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Abstract: Ca0.6La0.2667TiO3 ceramics were prepared by conventional and microwave sintering techniques and their sinterability, microstruc-
ture, and microwave dielectric properties were investigated in detail for comparison. Densified Ca0.6La0.2667TiO3 ceramics were obtained by 
microwave sintering at 1350ºC for 30 min and by conventional sintering at 1450ºC for 4 h. An unusual phenomenon was found that some 
larger grains (grain size range: 8-10 μm) inclined to assemble in one area but some smaller ones (grain size range: 2-4 μm) inclined to gather 
in another area in the microwave sintered ceramics. The microwave dielectric properties of Ca0.6La0.2667TiO3 ceramics prepared by micro-
wave sintering at 1350ºC were as follows: dielectric constant (εr) = 119.6, quality factor (Qf ) = 17858.5 GHz, and temperature coefficient of 
resonant frequency (τf) = 155.5 ppm/ºC. In contrast, the microwave dielectric properties of the ceramics prepared by conventional sintering at 
1450ºC were εr = 117.4, Qf = 13375 GHz, and τf = 217.2 ppm/ºC. 
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1. Introduction 

With the rapid growth of the wireless telecommunication 
industry, dielectric ceramics are playing an important role in 
microwave components such as filters, resonators, oscilla-
tors, and dielectric antennas. Three basic properties, namely, 
high quality factor (Qf), high dielectric constant (εr), and 
near-zero temperature coefficient of resonant frequency (τf), 
are required for microwave dielectric ceramics to practical 
application. The demand for the miniaturization of micro-
wave components can be met by increasing the εr value 
since the size of microwave components is inversely pro-
portional to r1/ ε . Therefore, many efforts have been 
made to develop microwave ceramics with high εr. In the 
early 1990s, a number of microwave ceramics with high εr, 
such as 1 3

1/ 2 1/ 2 3(A A )TiO+ + , BaO-Ln2O3-TiO2, CaO-Li2O- 
Ln2O3-TiO2, and Pb-based ceramics were developed [1-4]. 

Among these materials, Ca1−xLa2x/3TiO3, a solid solution 
system where Ca2+ ions are substituted by La3+ ions in 

CaTiO3, is a promising material with high εr and Qf values. 
Huang et al. [5] prepared Ca1−xLa2x/3TiO3 ceramics by a con-
ventional solid state reaction method and obtained the best 
microwave dielectric properties of εr = 109 and Qf = 17600 
GHz at x = 0.4 (Ca0.6La0.2667TiO3) in 2001. However, 
Ca0.6La0.2667TiO3 ceramics require a high sintering tempera-
ture of about 1450ºC, which is time and energy consuming 
for industry production. Therefore, it is necessary to explore 
new preparation methods to reduce the sintering temperature 
of Ca0.6La0.2667TiO3 ceramics.  

One alternative route is microwave sintering, which of-
fers several advantages over conventional sintering, includ-
ing faster heating rate, lower sintering temperature, en-
hanced densification, smaller average grain size, and an ap-
parent reduction in activation energy in sintering. It is well 
known that microwave sintering is fundamentally different 
from conventional sintering owing to its unique heating 
mechanism. In the microwave process, the heat is produced 
by an interaction of electromagnetic waves with molecules 
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and is directly transferred to the material. In contrast, the 
heat is transferred between objects by the mechanisms of 
conduction, radiation and convection in the conventional 
process. In the conventional heating process, the surface of 
materials is first heated, and then the heat moves inward, 
which leads to a temperature gradient from the surface to the 
inside. Nevertheless, microwave heating generates heat 
within the material first and then transfers to the entire vol-
ume [6]. 

In the past 20 years, the microwave sintering technique 
has received much attention and has been employed to pre-
pare some important dielectric ceramics such as Ba2Ti9O20, 
Ba(Mg1/3Ta2/3)O3, CaCu3Ti4O12, and Li0.5La0.5TiO3 [7-10]. 

However, the synthesis and dielectric properties of 
Ca0.6La0.2667TiO3 ceramics prepared via microwave sintering 
have never been studied. Therefore, the present work aims 
to investigate the processing, sinterability, microstructure, 
and dielectric properties of Ca0.6La0.2667TiO3 ceramics pre-
pared via microwave sintering and reveal the differences 
from those of Ca0.6La0.2667TiO3 ceramics prepared via con-
ventional sintering. 

2. Experimental 

Ca0.6La0.2667TiO3 ceramics were prepared by conventional 
sintering and microwave sintering techniques for compari-
son. High-purity (≥ 99%) oxide powders of CaCO3, La2O3, 
and TiO2 were used as starting materials. These powders 
were weighed according to the desired stoichiometry of 
Ca0.6La0.2667TiO3 and then wet ball milled in ethanol for 12 h 
in polyethylene bottles with zirconia balls. All mixtures 
were dried and calcined at 1100ºC for 3 h in an alumina 
crucible. Then the calcined powders were remilled for 12 h, 
dried, and mixed with a 7wt% polyvinyl alcohol solution as 
a binder. After passing through a 40-mesh screen, the pow-
ders were uniaxially pressed at 100 MPa, and then cold 
isostatically pressed into pellets of 11 mm in diameter and 5 
mm in height at 300 MPa to obtain homogeneous and better 
compaction of green pellets. For the conventional sintering 
method, one batch of these pellets was sintered finally at 
1350-1500ºC for 4 h in a conventional muffle furnace with 
the heating rate and cooling rate controlled at 2 ºC/min. In 
case of the microwave sintering technique, another batch of 
green pellets was sintered at 1250-1450ºC for 30 min in a 
microwave oven (a frequency of 2.45 GHz and a maximum 
power of 4 kW). Meanwhile, the heating rate and the cool-
ing rate were both kept at 20ºC/min (by controlling the input 
power to the microwave oven) for the microwave sintering 
process. During preparing the microwave sintered samples, 

the binder in the green pellets was carefully expelled at 
600ºC for 2 h in a conventional electrical resistance furnace, 
and then the debound pellets were moved in a small alumina 
crucible and covered with an alumina lid. Subsequently, 
they were surrounded by SiC coarse powder and covered 
with another big alumina crucible. The SiC coarse powder 
acts as a secondary heater because it can readily absorb mi-
crowave and cause a rapid temperature rise of the pellets at a 
lower temperature. Temperature measurements in the mi-
crowave furnace were carried out using a digital infrared 
pyrometer. Sintering temperature profiles of the microwave 
sintering and conventional sintering process are illustrated in 
Fig. 1.  

 

Fig. 1.  Sintering temperature profiles of the conventionally 
and microwave sintered Ca0.6La0.2667TiO3 ceramics. MS—mi-
crowave sintering; CS—conventional sintering, hereinafter the 
same. 

The bulk densities of the sintered pellets were measured 
by the Archimedes method. The theoretical density of 4.604 
g/cm3 was used for calculation of relative densities. The 
crystalline phases of the sintered pellets were identified by 
X-ray diffraction (XRD, D8 Advance, Bruker, Germany). 
The microstructures of the sintered pellets were observed by 
scanning electron microscopy (SEM, JEOL JSM 6490, Ja-
pan). All pellets for SEM observation were polished and 
thermally etched at a temperature which was 100ºC lower 
than the sintering temperature. Grain size for these pellets 
was measured using the line-intercept method [11]. The εr 
and unloaded Q values at microwave frequencies were 
measured using Hakki-Coleman dielectric resonator method, 
as modified and improved by Courtney et al. [12-13]. The τf 
was measured in the temperature range from 25 to 80ºC. 

3. Results and discussion 

The relative densities of Ca0.6La0.2667TiO3 ceramics syn-
thesized by conventional sintering at 1350-1500ºC for 4 h 



J.M. Li et al., Microwave sintering of Ca0.6La0.2667TiO3 microwave dielectric ceramics 247 

 

and those prepared by microwave sintering at 1250-1400ºC 
for 30 min are illuminated in Fig. 2, respectively. It can be 
seen that Ca0.6La0.2667TiO3 ceramics prepared by microwave 
sintering exhibit enhanced densification, compared with 
those prepared by conventional sintering at below 1450ºC. 
For example, the relative density of the sample by micro-
wave sintering at 1350ºC can reach the maximum value of 
97.23% whereas that of the sample by conventional sinter-
ing at the same temperature is only 82.96%. In contrast, the 
conventionally sintered sample at 1450ºC can reach the 97% 
theoretical density, which is comparable to that obtained by 
microwave sintering at 1350ºC. This may be due to the bet-
ter sinterability in the microwave sintering process at a 
lower temperature than the conventional sintering method. 
In microwave sintering process, the activation energy for 
sintering is reduced and the densification mechanisms of 
volume and grain boundary diffusion appear due to a mi-
crowave effect in the presence of an external electrical field 
at a relative lower sintering temperature. In fact, the tempe-
rature increase of Ca0.6La0.2667TiO3 samples at low tempera-
tures (<800ºC) is primarily by thermal radiation from the 
SiC susceptance powder because Ca0.6La0.2667TiO3 is a low 
dielectric loss material at low temperature. At higher tem-
peratures, the radiation cooling of Ca0.6La0.2667TiO3 occurs, 
while the continuing temperature increase is due to micro-
wave power absorption by Ca0.6La0.2667TiO3 with increasing 
dielectric loss. It is obvious that if the resultant densities 
from heating the samples in the microwave oven would be 
due only to indirect heating from the susceptor, the values of 
densities would be identical to those for the conventional 
heating method. In addition, a “microwave field effect” was 
found in microwave sintered Al2O3 or ZrO2 ceramics by 
many researchers [14-17]. The “microwave field effect” 
shows that the same soaking time and sintering tem- 

 

Fig. 2.  Relative densities of Ca0.6La0.2667TiO3 ceramics pre-
pared by conventional and microwave sintering techniques as a 
function of sintering temperature. 

perature in the microwave field give higher densities and 
finer microstructures. Meanwhile, enhanced densification in 
the microwave field is also observed. Even though there is 
still much to explain in microwave field assisted densifica-
tion, the effect appears real and significant. 

The XRD patterns of some samples prepared by conven-
tional and microwave sintering techniques are shown in Fig. 
3. All the peaks in the XRD patterns are in good agreement 
with JCPDF card 89-0058 ((CaTiO3)0.6(La0.3333Nd0.3333TiO3)0.4), 
only accompanying with a shift of all the peaks to the lower 
angles. This is because that La3+ ions with a larger ionic ra-
dius (0.136 nm) are substituted for Nd3+ ions with a smaller 
ionic radius (0.127 nm). Obviously, the resultant XRD pat-
terns mean that Ca0.6La0.2667TiO3 phase with an orthorhom-
bic perovskite structure can be obtained without detectable 
secondary phase formation. It may be deduced that the two 
sintering techniques have no distinct effect on the crystalline 
structure. 

 
Fig. 3.  XRD patterns of Ca0.6La0.2667TiO3 ceramics prepared 
by conventional and microwave sintering techniques. 

There are no significant differences in microstructural 
characteristics of Ca0.6La0.2667TiO3 ceramics at different sin-
tering temperatures. The typical scanning electron micro-
graphs (SEM) of the surfaces of microwave and conven-
tionally sintered Ca0.6La0.2667TiO3 ceramics with the highest 
density are demonstrated in Fig. 4. It can be observed that 
well densified ceramics are obtained, and almost no porosity 
is observed, regardless of sintering methods used, but the 
microstructures of the Ca0.6La0.2667TiO3 ceramics change 
significantly with different sintering techniques. As far as 
the macroscopical characteristics are concerned, the grains 
are relatively larger for the conventionally sintered ceramics 
(~40 μm, Fig. 4(b)) than those for the microwave sintered 
materials (~5 μm, Fig. 4(a)) due to a higher sintering tem-
perature and a longer soaking time. As is well known, ex-
perimental parameters such as sintering temperature, sinter-
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ing time, and heating rate must be optimized in order to 
control microstructural development. In microwave sinter-
ing, rapid heating has produced beneficial effects such as 
high final sintered density for a given grain size or fine mi-
crostructure compared with slow heating for similar densi-
ties, but conventional fast heating possesses some difficul-
ties. Differential sintering that causes differential densifica-
tion is one of the problems most often encountered in con-
ventional fast heating. Therefore, microstructural develop-
ment, a much finer average grain size, and a higher density 
obtained in the Ca0.6La0.2667TiO3 system by microwave sin-
tering result in improved dielectric properties. It has also 
been observed that the microwave sintered ceramics possess 
pronouncedly smaller grains than the conventionally sin-
tered ones in other materials system [10, 18]. A probable 
explanation for this phenomenon is that different sintering 
methods lead to the difference of diffusion mechanisms in 
sintering. According to the sintering theory, the densifica-

tion of ceramics depends on mass transport, which includes 
surface transport and bulk transport. In case of microwave 
sintering, grain boundary diffusion and bulk diffusion are 
more important than surface diffusion, which plays a domi-
nant role in the conventional sintering process. Surface dif-
fusion that leads to a coarse-graining process in low tem-
perature can be effectively avoided in microwave sintering 
due to the rapid heating rate of 20ºC/min. Therefore, bulk 
diffusion will directly be conducted to densify the sintering 
materials. In the grain growth process, the densification re-
sults from interdiffusion between the vacancies and the ad-
jacent cations or anions. Such a process is markedly en-
hanced in the presence of the microwave, since the va-
cancy-cation (or vacancy-anion) pairs are polar in nature. To 
reiterate, the microwave sintering process can preferentially 
improve the densification process without inducing grain 
growth, resulting in a fine grain microstructure [19].  

 
Fig. 4.  SEM images of Ca0.6La0.2667TiO3 ceramics with the highest densities for different sintering techniques: (a) microwave sin-
tering; (b) conventional sintering. 

On the other hand, in case of microscopical characteris-
tics, there is a remarkable difference in the microstructures 
of microwave and conventionally sintered Ca0.6La0.2667TiO3 

ceramics. It can be found from Fig. 4 that the grain size dis-
tribution of conventionally sintered Ca0.6La0.2667TiO3 ceram-
ics is more homogeneous than that of the microwave sin-
tered. Moreover, a trend is found that some larger grains 
(grain size range: 8-10 μm) incline to assemble in one area 
(such as areas C and D in Fig. 4(a)) but some smaller ones 
(grain size range: 2-4 μm) incline to gather in another area 
(such as areas A and B in Fig. 4(a)) in microwave sintered 
Ca0.6La0.2667TiO3 ceramics. This difference in the micro-
structure may be caused by different heating mechanisms in 
different sintering processes. It is well known that energy is 
transferred to the material through convection, conduction, 
and radiation of heat from the surfaces of the material in 
conventional sintering. In contrast, microwave energy is 
transferred directly to materials by an interaction of the 

electromagnetic field at the molecular level in microwave 
sintering. In other words, the sintering effect is achieved by 
materials absorbing microwave energy itself in the electro-
magnetic field. The degree to absorption of microwave en-
ergy will be different if the composition in the sintered ce-
ramics is inhomogeneous, which commonly appears in the 
materials prepared by the solid state reaction method. Once 
the composition of the microarea absorbs readily microwave 
energy, the temperature of this area will rise and then the 
grains grow.  

Variations of microwave dielectric properties for 
Ca0.6La0.2667TiO3 ceramics prepared by conventional and 
microwave sintering at different sintering temperatures are 
shown in Fig. 5. The microwave dielectric properties are 
significantly influenced by sintering temperature, regardless 
of sintering techniques. The curves of εr and Qf have similar 
trends. The values of εr and Qf first increase with the in-
crease of sintering temperature, reach a maximum at 1350ºC 
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for microwave sintering and 1450ºC for conventional sin-
tering, and then decrease continuously, which are in good 
agreement with change of density as a function of sintering 
temperature. This is because the microwave dielectric prop-
erties of the ceramics are generally known to be strongly in-
fluenced by relative density. O’Bryan et al. [20] reported 

that all of the dielectric properties are improved after in-
creasing the sintering density. The same result is confirmed 
by the relationship between the microwave dielectric prop-
erties and relative density of the ceramics prepared by mi-
crowave sintering that is widely considered as one of new 
ceramic sintering techniques. 

 
Fig. 5.  Microwave dielectric properties of Ca0.6La0.2667TiO3 ceramics as a function of sintering temperature: (a) εr; (b) Qf; (c) τf. 

However, there are some differences in microwave di-
electric properties of Ca0.6La0.2667TiO3 ceramics for the two 
sintering techniques. Firstly, as shown in Fig. 5(a), the mi-
crowave sintered sample possesses a larger εr value at the 
same sintering temperature compared with the convention-
ally sintered one. The result can be explained by the differ-
ence in the microstructures of the microwave sintered ce-
ramics and the conventionally sintered ceramics. In general, 
the dielectric constant depends on crystalline phase and 
preparation processing. The secondary phase is not detected 
in the microwave sintered samples or conventionally sin-
tered samples, as confirmed in Fig. 3. Therefore, the dielec-
tric constant of Ca0.6La0.2667TiO3 ceramics is closely related 
to preparation processing. From the above results of relative 
densities and microstructures of Ca0.6La0.2667TiO3 ceramics 
as shown in Fig. 2 and Fig. 4, microwave sintered 
Ca0.6La0.2667TiO3 ceramics exhibit a finer grain size and 
higher relative density compared with the conventionally 
sintered ones, which lead to a larger dielectric constant. Ear-
lier studies reported that the dielectric constant of micro-
wave ceramics such as BaTiO3 [21-22] is affected by grain 
size, showing the maximum at an appropriate grain size 
(about 1 μm for the BaTiO3 system) and then decreasing 
with increasing grain size, which is called “grain size effect”. 
However, the grain sizes of the microwave and convention-
ally sintered samples are about 5 and 40 μm, respectively. In 
the light of these results, a conclusion may be drawn that the 
grain size effect is available in the Ca0.6La0.267TiO3 system, 
but the critical grain size must be far smaller than 5 μm. 
Therefore, the εr value of the microwave sintered sample is 
slightly higher than that of the conventionally sintered sam-

ple. The maximum value of dielectric constant (εr = 119.6) is 
obtained at 1350ºC for microwave sintered Ca0.6La0.2667TiO3 
ceramics, whereas the maximum value of dielectric constant 
(εr = 117.4) appears at 1450ºC for conventionally sintered 
Ca0.6La0.2667TiO3 ceramics. Thus, it can be concluded that 
better microwave properties and energy saving can be ob-
tained by microwave sintering because of the lower sinter-
ing temperature. 

Secondly, as shown in Fig. 5(b), microwave sintered 
Ca0.6La0.2667TiO3 ceramics possess a remarkably larger Qf 
value compared with the conventionally sintered ones at the 
same sintering temperature. In general, there are many fac-
tors to influence the Q value, such as sintered density, crys-
tal defects, microstructure, and secondary phase. The lower 
Qf value may be partly due to the lower relative density of 
Ca0.6La0.2667TiO3 ceramics by conventional sintering at 
1350-1500ºC. In addition, it was reported that the lattice 
imperfections and dielectric losses of the samples depend on 
fine grain size [23]. As observed in Fig. 4, the grain size of 
the conventionally sintered sample is obviously larger than 
that of the microwave sintered sample. Over-large grains in 
dielectric ceramics usually contain more defects, such as 
dislocations, planar defects, and even dislocation networks, 
which lead to the decrease of Qf values to some extent 
[24-25]. On the other hand, there are two basic kinds of 
crystal defects in the present ceramics. One is derived from 
La3+ ion substitution for Ca2+ ions in CaTiO3, and the defect 
reaction is given by the following equation: 

2/3 3 Ca Ca Ti O
2 1La TiO La V Ti 3O
3 3

x x• ′′→ + + +   (1) 
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The other is the familiar oxygen vacancy formation reaction 
given by 

Ti O Ti O 2
12Ti O 2Ti V O
2

x x ••′+ → + +   (2) 

The increase in grain size generally results in more oxy-
gen vacancies in titanate ceramics [26], because the reoxida-
tion process during cooling penetrates little to the larger 
grains, and this leads to the increase of dielectric loss with 
increasing sintering temperature. In addition, all unit cell 
volumes for the microwave and conventionally sintered 
samples are calculated and the value is 0.22625 nm3 for the 
microwave samples sintered at 1350 oC, which is markedly 
lower than the value of 0.22637 nm3 for the conventional 
sample sintered at 1450°C. In general, a decrease in lattice 
parameter means a decrease in defects concentration. This 
decreasing defects concentration will also result in the in-
creasing of quality factor. It is obvious that the Qf values of 
the samples by conventional sintering at 1450 and 1500ºC 
(13375 GHz and 12846.9 GHz, respectively) are lower than 
those of the microwave samples sintered at 1350 and 
1400ºC (17858.5 GHz and 17379.5 GHz, respectively), al-
though their relative densities are similar to those of the mi-
crowave samples (relative density > 95%). 

The τf values of Ca0.6La0.2667TiO3 ceramics prepared by 
conventional and microwave sintering techniques are illu-
minated in Fig. 5(c). It is well known that τf is related to the 
composition and the secondary phase of a material. As the 
composition remained unchanged and no secondary phase is 
detected, no significant change in the τf value is observed as 
expected for a fixed sintering technique. The measured τf 
values range from 155.5 to 199.3 ppm/oC for microwave 
sintered Ca0.6La0.2667TiO3 ceramics, which are remarkably 
lower than those of conventionally sintered Ca0.6La0.2667TiO3 
ceramics in this paper (τf = 217.2 ppm/°C) and the published 
literatures (τf = 213 and 304.4 ppm/°C) [5, 27].  It is amazing 
that the τf value is suppressed by microwave sintering. Un-
fortunately, it is unclear whether the relationship is a coin-
cidence between τf and grain size or not. However, a con-
clusion may be drawn that the decrease in τf of the micro-
wave sintered sample results from changes in crystal struc-
ture with grain size reduction. To our knowledge, no related 
research on this aspect has been reported. Therefore, an 
elaborate investigation must be carried out to make the sup-
pressed mechanism of microwave sintering on the τf of di-
electric ceramics clear. Now this corresponding work is on-
going in our lab. 

4. Conclusions 

Ca0.6La0.2667TiO3 dielectric ceramics have been prepared 

by conventional and microwave sintering techniques at dif-
ferent sintering temperatures. A comparative investigation 
on their sinterability, microstructure, and microwave dielec-
tric properties has also been performed. The results show 
that microwave sintering can reduce the sintering tempera-
ture and shorten the sintering time due to a microwave effect. 
Compared with the conventionally sintered ceramics, mi-
crowave sintered Ca0.6La0.2667TiO3 ceramics possess a finer 
and inhomogeneous microstructure. At the same time, they 
exhibit the slightly higher εr, improved Qf value, and sup-
pressed τf. The microwave dielectric properties for the sam-
ples prepared by microwave sintering at 1350ºC are εr = 
119.6, Qf = 17858.5 GHz, and τf  = 155.5 ppm/ºC. In con-
trast, the dielectric properties for the samples prepared by 
conventional sintering at 1450ºC are εr = 117.4, Qf = 13375 
GHz, and τf  = 217.2 ppm/ºC. The improvement in Qf val-
ues is attributed to a higher densification and fewer oxygen 
vacancies in the microwave sintered ceramics, whereas the 
reason that the τf values of microwave sintered ceramics are 
suppressed is still unclear but is worthy of further study. 
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