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rate of 5◦C/min. The reactive-phase sintering route was the
same as the mixed-oxide route except that 0·3 wt% Li2CO3

sintering aid was added and milled-in after calcination.
The phase analysis of the samples was carried out using
an X-ray diffractometer (XRD) (1700 series, Philips, The
Netherlands) with CuKα radiation operating at 40 kV and
30 mA with a step size of 0·02◦ from 10 to 70◦ at 1◦/min. For
microstructural characterization a scanning electron micro-
scope (SEM) (JSM-5910, JEOL, Japan) operating at 15–
20 kV was used. The sintered samples were cut into two
pieces by a fine diamond wafering blade before fine poli-
shing. The samples were thermally etched at temperatures
∼10% lower than the relevant sintering temperatures at

5◦C/min for 30 min to resolve the grains. To provide a con-
ducting medium and avoid charging in the SEM, the samples
were mounted on metallic stubs with silver paint and gold-
coated. Electrical properties of pellets were measured using
an LCR meter (model 4287A, HP, USA) from RT–300◦C
at 1 kHz–1 MHz. Density of the sintered samples was mea-
sured using an electronic densitometer (MD-300S, Lako
Tool and Manufacturing Inc, Ohio, USA). In situ Raman
spectroscopy was performed to determine and compare the
phase transition temperatures using a micro-Raman spec-
trometer (Renishaw InVia) with 514·5 nm line of Ar-laser
in the 100–1000 cm−1 range at 5◦C interval from −190 to
300◦C.

Figure 2. X-ray diffractogram of Li2CO3-added BaTiO3 calcined at 900◦C and sintered at
(a) 1000◦C, (b) 1050◦C and (c) 1100◦C showing formation of tetragonal BaTiO3 phase only.
(d) is from pure BaTiO3 sample, calcined at 900◦C and sintered at 1250◦C.

Figure 3. SEI from (a) pure BaTiO3 sample calcined at 900◦C and sintered at 1250◦C for 2 h
showing ∼2 to 10 μm BaTiO3 grains, (b) 0·3 wt% Li2CO3-added BaTiO3 sample, calcined at
900◦C, showing ≤0·5 μm grains in sample sintered at 1000◦C, (c) 1–1·5 μm grains in sample
sintered at 1050◦C and (d) 1–2 μm grains in sample sintered at 1100◦C.
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3. Results and discussion

Tetragonal BaTiO3 (PDF# 75–2117) was the major phase
identified by XRD in the sample calcined at 900◦C; how-
ever, the presence of a couple of low-intensity XRD peaks
labelled as ‘?’ which could not be identified were indi-
cated as incomplete reaction at the calcination temperature
(figure 1). All the inter-planar spacings (d-values) and rele-
vant intensities of XRD peaks from the sample calcined at

900◦C and sintered at 1250◦C matched with PDF# 75–2117
for tetragonal BaTiO3 (figure 2d). The absence of extra peaks
in this XRD pattern confirmed phase purity of the final
ceramics. The d-values corresponding to XRD peaks from
0·3 wt% Li2CO3 added samples calcined at 900◦C and sin-
tered at 1000◦C, 1050◦C and 1100◦C also matched with
PDF# 75–2117 for tetragonal BaTiO3 (figures 2a–c). The
asymmetry of the peaks at 2θ ∼45·5◦, 51◦, 56·5◦ and 66◦
corresponding to (2 0 0), (2 0 1), (2 1 1) and (2 2 0) planes for

Figure 4. Raman spectra from pure BaTiO3 sample collected at (a) −180 to −160◦C, (b) −105 to −85◦C and (c) −30
to −10◦C, and Li2CO3-added samples at (d) −180 to −160◦C, (e) −105 to −85◦C and (f) −30 to −10◦C. Note the
presence of peaks at ∼189 and 487 cm−1 indicative of rhombohedral phase collected at −180 to −160◦C (figures
(a) and (d)) and their partial disappearance at −105 to −85◦C (figures (b) and (e)) and disappearance at −30 to −10◦C
(figures (c) and (f)).
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samples sintered at 1000–1100◦C indicated that all the peaks
visible at 1250◦C were present but were too broad to be
clearly resolved due to small crystal size. It is noticeable that
no extra XRD peaks due to second phase(s) or remnant start-
ing powders due to incomplete reaction could be observed on
any of these XRD patterns, demonstrating the phase-purity
of the final ceramics within the detection limits of XRD in
the present study. The previously reported presence of small
amounts of Li2TiO3 and Ba2TiO4 in 0·3 wt% Li2CO3-added

BaTiO3 sintered at 820◦C may be due to the much lower sin-
tering temperature, indicative of incomplete reaction (Valant
et al 2006).

Secondary electron SEM images (SEI) from the BaTiO3

samples prepared via the mixed-oxide route calcined at
900◦C and sintered at 1250◦C for 2 h show grain sizes from
∼2 to 10 μm (figure 3a). Contrastingly, pure BaTiO3 sam-
ples heated at temperatures ≤1100◦C were not dense and
could be scratched with a finger nail. On the other hand,

Figure 5. Raman spectra from pure BaTiO3 samples collected at (a) −5 to +15◦C, (b) 20–40◦C and (c) 45–65◦C,
and Li2CO3-added samples at (d) −5 to +15◦C, (e) 20–40◦C and (f) 45–65◦C. Note the asymmetry of the peak
at ∼518·8 cm−1 and at ∼10◦C, indicative of orthorhombic-to-tetragonal phase transition (Galasso 1996); however, a
careful examination shows that this asymmetry is visible even at temperatures above and below 10◦C.
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the deformation of Li2CO3-added samples showed the begi-
nning of melting upon sintering at temperatures >1100◦C.
The maximum density of pure BaTiO3 measured in this
study was 4·75 g/cm3. The density of Li2CO3-added BaTiO3

varied from 4·20 to 4·73 g/cm3 with increase in the sin-
tering temperature from 1000 to 1050◦C, which demon-
strated ∼200◦C decrease in the sintering temperature in

comparison to pure BaTiO3. Upon further increase in the
sintering temperature to 1100◦C, the density decreased to
4·5 g/cm3.

The microstructure of 0·3 wt% Li2CO3-added BaTiO3

sample calcined at 900◦C and fired at 1000◦C comprised
≤0·5 μm grains (figure 3b). This sample did not appear dense
visually; however, the observed light necking of the grains

Figure 6. Raman spectra from pure BaTiO3 samples collected at (a) 120–140◦C, (b) 145–165◦C and (c) 170–190◦C,
and Li2CO3-added samples at (d) 120–140◦C, (e) 145–165◦C and (f) 245–265◦C. Note the presence (figures (a) and (d))
and disappearance (figures (b) and (e)) of Raman peaks at ∼305 and 306 cm−1 indicative of tetragonal-to-cubic phase
transition at ∼124◦C. Note the presence of a small peak at 303 cm−1 till 220◦C on spectra from Li2CO3 containing
samples and not from pure BaTiO3 samples, showing relatively slower phase transition in flux-added samples.
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and disappearance of sharp edges of the grains indicated the
beginning of densification (figure 3b).

As shown in figure 3(c), the grain size increased from
∼1 to 1·5 μm upon increasing the sintering temperature to
1050◦C, indicating more than 5-fold decrease in the grain
size of BaTiO3. Similarly, upon further increasing the sin-
tering temperature to 1100◦C, the grain size continued to
increase up to ∼2 μm. The grain size in dense pure BaTiO3

sample (sintered at 1250◦C) varied from 5 to 10 μm and
that of the Li2CO3-added samples varied from ≤1 to ≤2 μm
(at 1050 and 1100◦C) which indicated that the addition of
Li2CO3 not only decreased the sintering temperature asso-
ciated with the maximum density achieved in this study by
∼150◦C but the grain size also decreased by about 80% in
comparison to pure BaTiO3 samples.

The disappearance of peaks at ∼189 and 487 cm−1 in the
Raman spectrum of pure BaTiO3 samples sintered at 1250◦C
indicated the transition of rhombohedral-to-orthorhombic
phase at about −100◦C (figures 4a–c) which is consistent
with previous studies (Pasha et al 2007). Similarly, in
Li2CO3-added samples sintered at 1050◦C, these peaks dis-
appeared at slightly higher temperatures, indicting slow phase

transition in Li2CO3-containing samples (figures 4d–f). The
asymmetry of the peak at 512 cm−1 and at ∼10◦C was con-
sidered to be indicative of orthorhombic-to-tetragonal phase
transition (Pasha et al 2007); however, in the present study,
the asymmetry of the peak at ∼520 cm−1 could be observed
not only at ∼10◦C but at temperatures below and above
10◦C as well (figures 5a–f) which may be due to gradual
orthorhombic-to-tetragonal phase transition. The disappea-
rance of the Raman peak at ∼308 cm−1 indicated the tran-
sition from the tetragonal to the cubic phase at ∼124◦C
(figures 6a–c). Unlike the case for pure BaTiO3, a small
peak at ∼308 cm−1 was visible up to 220◦C in the spectra
of Li2CO3-containing samples (figures 6d–f). For undoped
BaTiO3, Pasha et al (2007) reported the presence of modes at
303 and 710 cm−1 at temperatures above Tc which persisted
at temperatures even above 180◦C.

For pure BaTiO3, the highest value of dielectric constant
was ∼1500 at 127◦C measured at 1 kHz–1 MHz (figure 7a),
whereas for the Li2CO3-added samples it was 450 at 124◦C
in the same frequency range (figure 7b). The decrease in εr

may be due to the diminished dielectric polarizability of Li+
(1·20Å3) compared to Ba2+ (6·40Å3) (Shannon 1993). The

Figure 7. Variation in relative permittivity with temperature for (a) pure BaTiO3 sintered at 1250◦C and (b) Li2CO3-
added BaTiO3 sintered at 1050◦C.

Figure 8. Variation in loss tangent with temperature for (a) pure BaTiO3 sintered at 1250◦C and (b) Li2CO3-added
BaTiO3 sample sintered at 1050◦C.
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observed Tc (127◦C for pure and 124◦C for LiCO3-added
BaTiO3) for both compositions is consistent with previous
studies (Galasso 1996). The maximum loss tangent values
were ∼0·035 (at 1 kHz) to 0·007 (at 1 MHz) up to ∼175◦C,
but increased on further increase in temperature (figure 8).

4. Conclusions

The fabrication of BaTiO3 via reactive liquid phase sintering
has the potential to enhance the density of parts at relatively
low temperatures as compared to the mixed-oxide route.
Additions of 0·3 wt% Li2CO3 as a fluxing agent/sintering
aid significantly reduced the optimal sintering temperature
by ∼200◦C and reduced the grain size from ≥2–10 μm to
≤1–1·5 μm. The phase transitions in the flux-added samples
occurred relatively slowly in comparison to the pure samples.
In contrast to previous studies of flux-added BaTiO3, the final
ceramic was single phase in the present study.
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