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Abstract

Nanocrystalline calcium-copper-titanate (CCTO) dielectric powders were prepared by mechanical alloying. Phase transformations
and structural evolution of the mechanically activated powders were investigated through the Rietveld refinement of the X-ray
diffraction results. The crystallite size, lattice strain, and weight fraction of individual phases were estimated based on crystal structure
refinement. Furthermore, the microstructural properties and thermal behavior of the milled powders were investigated by Transmission
Electron Microscopy (TEM) and Differential Thermal Analysis (DTA), respectively. It was found that CCTO nanocrystals can be
successfully synthesized after the amorphization of the initial crystalline materials. Semi-spherical nano-size particles were developed
after sufficient milling time. Formation of an amorphous phase during the milling cycle was confirmed by the presence of the glass
transition and crystallization peaks in the thermal analysis profiles.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

The extraordinary high dielectric constant of calcium
copper titanate (CCTO) was discovered for the first time
by Subramanian et al. in 2000 [1]. The dielectric constant
of CCTO is almost temperature independent, with a
temperature range between 100 K and 600 K [2-4]. It also
has a very small frequency dependence of up to 10° Hz
[5,6]. Such weak temperature and frequency dependencies
for CCTO’s dielectric constant have attracted much
researcher interest because it is an ideal material in a wide
range of applications, especially in microelectronics [2—8].

To date, synthesis of CCTO has been performed by
either mixed oxides [1-3,7], chemical [4,9-11], or mechan-
ical routes [12]. CCTO ceramics are most often produced
through conventional mixed oxide methods. However, this
process has a tendency to produce coarse particles with
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compositional inhomogeneity in addition to the formation
of particle agglomerates/aggregates in the resulting pow-
der. Consequently, the sinterability of the powders is
considerably reduced [9-11,13,14]. Furthermore, it should
be noted that in order to achieve the desired CCTO phase,
calcination at elevated temperatures is crucial [4,9]. In spite
of the suitable properties achieved through this method [4],
broader application of chemical synthesis is also limited
due to high precursor costs. Mechanical alloying (MA) is a
solid state technique which is widely used to synthesize
advanced materials such as intermetallic compounds and
alloys [15], nanostructured materials, and supersaturated
solid solutions [16—18]. The main advantage of the method
is that solid-state reactions are activated via the introduc-
tion of mechanical energy instead of temperature. Conse-
quently, the chemical reactivity of starting materials is
improved significantly after an appropriate mechanical
alloying treatment. Moreover, the calcination temperature
for the formation of desirable phases can be reduced
considerably and in some cases the desired structures
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may be formed directly via MA without any subsequent heat
treatment [19]. However, contamination issues found in the
MA process have been known to compromise the final
property of the material, preventing this method from being
widely utilized. As a consequence, care should be taken
whenever the method is used in materials processing.
Recently, MA has been applied in the processing of ceramic
materials such as lead zirconate titanate [13], lead zinc niobate
[15], lead magnesium niobate [20,21], lead magnesium
niobate-lead titanate [22,23], and barium titanate [14,20,24].

Almeida et al. were the first to study the synthesis of
CCTO through MA of pure CaCO;/Ca(OH),, CuO, and
TiO, precursors [12]. Later, Manik and Pradhan [25]
investigated the structural properties of CCTO electro-
ceramics produced via high energy milling. In the present
work, the microstructure and thermal properties of CCTO
electroceramics synthesized by mechanical alloying (MA)
are studied. The novelty of this paper is the utilization of
Rietveld method of quantifying the structural properties of
both amorphous and crystalline phases, as well as the
detection of glass transition behavior prior to amorphous
phase crystallization during the heating cycle.

2. Experimental procedure

To synthesize the CCTO compound, high purity initial
materials consisting of TiO, (Merck, >99.9%, D,,..=250
nm), CaO (Merck, >99.9%, D,,..=310nm), and CuO
(Merck, >99.5%, D,,.=680 nm) were mixed according to
the stoichiometric ratio of CCTO. Powders were suffi-
ciently mixed and then milled by a laboratory planetary
ball mill (Sepahan 84 D) in a tempered steel vial with steel
balls (4 x 20 mm and 8 x 10 mm). The milling process was
accomplished under dry conditions with a rotational speed
of 250 rpm and the ball-to-powder weight ratio of 20:1.
Powders were milled for up to 300 h.

Phase development during the milling cycle was ana-
lyzed by an X-ray diffractometer (XRD, Bruker Advance
2) using CuKa, , radiation. The data was collected at room
temperature with a 20 range between 20° and 60° with the
step size and scan rate of 0.03° and 6 s, respectively. The
X-ray tube was operated at 40 kV and 40 mA. In the
present study, Rietveld refinement of XRD patterns were
done using MAUD software (by Luca Lutterotti, 1997—
2011, University of Trento-Italy) and the required struc-
tural and microstructural information of the individual
phases were then extracted. In addition, differential ther-
mal analysis (DTA, Shimadzu, Japan) was performed on
the as-milled powders at the temperature range of 100-
1000 °C and heating rate of 20-30 °C/min. In order to
evaluate the powders microstructure as well as their size
distribution, transmission electron microscopy (TEM,
JEOL-JEM 2010) was also performed on the selected
powders. Finally, in order to determine the variation of
particle size distribution during the milling cycle, the
nanoparticle size analyzer (Vasco DLS Particle Size Ana-
lyzer, Kunash Instruments) was utilized.

3. Method of structural analysis

Phase quantification was carried out in two steps. In the
first step, the amount of the crystalline phase was determined
through the Rietveld refinement of XRD patterns followed
by the quantification of the amorphous phase through a
method proposed by Winburn et al. [26] based on Rietveld
quantitative analysis [27-30]. In the latter step, an internal
standard composed of a fully crystalline powder with an
X-ray absorption edge similar to CCTO was mixed with a
predetermined amount of our alloyed powder, after which
XRD analysis was conducted on the resulting powder
mixtures. The amorphous phase fraction was estimated by
the difference between the measured and expected values of
the standard powder. In the present study, a fully crystalline
vanadium oxide (V,0s) powder with a median crystallite size
of 45 nm was used as the standard.

A Rietveld profile fitting method was established to
characterize the structure of mechanically activated pow-
ders synthesized under different milling durations using
Rietveld analysis software. Experimental profiles were
fitted with the most desirable pseudo-Voigt analytical
function taking into consideration both crystallite size
and strain broadening [31]. It should be noted that
structural and microstructural refining can be simulta-
neously carried out by this software. Using this method,
parameters such as lattice constant («), phase percentages,
crystallite sizes (D), lattice microstrain (r.m.s. strain) can
be estimated quite accurately [32,33].

During refinement, peak positions were initially mod-
ified by correcting zero point and sample displacement
errors. Refinement of fundamental parameters such as unit
cell dimensions, scale factor, crystallite size, and lattice
strain was performed for each phase. Marquardt least-
squares procedure was utilized to minimize the difference
between the observed and calculated patterns. In addition,
the refining process was carried out through the use of the
reliability index parameter (Ry,) and Bragg factor (Rp)
defined as:
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where I, and I. are the observed and calculated intensity
and w,=1/I, is the weight of the experimental observa-
tions. The quality of the fitting was also evaluated by
using a goodness of fit factor (S) which is estimated by the
Ryp-to-Rex fraction, in which Re is the expected error
calculated as follows:

o Np 11/
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where N and P are the number of experimental observa-
tions and fitting parameters, respectively. The refining is
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performed consecutively, provided that R, reaches quan-
tities less than 10% and S approaches 1.

Quantitative values for phases found in our multicom-
ponent powders were estimated through the use of scale
factors. The weight fraction of constituent phases was
calculated using the following formula:

Xi = SaZMy Vo] SSEZpMyVy (4)

where S,, Z,, M,, and V, are the Rietveld scale factor, the
number of formula units per unit cell, the molecular weight
and the unit-cell volume of a given phase, respectively.
Finally, crystallite size and lattice analyses were analyzed
through the pseudo-Voigt function which simultaneously
considers the contribution of crystallite size and lattice
microstrain on the line broadening of XRD peaks [32-34].

4. Results and discussion

The XRD spectra of powders milled under different
durations are presented in Fig. 1. As observed, the
sharpness of the diffraction peaks found in the initial
powder mixture gradually becomes reduced during the
milling process. This can be attributed to a decrease in
crystallite sizes as well as an increase in lattice strain.

The rate of peak broadening is not the same for all phases,
and it is quite severe for CuO and CaO. The peaks
associated with these initial phases vanish at a different rate
as well. For instance, Ca(OH), peaks, presented in the initial
powder mixture due to CaO moisture absorption, vanish
after 16 h of milling and, followed by CuO, CaO, a-TiO,,
and r-TiO,. All precursor compounds totally dissolve into
the final structure by the end of the milling cycle. As milling
progresses, crystal strain increases atomic plane spacing,
resulting in XRD peak shifts to lower angles. Also, high-
angle peaks disappear due to the presence of large amounts
of amorphous phase in the structure [35]. Peak broadening
as well as overlapping, due to the presence of nano-sized
structures, lattice strain, and amorphous phases, hinder the
proper identification of the features seen through XRD.

After milling for 128 h, CCTO’s structure becomes
predominantly amorphous. This is confirmed through the
featureless appearance of the high resolution TEM micro-
graph of the CCTO nanoparticles, as well as the diffuse
halo pattern of the corresponding selected area diffraction
(SAD) pattern presented in Fig. 2. However, after 192 h of
milling, a perovskite phase of CCTO begins to nucleate
from the amorphous phase. This can be seen by the
appearance of the (220) peak at 20=34° on the XRD
spectra. As a result of further mechanical activation,
additional crystalline diffractions peaks appear, with
intensities proportional to milling duration. After 32 h of
milling, the material displays a very broad peak around
20=32°. This is related to the metastable srilankite
(s-TiO,) produced from the polymorphic transformation
of a-TiO, during MA. It has been previously observed that
the diffraction peaks of srilankite are usually broadened
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Fig. 1. X-ray diffraction patterns of the initial and as-milled powder
mixtures.

due to nanometric crystallites containing a large amount of
lattice strain [36—38].

The weight percent, crystallite size, and lattice strain of
the phases present under different milling durations,
extracted from Rietveld refinement analysis are presented
in Table 1, Figs. 3 and 4, respectively.

Initially crystallite sizes of the precursor materials are
reduced rapidly then decreased more gradually until
complete amorphization at 128 h, see Fig. 3. The grain
refinement rate of precursor materials is significantly
different, possibly due to the difference in the crystalline
lattice energy and melting point [21,39,40]. As a result of
further milling, CCTO with an average crystallite size of
13 nm is formed and its crystallite size approaches 24 nm
after 256 h of milling.
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Fig. 2. The high resolution TEM image and the corresponding selected
area diffraction (SAD) pattern of 128 h milled powders.

Table 1
The weight percent of the detected phases at the different milling times.

Milling time Detected phases Weight percent (%)

0 Anatase 16.16
Rutile 6.61
CuO 38.2
CaO 6.61
Ca(OH), 1.89
Amorphous content 30.53
16 Anatase 32.8
Rutile 3.12
Srilankite -
CuO 15.25
CaO 2.55
Amorphous content 45.73
32 Anatase 10.15
Rutile 1.54
Srilankite 8
CuO 8.22
CaO 1.58
Amorphous content 71.22
64 Anatase 3.29
Rutile 2.58
Srilankite 1.25
CaO 1.42
Amorphous content 91.46
128 Rutile 1.71
Amorphous content 98.29
192 CCTO 61.65
Amorphous content 38.35
256 CCTO 88.57
Amorphous content 11.43

Fig. 4 indicates the lattice strain of the phases at
different milling durations. As can be seen, by starting
the milling process, due to the impact force of the grinding
media, strain is introduced into the crystals lattice and
consequently the micro-strain of the primary materials is
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Fig. 3. Crystallite size variation of the primary materials and CCTO
phase during milling.
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Fig. 4. Lattice strain of the primary materials and CCTO phase as a
function of milling time.

increased significantly. The lattice strain increase continues
with milling progression, albeit with an inferior rate, until
complete amorphization. Subsequently, by milling from
160 h to 256 h, the chemical composition of nanocrystals
nucleated from the amorphous phase approaches the
CCTO stoichiometry and consequently the lattice strain
of crystalline CCTO is reduced from 9.9x107° to
3.9x 1077

DTA results of the powders mechanically activated for
32 h, 128 h, and 256 h are shown in Fig. 5. Two exothermic
peaks are observed in the DTA trace for the powders
which were milled for 32 h: (1) a sufficiently broad peak
centered at 200 °C is related to stress relaxation, which
retards the strain energy of the system [4]; (2) a peak
centered at 700 °C is correlated to the transition of the
amorphous phase to the more stable crystalline CCTO
compound. As can be seen, the broadening and intensity of
the peak ascribed to stress relaxation is considerably
increased when the material is milled for 128 h and is
significantly reduced by the end of the milling cycle (256 h).
This confirms the micro-strain results previously reported
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Fig. 5. The DTA results of mechanically activated powders for different
times of milling.

Table 2
The variations of the powder particle size at the different milling times.

Particle size (nm)

Milling time (h) TEM results Particle Size Analyzer results
Mean  Range Mean Mode Range
1 260 91-350 360 335 50-700
16 98 40-127 121 114 33-230
32 70 28-90 82 91 22-130
64 48 25-71 59 62 20-112
128 38 22-57 52 49 19-89
160 25 20-51 35 32 17-68
192 20 18-38 27 28 15-52
256 17 15-34 21 23 13-32

from XRD analysis. The DTA trace corresponding to the
64 h, 128 h, and 192 h milling times indicate endothermic
reaction, characteristic of a glass transition followed by
a sharp exothermic peak related to the crystallization
process, verifying the glassy nature of amorphous phase.
The intensity of the DTA crystallization peak initially
increases and then reduces which this result is in good
agreement with our quantitative XRD analyses.

The variations of the powder particle size at the different
milling times are listed in Table 2. The results are achieved
from the interpretation of TEM bright field images
performed on the as-milled powders at 10 different loca-
tions and also the results obtained from the nanoparticle
size analyzer. The rate of particle size reduction is initially
quite rapid, but decreases with longer milling durations.
Furthermore, the particle sizes distribution is reduced as
they are milled for longer times. Fig. 6 displays a TEM
bright field image of powders which were milled for 256 h.
The particles are semi-spherical in shape with an average
size of 20 nm ranging from10 nm to 35 nm.

5. Conclusions

Calcium copper titanate powders were successfully
synthesized through mechanical alloying and then their

Fig. 6. TEM bright field image of the CCTO powder after 256 h of
milling.

structure, microstructure and thermal properties were
analyzed.
The following conclusions can be drawn from the work:

(1) During the milling cycle, nanocrystallization occurred
rapidly and a great amount of micro-strain and lattice
defects was created.

(2) In milling initiation, the initial materials were dissolved
into the structure at a different rate and a significant
amount of amorphous phase was formed in addition to
the polymorphic transformation of anatase to sirilan-
kite TiO».

(3) By milling progression, the amount of amorphous
phase was increased considerably and after sufficient
milling time, the complete amorphization of the struc-
ture occurred.

During the heating cycle, the glass transition
appeared in the powders prior to the crystallization
of the amorphous phase.

(4) During the milling cycle, the nanocrystalline CCTO
phase was formed by the mechano-crystallization of
the amorphous phase and no evidence of its formation
was detected prior to the whole amorphization of the
structure.

(5) Subsequent to CCTO formation, its quantity grew
considerably and the crystallite size and lattice strain
were increased and reduced, respectively.
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