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bstract

he abnormal grain growth (AGG) behavior of undoped and SiO2-doped CaCu3Ti4O12 (CCTO) ceramics were investigated. With the addition
f 2 wt.% SiO2, the AGG-triggering temperature decreased from 1100 to 1060 ◦C, and the temperature for obtaining a uniform and coarse
icrostructure decreased from 1140 to 1100 ◦C. The lowering of the AGG temperature by SiO2 addition was attributed to the formation of a
uO-SiO2-rich intergranular phase at lower temperature. The apparent dielectric permittivity of coarse SiO2-doped CCTO ceramics was ∼10
imes higher than that of fine SiO2-doped CCTO ceramics at the frequency of 103–105 Hz. The doping of SiO2 to CCTO ceramics provides an
fficient route of improving the dielectric properties via grain coarsening. The correlation between the microstructure and apparent permittivity
uggests the presence of a barrier layer near the grain boundary.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

CaCu3Ti4O12 (CCTO) with the perovskite structure has
large dielectric constant of ∼10,000 to 100,000.1,2 The

arge dielectric constant is generally explained by a barrier-
ayer-capacitor mechanism. However, there are also different
uggestions based on the location or formation route of the bar-
ier layer. The high permittivity observed in single crystalline
aterials has been attributed to the presence of an insulating twin

oundary.3 On the other hand, the microstructure is a key factor
n determining the dielectric properties of polycrystalline CCTO
eramics.4–6 Recently, it was reported that coarse-grained CCTO
eramics (average grain size: ∼>100 �m) sintered at 1100 ◦C for
0 h shows a permittivity two order of magnitude higher than
ne-grained CCTO ceramics (average grain size: ∼5 �m) sin-

ered at 1100 ◦C for 3 h. They explained the large capacitance in

coarse-grained ceramics in terms of the barrier layer formed

t the grain boundary from the complex impedance analysis.4

ndeed, the presence of a barrier layer at the grain boundary was
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erified by the observation of nonlinear current–voltage charac-
eristics across a single grain boundary.6 Therefore, the grain size
frequency of grain boundary) and configuration of the bound-
ry phase such as segregations and/or intergranular phase need
o be considered as the key parameters in designing materials
ith enormous dielectric properties.
The microstructure of CCTO ceramics changes drastically

ith only a slight variation in the sintering temperature due to
he abnormal grain growth (AGG) behavior.4–6 This again signif-
cantly alters the dielectric properties. Accordingly, controlling
GG in CCTO ceramics is of critical importance for obtain-

ng a large and reproducible dielectric constant. The atomically
at interface structure for 2-D nucleation7,8 and the presence of
n intergranular liquid9–13 for enhanced mass transfer are two
mportant parameters that should be controlled in AGG. Among
hese, the manipulation of the intergranular liquid is relatively
acile.

This paper reports that a SiO2 impurity promotes AGG in
CTO ceramics. The microstructural evolution of both undoped

nd SiO2-doped CCTO ceramics were investigated and com-
ared. Special attention was paid to the role of SiO2-rich
ntergranular liquid phase in AGG and its consequent effect on
he dielectric properties.

mailto:jongheun@korea.ac.kr
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.081
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Fig. 1. Cross-sectional microstructure of 2 wt.% SiO2-dropped CCTO specimen
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. Experimental

High purity CaCO3 (>99%, High Purity Chemical Labora-
ory Co. Ltd., Sakado, Saitama, Tokyo, Japan), CuO (99.9%,
igh Purity Chemical Laboratory Co. Ltd., Sakado, Saitama,
okyo, Japan), and TiO2 (>99.0%, Aldrich Chemical Co.,
ilwaukee, WI, USA) were used as the starting materials.

he powders were weighed in the appropriate composition
Ca/Cu/Ti = 1/3/4 by molar ratio) and ball-milled for 24 h using a
olyethylene jar with ethanol and zirconia balls. The ethanol sol-
ent was removed by rotatory evaporation and the powders were
ried at 100 ◦C for 24 h and pulverized. Single-phase CCTO
as obtained by calcining the powders at 1000 ◦C for 24 h.
lthough the calcined powder was identified as pure CCTO
ithout any minor phase, the powder was milled again in order

o decrease the level of powder agglomeration. The 2 wt.% SiO2-
oped CCTO powder was prepared by ball milling a mixture of
CTO powders and SiO2 sol (ST-0, solvent water, 20.5 wt.%
iO2, Nissan Chemical Co., Japan) in an ethanol solvent. The
CTO powder with and without SiO2 was uniaxially pressed

nto pellets and then isostatically pressed at 150 MPa. The pow-
er compact was sintered at 1060–1140 ◦C for 12 h. The sintered
ellet was polished using SiC abrasive paper and diamond paste
ntil there was a mirror finish. The electrode was formed by
rinting a silver paste with subsequent heat-treatment at 600 ◦C.
he apparent dielectric permittivity (ε′

app) and low tangent (tan δ)
f the specimen were measured at frequencies ranging from
–106 Hz using a dielectric analyzer (Alpha-N, Novocontrol).
n order to observe the effect of SiO2 on the microstructural evo-
ution, a 2 wt.% SiO2 sol was dropped on the top of the green
CTO compacts using a pipette, dried at 100 ◦C for 10 h and

intered at 1080 ◦C for 12 h.

. Results and discussion

The 2 wt.% of SiO2 sols were dropped onto the surface of the
reen CCTO ceramics and sintered at 1080 ◦C for 12 h. Fig. 1
hows the cross-sectional SEM microstructure of the specimens
rom the top. The specimen surface consisted of coarse grains
ized ∼50 �m. The coarse-grained regime was ∼200 �m thick
rom the surface. The number of coarse grains decreased towards
he center region and finally become a fine microstructure at
he center. The very large grains, which were distributed in the

atrix of fine grains, indicate the triggering of abnormal grain
rowth by the addition of SiO2. Because SiO2 plays a key role in
he microstructural evolution of CCTO ceramics, 2 wt.% SiO2
as added to the CCTO powder by uniform mixing and the sub-

equent changes in the microstructures and dielectric properties
ere investigated.
Fig. 2 shows the microstructural evolution of the undoped

CTO ceramics as a function of the sintering temperature. When
intered at 1080 ◦C, the microstructure was uniform throughout
Fig. 2(a)) and the grain size ranged from 2 to 5 �m (inset in

ig. 2(a)). At 1100 ◦C, many coarse grains 10–20 �m in size (cir-
led regions in Fig. 2(b)) appeared in the matrix of fine grains.
he coarse grain was significantly larger than the matrix grain,
hich is indicative of AGG. The microstructure became uni-
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intered at 1080 ◦C for 12 h. The 2 wt.% of SiO2 sol was dropped on the top of
CCTO green compact and sintered.

orm again as a result of the impingement of abnormally grown
rains at 1140 ◦C (Fig. 2(c)). The specimen consisted of the
oarse grains ranging in size from 30 to 50 �m. The results
how that AGG behavior is triggered at ∼1100 ◦C, and a uni-
orm coarse microstructure is attained at ∼1140 ◦C in undoped
CTO ceramics.

The microstructural evolution of CCTO ceramics was greatly
hanged by the addition of SiO2. When 2 wt.% of SiO2 was
dded, a few abnormally grown grains were found even at
060 ◦C (circled regions in Fig. 3(a)). The typical size of the
bnormally grown grain ranged from 50 to 150 �m. More abnor-
ally grown grains were formed by increasing the sintering

emperature to 1080 ◦C (Fig. 3(b)). Finally, the impingement
f abnormally grown grains produced the microstructure coarse
nd uniform at 1100 ◦C (Fig. 3(c)). The specimen was composed
f coarse grains ranging in size from 50 to 300 �m.

The above results suggest that both the undoped and SiO2-
oped CCTO specimens show AGG and the addition of SiO2
romotes an AGG behavior. From the literature, the interface
tructure7,8 and the presence of a liquid phase9–11 have been
cknowledged as the two main parameters that should be consid-
red in AGG. Spherical grains with an atomically rough interface
tructure have no energy barrier for atomic attachment during

article growth by Ostwald ripening. Grain growth becomes dif-
usion controlled, which induces normal grain growth (NGG).
owever, grains with an angular-morphology have an atomi-
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ig. 2. SEM microstructures of CCTO ceramics sintered at (a) 1080 ◦C, (b)
100 ◦C, and (c), (d) 1140 ◦C for 12 h.

ally flat (singular) interface structure, which means that there
s an appreciable energy barrier for atomic attachment because
edge-generating sources such as 2-D nucleation are required.
ue to the significant energy barrier, only a limited number of

arge grains with sufficient driving force for coarsening can grow
apidly, resulting AGG.

Another key factor in AGG is the presence of an intergranu-

ar liquid phase during sintering. The liquid phase can provide
n enhanced diffusion path for AGG when the interface struc-
ure is atomically flat. Indeed, there are many reports on the
romotion of AGG by simply adding a small amount of a liq-

d
s
1
a

ig. 3. SEM microstructures of the 2 wt.% SiO2 doped-CCTO ceramics sintered
t (a) 1060 ◦C, (b) 1080 ◦C, and (c) 1100 ◦C for 12 h.

id phase.9–13 For example, AGG behavior has been triggered
aTiO3 and (Ba0.8Sr0.2)(Ti0.9Zr0.1))3 by the addition of SiO2
nd CuO, respectively.12,13

During the microstructural observation, it was found that
he surface microstructure of the CCTO ceramics was depen-
ent upon the thermal etching temperature. The microstructure

hown in Fig. 2(a–c) was attained by the thermal etching at
080 ◦C for 1 h. However, when the thermal etching temper-
ture was lowered to 1020 ◦C, the intergranular liquid phase
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Fig. 4. (a) Apparent relative permittivity (ε′
app) (b) loss tangent (tan δ) of pure

and 2 wt.% SiO2 doped-CCTO specimens: S-CCTO-1100 (2 wt.% SiO2 doped,
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more CuO-SiO2-rich intergranular liquid at the lower sinter-
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as expelled to the outside (Fig. 2(d)). Note that the expelled
iquid phase was located on the grain boundary. This intergran-
lar phase was identified as a CuO-rich phase by EDS analysis.
lthough more study will be needed to determine why the liquid
hase is expelled outside as a result of heat-treatment at 1020 ◦C,
change in the wetting behavior by the oxidation of Cu2O into
uO < 1025 ◦C is one possible reason.14,15 This is consistent
ith a recent report showing that CuO is segregated at the grain
oundary of CCTO ceramics.5 Abnormally grown grains in the
atrix of fine grains showed an angular-morphology (see cir-

led regions in Fig. 2(b)). Accordingly, the AGG behavior of
ndoped CCTO ceramics results from both of a singular inter-
ace structure and the presence of an intergranular liquid phase.
he AGG-triggering temperature will be related to the formation

emperature of a CuO-rich intergranular liquid phase.
When 2 wt.% of SiO2 was added to the specimen, the AGG-

riggering temperature decreased from 1100 to 1060 ◦C, and
he temperature for obtaining a coarse uniform microstructure
ecreased from 1140 to 1100 ◦C. The interface structure of the
iO2-doped CCTO ceramics can also be regarded as atomically
ingular from the well-developed angular shape of the abnor-
ally grown grains (Fig. 3(b)). SiO2 and CuO are one of the
ost representative sintering agents that decrease the sintering

emperature by forming a liquid phase. Accordingly, the addition
f SiO2 can promote AGG by increasing the amount of inter-
ranular liquid. In addition, mixing between SiO2 and CuO can
urther lower the liquid forming temperature. According to the
uO-SiO2 phase diagram,16 the liquid phase can be formed as

ow as 1050–1060 ◦C at a CuO-rich composition when SiO2 is
resent. The liquid forming temperature (1050–1060 ◦C) coin-
ides well with the AGG-triggering temperature of SiO2-doped
CTO ceramics in this study. Indeed, EDS analysis showed

hat the Si-component was not at the grain interior but on the
ntergranular phase. Moreover, XRD showed that both CCTO
eramics with and without SiO2 doping showed the single CCTO
hase (data not shown). This indicates that the SiO2 component
xists in the form of an intergranular liquid phase, which sup-
orts the hypothesis that the decrease in the AGG-triggering
emperature in SiO2-doped CCTO ceramics is due to the low-
ring of a liquid forming temperature and the increase in the
mount of liquid.

Fig. 4 shows the dielectric properties of fine and coarse SiO2-
oped CCTO ceramics and the coarse undoped CCTO ceramics.
he fine SiO2-doped CCTO ceramics (sintered at 1060 ◦C)
howed an apparent relative permittivity (ε′

app) of 3,300–3,600
t 103–105 Hz and minimum tan δ of 0.0346 at 36.5 kHz. In con-
rast, coarse SiO2-doped ceramics (sintered at 1100 ◦C) showed
′
app of 26,000–32,600 at 103–105 Hz and minimum tan δ of
.114 at 15.4 kHz. The approximately ∼10 fold increase in ε′

app
y grain coarsening indicates that the barrier layer mechanism
lays a role in the enormous dielectric properties. The ε′

app value
f the coarse pure CCTO specimen was approximately 2–2.5
imes higher than that of the coarse SiO2-doped CCTO ceramics.
he decrease in ε′ by SiO2 doping can be explained by a thick-
app
ning of the intergranular liquid phase. However, the frequency
or minimum tan δ increased from ∼0.1 to ∼25 kHz and min-
mum tan δ value did not deteriorate significantly when doped

i
c
a

intered at 1100 ◦C for 12 h); S-CCTO-1060 (2 wt.% SiO2 doped, sintered at
060 ◦C for 12 h); CCTO-1140 (pure, sintered at 1140 ◦C for 12 h).

ith SiO2. This suggests that the frequency at the minimum loss
angent can be shifted to a higher frequency regime by adding
iO2 without any significant decrease in ε′

app.
In summary, the coarsened microstructure of CCTO ceram-

cs, which is advantageous for the dielectric properties can be
ttained at a lower sintering temperature by adding SiO2. The
icrostructure, ε′

app and the frequency at minimum tan δ was
ependent on SiO2 doping. SiO2 is the most ubiquitous impu-
ity and can be included during ceramic processing and sintering
rocedure. Therefore, complete removal of SiO2 impurity is very
ifficult. These results suggest that the SiO2 impurity should be
ontrolled tightly in order to achieve a reproducible microstruc-
ure and dielectric properties.

. Conclusions

The addition of SiO2 to CaCu3Ti4O12 (CCTO) ceramics low-
red the temperature for abnormal grain growth significantly. In
ure CCTO ceramics, AGG was triggered at 1100 ◦C, and the
icrostructure becomes homogeneous and coarse at 1140 ◦C

s a result of the impingement of abnormally grown grains
ith each other. In contrast, 2 wt.% of SiO2 doping decreased

he temperature for triggering AGG to 1060 ◦C and decreased
he temperature for obtaining a coarse and uniform microstruc-
ure to 1100 ◦C. The lowering of the AGG temperature with
he addition of SiO2 was explained by the formation of a
ng temperature. When 2 wt.% SiO2 was added to CCTO, the
oarse-microstructured specimen showed a ∼10 times higher
pparent dielectric permittivity than the fine-microstructured
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ne at a frequency of 103–105 Hz, which supports the barrier-
ayer-capacitance model at the grain boundary.
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