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Abstract CaCu3Ti4O12 powder has been synthesized by

mechanochemical milling (C-m) and solid-state reaction

(C-ssr) techniques. C-m powder has a grain size of

*24 nm as determined from X-ray diffraction and FE-

SEM measurements. The grain size of C-m ceramics has

increased to 20 lm compared to a size of 3 lm for C-ssr

ceramics after sintering at 1,050 �C for 10 h. Giant

dielectric constant was observed in both ceramics with

that of C-m larger than that of C-ssr. Impedance results

show that the grain conductivity of C-m is more than

two orders of magnitude lower than that of C-ssr,

whereas its grain boundary conductivity is larger than

that of C-ssr. These results are supported by the EDX

results that show Cu-enriched grain boundaries in C-m

ceramics.

1 Introduction

CaCu3Ti4O12 (CCTO) ceramics have attracted great

research interests in the past years due to their unusually

giant dielectric constant (GDC) properties [1–18]. This

material shows a dielectric constant value e0 of 104–105

that is almost independent of temperature and frequency

over wide ranges. The GDC properties make CCTO a

potential candidate in microelectronic applications such

as capacitive and memory devices components. CCTO

exhibits cubic perovskite-like structure with space group

Im3, and no indications of structural phase transition

have been observed in the 100–600 K temperature range

[1]. Therefore, the GDC in CCTO ceramics is not due to

ferroelectric characteristics of the material. The dielectric

behavior of CCTO depends on the method of preparation

and processing conditions such as the sintering temper-

ature, dwelling time and the atmosphere [7–18]. CCTO

powder has been synthesized by different techniques,

mostly by multi-step solid state reaction technique where

the starting materials are mixed and calcined at high

temperatures [4–9]. Sol–gel, polymerization, molten salt

and other wet chemical methods have also been used to

synthesize CCTO powder [10–18]. In the above synthesis

methods different nano- and micro-sized CCTO powders

were obtained, which transform to micro-sized CCTO

ceramics after sintering the compacted powder at high

temperature (mostly between 1,000 and 1,125 �C) for

several hours (between 3 and 48 h). In these ceramics,

the grain size is usually range between 1 and 300 lm.

The dielectric constant of the resultant CCTO ceramics

has different values from few hundred up to 105.

Mechanochemical synthesis is considered a complete

general method of producing almost all forms of mate-

rials in the nanosize. The advantages of the mechanical

milling are; (1) almost every material is accessible, (2)

large amounts can be produced, and (3) skips interme-

diate temperature calcination steps that are usually per-

formed in solid state reaction technique, leading to a

simpler processes. Therefore, mechanochemical milling

technique has been used for the preparation of a large
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varieties of materials including; ionic conductors, ferro-

electrics, semiconducting oxides, etc. [19–23]. Moreover,

using hard materials like tungsten carbide, for example,

for the vial and balls we can overcome the disadvantage

of the abrasion of the milling media and the contami-

nation that may occur. Mechanochemical synthesis of

CCTO, without the need of calcination steps, has been

reported in the literature [24–26]. In these reports, CCTO

has been synthesized from CaO/CaCO3/Ca(OH)2, CuO

and TiO2 using stainless steel vials and balls. The

milling time needed to form CCTO phase is different

and range from 30 to 60 h [24], 14 h [25], and more

than 200 h [26]. The grain size in the product CCTO

powder has an average value of 17–28 nm [24–26].

However, until now there are no reports on the micro-

structure and dielectric properties of CCTO ceramics

prepared from mechanosynthesized powder. Therefore,

the aim in the present work is to synthesize CCTO

nanopowder by mechanochemical milling and study the

microstructure of its corresponding ceramics. Moreover,

the dielectric, transport and relaxation properties will be

investigated through impedance spectroscopy

measurements.

2 Experiment

Nanocrystalline CaCu3Ti4O12 was synthesized by mech-

anochemical synthesis at RT using stoichiometric pro-

portions of CaCO3 (99 %), CuO (99.99 %) and TiO2

(99.9 %) all from Sigma-Aldrich. The milling process

was performed in Fritsch P-7 premium line machine

using a 45-ml WC pot and 15 WC balls of 10-mm

diameter, where the balls to powder mass ratio was 8:1.

The milling process continued for 30 h with a rotation

speed of 500 rpm in the first 5 h and 400 rpm for the

rest of the milling time. For comparison CCTO powder

was also synthesized by solid-state reaction where the

mixed powder of starting materials was grounded in

agate mortar, calcined at 900 �C for 10 h, re-grounded

and calcined again at 1,000 �C for 10 h. Dense CCTO

ceramics were obtained from the two powder sources by

sintering at 1,050 �C for 10 h. The two ceramic samples

will be called C-m (from mechanosynthesized powder)

and C-ssr (from the solid state reaction powder source).

Materials characterization was performed by X-ray dif-

fraction and field-emission scanning electron microscope.

For impedance measurements the studied ceramics were

painted by silver paste and fired at 400 �C for 1 h.

Impedance measurements were conducted for C-m and

C-ssr samples in the 120–500 K temperature range over

the 5 Hz–5 MHz frequency range using Hioki IM3570

LCR meter.

3 Results and discussion

Figure 1a and b shows the room temperature XRD patterns

of CCTO powders synthesized by solid-state reaction and

mechanochemical milling, respectively. This figure indi-

cates that pure CCTO cubic phase is obtained in the two

powder sources without noticeable secondary phases.

However, XRD peaks of C-m material are considerably

broad compared to the sharp peaks of C-ssr material. The

broadening is mainly due to the reduction of the crystallite

size of the product material due to the mechanochemical

synthesis process. The crystallite size could be estimated

from the full width at half maximum (FWHM) of the XRD

peaks using Scherrer formula;

d ¼ kk
b cos h

; ð1Þ

where d is the crystallite size, k = 0.89, b is the line’s

FWHM, h is the Bragg angle and k (0.154 nm) is wave-

length of the X-ray radiation. The FWHM of XRD peaks

was corrected using Si as a standard. The estimated crys-

tallite size is in the range of 24 nm. This result is supported
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Fig. 1 XRD patterns of CCTO powder synthesized by a mechano-

chemical milling and b solid-state reaction
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by the FE-SEM micrograph in Fig. 2a. This figure shows

very fine agglomerations of about 100-nm size that include

smaller grains of 20–30 nm. The observed XRD pattern

and the calculated crystallite size of C-m powder in the

current work agree with the results reported previously for

CCTO powder prepared by mechanical milling [24–26].

The grain size of the C-m sintered ceramics is increased

considerably after sintering at 1,050 �C for 10 h as shown

in Fig. 2b. The grain size of C-m ceramics is not homo-

geneous where a majority of large grains of 20-lm size are

observed with the presence of smaller grains of about 5-lm

size. Moreover, thick Cu-rich intergranular phase is

observed. Meanwhile, C-ssr ceramics sintered at the same

conditions have homogenous microstructure with an aver-

age grain size of *3 lm as could be seen in Fig. 2c. These

results suggest that the mechanosynthesis of CCTO

enhanced the sinterability of the product nanopowder that

leads to ceramics with larger grain size compared to the

solid-state reaction technique. The composition of the grain

and grain boundary of C-m ceramics was determined by

EDX measurements. The EDX spectra of the grain and

grain boundary phases of C-m ceramics are shown in Fig. 3

and the corresponding data are summarized in Table 1.

The frequency dependence of the dielectric constant e0

of C-m and C-ssr ceramics is shown in Fig. 4a and b,

respectively, at selected temperatures. Moreover, Fig. 4c

shows the frequency dependence of the dielectric constant

for the two samples at RT. Both samples show large e0

plateau at low frequencies, followed by a large drop of the

value of e0 to the bulk value at high frequency. The plateau

Fig. 2 FE-SEM of a CCTO mechanosynthesized powder, b C-m

ceramics and c C-ssr ceramics

Fig. 3 EDX spectra of grain (a) and grain boundary (b) of C-m

ceramics

Table 1 Element percentage at the grains and grain boundaries in

C-m ceramics as determined from EDX spectra

At % (grains) At % (gain boundary)

O 66.21 63.47

Ca 4.40 1.02

Ti 16.95 3.76

Cu 12.44 31.75
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region expands to the high-frequency region with increas-

ing temperature. However, pronounced differences exist

between the two samples. (1) The plateau dielectric con-

stant of C-m sample (4.1 9 103) is larger than that of C-ssr

(3.2 9 103) sample. This could also be observed in Fig. 5,

which shows the Cole–Cole plots of the dielectric constant

of the two samples at 200 K. (2) The value of the bulk
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Fig. 4 Frequency dependence of e’ at selected temperatures for a C-

m and b C-ssr ceramics. c Shows the frequency dependence of e’ of

the two samples at RT for comparison
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ceramics at 200 K. The inset shows a magnification of the high
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Fig. 6 Frequency dependence of tan d of a C-m and b C-ssr ceramics

at selected temperatures
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dielectric constant of C-ssr (*100) is larger than that of

C-m (*80) ceramics as seen from the inset of Fig. 4. (3)

The drop of e0 to the bulk value for C-m sample occurs at

much lower frequency than C-ssr ceramics at the same

temperature. The corresponding frequency dependence of

tan d for C-m and C-ssr is shown in Fig. 6. One relaxation

peak is observed in this figure which is related to the grain

boundary relaxation process. However, there is large dif-

ference of the relaxation frequency for C-m and C-ssr

ceramics.

It is established in the literature that the giant values of e0

accompanied by a strong Maxwell–Wagner (M–W) relax-

ation mode are due to electrical heterogeneity of the

materials, leading to internal barrier layer capacitance

(IBLC) effects, where polarization effects at insulating

grain boundaries between semiconducting grains generate

giant values of e0 [4–18, 27]. Therefore, the GDC properties

of the current materials could be understood from their

electrical behavior. Previous studies indicated that CCTO

ceramics have semiconducting grains with resistivity Rg

*10–100 X cm and insulating grain boundaries with Rgb

*0.1–10 MX cm at room temperature [27]. We show in

Fig. 7 the complex plane plots of the resistivity of C-m

ceramics at selected temperatures. The grain resistivity

contribution is observed as a semicircle at low tempera-

tures and high frequency with Rg value of about

1.5 MX cm at 160 K (see Fig. 7b) that decreases to
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Fig. 7 a Complex plane diagrams of the grain boundary impedance

of C-m ceramics at selected temperatures, and b shows the grain

impedance at low temperatures and high frequency
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Fig. 8 a Comparison of the complex impedance diagram of C-m and

C-ssr ceramics at RT indicating a very high grain boundary

impedance of C-ssr compared to C-m ceramics. b Shows the grain

impedance of C-ssr ceramics at 160 K and c shows the grain

impedance of the two samples at RT
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800 X cm at RT (see Fig. 8c). These values of Rg are much

larger than the Rg values of C-ssr ceramics of 4.27 kX cm

and 125 X cm at 160 K and RT, respectively, (see Fig. 8b,

c). On the other hand, grain boundary resistivity of C-m

ceramics is more than one order of magnitude lower than

that of C-ssr ceramics. At 380 K, for example, Rgb has

values of 55 kX cm and 1 MX cm for C-m and C-ssr

ceramics, respectively.

The temperature dependence of the grains and grain

boundaries conductivity is illustrated in Fig. 9. It is

observed from this figure that the grain conductivity of

C-m ceramics is more than two orders of magnitude lower

than that of C-ssr ceramics at low temperatures. On the

other hand, the grain boundary conductivity of C-m

ceramics is more than one order of magnitude larger than

that of C-ssr ceramics. The values of the activation energy

of the conduction processes are 0.224 and 0.104 eV for the

grain conduction of the C-m and C-ssr ceramics, respec-

tively, and 0.55 and 0.68 eV for the grain boundary con-

duction of C-m and C-ssr ceramics, respectively.

Reduction of the grain conductivity associated with an

increase of its activation energy in CCTO ceramics was

reported for doped CCTO with different metal dopants

such as Mn [28, 29]. The conductivity behavior of the

grains and grain boundaries are related to the composition

of the bulk and grain boundary phases of the ceramics. The
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EDX spectra in Fig. 3 and the corresponding data in

Table 1 of C-m ceramics show that the Ca/Cu ratio in the

grains is 1:2.83, which is very close to the stoichiometric

ratio 1:3 in CCTO. However, Ca/Cu ratio in the grain

boundaries is 1:31, indicting a Cu rich/Ca and Ti deficient

grain boundaries in C-m ceramics. Although the semi-

conduction of grains and resistance of grain boundaries

decrease in C-m ceramics, the grain conductivity is still

three orders of magnitude larger than that of grain

boundaries and the IBLC effect still valid leading to GDC.

It is noteworthy to mention that CCTO nanoceramics

prepared by spark plasma sintering at 975 �C of the me-

chanosynthesized powder have different microstructure

and transport properties, where the grain size is limited to

200 nm and the grain conductivity is three orders of

magnitude larger than that of C-m ceramics [30]. These

results clearly indicate that the microstructure, transport

and dielectric properties of CCTO ceramics depend

strongly on the synthesis route and sintering technique and

conditions.

The relaxation properties of the current materials could

be studied through the frequency dependence of the electric

modulus. The spectra of the imaginary part of the electric

modulus M00 at selected temperatures are shown in Fig. 10

for C-m and C-ssr ceramics. For C-ssr ceramics one

relaxation peak is observed that shifts to higher frequency

with increasing temperature. This relaxation peak corre-

sponds to the grain boundary effect in the material,

whereas the relaxation peak of the grain effect could be

observed at lower temperatures than the available tem-

perature window in our impedance measurements. Due to

the lower grain conductivity of C-m ceramics two relaxa-

tion processes for grain and grain boundary effects could

be observed for this material. The relaxation time is

determined from the peak frequency in Fig. 10 and the

associated temperature dependence is shown in Fig. 11.

The activation energy of the relaxation processes is

0.188 eV for the grain relaxation of C-m ceramics and 0.55

and 0.64 eV for the grain boundary relaxation process of

C-m and C-ssr ceramics, respectively. These values of the

activation energies agree with those of the conduction

processes.

4 Conclusions

Nanocrystalline powder of CaCu3Ti4O12 has been synthe-

sized by mechanochemical milling at room temperature

without any heat treatment steps with grain size of 24 nm.

The grain size of the corresponding ceramics increased

considerably to 20 lm after sintering at 1,050 �C for 10 h.

C-m ceramics show GDC larger than that of C-ssr

ceramics. Impedance results show lower grain conductivity

and higher grain boundary conductivity of C-m ceramics

compared to C-ssr ceramics. These features are due to the

Cu-rich grain boundary region. The current results along

with those of spark plasma sintered ceramics indicate that

the microstructure, transport and dielectric behavior of

CCTO depend strongly on the synthesis route and sintering

conditions.
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