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Phase  stability  and  microstructure  evolution  of polycrystalline  CaCu3Ti4O12 (CCTO)  ceramics  were  stud-
ied  by  controlling  the  partial  pressure  of oxygen  (from  a poor  to an  oxygen  rich  atmosphere)  during  the
sintering  process  at high  temperatures.  The  samples  were  analyzed  by  X-ray  powder  diffraction,  scan-
ning electron  microscopy  and X-ray  energy  dispersive  spectroscopy.  Our  results  show  that  the  oxygen
partial  pressure  during  the sintering  process  is  an  important  parameter  that  controls  the  phase  stabil-
eywords:
aCu3Ti4O12

xygen partial pressure
hase stability
on-stoichiometry

ity,  non-stoichiometry,  and  decomposition  process  of  the CCTO  phase  as well  as  the  densification  and
grain  growth  mechanisms  on  these  polycrystalline  ceramics.  These  results  provided  us  further  insight
into  the  important  role  of  copper  reduction  and  copper/oxygen  diffusion  on the  crystalline  structure  and
morphological  characteristics  of  polycrystalline  CCTO  ceramics.

©  2016  Elsevier  Ltd. All  rights  reserved.

rain growth

. Introduction

In the last decades, high dielectric permittivity materials have
een investigated extensively because of their potential for appli-
ation in microelectronic devices [1]. Recently, CaCu3Ti4O12 (CCTO)
as attracted scientific interest because of its large dielectric
ermittivity and non-linear current-voltage profile [2,3]. Several
tudies have shown that this perovskite can exhibit a dielectric per-
ittivity of about 104–105 for temperatures ranging from 100 K to

00 K without undergoing any phase transition [2,4,5]. On the other
and, non-linear current-voltage profiles have also been reported

n ceramics [6], thin films [7,8] and recently in nanostructures
9] which are attributed to the conductivity on the film/metal-
lectrode interface and/or grain boundary mechanisms [10,11].
hese properties make this material a promising candidate for
pplications in electronic devices such as capacitors, random access
emories, microwave devices, and sensors [1–11].
However, the mechanisms responsible for these exceptional

roperties in CCTO ceramics are still not fully understood. Mod-

ls based on oxygen loss or cation reduction have been related to
he non-stoichiometry of the CCTO phase and have been used to
xplain the structural and electrical characteristics in this mate-

∗ Corresponding author.
E-mail address: aafelixy@yahoo.com.br (A.A. Felix).

ttp://dx.doi.org/10.1016/j.jeurceramsoc.2016.07.039
955-2219/© 2016 Elsevier Ltd. All rights reserved.
rial [12]. The oxygen loss mechanism is commonly observed for
many perovskite-based titanates when heated at high tempera-
tures and/or treated in reducing atmospheres [13]. In this case,
the hopping conductivity in CCTO has been related to the partial
reduction of Ti4+ to Ti3+, which is compensated by the formation of
oxygen vacancies because of oxygen loss from the lattice [14]. On
the other hand, the copper reduction mechanism is based on the
instability of CuO at high temperatures, leading to the formation of
Cu2O at poor oxygen concentrations, and it is also associated with
the instability of the CCTO phase [15,16]. Furthermore, the n-type
conductivity in this material is attributed to the reduction of Cu2+ to
Cu1+ during sintering between 950 and 1100 ◦C in air [17], whereas
at similar sintering conditions, oxidation of Cu2+ to Cu3+ is proposed
to explain the p-type conductivity in CCTO [12,18]. Both models
have been proposed based mainly on the electrical measurements
of the post-annealing samples because of the difficulty in distin-
guishing the contribution of each model by direct chemical analysis
of the CCTO samples. Moreover, to the best of our knowledge, the
influence of both mechanisms as a function of a broad range of
oxygen partial pressures during the sintering process as well as its
effects on the structural and morphological characteristics of CCTO
ceramics has not been systematically investigated.
In the light of these shortcomings, the main goal of this study
was to investigate how controlled variations of the oxygen content
in the CaCu3Ti4O12 phase may  influence the phase stability, crys-
talline structure, and the microstructure of polycrystalline ceramics

dx.doi.org/10.1016/j.jeurceramsoc.2016.07.039
http://www.sciencedirect.com/science/journal/09552219
http://www.elsevier.com/locate/jeurceramsoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2016.07.039&domain=pdf
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repared by the solid-state reaction method. The samples were sin-
ered at different oxygen partial pressures and analyzed by X-ray
owder diffraction (XRPD), scanning electron microscopy (SEM),
nd X-ray energy dispersive spectroscopy (EDS). This study pro-
ides a deeper understanding of the important role of copper
eduction and copper/oxygen diffusion on the phase stability, struc-
ural, and morphological characteristics of polycrystalline CCTO
eramics.

. Experimental procedure

.1. Synthesis procedure

Polycrystalline CCTO bulk samples were prepared by a solid-
tate reaction method [19]. Analytical grade CaCO3 (Aldrich,
9.99%), TiO2 (Aldrich, 99.99%), and CuO (Aldrich, 99.99%) pow-
ers were used to prepare the CCTO powders. The raw materials
ere milled in an isopropanol suspension for 24 h with yttrium-

tabilized zirconia balls inside a polyethylene bottle. The resulting
roduct was dried at 50 ◦C and annealed at 900 ◦C for 12 h in air.
his calcination temperature was determined by thermo gravimet-
ic analysis (TG) and differential thermal analysis (DTA) (Netzsch,
odel STA 409), as shown in Fig. S1 in Supplementary material.

fter the calcination, CCTO powders were ground to obtain an
verage particle size of about 1 �m,  determined by laser scatter-
ng particle size distribution analyzer (Horiba, Model LA-920) (see
ig. S2). Then, the powders were uniaxially pressed at 1 MPa  into
isks, 8 mm in diameter and 1 mm  thick, and further isostatically
ressed to 200 MPa. The pellets were sintered at 1100 ◦C for 3 h at
eating and cooling rates of 10 ◦C/min using a controlled dynamical
tmosphere in a tube furnace. The oxygen partial pressure in the
intering atmosphere was controlled by the injection of mixed N2
nd O2 gases, measured by mass flow controllers (MKS), with a con-
tant flux of 100 sccm. The following oxygen partial pressures, with
he respective sample’s acronyms in parentheses, were used during
he sintering process: 0.001% pO2 (CCTON2), 1.0% pO2 (CCTO1), 5.0%
O2 (CCTO5), 7.5% pO2 (CCTO8), 10.0% pO2 (CCTO10); 21.0% pO2
CCTO21), 50.0% pO2 (CCTO50), 75.0% pO2 (CCTO75), and 100.0%
O2 (CCTO100).

.2. Characterizations

Phase analysis of the CCTO powders and pellets was  performed
y X-ray powder diffraction (XRPD) using a RINT2000 diffractome-
er from Rigaku (Tokyo, Japan) operating in the reflection mode
ith a CuK� source and over the 2� range of 15◦ to 115◦ with a

tep size of 0.02◦. A divergence slit of 0.5◦ was used, and the sam-
le was placed in a rotation sample holder with a constant rotation
f 20 rpm. The XRPD detection limit for the equipment used in this
ork was estimated to be 1 wt% [20].

Structure refinements were performed by the Rietveld method
RM) using the XRPD data [21–24]. The refinements were per-
ormed using the fundamental parameters approach implemented
n the Topas Academic V.5 software [25,26], in which the structure
arameters of CaCu3Ti4O12 [2], CaTiO3 [27], TiO2 [28], CuO [29] and
u2O [30] used in the refinements were obtained from the Inorganic
rystal Structure Database (ICSD). In all the refinements, the back-
round was fitted using a Chebyshev polynomial function with six
erms. The refinements in this work were focused on obtaining the
attice parameters and the relative quantity phases.

The microstructure of the CCTO pellets was analyzed using an

eld emission scanning electron microscope (FESEM) (JEOL, Model
500F) equipped with an X-ray energy dispersive spectrometer
EDS) (Thermo Scientific, Model Ultra Dry). For SEM analysis, the
urface of the ceramics was  polished using diamond paste. Based on
Fig. 1. XRPD pattern for CCTO powders after calcination performed at 900 ◦C for
12 h in air. Right inset: Agreement factors of the Rietveld refinement.

our results (discussed below), we determined that thermal etching
at 975 ◦C for 20 min in air atmosphere was  the best etching condi-
tion for all the samples analyzed here. The relative density of the
samples was  estimated using the Archimedes method.

3. Results and discussion

3.1. Influence of oxygen on the stability of the CCTO phase

Fig. 1 shows a typical XRPD pattern of the CCTO pow-
ders annealed at 900 ◦C for 12 h. The diffraction peaks can be
indexed by the cubic body-centered perovskite-related structure,
CaCu3Ti4O12, in accordance with the Joint Committee on Powder
Diffraction Standards (JCPDS) card #75-2188 in which all planes
are indexed. The obtained CCTO powders are free of secondary
phases, according to the XRPD detection limit, and the relative
peak intensities indicate a polycrystalline sample without any pref-
erential orientation. Rietveld refinements were performed by the
cubic structure of space group Im-3 with a lattice parameter of
7.39347(3) Å [2], and the calculated pattern is shown in Fig. 1. The
agreement factors (see right inset in Fig. 1) show an excellent agree-
ment between the experimental and calculated patterns in which
the calculated lattice parameter was  7.3956(8) Å, which is larger
than the initial structure, and is expected for a powder material
when compared to dense pellets sintered at high temperatures [2].

XRPD patterns of the sintered CCTO pellets at different oxy-
gen partial pressures are shown in Figs. 2 and S3. XRPD patterns
for the samples sintered from 10 to 100% pO2 exhibited only the
CaCu3Ti4O12 perovskite phase (based on the XRPD detection limit),
the same phase observed in the starting CCTO powder, without any
preferential orientation. However, the formation of CaCu3Ti4O12
coexisting with the phases CaTiO3 (JCPDS card #89-6949), TiO2
(JCPDS card #21-1276), CuO (JCPDS card #89-5895), and Cu2O
(JCPDS card #78-2076) were noted on the samples sintered from
1 to 7.5% pO2. Finally, the sample sintered at 0.001% pO2 does not
exhibit any peak related to the CCTO phase.

Rietveld refinement was  performed for all the samples to obtain
the structure parameters and quantitative phase analysis as a func-
tion of the oxygen partial pressure. The agreement factor values
(Rwp, Rexp, RBragg, and �2) of the refinements confirmed a very good
agreement between the experimental and calculated patterns, as

shown in Table 1. Structure refinement data showed that the sam-
ples sintered under 10–100% pO2 were crystallized in the CCTO
cubic phase without any secondary phase. The relative quantity
of the phases at 7.5% pO2 indicates the predominant formation of
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Fig. 2. Structure refinements of the CCTO samples sintered at 1100 ◦C/3 h in (a) 100% pO2 (CCTO100), (b) 10% pO2 (CCTO10), (c) 5% pO2 (CCTO5), and (d) 0.001% pO2 (CCTON2).

Table 1
Relative quantity of the phases and quality parameters of the structural refinements for the CCTO samples sintered at different oxygen partial pressures.

Samples Phases wt (%) RBragg (%) X2 Rwp (%) Rexp (%)

CCTO100 CCTO 100 4.82 1.46 7.29 4.98
CCTO75 CCTO 100 3.43 1.27 6.02 4.75
CCTO50 CCTO 100 4.07 1.34 7.11 5.29
CCTO21 CCTO 100 1.90 1.12 5.45 4.85
CCTO10 CCTO 100 7.43 1.51 7.33 4.85
CCTO8  CCTO

CuO
94.1 (3)
5.9 (3)

4.60
1.41

1.23 5.70 4.64

CCTO5  CCTO
CuO
Cu2O
CaTiO3

TiO2

87.7 (2)
3.5 (2)
4.3 (8)
2.1 (11)
2.4 (8)

1.66
0.64
1.54
2.15
3.58

1.15 5.26 4.59

CCTO1  CCTO
Cu2O
CaTiO3

TiO2

8.2 (2)
14.4 (2)
48.4 (3)
28.9 (4)

7.62
5.48
3.01
5.21

1.67 8.38 5.01

CCTON2 Cu2O 4.2 (7) 5.42 1.44 9.33 6.46

C
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CaTiO3

TiO2

52.1 (3)
43.7 (3)

CTO, which coexists only with the CuO phase. Then, from 1 to
% pO2, there is an increased formation of the CaTiO3, TiO2, and
u2O phases with a decreasing amount of the CCTO phase, which is
ompletely decomposed at 0.001% pO2. In addition, as observed in
ig. 3, the CCTO lattice parameter increased and the phase density
ecreased with decreasing oxygen partial pressure, indicating that
he unit cell expands when the oxygen partial pressure decreases.

Before we  conclude that our samples are single-phase above

0% pO2, SEM analysis was used to confirm the XRPD results and
o study the microstructure of the pellets. It is well known that by
sing a backscattered electrons (BSE) detector in the SEM it is pos-
4.17
5.74

sible to detect small amounts of secondary phases, if the average
atomic number of each phase is different [31]. As-polished surface
BSE-SEM images of the CCTO samples sintered at different oxy-
gen partial pressures are shown in Fig. S4. The samples sintered
at high oxygen partial pressure consist of single-phase materials,
while traces of inhomogeneity are observed in samples sintered
at 21 and 10% pO2. Although XRPD analysis did not reveal any
secondary phases for these samples, EDS performed on the small

brighter grains indicated a copper-rich phase, as shown in Fig. S5.
Most probably, these grains consist of CuO, since this phase was
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ig. 3. Lattice parameter and phase density as a function of the oxygen partial
ressure.

bserved down to 7.5% pO2, and further reduction to Cu2O should
nly be observed at oxygen partial pressures lower than 5% pO2.

Keeping in mind that the starting powder is composed of a
CTO single-phase, XRPD results indicate that the CCTO phase has
ecomposed gradually into the secondary phases at oxygen con-
entrations lower than 7.5% pO2. Moreover, the lattice parameter,
nd, consequently, the unit cell volume increased with decreas-
ng oxygen partial pressure until the complete decomposition of
he remaining CCTO phase (see Fig. 3). This may  point to a thresh-
ld concentration of ions and defects, which makes the crystalline
tructure of CCTO stable, with the stoichiometry of the phase
epending on the oxygen content.

Non-stoichiometry of the CCTO phase has been reported to be
elated to the chemical inhomogeneity on the crystalline lattice
ue to copper and titanium reduction and/or oxygen loss [12]. In

ur study, the presence of the CuO phase after sintering below 21%
O2 and the further reduction to Cu2O in the oxygen-poor concen-
rations implies that the oxygen loss from the crystalline lattice
s the main mechanism controlling the non-stoichiometry and the

ig. 4. BSE-SEM images of CCTO10 (a) as-polished and after thermal etching at (b) 975 ◦C
oundary regions.
eramic Society 37 (2017) 129–136

decomposition process observed in CCTO ceramics. In intermediate
oxygen concentrations, the CCTO is stable but non-stoichiometric
because of the oxygen loss from the lattice, which induces segrega-
tion of the CuO-rich phase at the grain boundary regions leading to a
copper deficiency on the crystalline lattice [12]. In the oxygen-poor
concentrations, the oxygen loss from the lattice increases signifi-
cantly, inducing copper reduction and leading to a defect-induced
decomposition process of the CCTO phase [16]. Moreover, the for-
mation of CaTiO3 and TiO2 instead of any other reduced titanium
phase during decomposition may  indicate a minor contribution
of titanium to the decomposition process of the CCTO phase. On
the other hand, the absence of the CuO-rich phase at the oxygen-
rich concentrations indicates that the chemical homogeneity of the
CCTO phase may  be maximized during the sintering process at
these conditions, thus, avoiding the cation deficiency on the CCTO
lattice. However, the presence of reduced titanium and copper
cations as well as oxygen-related defects on the CCTO lattice can-
not be ruled out, and it will be investigated further systematically
as a function of the oxygen partial pressure using spectroscopic
techniques.

In summary, our detailed study indicates that CaCu3Ti4O12 is
stable above 7.5% pO2 with the stoichiometry of the phase being
oxygen-dependent. The CCTO structure starts to decompose grad-
ually with lowering of the oxygen partial pressure below 7.5% pO2,
and at pressures lower than 1.0% pO2, defect-induced degradation
completely decomposes the CCTO phase, which is directly related to
the oxygen loss from the CCTO crystalline lattice and copper reduc-
tion. These results are in agreement with the phase stability model
proposed by Jacob et al. based on the ternary phase diagram of
CaO-CuO-TiO2 suggesting that CaCu3Ti4O12 is not stable at oxygen
concentrations lower than 0.3% pO2, whereas it can coexist with
other intermediate phases above this concentration [16,32]. Our
findings suggest that the copper deficiency/reduction is intimately

linked with the oxygen loss; this being one of the main mechanisms
controlling the stability and non-stoichiometry of the CCTO phase.

, (c) 1000 ◦C, and (d) 1050 ◦C for 20 min. Left insets: High magnification of the grain
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ig. 5. BSE-SEM images of CCTO100 after thermal etching in air at (a) 975 ◦C, (b) 10
rain  boundary regions.

.2. Influence of oxygen on the microstructure evolution of the
CTO phase

.2.1. Effect of thermal etching on microstructure
It is well known that SEM sample preparation can induce the

ormation of secondary phases at the grain boundary regions
epending on the time and temperature of the thermal etching
rocess [33]. Once we ruled out chemical etching, after trying dif-
erent types of acid and basic solutions, we performed a case study
o find the conditions where grain boundaries in CCTO ceramics can
e observed without significant changes in the microstructure and
omposition.

Fig. 4 shows the SEM images of the CCTO10 sample sintered at
100 ◦C after thermal etching at different temperatures for 20 min

n air. Our study showed that grain boundaries were observed at
emperatures above 975 ◦C (Fig. 4b), in which small copper grains
imilar to those seen in the unetched samples (see Figs. S4 and 4
) can be observed, located mainly at the triple points of the grain
oundary region. However, at temperatures above 1000 ◦C (Fig. 4c),
ome copper grains became elongated, indicating that CuO lique-
es over the entire grain boundary region, as confirmed by the line
can EDS analysis shown in Fig. S5. This effect is more pronounced at
050 ◦C, where most of the CuO grains become elongated (Fig. 4d).

n addition, as shown in Fig. 5, a thin CuO layer at the grain bound-
ries is only present on the CCTO100 sample when thermal etching
s performed at 1050 ◦C in air (Fig. 5c). For etching at temperatures
elow 1050 ◦C in air (Fig. 5a and b) or at 1050 ◦C in pure oxygen
Fig. 5d), the copper-rich phase is absent.

These results indicate that the use of lower oxygen concentra-
ions during thermal etching allows copper diffusion from the grain
ulk outward to the grain boundary region at high temperatures,
ven if the sample has been sintered at oxygen-rich concentrations.
dditionally, the etching at the oxygen-rich concentrations can pre-

ent copper diffusion and secondary phase formation. These results
orroborate the work reported by Kim et al., in which, the forma-
ion of a thin copper-rich layer at the grain boundary regions during
 (c) 1050 ◦C, and in pure oxygen at (d) 1050 ◦C. Left inset: High magnification of the

thermal etching in air at 1020 ◦C was observed in CCTO ceramics
that were also sintered in air [34]. Thus, we  believe that the forma-
tion of a CuO liquid phase over the entire grain boundary region
during thermal etching can occur in CCTO samples because of the
melting of a pre-existing CuO phase from the sintering process
and/or by copper diffusion during thermal etching, in which, the
relationship between the oxygen concentration during the sinter-
ing process and thermal etching at high temperatures has a direct
influence on the gradient of the copper diffusion in CCTO ceramics.

In summary, our results indicate that thermal etching (and
probably post-annealing treatments) is time-, temperature-, and
oxygen concentration-dependent, and thus, must be performed at
as low a temperature, for shorter time, and at controlled oxygen
atmosphere in order to avoid significant changes on the ceramic
microstructure that could lead to questionable interpretations.

3.2.2. Study of densification and grain growth mechanisms
It is well established in the ceramics processing that the

densification and grain growth mechanisms are time- and
temperature-dependent [35,36]. Thus, our samples were prepared
keeping the time (3 h) and temperature (1100 ◦C) constant and by
changing the oxygen partial pressure during the sintering process,
aiming for a deeper understanding of the role of oxygen on the
densification and grain growth mechanisms in CCTO ceramics.

In the sample sintered at 0.001% pO2 (CCTON2), mapped X-ray
line intensities (see Fig. S6), which correspond to the amount of the
three different elements, suggest that only three different phases
are present. Based on both the EDS analysis and the BSE image
(Fig. 6a), we can conclude that: i) The bigger dark-gray grains are
composed mainly of Ti atoms; ii) the smaller white grains are com-
posed of a Cu-rich phase, and are distributed around the dark-gray
grains; iii) the smaller light-gray grains are composed of Ca and Ti
atoms, and are distributed around the white and dark-gray grains.

These data corroborate with the XRPD data indicating that this sam-
ple was crystallized in the CaTiO3, TiO2 and Cu2O phases and no
CCTO phase was  present, confirming the complete decomposition
of the initial CCTO phase during the sintering process [16]. In addi-
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Table 2
Morphological parameters of the CCTO samples prepared at different oxygen partial
pressures.

Samples Average CCTO grain size (�m)a Relative density (%)

CCTON2 – 61
CCTO1 – 73
CCTO5 – 79
CCTO8 9 87
CCTO10 10 88
CCTO21 12 89
CCTO50 15 91
CCTO75 23 93
CCTO100 41 95
ig. 6. BSE-SEM images of the CCTO samples sintered at 1100 ◦C/3 h in (a) 0.001%
O2, (b) 1.0% pO2, and (c) 5% pO2.

ion, as shown in Figs. 6 b,c and S7, the coexistence of the CaTiO3,
iO2, Cu2O, and CCTO phases is also evidenced on samples CCTO 1
nd CCTO5. The high porosity and low relative density (see Table 2)
f these samples may  indicate that the grain growth of the CCTO
hase occurs by a non-densification mechanism at oxygen-poor
oncentrations.

Figs. 7 and S8 show the SEM images of the CCTO samples sin-
ered at intermediate and oxygen-rich concentrations and their
espective grain size distribution. The increasing of oxygen con-

ent up to 21% pO2 reduced the amount of CuO secondary phase,
nd the average CCTO grain size increased (see Table 2), exhibit-
ng a monomodal distribution. This grain growth process is related
o a densification mechanism leading to a decrease in the sample
a Extracted from the statistical distribution shown in Fig. 7.

porosity. Additional increase in the oxygen content above 50% pO2
induced an exaggerated increase in grain size, generating a bimodal
distribution and a high decrease in the sample porosity (Fig. S4),
which indicates a different coarsening process of the grains at the
oxygen-rich concentrations. Besides, these results are in agreement
with the relative density data, shown in Table 2, which indicates
that the samples become denser with an increase in the oxygen
partial pressure during the sintering process.

Modeling of the densification and grain growth is not easy
when more than one mass transport mechanism contributes to the
changes in the ceramic microstructure [35,37]. In our samples, the
time and temperature of sintering were kept constant for all sam-
ples, so it was clearly observed that the oxygen partial pressure
during the sintering process is directly related not only to the CCTO
phase stability but also to the main mechanism of densification and
grain growth. Based on the thermal etching results, we hypothesize
that the oxygen concentration during the sintering process plays an
important role on the gradient diffusion of oxygen and copper in
the CCTO lattice, which leads to a different mass transport mech-
anism on the lattice, and consequently, to different densification
and grain growth processes during sintering.

At oxygen-poor concentrations (up to 5% pO2), we suppose that
the mass transport may  be controlled by the evaporation and con-
densation mechanism, which is a non-densification mechanism,
leading to the formation of samples with a lower relative density
[38,39]. At high temperature and lower oxygen partial pressure,
the high vapor transport of, most probably copper, across the sur-
face can contribute significantly to the sublimation of the material
inducing CCTO phase decomposition and leading to samples with
high porosity and low volume shrinkage.

On the other hand, for intermediate and oxygen-rich concentra-
tions, CCTO is a stable phase, enabling a better understanding of the
mechanisms of densification and grain growth. The growth of CuO
phase inclusions at the triple point of the grain boundary regions
indicates a diffusion of copper ions from the CCTO bulk outward to
the grain boundary regions, in accordance with our etching study,
generating a non-stoichiometric CCTO phase, as discussed above
[12]. The CuO inclusions, which have a smaller grain size than the
CCTO grains, combined with the high density of pores may  retard
the grain boundary movement, i.e., the pores and inclusions inter-
secting the grain boundaries exert a drag force on the boundary
and reduce its effective mobility, which delays the normal grain
growth of the main CCTO phase [40,41]. This suggests that the grain
growth is pinned by the inclusions because it is less pronounced
with the increasing in the oxygen concentration, where the amount
of the CuO secondary phase is smaller. Hence, we believe that the
dominant mass transport mechanism at intermediate oxygen con-
centrations may  be related to the lattice diffusion process [42],

which is a densification mechanism of sintering but leads to less
pronounced densification processes than the grain boundary diffu-
sion process [35].
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ig. 7. BSE-SEM images of the CCTO samples sintered at 1100 ◦C/3 h in (a) 7.5% pO2, (
rain  size distribution of each sample.

For oxygen-rich concentrations, the CuO inclusions disappeared
n all the samples indicating that copper diffusion from the CCTO
ulk outward to the grain boundary regions was controlled by
he oxygen diffusion into the CCTO bulk, in accordance with the
tching results. Moreover, the presence of intragranular pores sug-
ests a faster grain growth and slower pore diffusion [42]. These
esults show that the densification process at the oxygen-rich con-
entrations may  be dominated by the grain boundary diffusion
echanism, which allows faster grain growth and higher volume

hrinkage than the lattice diffusion process [35,36].
In addition, a bimodal grain size distribution indicates an abnor-

al  grain growth (AGG) at the oxygen-rich concentrations [37,43].
his type of grain growth has been observed by other authors at
ifferent times and temperatures of sintering in the CCTO sam-
les [34,44]. AGG is reported to occur in polycrystalline ceramics
ecause of different parameters such as critical mean grain radius,
istribution grain width, and pinning effect [45–47]. Moreover,
im et al. have reported that AGG can be controlled by the addi-

ion of SiO2 into a CCTO matrix because of the formation of a
opper/silicon-based phase at the grain boundary region [48]. Thus,
e believe that the AGG in CCTO ceramics can be controlled by the

xygen content during the sintering process because of the ability

o control the copper/oxygen diffusivity at high temperatures, and
onsequently, the pinning effect originating from the segregation
f the copper-rich phases at intermediate oxygen concentrations.
 pO2, (c) 21% pO2, (d) 50% pO2, (e) 75% pO2, and (f) 100% pO2. Left insets: Respective

To summarize, our results indicate that oxygen partial pressure
during the sintering process of CCTO pellets has a large influence
on the densification, and consequently, on the grain growth mech-
anisms, by controlling the diffusion gradient of oxygen and copper
in polycrystalline CCTO ceramics prepared at high temperatures by
the solid-state reaction.

4. Conclusion

Polycrystalline CCTO ceramics were prepared by a solid-state
reaction at different oxygen partial pressures. XRPD and SEM
results indicate that the CCTO phase is stable at oxygen concentra-
tions ranging from 7.5% to 100% pO2, and becomes highly unstable
when sintered at oxygen partial pressures below 5%, decompos-
ing completely at a concentration of about 0.001% pO2. The oxygen
partial pressure also influences the microstructure evolution of the
CCTO phase during the sintering process, by controlling the den-
sification and grain growth mechanisms. The copper diffusivity on
the CCTO lattice is controlled by the oxygen diffusivity during the
sintering process, which controls the mass transport on the grain
boundary regions, and consequently, the grain growth mechanism,

leading to a normal grain growth, influenced by a pinning effect
of the copper-rich secondary phase, or an abnormal grain growth.
However, before one can determine whether this oxygen/copper
relationship has any influence on the dielectric and electrical prop-
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[47] P.R. Rios, Abnormal growth in the presence of coarsening particles, Acta
Metall. 40 (4) (1992) 649–651.

[48] K.M. Kim, S.J. Kim, J.H. Lee, D.Y. Kim, Microstructural evolution and dielectric
properties of SiO -doped CaCu Ti O ceramics, J. Eur. Ceram. Soc. 27 (13–15)
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rties of CCTO ceramics, additional studies, which are already in
rogress, must be performed in order to deconvolute the formation
f chemical and electronic defects on the CCTO phase as a function
f the oxygen partial pressure during the sintering process.
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