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The effects of small amounts of lithium fluoride sintering aid on the microstructure and dielectric
properties of CaCu3Ti4O12 (CCTO) ceramics were investigated. CCTO polycrystalline ceramics with 0.5 and
1.0 mol% LiF, and without additive were prepared by solid state synthesis. Good densification (490% of
the theoretical density) was obtained for all prepared materials. Specimens without the sintering aid and
sintered at 1090 °C exhibit secondary phases as an outcome of the decomposition reaction. The mean
grain size is controlled by the amount of LiF in specimens containing the additive. Impedance spectro-
scopy measurements on CaCu3Ti4O12 ceramics evidence the electrically heterogeneous nature of this
material consisting of semiconductor grains along with insulating grain boundaries. The activation en-
ergy for grain boundary conduction is lower for specimens prepared with the additive, and the electric
permittivity reached 53,000 for 0.5 mol% LiF containing CCTO.

& 2016 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
1. Introduction

The mixed oxide CaCu3Ti4O12, CCTO, with body-centered cubic
perovskite structure has drawn much attention over the last years,
due to its unusually high electric permittivity (εʹ�10,000) [1,2].
Moreover, unlike other dielectric materials, the electric permit-
tivity of CCTO remains unchanged over wide ranges of tempera-
ture and frequency. These characteristics turn this mixed oxide a
potential candidate for technological applications in microelec-
tronics [3,4].

Although there is no agreement on the mechanism responsible
for the special dielectric properties of CCTO, several theoretical as
well as experimental studies have been conducted and support a
mechanism stand on extrinsic factors to explain its dielectric
properties [2,5–9]. In general, those factors influencing the mi-
crostructure are claimed as significant [10,11], specially deviation
of stoichiometry [12] and change of copper valence [13].

It has also been shown that dopants and sintering aids, such as
P2O5 [14], MoO3 [15], Te [16], Li2Si2O5 [17], Bi [18] and lithium,
barium and magnesium carbonates [19] strongly influence the
crystalline structure, the microstructure and the dielectric prop-
erties of sintered CCTO.

It is common practice to sinter CCTO polycrystalline ceramics at
relatively high temperatures (around 1100 °C) to obtain dense
.l. All rights reserved.
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materials [1–3,8,10,11,13,16,18–20]. Reduction of the sintering
temperature would be desirable for stoichiometry control allowing
better reproducibility for large-scale production. Moreover, a re-
latively low sintering temperature could minimize the reduction
reaction of Cu2þ to Cuþ during heating, and the consequent for-
mation of Cu2O glassy phase. The reduction reaction is known to
occur mainly at the grain boundaries for temperatures of 1065 °C
and above [20].

In this work, small amounts of LiF were added to CCTO, aiming
to obtain high densification at lower temperatures than the usual
ones, along with good dielectric properties.
2. Experimental

2.1. Sample preparation

CaCu3Ti4O12 was prepared by solid-state synthesis using TiO2

(99.5%, Alfa Aesar), CuO (99.7%, Alfa Aesar) and CaCO3 (P.A., Vetec)
as starting materials. Stoichiometric amounts of the reagents were
wet milled in an attritor-type high-energy mill with zirconia balls
(f 2 mm) and isopropyl alcohol for 30 min The milled powder was
dried in an oven at 60 °C for 24 h. The calcination of the powder
was carried out at 900 °C for 5 h followed by deagglomeration in
an agate mortar. The calcination step was repeated amounting
10 h of heat treatment. The resultant powder mixture was utilized
to prepare CaCu3Ti4O12 (standard composition) and with x mol%
LiF (99.99%, Alfa Aesar), x¼0.5 and 1.

The preparation of the standard composition involved addition
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Fig. 1. Room temperature XRD patterns of the powder mixture and sintered CCTO
specimens.
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of 2 wt% polyvinyl alcohol (molecular weight¼100,000) as binder
material. No organic binder was added during the preparation of
specimens containing the sintering aid.

Cylindrical specimens were obtained by uniaxial pressing in a
stainless steel die (diameter 8 mm, 2–3 mm thickness) with
55 MPa of applied pressure. The sintering temperatures varied
from 1000 to 1100 °C and the sintering time was fixed at 12 h.

2.2. Sample characterization

The crystalline phases in the powder and sintered specimens
were characterized by X-ray diffraction, XRD, (Bruker-AXS, D8
Advance) in the 20–80° 2θ range with 0.05° step size and 3 s
counting time using Cu Kα radiation (λ¼1.5405 Å). Indexing of the
diffraction patterns was performed by comparison of the experi-
mental profiles with those of ICDD 75-1149 of CCTO. The apparent
density was determined by the immersion method and compared
to the theoretical density of CCTO (4.90 g cm�3 [21]). Micro-
structure characterization was carried out by field emission gun
scanning electron microscopy, FEG-SEM, (FEI, Inspect F50) on po-
lished and thermally etched surfaces of selected specimens. The
mean grain size was estimated by the intercept method [22]. The
electric (electrical conductivity) and dielectric (electric permittiv-
ity and dielectric loss) properties were determined by impedance
spectroscopy using a low frequency analyzer (HP 4192A) in the
5 Hz to 13 MHz range with amplitude of AC signal of 100 mV, from
room temperature (�25 °C) to 200 °C. Silver was used as electrode
material for electrical measurements.
3. Results and discussion

3.1. Structure and microstructure

Table 1 lists relative density, ρr, values of CCTO determined by
the immersion method. It may be noted that the standard speci-
mens are dense regardless the sintering temperature. The sintered
density of specimens with the additive also attained good densi-
fication. These materials do not contain any organic binder that
enhances the green density, and promote a close contact among
adjacent particles facilitating the diffusion during sintering. In this
case, the densification may be attributed to the action of the sin-
tering aid that forms a liquid phase (at approximately 1000 °C)
during sintering, providing an easy path for diffusing species.
Probably the amount of liquid formed when 0.5 mol% LiF is added
is too small to wet all the surface of the particles in the compact,
and the densification is limited. Increase of the amount of LiF to
1 mol% resulted in fairly dense specimens at relatively low
temperatures.

In what follows, results obtained for specimens sintered at
selected temperatures are shown: 1080 and 1090 °C for standard
specimens and for CCTO with LiF, 1025 (1 mol% LiF) and 1050 °C
Table 1
Values of relative density (ρr) and mean grain size (G) of CCTO specimens with and
without LiF sintered at several temperatures for 12 h.

Temperature (°C) CCTO CCTO þ0.5% LiF CCCTOþ1% LiF

ρr (%) G (μm) ρr (%) G (μm) ρr (%) G (μm)

1000 – – 92.5 2.2 96.9 4.2
1025 – – 90.6 2.5 95.1 3.9
1050 – – 90.5 2.1 93.8 4.2
1070 95.5 7.9 92.2 3.2 91.0 6.8
1080 95.3 6.3 – – – –

1090 96.3 10.5 – – – –
(0.5 mol% LiF).
Fig. 1 shows XRD patterns of the calcined mixture and of CCTO

sintered with and without LiF.
The XRD pattern of the calcined mixture shows the main dif-

fraction peaks of the cubic perovskite structure of CCTO (space
group Im3) and few diffraction peaks of secondary phases. The
secondary phases were identified as CaTiO3 (ICDD 39-145) and
CuO (ICDD 2-1040) and are possibly a consequence of incomplete
Fig. 2. FEG-SEM micrographs of CCTO sintered at 1090 °C and CCTO with 0.5 mol%
LiF sintered at 1050 °C.



Fig. 3. Grain size distributions of selected CCTO specimens with and without LiF
addition.

Fig. 4. (a) Impedance spectroscopy diagrams and (b) frequency dependence of the
imaginary part (Zʺ (ω)) of the impedance of CCTO sintered at 1080 °C, and with
1 mol% LiF sintered at 1025 °C.

Table 2
Values of capacitance normalized for specimen dimensions (C), activation energy
for grain (Eg) and grain boundary (Egb) conduction, electric permittivity (εʹ) and
dielectric loss (tan δ) of CCTO specimens.

Specimen Eg (eV) Egb (eV) εʹ tan δ C (nF cm�1)

CCTO 1080 0.11 0.70 26,903 1.29 2.4
CCTO 1090 0.11 0.72 14,069 0.11 1.2
CCTOþ0.5% LiF 1050 0.11 0.49 53,487 0.31 9.2
CCTOþ1% LiF 1025 0.11 0.31 34,994 0.68 3.0
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reaction among the starting materials at the calcination tem-
perature. After sintering, the XRD patterns of both types of spe-
cimens, with and without LiF, exhibit only the characteristic dif-
fraction peaks of the perovskite-type structure of CCTO, except for
the standard specimen sintered at 1090 °C. The XRD pattern of the
later also shows the characteristic diffraction peaks of CaTiO3 and
CuO secondary phases, which may be attributed, in this case, to
the decomposition of CCTO, due to the relatively high sintering
temperature.

Fig. 2 shows FEG-SEM typical micrographs of polished and
etched surfaces of some CCTO specimens, as examples. As has
been previously reported, the microstructure is heterogeneous
consisting of grains with varying sizes.

The microstructure of the standard specimen sintered at
1090 °C consists of large grains with polygonal shape and small
spheroidal grains. In addition porosity is detected along the grain
boundaries, and grain pullout. Energy dispersive spectroscopy
(EDS), analysis was carried out on this specimen to clarify the
difference in the contrast of grains. The results revealed that grains
with gray contrast represent the matrix with approximately 1:3:4
(Ca:Cu:Ti) stoichiometry. The fraction of Cu in dark gray grains is
very low suggesting the formation of CaTiO3. It is worth noting
that the diameter of the EDS probe is larger than the diameter of
these small sized grains and only a qualitative determination of
the elemental fractions was performed. Finally, the white contrast
grains belong to a rich-Cu phase. This result agrees with XRD data
(Fig. 1) and with previous observations of CCTO specimens pre-
pared by a chemical method [23]. The morphology of CCTO with
0.5 mol% LiF exhibits more homogeneous distribution of grain si-
zes and no difference in contrast is observed.

The grain size distribution is shown in Fig. 3 for the same CCTO
specimens.

The standard specimen sintered at high temperature possess a
wide distribution of grain sizes (up to 25 mm), compared to the
specimen containing LiF (up to 6 mm). Values of mean grain size
estimated by the intercept method are also listed in Table 1. It may
be seem that the mean grain size increases with increasing sin-
tering temperature for CCTO specimens without the additive. For
specimens containing the sintering aid, it is observed that under
the same sintering conditions, such as temperature and time, it is
expected that greater amounts of LiF would promote an increase of
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Fig. 5. Arrhenius plots of the electrical conductivity of grains and grain boundaries
for CCTO with and without LiF addition.

Fig. 6. Frequency dependence of the electric permittivity of sintered CCTO speci-
mens measured at room temperature.

Fig. 7. Frequency dependence of the dielectric loss of sintered CCTO specimens
measured at room temperature.

T.C. Porfirio, E.N.S. Muccillo / Ceramics International 42 (2016) 12005–1200912008
the glass phase at the grain boundaries, thus it would result in
small average grain size. It is worthnoting that the standard CCTO
specimens exhibit larger mean grain size than specimens with LiF.
This effect shows that very small amounts of LiF slow down the
grain growth kinetics of CCTO.

3.2. Electric and dielectric properties

Fig. 4(a) depicts room temperature �Zʺ (ω) versus Zʹ (ω) im-
pedance plots of CCTO specimens sintered at 1080 °C and with
1 mol% LiF sintered at 1025 °C, which shows a single low fre-
quency (o10 kHz) semicircle. The capacitance of this semicircle is
of the order of nF cm�1 (Table 2), in general agreement with va-
lues usually assigned to the grain boundary relaxation [24], and
close to those previously reported [2]. The addition of LiF to CCTO
promotes an increase of the electrical resistivity, taken at the in-
tersection of the semicircle with the Zʹ-axis. The inset highlights
the high frequency range of impedance, evidencing the very low
grain resistivity of CCTO.

�Zʺ (ω) versus log (ω) plots for the same CCTO specimens are
shown in Fig. 4(b). This type of representation of impedance data,
the Bode diagram, emphasizes the high resistivity component, i. e.,
that of the grain boundaries. It may be noted that the CCTO
standard specimen exhibits a maximum at �1 kHz, whereas in the
specimen with LiF the maximum amplitude of the relaxation oc-
curs at �0.1 kHz. This result is a consequence of changes at the
grain boundaries due to LiF addition, suggesting that a fraction of
the sintering aid remains at the grain boundaries after sintering.

The Arrhenius plots of the electrical conductivity of CCTO are
shown in Fig. 5. The CCTO standard specimen sintered at 1090 °C
exhibits the highest value of grain conductivity. All specimens
display similar activation energy for grain conduction (Table 2).

The Arrhenius plots of the grain boundary conductivity of CCTO
with and without LiF shown in Fig. 5 reveal a single straight line in
the temperature range of measurements. However, specimens
with the additive possess a different slope indicating a lower ac-
tivation energy for grain boundary conduction (Table 2). This effect
may be ascribed to the secondary phase formed along the grain
boundaries due to the sintering aid.

Fig. 6 shows the frequency dependence of the real part of the
electric permittivity measured at room temperature of CCTO with
and without LiF additions. All specimens show a similar behavior
with high values of εʹ in a wide range of frequencies, and a sharp
decrease above 1 MHz. Values of the electric permittivity at 1 kHz
and room temperature are listed in Table 2. Specimens containing
the additive, with lower mean grain sizes (Table 1), show higher
electric permittivity values. The highest value of εʹ (53,487) is
found for CCTO with 0.5 mol% LiF sintered at 1050 °C, whereas the
lowest value is for CCTO standard specimen sintered at 1090 °C.

The frequency dependence of the dielectric loss for sintered
CCTO is shown in Fig. 7. Values of the dielectric loss determined at
1 kHz at room temperature are summarized in Table 2. The spe-
cimens of CCTO with LiF exhibit higher values of dielectric loss
than to that of CCTO without LiF sintered at 1090 °C, although they
are similar to those reported previously [10,14–17,20].

The overall results underline the role played by small amounts
of LiF on sintering, on the final microstructure and on the electric
and dielectric properties of CCTO.
4. Conclusions

Single phase polycrystalline CCTO ceramics with and without
LiF addition were prepared by solid state synthesis. The formation
of secondary phases is due to high sintering temperatures, as re-
vealed by XRD experiments. Small amounts of the sintering aid are
beneficial to narrow the grain size distribution, and to reduce the
mean grain size. The additive allows for obtaining high densifi-
cation at relatively low temperatures along with high electric
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permittivity. The influence of LiF on both grain and grain boundary
conductivities is evidenced by impedance spectroscopy data.
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