high frequencies [12]. In addition, the
dielectric constants increase with increasing the amount of
CCT. The dielectric constant of as-synthesized sample is
from 2 to 8 at 100 kHz. After thermal-treated, the dielectric
constant of sample presents from 43 to 53 at 100 kHz. These
values are 7~9 times that of the CCT-free K,0-Al,03-SiO;
glass (&-~5.8). This increase in dielectric constants is due to
the addition of Ca, Cu and Ti ions with large polarization
behavior.

Dielectric constant reflects the polarization ability of the
material while dielectric loss is related to the energy loss due
to the polarization and ionic conduction. Fig. 3 shows
dielectric loss of the samples at room temperature. It is
shown that the dielectric loss of both the as-synthesized and
the thermal treated samples decrease with the increase of
frequency. With the application of electric field, charge
carriers can hop easily out of the sites at low frequencies,
which contributes to large dielectric loss of sample. However,
the charge carriers can not be able to rotate with enough
speed at higher frequency. As a result, the decrease in the
dielectric loss is observed at high frequencies. Taking
70CCT as an example, it exhibits higher dielectric loss than
that of others due to the higher energy loss at low
frequencies. The results show that the dielectric loss of as-
synthesized sample is from ~0.04 to ~0.14 and the dielectric
loss of heat treated samples displays from ~0.09 to ~0.11 at
100 kHz.

The results demonstrate that heat treated samples
containing the CCTO phase have high large dielectric
constants.

IV. CONCLUSIONS

The CaCusTisOy; crystalline phase containing samples
were successfully prepared by introducing CaO, CuO and
TiO; into K,0-AL0;3-Si0, system. The heat treated sample
prepared with the addition of CaO, CuO and TiO, has
dielectric constant of 53 (about 9 times as K,0-Al,03-SiO,
glass). However, the dielectric loss is about 0.09 at 100 kHz.

REFERENCES

[1] V. Puli, D. Pradhan, S. Adireddy, M. Kothakonda, R. Katiyar,
and D. Chrisey, “ Effect of lead borosilicate glass addition on
the crystallization, ferroelectric and dielectric energy storage

(2]

[3]

(4]

[3]

(6]

(7]

(8]

[

[10]

[11]

[12]

Advances in Engineering Research, volume 94

properties of Bao.ssosLaoooosTiOsceramics,” Journal of Alloys
and Compounds, Vol. 688, Dec. 2016, pp. 721-728, doi:
10.1016/j.jallcom.2016.07.025.

W. Zhang, S. Xue, S Liu, J. Wang, B. Shen, and J. Zhai,
“Structure and dielectric properties of BaxSri—<TiOs-based glass
ceramics for energy storage,” Journal of Alloys and Compounds,
Vol. 617, Dec. 2016, pp- 740-745, doi:
10.1016/j.jallcom.2014.08.077.

H. Zheng, Y. Pu, X. Liu, and J. Wan, “Correlation between
dielectric properties and crystallization treatment in potassium
sodium niobate glass-ceramics for energy storage application,”
Journal of Alloys and Compounds, Vol. 674, Jul. 2016, pp. 272-
276, doi: 10.1016/j.jallcom.2016.03.025.

W. Liu, C. Mao, G. Dong, and J. Du, “Effects of PbO and SrO
contents on crystallization and dielectric properties of PbO—
SrO-Na20-Nb205-SiO2 glass—ceramics system,” Ceramics
International, Vol. 35, Apr. 2009, pp. 1261-1265, doi:
10.1016/j.ceramint.2008.06.002.

X. Wang, Y. Zhang, T. Ma, C. Deng, X. Dai, “Effects of MnO2
concentration on dielectric properties of barium strontium
titanate glass ceramics,” Ceramics International, Vol. 38, Jan.
2012, pp. S57-S60, doi: 10.1016/j.ceramint.2011.04.049.

S. Xue, S. Liu, W. Zhang, J. Wang, L. Tang, B. Shen, and J.
Zhai, “Dielectric properties and charge—discharge behaviors in
niobate glass ceramics for energy-storage applications,” Journal
of Alloys and Compounds, Vol. 617, Dec. 2014, pp. 418-422,
doi: 10.1016/j.jallcom.2014.08.006.

J. Zheng, G. Chen, C. Yuan, C. Zhou, X. Chen, Q. Feng, and M.
Li, “Dielectric characterization and energy-storage performance
of lead-free niobate glass—ceramics added with La203,”
Ceramics International, Vol. 42, Sep. 2016, pp. 1827-1832, doi:
10.1016/j.ceramint.2015.09.146.

G. Chen, W. Zhang, X. Liu, and C. Zhou, “Preparation and
properties of strontium barium niobate based glass-ceramics for
energy storage capacitors,” Journal of Electroceramics, Vol. 27,
Sep. 2011, pp. 78-82, doi: 10.1007/s10832-011-9652-9.

M. Subramanian, D. Li, N. Duan, B. Reisner, and A. Sleight,
“High dielectric constant in ACu3TisO12 and ACu;Ti;FeOrn
phases,” Journal of Solid State Chemistry, Vol. 151, May. 2000,
pp- 323-325, doi:10.1006/jss¢.2000.8703

M. Subramanian, and A. Sleight, “Cheminform abstract:
ACusTi 4012 and ACusRusO12 perovskites: High dielectric
constants and valence degeneracy,” Solid State Sciences, Vol. 4,
Mar. 2002, pp. 347-351, doi: 10.1016/S1293-2558(01)01262-6.

J. Jumpatam, B. Putasaeng, T. Yamwong, P. Thongbai, and S.
Maensiri, “ Enhancement of giant dielectric response in ga-
doped CusTisO12 ceramics,” Ceramics International, Vol. 39,
Mar. 2013, pp. 1507-1064, doi: 10.1016/j.ceramint.2012.07.027.
Y. Attafi, and S. Liu, “ Conductivity and dielectric properties of
Na,O-KoO-Nb2Os  -P2Os glasses with varying amounts of
Nb20s,” Journal of Non-Crystalline Solids, Vol. 447, Sep. 2016,
pp- 74-79, doi: 10.1016/j.jnoncrysol.2016.05.038.

482





