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Abstract

CaCu;(Tiy— Hf,)O;, ceramics (x=0.04, 0.1 and 0.2) were prepared by conventional synthesis (CS) and through reactive sintering (RS), in which
synthesis and sintering of the material take place in one single step. The microstructure and the dielectric properties of Hf-doped CCTO (CCTOHY)
have been studied by XRD, FE-SEM, AFM, Raman and impedance spectroscopy (IS) in order to correlate the structure, microstructure and the
electrical properties. Samples prepared by reactive sintering show slightly higher dielectric constant than those prepared by conventional synthesis
in the same way than the pure CCTO. Dielectric constant and dielectric losses decrease slightly increasing Hf content. For CCTOHf ceramics
with x> 0.04 for CS and x> 0.1 for RS, a secondary phase HfTiO4 appears. As expected, the reactive sintering processing method allows a higher

incorporation of Hf in the CCTO lattice than the conventional synthesis one.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, the compound CaCu3zTisO1, (CCTO) has attracted
much interest due to its high dielectric constant, (up to 10%),
which is almost frequency independent up to 10° Hz and shows a
good temperature stability in the range between 100 and 400 K.!
The main disadvantage of this material is the high dielectric
losses that limits its use. Although materials with very high
dielectric constant are generally ferroelectric or relaxor, CCTO
is centrosymmetric in the temperature range under study and it
does not present phase transition. The system presents distorted
cubic perovskite structure with Im3 space group and a lattice

parameter of 7.391 A. The TiOg octahedron is tilted and, as a
consequence, the coordination of Ca and Cu cations is altered,
producing a square planar arrangement of the oxygen around
the Cu?* cations and a 12-coordinate icosahedral environment
for Ca.2
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The origin of the high dielectric constant of CCTO is still a
source of controversy. Itis in doubt if the high dielectric constant
is due to intrinsic effects such as stoichiometric changes, oxygen
vacancies, Cu segregation, and different oxidation states of Ti
and Cu or due to extrinsic effects related to the microstructure, as
stated by the Internal Barrier Layer Capacitance (IBLC) model.
According to this model the material can be considered as an
ensemble of n-type semiconducting CCTO grains and insulat-
ing barriers, corresponding to a very thin Cu-rich secondary
phase observed at the grain boundary.>* This characteristic
microstructure with semiconducting grains and insulating bar-
riers (including domain boundaries and grain boundaries) gives
place to electrostatic barriers at the grain boundaries which are
responsible for the nonlinear current—voltage behaviour that this
material presents. Oxygen vacancies may be proposed as a pos-
sible cause for the electron formation.’ At room temperature, dc
resistivity of undoped CCTO is principally determined by the
grain boundary resistivity and therefore this resistivity depends
on processing. In CCTO ceramics, a clear increase of the dielec-
tric constant has been observed with sintering time due to the
incorporation of the Cu-rich secondary phase into the CCTO
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grains.® There are very few reports related to the impurity effect
on CCTO. Based in the IBLC mechanism, HfO, can create new
insulating barrier layers at the grain boundaries or inside grains,
i.e. domain boundaries, resulting in a different microstructure
and improved dielectric properties. In a very recent work, Yuan
and Hark” prepared composites in the full range of compositions
in the CCTO-HfO; system. Previously to the addition of HfO»,
CCTO was synthesized at 900 °C—10h and then, mixtures of
HfO, and CCTO were sintered at 1000 °C-10 h. According with
the authors the objective of this work is preparing CCTO-HfO,
composites and not Hf-doped CCTO samples and in agreement
all the identified phases in the composites prepared were CCTO
and/or HfO,. The authors point to abnormal grain growth that
for composites with an HfO;, content higher than 20 wt.% is
suppressed although the dielectric constant of the CCTO phase
remains constant.

The electrical properties of both doped and undoped CCTO
depend as much on the raw materials as on processing.® Reac-
tion sintering method has been used recently to prepare CCTO
obtaining a very similar dielectric behaviour to those prepared
by conventional synthesis.’

The ionic radii of Ti** and Hf** in octahedral coordination are
different, 0.74 A and 0.84 A, respectively. In ABO3 perovskites,
it is known that the nature of the B cation plays an important
role in the resulting crystalline structure of these oxides. In these
compounds it should be expected a competition between Ti—-O
and Hf-O bonds exists, as to both ionic radius of Ti** and Hf**
and the covalence grade of the bonds are different.!”

The aim of this work is to study Hf-doped CaCu3TisO12
ceramics prepared by reaction sintering without an intermedi-
ate calcination step and by conventional synthesis and verify
depending on the processing method which is the replacement
of Ti by Hf in the CCTO lattice. Microstructural and dielectrical
behaviour is compared with undoped CCTO.

2. Experimental procedure

Ceramic samples of CaCus(Tis—Hfx)O12 (x=0.04, 0.1 and
0.2) that correspond to the substitution of 1, 2.5 and 5 wt.% of
TiO, by HfO, were prepared by two different synthesis routes:
a conventional solid state reaction and by means of reaction sin-
tering. Following the samples will be denoted as CS or RS and
1,2.5 and 5 according to the wt.% replacement of Ti by Hf. In all
cases, TiO, powder (rutile, 99.9%, Aldrich, dsg=0.5 pm), CuO
(99.9%, Aldrich, dsp =3.3 pum), CaCOs3 (Aldrich, dsg=0.9 pum)
and HfO, (98%, Aldrich, dsg=1.25 pm) were mixed in attri-
tion mill for 3 h with zirconia balls using de-ionized water and
0.3 wt.% of Dolapix C64 as dispersant. The milled powders were
dried and sieved through a 100 pum mesh.

Conventional solid state reaction consisted in the calcination
at 900 °C-12 h of the milled mixture of raw materials in adequate
amounts (synthesis of CCTO). Then the CS synthesized pow-
der was attrition milled during 3 h (after milling ds9 =0.8 pm).
Dry and sieved powders were pressed into disks of 8 mm in
diameter and 1.3 mm in thickness at 200 MPa by using 0.6 wt.%
of polyvinyl alcohol PVA and 0.3 wt.% of polyethylene glycol

PEG as organic binders to favour the pressing step. The disks
were sintered at 1100 °C-32 h. In the reaction sintering method,
RS, the synthesis and sintering of CCTO pellets were carried
out in the same step at 1100°C-32h. All thermal treatments
were carried out with a heating and cooling rate of 3 °C/min.
The density of the samples for both synthesis routes after sinter-
ing was >4.8 g/cm3 (>95% of the theoretical density). Samples
prepared by RS shrunk ~6% in diameter more than those pre-
pared by CS ones. X-ray diffraction analysis was performed
on a diffractometer X Pert PRO of Panalytical using CuKal
radiation. RS samples were polished and thermally etched at
1000 °C for 5Smin. The microstructure was observed using a
Hitachi SEM TM-1000, AFM characterization was carried out
with a Solver Probe Microscope of NT-MDT equipped with the
software NOVA 1238 and Raman characterization with a Confo-
cal Raman microscope Alpha 300 of WITec Focus Innovations.
The Raman laser excitation wavelength used was 532 nm with a
power of 7.6 mW. To perform the electrical characterization, pol-
ished parallel disks were electroded with Pt by sputtering with
a DSC-050 of BALTEC. Dielectric characterization was mea-
sured at RT in the range 1072 Hz—1 MHz in a Solartron 1296
dielectric interface.

3. Results and discussion

Fig. 1a and b shows the XRD patterns of the Hf-doped CCTO
sintered samples (s) obtained by CS and RS processing methods,
respectively. In Fig. 1A it is included too the XRD analysis for
the calcined powders (c). In calcined powders, cubic perovskite
CCTO phase (JCPDS 75-2188) is identified as the main phase
and monoclinic HfO; one (JCPDS 74-1506) as secondary phase
are identified. Diffraction peaks of HfO, become stronger with
increasing Hf content. XRD analysis of the sintered samples
(s) shows the presence of the cubic perovskite CCTO phase
as the only phase for the CS-1 composition. In both CS-2.5
and CS-5 samples, pure CCTO is identified as the main phase
and orthorhombic HfTiO4 (JCPDS 40-0794) and CuO tenorite
(JCPDS 41-0254) as secondary phases are identified. Diffraction
peaks of HfTiO4 become stronger with increasing Hf content.
ForRS-1and RS-2.5 samples, CCTO is the only phase identified.
For the composition with higher content of HfO, (RS-5) the
same phases than in the case of CS-5 are identified, CCTO and
HfTiO4 and CuO as secondary phases. According to this result,
the reactive sintering allows a higher incorporation of Hf in the
CCTO lattice. CCTOHf compositions with Ti replacement by
Hf > 2.5 wt.% in CS processing method and >5 wt.% in RS one,
give place to the appearance of HfTiO4 as secondary phase.
Therefore the solid solution limit of HfO, in CCTO is lower
than the substitution of 5 wt.% of TiO, by HfO, when samples
are prepared by RS.

CS of CCTO occurs in solid state because there is not unre-
acted TiO; nor CuO that can develop an eutectic liquid around
1000 °C! to assist sintering. However, in RS the elimination of
the calcination step allows a possible reaction between CuO and
TiO; at high temperature (~1000 °C) to form the eutectic liquid
that assists the first steps of sintering.



M_.A. de la Rubia et al. / Journal of the European Ceramic Society 32 (2012) 1691-1699 1693

(a) 4 A 1% 4o A CCTO
<4 CuO
—25%| | mHO
5 % Z
A o X HTiO,
AX 4 « a8
—_ s>s< X | X x-& A A N
3 "
8 e L] G n|m - n
=
7]
5 .s—_la-—a- | U
£ 4
c J ) - )
S l L l 1 )| L N
e Lo, ]
T < T X T K T ) T T T T

20 (°)
(b) T *—1% A CCTO
—azs%| | Lo2°
A 59 XHfTiO,
LN
AN
S A

X xx | X A b A A

Intensity (a.u.)

;; é |
L
F
N
£
b

A
W_J_.JL.WJ

25 30 35 40 45 50 55 60 65 70
26 (°)
Fig. 1. (a) XRD of CS Hf-doped CCTO samples: c, calcined at 900 °C-12h

and s, sintered at 1100 °C-32h. (b) XRD of RS Hf-doped CCTO samples. CS:
conventional synthesis and RS: reactive sintering.

SEM characterization of polished and thermally etched sam-
plesis shown in Figs. 2 and 3. Pure CCTO and Hf-doped samples
obtained by both processing methods show a bimodal grain
size microstructure with higher average grain size for undoped
CCTO ceramics. Pure and Hf-doped CCTO samples prepared
by reaction sintering show a higher average grain size. When
HfO, content increases in both processing methods, the grain
size of the bigger grains is reduced and according to it, the grain
size is more homogeneous, although all the sintered samples
still show the bimodal distribution of CCTO grains in agree-
ment with Yuan and Hark.” In agreement with these authors, the
presence of HfO,” or HfTiOy (in our case) as secondary phases,
control the grain growth and suppress the abnormal grain growth
of CCTO. A Cu-rich intergranular phase in pure CCTO for both
processing methods and for RS-1 sample appears as a very thin
continuous phase in the grain boundaries or recrystallized on the
surface of some CCTO grains, respectively. Point out that the

RS-1 sample shows a very similar microstructure to the undoped
CCTO samples, Fig. 2. When Hf-doping increases, the Cu-rich
secondary phase recrystallizes as isolated small grains in the
triple joints for the CS-1 and CS-2.5 samples and for RS-2.5
one.

According to the XRD analysis, Fig. 1, SEM images, Fig. 3,
the HfTiO4 secondary phase (light phase) appears in samples
obtained by CS with Hf content >2.5 wt.% and in RS sample
with 5 wt.% HfO,. HfTiO4 phase shows a grain size similar to
the biggest CCTO grains. SEM images show the presence of
small particles inside the HfTiO4 grains. This is confirmed by
the AFM images of the HfTiO4 secondary phase in CS-5, Fig. 4.
Krebs and Condrate point out that equilibrium conditions in a
HfO,-TiO, mixture were not achieved until the firing temper-
ature exceeded 1300 °C although a small amount of HfTiOy is
formed at lower firing temperature such as 1000 °C.'? Note that
SEM images of both CS-5 and RS-5 samples obtained by both
processing methods (Fig. 3g and h) too show a darker phase than
CCTO that is not identified in the XRD analysis. SEM charac-
terization corroborates the XRD analysis that suggested that RS
processing method allows a higher incorporation of Hf in the
CCTO lattice and in consequence the segregation of HfTiO4 as
secondary phase occurs at a higher HfO, content. Therefore,
the synthesis and sintering of Hf-doped CCTO in a single step
allows a higher incorporation of Hf in the Ti positions of the
CCTO lattice.

According to XRD analysis of samples obtained by both pro-
cessing methods it is possible to identify CuO although in the
SEM images of these samples there is not very much Cu-rich
secondary phase as isolated grains. Note that the Cu-rich sec-
ondary phase recrystallizes in the grain boundary during the
thermal etching treatment and it is a surface effect according
to Prakash and Varma.'®> These authors indicated that there is
a preferential segregation of the Cu-rich phase on the surface
due to inhomogeneous distribution of oxygen on the surface
and in the interior of the sample. This Cu-rich phase disappears
thinning out a few layers from both the top and the bottom sur-
faces. For a better observation of the microstructure the samples
were thermally etched, favouring the segregation and recrystal-
lization of the Cu-rich phase over the surface of the samples.
Moreover, other microstructural features of CCTO are very sen-
sitive to the etching thermal treatment, as domain boundaries,
according to literature.'*!> In the same way, Guillemet-Fritsch
et al.!® showed microstructures with a large and thick amount of
Cu-rich secondary phase and a very high dielectric response. To
observe the microstructure, the samples were thermally etched
at 1000 °C to favour the segregation and recrystallization of the
Cu-rich phase over the surface of the sample. At this tempera-
ture, the CuO phase identified by XRD analysis reacts with some
unreacted TiO, during the thermal etching to form the eutectic
liquid.!!

Fig. 5 shows the Raman average spectra of a characteristic
region in the CS-5 sample in the frequency range 0—1000 cm ™!
together with the optical image analyzed, Fig. 5a and c and the
corresponding Raman microscopy color profile of the different
phases identified; Fig. 5b. In this analysis CCTO is identified
as the main phase and HfTiO4, CuO and CaTiO3 as secondary
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Fig. 2. SEM images of polished and thermally etched CCTO and Hf-doped CCTO samples obtained by CS and RS processing methods. (a, b) CCTO CS and RS,
respectively, (c, d) 1 wt.% Hf-doped CCTO CS and RS, respectively.

Fig.3. SEM images of polished and thermally etched Hf-doped CCTO samples obtained by CS and RS processing methods. (e, f) 2.5 wt.% Hf CS and RS, respectively,
and (g, h) 5 wt.% Hf CS and RS, respectively.
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Fig. 5. (a, b) Raman image profile and (c) Raman spectra for the different phases present in CS-5 sample polished and thermally etched.

phases are identified. According to the Raman spectra and the 310, and 245 cm~!. The band at ~510cm~! that shows only
microscopy color profile the microstructure shows two types of  the grain labelled as “rough” (yellow spectra) can be a Raman
rough grains and dark grains. Both rough grains show bands band related to HfO, and the different relative intensity of the
corresponding to active modes of the HfTiO4 phase according  bands at 310cm™! and 787 it is related with a higher advance
to Krebs and Condrate'? with band locations at 787, 645, 630,  of the HfO,—TiO, reaction and therefore a greater formation
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Table 1

Resistance (£2) and capacitance (F) values for grains and grain boundaries of the
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CCTO and Hf-doped CCTO samples prepared by both synthesis routes.

Sample R (2) C (F)
Grain Grain boundary Grain Grain boundary

CCTO CS 30 44 % 10* - 1.6 x 1078
CS 1% Hf 37 5.5 x 10* - 8.7x107°
CS2.5%Hf 43 5.6 x 10° - 1.0x 1078
CS 5% Hf 57 2.2 % 10° - 9.5%x 107°
CCTORS 20 7.5 x 10* - 3.7x 1078
RS 1% Hf 25 1.8 x 10° - 20x 1078
RS2.5%Hf 24 2.4 x 10* - 9.5x107°
RS 5% Hf 52 1.2 x 10° - 6.6 x 107°

of the HfTiO4 phase. The Raman spectrum of the smooth dark
grain (light blue spectra) agrees very well with the CaTiO3 one
shown by Zheng et al.!” where eight Raman bands are observed
at 183, 227, 247, 288, 339, 470, 494 and 641 cm™~!. This result
allows the identification by SEM of the CaTiO3 phase in sam-
ples with the highest Hf-content that was not detected by XRD
analysis. The differences in the Raman spectra of the smooth
dark CaTiOs grains (green spectra) would be related to different
orientation of the grains. Moreover by means of Raman spec-
troscopy it is possible to locate the Cu-rich secondary phase
in the microstructure of these samples in agreement with XRD
analysis.

Table 1 summarizes the RT impedance characteristics of
pure and Hf-doped CCTO samples for both processing meth-
ods. Grain and grain boundary resistances are considered as
the intercept of the bulk (g) and grain boundary (gb) semicir-
cles, respectively, with the real part of the impedance. Using
the relationship 27fmaxRgb Cob =1 at the impedance semicircle
maximum the Cgb values were obtained. Z'-Z" plots for CCTO
and Hf-doped CCTO samples obtained by CS and RS processing
methods. Figs. 6 and 7 show only one semicircle correspond-
ing to the insulating grain boundary region. The semicircles do
not intercept the Z' axis in cero at high frequency, and these
resistances correspond to the semiconducting grain regions.
Grain resistance for both undoped CCTO and Hf-doped sam-
ples obtained by RS is slightly lower than ones obtained by CS
(Table 1, Figs. 6 and 7). The values are in agreement with the one
reported by Adams et al. for undoped CCTO.'® The semicircles
assigned to the grain boundary regions show higher impedance
values (4.4 x 10* and 7.5 x 10* €, for CS and RS undoped
CCTO samples, respectively). HfO, content in doped CCTO
increases the impedance of the grain boundary regions reach-
ing values of 2.2 and 1.2 @ for CS-5 and RS-5 samples. This is
in agreement with literature since HfTiOy4 is a gate insulator!”
and CaTiOj3 increase the insulation of the internal barriers and
low remarkably the dielectric losses of pure CCTO.%? Note that
RS-2.5 sample does not follow the same trend that the others
doped samples, independently of the processing method. This
response could be related to the exaggerated presence of isolated
grains of Cu-rich secondary phase in the triple joints accord-
ing to Fig. 3B, and this sample need a more detailed study to
explain this electrical response. Capacitance values associated
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Fig. 6. Z-Z" plots for CCTO and Hf-doped CCTO samples obtained by con-
ventional synthesis (CS). (a) All frequencies range. (b, ¢) Zoom of the high
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to grain boundaries for CCTO and Hf-doped samples obtained
by both processing methods are comprised between 1 x 1073
and 9.5 x 1072 F. Fig. 8 shows the relative dielectric constant
(&) and the dielectric losses (tan §) in a wide frequency range
for both processing methods. Hf-doped CCTO samples show
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lower dielectric constant than undoped ones. In agreement with
Adams et al.'® the effective permittivity according to the brick
layer model (BLM) is directly proportional to the average grain
size and inversely proportional to the thickness of the grain
boundaries. The presence of HfTiO4 according to microstruc-
tural characterization (Figs. 2 and 3) control the grain growth
and suppress the abnormal grain growth of CCTO and therefore
contribute to decrease the dielectric constant. Moreover of the
ratio between the dielectric constant and the average grain size it
is necessary take account the presence of HfTiO4 and CaTiO3 as
secondary phases. In agreement with literature both secondary
phases show very low dielectric constant compared with the
pure CCTO, ~50 and ~170, respectively.!?2° In the same way,
the dielectric constant is slightly higher for both undoped RS-
CCTO and RS-1 samples than those obtained by CS. When
HfO; content increasing, samples obtained by both processing
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methods show a very similar dielectric constant. Samples with
the highest replacement of Ti by Hf show the lowest dielec-
tric constant and dielectric losses. This dielectric behaviour is
more meaningful at lower frequencies. At high frequency values
(102-10° Hz), the dielectric constant for almost all the samples is
frequency independent, exhibiting the same tendency as the real
component of the permittivity (¢") which is associated to capac-
itive phenomena. Samples with the highest Cu-rich secondary
phase recrystallize as isolated small grains in the triple joints
(CS-1 and RS-2.5) show a different dielectric behaviour with a
narrower frequency range (10°-10° Hz) in which the dielectric
constant is frequency independent. At lower frequencies takes
place a higher increase of the dielectric constant accompanied of
a meaningful increase of the dielectric losses than for the others
Hf-doped samples for both processing methods. According to
microstructural characterization (Figs. 2 and 3), the presence of
isolated Cu-rich small grains in the triple joints may be related
with this different dielectric response at lower frequencies. At
1 kHz the relative permittivity (¢,) values for undoped CCTO
RS and CS samples are approximately 1.3 x 10° and 7.8 x 10%,
respectively. These values for undoped CCTO are comparable
with the ones previously reported in the literature.'>>!1>2 For
Hf-doped samples, €, changes between 8.7 x 10* and 2.8 x 10*
for the highest replacement of Ti by Hf (see Fig. 7a). Dielec-
tric losses at 1 kHz are relatively low (<10°) and drop into the
order of 10~! with increasing HfO5 content (see Fig. 8b and c).
At frequencies <102 Hz the dielectric constant shows a mean-
ingful increase although it is accompanied by higher dielectric
losses, Fig. 8. This behaviour follows the same trend than the
one exhibited by the imaginary component of the permittivity
(&) related to conductive phenomena. From (102-10° Hz) the
grain’s interior dominates the electrical response with high ¢,
values between 1.3 x 103 and 7.8 x 10* for CCTO ceramics and
8.7 x 10*-2.8 x 10* for samples with Ti replacement by Hf. At
lower frequencies (102~10° Hz) the giant dielectric response
(10°-108) of CCTO ceramics is associated to conduction pro-
cesses that occur in the grain boundary region although it is
accompanied of high dielectric losses (10'~103).23 The increase
in the dielectric permittivity at low frequencies may be assigned
to the spatial charge/interfacial polarization effects. The dielec-
tric losses are attributed to inhomogeneous conduction vis-a-vis
interfacial polarization. CCTO samples with higher Hf-content
obtained by both processing methods show the lowest dielec-
tric losses with values lower than 10~! for a frequency range
between 1 and 10 kHz. According to complex impedance analy-
sis, the grainis interior dominates the electrical response at high
frequencies (~10° Hz) but the dielectric behaviour in almost
all the frequency range is associated to different phenomena
related to orientated polarization processes that take place at
the grain boundaries. At intermediate frequencies (10°~10°Hz),
the dielectric response is dominated by dipolar relaxation and
at lower frequencies (10721 Hz) there is an increase of the
dielectric constant is associated with polarization of free spatial
charges at the grain boundaries. The high dielectric constant at
low frequencies is accompanied by very high dielectric losses.
The copper-rich liquid phase during the sintering process prob-
ably favours the wetting of the boundary of the grain leading

to multilayered materials where the charge carriers’ concentra-
tion at the different interfaces rises with an increment in the Cu
amount. More charges accumulated on both sides of the bound-
ary layers leading to a higher dielectric constant of the samples
accompanied by an increase in the dielectric losses. The incre-
ment in dielectric losses is associated to the o/we, ratio due
to a pure conduction mechanism."> In the same way, at lower
frequencies, conduction losses due to space charge relaxation,
which usually result in the increase of the dielectric constant,
become relevant. At moderate frequencies ion jump relaxation
and dipole losses are more significant and the dielectric constant
decreases.’* Non-homogeneous materials like porous materials,
polycrystalline or materials with many defects can show at the
lowest frequencies an increment in the real part of the dielectric
constant. This effect also takes place in heterogeneous materials
composed of two or more phases. This dispersion effect in the
dielectric constant at low frequency has been associated to inter-
face polarization processes, where the polarization is due to the
displacement of trapped charge due to the electric field in the
interfaces where a potential barrier exists separating the inter-
faces. The characteristic frequencies of this interfacial relaxation
(Maxwell-Wagner type dielectric relaxation) processes are very
low (Hz). At high frequencies, the energy absorption is due to
the induced polarization (ionic or electronic) and the orienta-
tional polarization does not contribute to the real value of the
dielectric constant. At lower frequencies, the dielectric losses
are due to the absorbed energy in the dipoles orientation and the
contribution of the induced polarization to the real part of the
dielectric constant is a fixed quantity independent of the
frequency.?!-?*

Based on these results and the microstructural characteriza-
tion, it can be deduced that the dielectric response is closely
related to the microstructure and the Cu-rich intergranular
phase. According to the IBLC model!> 182225 the effective
dielectric constant (eefr) is directly proportional to the average
grain size (ty) and inversely proportional to the grain boundary
thickness (fgp) as efr = &,(fg/ton) Where ¢, is the relative per-
mittivity. In agreement with the IBLC model, undoped CCTO
samples obtained by both processing methods (CS and RS)
and RS-1 show similar microstructures with bimodal grain
size distributions and similar amounts of Cu-rich secondary
phase in grain boundaries and as consequence these sam-
ples show very high dielectric constant in a wide frequency
range (10> Hz—1 MHz) accompanied by relatively low dielec-
tric losses. With the replacement of Ti by Hf in the CS samples
and in the RS samples with HfO, > 2.5 wt.% (RS-2.5 and RS-5
samples), the microstructure changes significantly, decreasing
the size of the bigger CCTO grains and as a consequence of
it the grain size is more homogeneous although the samples
still show a bimodal distribution. Also note that for CS with
HfO, > 2.5 wt.% (CS-2.5 and CS-5 samples) and RS-5 samples
possess HfTiO4 as secondary phase. According to the IBLC
model, the Hf addition decreases the grain size giving place to
the drop in the dielectric constant. This effect, together with
the low &, (g, =60) of the HfTiO4 secondary phase,'® provokes
the reduction of both the dielectric constant and the dielectric
losses.
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4. Conclusions

The replacement of Ti by Hf in CaCu3Ti4O1> ceramics
reduces the bimodal size distribution giving place to a slight drop
of both the dielectric constant and dielectric losses. Both CCTO
and Hf-doped CCTO ceramics prepared by RS show slightly
higher dielectric constant than those prepared by CS in the same
way that the undoped CCTO. For CaCuz(Tis—Hf,)O1> ceramics
with HfO, content x> (0.04 for CS and >0.1 for RS, respectively,
a HfTiO4 secondary phase appears, that contributes to decrease
both the dielectric constant and the dielectric losses. The reac-
tive sintering processing method allows a higher incorporation
of Hf in the CCTO lattice than the conventional synthesis
one.
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