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This paper shows that CaCu3 Ti4 O12 (CCTO) can be synthesized through the high-energy ball milling of
CaO, CuO and TiO2 powders. The dielectric characterization of CCTO obtained mechanochemically as well as,
for comparison, by a high-temperature method is presented. Moreover, it is illustrated that zirconium oxide in
contrast to a metallic iron generated during milling processes improves the properties of CCTO in terms of ceramic
capacitors.
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1. Introduction

who evidenced the existence of the interfaces between the
Ceramic materials characterized by a high value of di-

0

electric permittivity (ε ) and low dielectric loss (tan

desirable because of their numerous possibilities for use
in electronics. Currently the used materials are mainly
ferroelectrics based on barium and lead oxides.

Their

high dielectric permittivity is associated with a structural phase transition occurring in a narrow temperature
range, which limits their use in electronic devices, e.g.
as capacitors. In addition, applying the mentioned toxic
compounds is incompatible with the principles of

chemistry.

metallic electrodes and the bulk sample.

δ) are

green

The current research on CCTO ceramics is focused on
the reducing the dielectric losses and attaining the largest

0

possible value of the dielectric permittivity (ε ). This is
possible by the substituted replacement of dierent ions
e.g. Mn, Fe, Nb [10], La [11], Sr [12] and Zr [13], doping
of CCTO with Cr2 O3 , Nb2 O5 [14] or ZrO2 [15] and the
production of two-component systems such as CCTO
CaTiO3 [16], CCTOSrTiO3 [17], CCTOHfO2 [18] and
also the formation of multiple layered structures, e.g.
CCTO/SiO2 /CCTO

According to the study provided by Ramirez et al. [1]
a CaCu3 Ti4 O12 (CCTO) compound, with a perovskite
structure, has the peculiar dielectric properties, i.e.

0

high dielectric permittivity (ε ) (up to 10

5

a

), which is prac-

tically independent of frequency (from dc to 10

6

Hz) and

temperature (between 100600 K). However, the high
value of the dielectric loss (tan

δ)

of CCTO limits its

applicability as a capacitor material [2, 3].
There are many descriptions of the mentioned above
dielectric

properties.

At

present

a

barrier

mecha-

nism [3, 4] is commonly accepted as the correct one.
However, the nature of those barriers that lead to the
colossal dielectric permittivity in CCTO is still questionable. Certain experimental results e.g. Li et al. [5], Sinclair et al. [6] indicate that the colossal dielectric permittivity is caused by the presence of internal barrier layer
capacitors (IBLC), whilst others suggest surface barrier
layer capacitors (SBLC) [7]. The former could stem from
grain boundaries in ceramic samples and/or from boundaries between twins or other planar defects within single
crystals or the crystallites of the ceramic samples. The
latter could be formed by the depletion of the layers of

[19].

According to the opinion of Rajarabar-Darvishi et
al. [20] and Bender and Pan [21], the grains' microstructure of the material is of crucial importance from the
standpoint of the dielectrical properties of the material,
and hence the methods used to obtain the material are
critical It is challenging to nd the simple and cheap synthesis technique of CCTO ceramics with the proper number of defects, grain boundaries and density.
A high-temperature solid-state synthesis is commonly
used to form CCTO ceramics.

However this requires

the use of a temperature of about 1400 K in order to
densify the powder.

On the other hand, such condi-

tions lead to the formation of coarse-grained products
due to the occurrence of the grain growth and size inhomogeneity as well as the formation of sinters and agglomerates. It is possible to lower the sintering temperature using various additives such as NiO, SiO2 [22] or
P2 O5 [23] without harming the material's dielectric properties, nevertheless this does not eliminate the problem
of coarse grains. This problem can be solved by dierent ways, e.g. by a solgel method [24]. This technique
owing to the thorough mixing of the precursor materials in solution and the relatively lower temperature of
crystallization (1200 K) allows to obtain a homogeneous
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material with small, ne crystals and excellent chemical stoichiometry. Unfortunately, the solgel method is
complex and requires advanced, very clean equipment,
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and organometallic reagents that are not only expensive, but also environmentally hazardous. There are also

2.2.2. Preparation of CaCu3 Ti4 O12 ceramics by a hightemperature solid-state reaction (sample CCTO/T)

known other CCTO ceramics synthesis techniques such

In this case the CaO, CuO and TiO2 powders were

as controlled co-precipitation [25], precursor solution [26]

also mixed together in a stoichiometric ratio in an agate

and hydrothermal [27] methods. However, many of these

mortar for 2 h and pressed at 20 MPa into pellet discs

methods enable to synthesize CCTO with ne crystals.

4 mm thick and of 12 mm in diameter. These discs were

Nevertheless, they are unpopular, because their complex-

sintered in air with the use of a Nabertherm HTC 03/15

ities and costs preclude their use in a large-scale indus-

laboratory furnace for 12 h at the temperature of 1220,

trial fabrication.

1320, and 1370 K.

2.3. Measurements' techniques

In consequence, there is considerable interest in alternative synthesis techniques that can eliminate the
diculties mentioned above.

A solid-state high-energy

milling process [28] oers simplicity because of one-step
operation, solvent-free synthesis and/or the modication
of properties of the advanced products, which can activate substrates or even drive a reaction to completion at
room temperature, dependent on the chemical and physical nature of the substrates. Some of the completed reactions can result in new products, as is seen in the case
of perovskites, for example see [2931]. Thus, Almeida et
al. [32], Manik and Pradhan [33] and Alizadeh et al. [34]
presented the mechanochemical syntheses of nanocrystalline CCTO using the dierent type of CaO, CuO and
TiO2 powder reactants.

Unfortunately, in these three

papers there are not the results of the dielectric properties of synthesized CCTO as well as the information on
the inuence of any impurities from a reaction vessel and
balls introduced into the materials. The following article attempts to ll this gap.

Recently our preliminary

studies have been presented in the paper [35].
This paper is aimed to explain the advantages of
the mechanochemical synthesis of polycrystalline CCTO
with useful dielectric properties. Additionally, the results
are compared to the CCTO ceramics that was obtained
with the use of a traditional high-temperature method.

X-ray powder diraction measurements for a phase
analysis were performed on a X'Pert Phillips diractometer using a Cu

10◦ < 2θ < 90◦

Kα

radiation(λ

= 1.54178 Å) between
0.01◦ . JCPDF cards

with step-width of

were used to identify the phases present in the samples.
The SEM images of the microstructure, morphology
and elemental composition of obtained ceramics were
taken with a HITACHI S-4700 instrument with X-ray
EDS analysis.
The elemental compositions of the bulk samples were
measured by an energy-dispersive X-ray uorescent spectroscopy (XRF) using a XRF Bruker S4 Explorer instrument.
The dielectric spectroscopy measurements in the frequency domain were performed at frequency ranging
from 20 Hz to 1 MHz with the use of a LCR Agilent
4284A meter and a Quatro Krio 4.0 temperature control
system. The dielectric property measurements were carried out at temperature between

473 ÷ 173

K with a 5 K

step. To perform the dielectric measurements the samples of 7 mm in diameter and 2.5 mm thick were covered
with silver electrodes.
3. Results and discussion

3.1. Characteristics of CCTO ceramics synthesized by
two dierent methods
The XRD pattern of the CCTO powder obtained

2. Experimental

mechanochemically

2.1. Chemicals

is

shown

in

Fig.

1.

Regardless

whether the reaction vessel and balls were made of zir98%) of

conia (CCTO/Zr) or iron (CCTO/Fe), CaCu3 Ti4 O12

calcium (POCh), copper(II) (Fluka Analytical), titanium

was identied in accordance with the JCPDS PDF No.

(Evonik Degussa GmbH). Zirconium oxide and metallic

75-2188.

iron from the balls and vessel were considered as a factor

impurities from milling process are present in amount

that could aect the chemical structure of CCTO.

of 1.5 wt.% ZrO2 and 2.2 wt.% Fe in CCTO/Zr and

The materials used were oxides (pure p.a.

2.2. Synthesis procedure
2.2.1. Preparation of CaCu3 Ti4 O12 ceramics via a highenergy ball milling technique (samples CCTO/Fe and
CCTO/Zr)

The XRF elemental analyses show that the

CCTO/Fe, respectively (this is not detectable in the
XRD patterns).
In Fig.

2 the X-ray powder pattern of CCTO ob-

tained, for comparison, via the high-temperature synthesis (CCTO/T) is shown.

The CaO, CuO and TiO2 powders were hand-mixed in

The CCTO samples synthesized by mechanical treat-

a stoichiometric ratio in an agate mortar for 2 h. Such

ment show the lower intensities of peaks and they are

a mixture was subjected to mechanochemical treatment

wider than those of the material obtained through the

in a Pulverisette 6 (Fritsch GmbH, Germany) planetary

high-temperature synthesis.

ball mill.

mechanochemically-obtained crystals are much smaller

The reactor (250 ml) and balls of 10 mm in

diameter of steel and zirconia were used, respectively.
Milling parameters: rpm
ratio: BPR

= 20 : 1;

= 550;

ball to powder mass

milling time: 5 h.

This indicates that the

and display a higher defected structure.

Moreover, it

was stated that the sample was partially amorphous and
heating for 1 h at the temperature of 1270 K improves
the crystallinity of CCTO, and so the amorphous phase
disappears.

A High-Energy Ball Milling as a Useful Technique for the Synthesis. . .

Fig. 1. XRD pattern of CaCu3 Ti4 O12 (CCTO/Zr)
sample mechanochemically synthesized using vial and
balls with zirconia.
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Fig. 3. SEM images of CaCu3 Ti4 O12 : (a) and (b) from
high-temperature treatment (CCTO/T), (c) and (d)
from mechanochemical synthesis (CCTO/Zr) (two different magnications).

3.3. Characteristics of dielectric properties of
CaCu3 Ti4 O12 (CCTO) ceramics
A dielectric relaxation phenomenon was used to describe the dielectric properties of the CCTO ceramics
investigated at the temperature ranging from 473 K to
173 K. The experimental data were presented based on
the electrical permittivity and electric modulus.

M ∗ = M 0 + iM 00 and complex
permittivity ε* formulae are related, i.e. ε∗ = 1/M ∗, and
The electric modulus

they are more thoroughly discussed elsewhere [37].
For the rst time, this formula was used by Macedo et
al. [38] who studied space-charge relaxation phenomena.
From a physical point of view an electric modulus represents the real process of relaxation of an electrical eld

Fig. 2. XRD pattern of CaCu3 Ti4 O12 (CCTO/T)
sample synthesized by high-temperature treatment.

3.2. Morphological observations of dierent CCTO
samples
The morphological dierences between the particles
obtained by above mentioned two methods are illustrated
in SEM photomicrographs in Fig. 3. The CCTO/T ceramics have the largest particle sizes (ranging between 1.5
and 2.5

µm)

of any of the studied samples. Sinters are

also visible in the material. Smaller crystals are present
along the edges of the particles that are caused probably
by a liquid phase of CuO that forms under high temperature conditions and recrystallizes when the sample
is cooled, as evidenced Fang and Mei [36].
The

CCTO

ceramics

obtained

mechanochemically

showed great homogeneity in the distribution of particle
size (100 nm and 500 nm) without any sintering eects.
The X-ray EDS elemental analysis showed the presence
of inclusions of zirconia or metallic iron (the results are
not presented here).

in the material when the electric displacement remains
constant.
The formalism of electrical modulus is very sensitive
to small changes in the value of capacitance, so it is
among others the most suitable for the description of the
electrical properties of grains in ceramic materials [39].
An additional advantage is the ability to separate intragranular (bulk), inter-granular and electrode eects of
sample.
Generally, the relaxation phenomena in the frequency
(ν) domain are characterized by the maximum dielectric
loss

ε00 (ν) and the corresponding inection point of curve
ε0 (ν).

dispersion

A similar description of dielectric relaxation is represented in the case of an electrical modulus but the maximum
of the

M 00 (ν) is shifted to a
ε00 (ν) maximum [40].

higher frequency in respect

Figures 4 and 5 show the temperature dependences of
the imaginary component of

M 00 (T )

and

ε00 (T ), respec= 1 kHz)

tively at the same frequency of electric eld (ν

for all three samples obtained by dierent methods.

A

visualization of the temperature dependencies allows the
initial estimation of the ranges of the occurrence of relaxations processes.

P. Dulian et al.
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Fig. 6. Electrical modulus complex plane plots for
CaCu3 Ti4 O12 (CCTO) ceramics at 423 K. The inset
shows an expanded view of frequency dependence of M '
and M 00 (darker symbols) for CCTO/T and CCTO/Zr
samples.

Fig. 4. Temperature dependence of imaginary part of
electrical modulus (M 00 ) at 1 kHz for CaCu3 Ti4 O12
(CCTO) ceramics.

The inset of Fig. 6 shows the real
nary

00

M (ν)

M 0 (ν)

and imagi-

components of electric modulus as a func-

tion of frequency at a xed temperature of 423 K for
the CCTO/Zr and CCTO/T samples.
of the maximum

M 00

By the placing

on the frequency spectrum the re-

laxation times can be easier determined.

For all sam-

ples, the increase in temperature shifts the

M 00 (ν)

max-

imum towards higher frequencies even beyond the range
of the spectrum (above 10

6

Hz). For the CCTO/Zr and

CCTO/T samples, below the temperature of 350 K the

M 00 (ν)

maximum moves below the frequency of 20 Hz

that is beyond the frequency measuring range.
The experimental data in a

ε00 (ε0 ) (the ColeCole) rep-

resentation at temperature of 423 K has not shown due to

Fig. 5. Temperature dependence of imaginary part of
dielectric permittivity (ε00 ) at 1 kHz for CaCu3 Ti4 O12
(CCTO) ceramics.
In the

M 00 (T ) plot,

their dominating nature of dielectric losses on the relaxation process.

The imaginary component

ε00

is around

two orders of magnitude greater than the real component

ε0 .

The dependence of the components of electric permitat the temperature of above 350 K

tivity at the temperature of 423 K on frequency are shown

ε0 (ν)

for CCTO/Zr and CCTO/T samples the maxima are vis-

in Fig. 7. The largest dispersion of

ible that suggest the presence of relaxation processes. In

CCTO/Fe sample. For the other two samples the value

contrast, on the

ε00 (T )

plot it can be seen a strong in-

of

ε0 (ν)

does not change very much, especially in the re-

crease in the dielectric loss which is mainly connected

gion below 1 kHz.

with electrical conductivity.

for a loglog plot of

In turn, in the lower tem-

perature region (below 200 K), the

M 00 (T )

and

ε00 (T )

is found in the

The straight slopes were calculated

ε00 (ν)

in low frequency range, and

are between 0.90 and 0.95. These values, although close

plots also display changes that indicate a relaxation in

to those of dc conductivity (which has a straight slope

all investigated samples.

However these processes have

of 1.0) suggest an extremely low frequency relaxation

a dierent character and will be discussed on the basis

process which is connected to an electrical charge-carrier

of the frequency dependence of electrical modulus and

trapping.

electrical permittivity.

In heterogeneous dielectric materials such as CCTO ce-

Figure 6 presents on the complex plane the electrical modulus

M 00 (M 0 )

ramics we can see phases with dierent electrical conduc-

at a temperature of 423 K for the

tivities. The application of an electrical eld to a sample

three investigated ceramics. Only the experimental data

causes the displacement of charge from the phases that

for the CCTO/Fe sample show a semicircular arc which

are more conductive to those that are less.

clearly indicates the relaxation process and enable to

in low frequency range a space charge and an interfacial

calculate the time of relaxation from the maximum of

polarization eects associated with it occur. This polar-

M 00 (M 0 )

function.

ization results in the high values of
losses

00

ε (ν).

ε0 (ν)

Especially

and dielectric

A High-Energy Ball Milling as a Useful Technique for the Synthesis. . .
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is heterogeneous. This may indicate a weak synthesis
or the presence of ceramic sinters. If the sample is well
synthesized (around 95% of theoretical density) and the
bulk material is electrically homogenous then we have an
ideal semicircle on the

M 00 (M 0 )

plot with the center of

the semicircular arc lying on the real axis

M 0.

The ColeCole plots at temperature of 173 K are presented in Fig. 9. A visual estimation of relaxation processes at approximately the same

ε" and ε0 scale for all ce-

ramics is possible only for the CCTO/Zr sample. To scale
up the

ε00 (ε0 )

graphs for the CCTO/T and CCTO/Fe

samples, in the inset there were shown the frequency dependence characteristics of electric permittivity components.

These characteristics provide more information

on the topic of both dispersion and absorption phenom-

Fig. 7. Frequency dependence of real (ε0 ) and imaginary (ε00 ) part of dielectric permittivity at 423 K for
CaCu3 Ti4 O12 (CCTO) ceramics.

ena in these materials.

Normally, in the range of high

frequencies an area of plateau of

ε0 (ν)

is related to the

permittivity of grains, but low-frequency dispersions corresponds to a inter-grain or electrodes polarization [37].
Therefore, if the value of

ε0 (ν)

lies outside of the area of

the plateau the permittivity does not describe the intrinsic changes in the grains of the material.

Fig. 8. Electrical modulus complex plane plots for
CaCu3 Ti4 O12 (CCTO) ceramics at 173 K.

Figure 8 presents on the complex plane

M 00 (M 0 )

the

experimental data obtained at the temperature of 173 K
for all investigated ceramics.

Graphs in a semicircular

shape indicate the presence of relaxation processes. The
centers of all these semicircles lie below the real axis

M 0.

Fig. 9. Dielectric permittivity complex plane plots for
CaCu3 Ti4 O12 (CCTO) ceramics at 173 K. The inset
shows an expanded view of frequency dependence of ε0
and ε00 (empty symbols) for CCTO/T and CCTO/Fe
samples.

The degree of this lowering, which indicates the distribution of relaxation times is the smallest for CCTO/Zr. For

For the investigated ceramics a perfect response was

the CCTO/T sample the distribution of relaxation time

not obtained from the bulk material, meaning a at,

continues to increase. It is vital to note that the graph is

frequency-independent region. The decrease of

asymmetrical and greatly expanded, presumably it con-

increasing frequency, conrms the electrical inhomogene-

tains two superimposed semicircles. On the other hand

ity of the sample.

for CCTO/Fe in the low frequency range there is an additional semicircular arc.

The centers of these arcs lie

ε0 (ν) with

Figure 10 shows Arrhenius plots for the relaxation
times described by the following equation:

E a/kT ),

lus. At such a low temperature the relaxation processes

activation energy and

have a dierent character than the same processes at the

relaxation times

temperature of 423 K rst of all due to a very small di-

peratures from the entire temperature range were deter-

electric losses. The description of the investigated ceram-

mined from the spectrum of

ics by the

00

0

M (M )

graphs show that the bulk material

where

τ0

τ = τ0 exp(Ea is the

below the axis of the real component of electric modu-

τ

is the pre-exponential term,

k

is the Boltzmann constant. The

for all investigated samples at the tem-

M 00 (ν).

P. Dulian et al.
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Literature value [39] of the activation energy in grain
for CCTO determined based on the relaxation process
is around 0.06 eV. In contrast, the values of activation
energy around of 0.65 eV comes from localized charge
carrier (hopping conduction). Generally, the time of relaxation

τ

is much larger at the grain boundaries than in

grains.
In agreement with the IBLC model, it is possible to
conrm that the process of relaxation at the temperatures above 350 K corresponds to a MaxwellWagner
Sillars polarization model.

The value of the activation

energy determined for CCTO/Zr and CCTO/T samples
is about 0.8 eV while for CCTO/Fe in the same temperature range is 0.4 eV. According to Guo et al. [41]
the source of the potential barrier is related to the Cu

Fig. 10. Arrhenius plots of bulk (empty symbols) and
grain boundary (lled symbols) relaxation times data
for CaCu3 Ti4 O12 (CCTO) ceramics.

ions, which segregate themselves into the grain boundaries. The activation energy data that relate to the relaxation process are presented in Table.

TABLE I
Relaxation process data for CaCu3 Ti4 O12 (CCTO) samples.
Composition
Temperature range [K]/Time relaxation range [s]
473 ÷ 353/8 × 10−6 ÷ 6 × 10−3
213 ÷ 173/2 × 10−7 ÷ 2 × 10−6
288 ÷ 173/2 × 10−7 ÷ 3 × 10−5
The pre-exponential term,

τ0

CCTO/Zr
CCTO/T
CCTO/Fe
Activation energy [eV]/Pre-exponential term τ0 [s]
0.77/5.3 × 10−14 0.83/1.0 × 10−14 0.40/6.4 × 10−12
0.17/2.4 × 10−11
0.19/5.3 × 10−12
−11
0.19/8.7 × 10

was determined from equation

ln τ = ln τ0 − Ea/kT

assuming that

1/T → 0.

tivity and electrical modulus change. These changes con-

4. Final remarks and conclusions

tradict the general principle that the dielectric permittivThe CaCu3 Ti4 O12 ceramic powder was synthesized
with

the

use

of

two

dierent

methods:

via

ity of CCTO is independent of frequency between 20 Hz

the

and 1 MHz at room temperature. The activation energy

mechanochemical synthesis at room temperature and by

related to dierent electro-active regions is determined on

the high-temperature treatment of reagents. The prop-

the basis of electrical modulus.

erties of materials obtained by these two methods were

conditions (above 350 K), the relaxation processes are

compared, and the results showed that the time required

characteristic at the grain boundaries. The macroscopic

for synthesis can be shortened when a thermal method

MaxwellWagnerSillars model of surface polarization,

is used from 12 h to between 1.5 and 5 h (dependent on

which describes this relaxation, probably refers to the

milling energy).

heterogeneous distribution of oxygen atoms on the sur-

For the rst case, the eects of impurities introduced

0

At higher-temperature

face and in the interior of the sample. In turn, this distri-

by the process of milling (ZrO2 and Fe ) on the physical

bution may be a result of the phase segregation of a Cu-

and dielectrical properties are presented, as well as the

rich layer on the surface of the sample. Below the tem-

methods by which such additives can be intentionally and

perature of 250 K and at a frequency of approximately

rationally introduced for the optimization of the useful

100 kHz, the dielectric relaxation is observed, similar to a

characteristics of the ceramic materials.

relaxation of Debye-type. According to the IBLC model,

The microstructural tests of the dierently-obtained
materials demonstrate that the grain morphology and the

this type of relaxation may be the surface polarization
eects in both the grains on or in the grain boundaries.

number of present defects are important in determining
Acknowledgments

various properties.
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