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The crystal structures, phase compositions and the microwave dielectric properties of the
(1 − x)MgTiO3–xCa0.8Sr0.2TiO3 composites prepared by the conventional solid state route have been inves-
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tigated. The formation of solid solution is confirmed by the XRD patterns. A rapid grain growth is observed
at temperatures higher than 1300 ◦C, which would lead to a decrease in the density and Q × f of the
ceramics. The temperature coefficient of resonant frequency (�f) increases with increasing Ca0.8Sr0.2TiO3

content and tunes through near zero at x = 0.06. Specimen using 0.94MgTiO3–0.06Ca0.8Sr0.2TiO3 pos-
sesses an excellent combination of microwave dielectric properties: εr ∼21.9, Q × f ∼128,000 GHz and �f

ed as
ielectric ceramics
emperature stable

∼0.7 ppm/◦C. It is propos

. Introduction

The growing importance of ceramic dielectrics for applications
s microwave oscillators, filters, etc., has led to great advances in
he material research and development of dielectric ceramic sys-
ems [1]. Miniaturization of microwave circuits using low loss and
emperature stable dielectric ceramic resonators has spurred the
ireless communication industry enormously.

Basically, a dielectric resonator is a ceramic compact with high
ielectric constant (εr > 25), low dielectric loss or high quality factor
Q > 2000) and good temperature stability (near-zero temperature
oefficient of resonant frequency, �f) at microwave frequencies
2–13].

Most of the ceramic dielectrics developed so far for microwave
pplications are composed of mixed phases consisting of dif-
erent compounds in the multi-component systems. In order to

eet the requirements for use in microwave resonators and fil-
ers, dielectric materials must satisfy stringent physical properties.
hese requirements greatly restrict the number of materials that
an be considered for use in actual devices. With this objective,
any dielectric ceramic compositions such as BaTi4O9/BaTi9O20

14], (Zn,Sn)TiO4 [15], Ba(Mg1/3Ta2/3)O3 [16,17], Ba(Zn1/3,Ta2/3)O3

18], etc., have been developed and successfully integrated with

icrowave circuits.
Two conventional approaches are usually employed in the

evelopment of excellent dielectric ceramics; one is to create a new

∗ Corresponding author. Tel.: +886 7 6577711x6638; fax: +886 7 6577205.
E-mail address: ptl@isu.edu.tw (C.-L. Pan).

925-8388/$ – see front matter © 2010 Published by Elsevier B.V.
oi:10.1016/j.jallcom.2010.01.017
a suitable candidate material for small-sized GPS patch antennas.
© 2010 Published by Elsevier B.V.

dielectric ceramic material and the other is to combine more than
two materials with characteristic compensation. The most popular
method is to mix two or more compositions with different dielec-
tric properties. In other words, to adjust the temperature coefficient
(�f) to zero, two or more compounds having negative and positive
�f values are used to form a solid solution or mixed phases [19].

MgTiO3-based ceramics has been widely applied to dielectrics
in resonators, filters and antennas for communication, radar, and
global positioning systems operated at microwave frequencies.
MgTiO3–CaTiO3 (MCT hereafter) ceramics have an ilmenite-type
structure, which belongs to the trigonal space group R3. In the
microwave frequency range, MgTiO3 ceramics show good dielec-
tric properties: dielectric constant (εr) ∼17, quality factor (Q × f
value) ∼160,000 (GHz), and temperature coefficients of resonant
frequency (�f) approximately −51 ppm/◦C [20]. Instead of CaTiO,
Ca0.8Sr0.2TiO3 ceramics having much higher dielectric properties
of εr ∼181, Q × f value ∼8300 (GHz) and a large positive �f value
∼991 ppm/◦C [21] than that of CaTiO3 (Table 1) was chosen as a �f
compensator for MgTiO3.

In this study, Ca0.8Sr0.2TiO3 was added to MgTiO3 to make a
ceramic system of (1 − x)MgTiO3–xCa0.8Sr0.2TiO3, which demon-
strated an effective compensation of its �f value. The resultant
microwave dielectric properties were analyzed using densification,
X-ray diffraction patterns, and the microstructures of the ceramics.
The correlation between the microstructure and the Q × f value was

also investigated.

2. Experimental procedures

The raw materials MgO and TiO2 were mixed according to the composition
of MgTiO3 and the purity of these powders was higher than 99.9%. They were

dx.doi.org/10.1016/j.jallcom.2010.01.017
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:ptl@isu.edu.tw
dx.doi.org/10.1016/j.jallcom.2010.01.017
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Table 1
Microwave dielectric properties of dielectric ceramics.

Phase εr Q × f (GHz) �f (ppm/◦C)

MgTiO3 17 160,000 −55
CaTiO3 170 3600 800
SrTiO3 200 4200 1700
Ca0.8Sr0.2TiO3 181 8300 991

Table 2
Microwave dielectric properties of (1 − x)MgTiO3–xCa0.8Sr0.2TiO3 ceramic system
sintered at 1350 ◦C for 4 h.

x value Density (g/cm3) εr Q × f �f (ppm/◦C)

0.02 3.65 19.8 150,000 −35.7
0.04 3.67 20.5 142,000 −20
0.05 3.69 21.1 135,000 −9.8
0.06 3.7 21.9 128,000 0.7
Fig. 1. X-ray diffraction patterns of (1 − x)MgTiO3–xCa0.8Sr0.2TiO3

Fig. 2. X-ray diffraction patterns of 0.94MgTiO3–0.06Ca0.8Sr0.2
0.08 3.73 23.6 115,000 29
0.1 3.77 25.1 107,000 65.5

ceramics as a function of the x value, sintered at 1275 ◦C/4 h.

TiO3 ceramics sintered at various temperatures for 4 h.
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3. Results and discussion

Table 2 demonstrates the microwave dielectric properties of
(1 − x)MgTiO3–xCa0.8Sr0.2TiO3 ceramics sintered at 1275 ◦C for 4 h.

Table 3
The lattice parameter of (1 − x)MgTiO3–xCa0.8Sr0.2TiO3 ceramic sintered at
1275 ◦C/4 h.

x value a c

0.02 0.50568 ± 0.00009 1.3928 ± 0.0003
Fig. 3. SEM micrographs of 0.94MgTiO3–0.06Ca0.8Sr0.2TiO3 ceramics sintered a

illed with ZrO2 balls in distilled water for 24 h, then dried and calcined in air
t 1100 ◦C for 4 h. CaCO3, SrCO3 and TiO2 were mixed aside according to the sto-
chiometry of Ca0.8Sr0.2TiO3. They were milled with ZrO2 balls in distilled water
or 24 h, then dried and calcined in air at 1100 ◦C for 4 h. After that, the two
inds of calcined powders were mixed together according to the composition of
1 − x)MgTiO3–xCa0.8Sr0.2TiO3 (x = 0.02, 0.04, 0.05, 0.06, 0.08 and 0.1), milled again
or 24 h and dried. Then they were sieved with a 100-mesh screen and pressed homo-
eneously into pellets at 75 MPa with dimensions of 11 mm in diameter and 5 mm in
hickness. The pellets were sintered in air at 1200–1325 ◦C for 4 h at a heating rate of
0 ◦C/min.

The densities of the sintered ceramics were measured using the Archimedes
ethod. The crystalline phases of the sintered ceramics were identified by XRD

sing Cu K� (0.15406 nm) radiation with a Siemens D5000 diffractometer (Siemens,
unich, Germany) operated at 40 kV and 40 mA. The surface microstructure was

bserved with Scanning Electronic Microscope (SEM) and Energy Dispersive Spec-

roscopy (EDS). The dielectric constants and the Q values were measured by
mploying the Hakki and Coleman method [22,23]. The apparatus consisted of paral-
el conducting brass plates and coaxial probes connected to a HP8757B S-parameter
etwork analyzer and an HP8350B sweep oscillator. The temperature coefficient
f resonant frequency (�f) was measured with the test set which was placed over
thermostat in the temperature range from 25 to 80 ◦C. The �f value was calcu-
200 ◦C, (b) 1225 ◦C, (c) 1250 ◦C, (d) 1275 ◦C, (e) 1300 ◦C and (f) 1325 ◦C for 4 h.

lated using the equation sf = (f85 − f25)/f25 (60 ◦C), where f85 and f25 are the resonant
frequency of the samples at 85 and 25 ◦C, respectively.
0.04 0.50546 ± 0.00029 1.39013 ± 0.00095
0.05 0.50481 ± 0.00007 1.39206 ± 0.00024
0.06 0.50494 ± 0.00029 1.38833 ± 0.00094
0.08 0.50491 ± 0.00029 1.38825 ± 0.00094
0.1 0.50546 ± 0.00029 1.39013 ± 0.00095



3 and Compounds 503 (2010) 365–369

S
d
f
S
s
c
t
c

c
0
c
m
a
i
[
�
d
u
n
1
w
(
f
e
s

i
t
p
0
s
o
i
(
t
a
T
(
p
a

s
i
i
i
t
i
g
a
t
d
E
F
s
p

c
t
i
m
t
w
i
e
w

Fig. 4. The EDS results of needle-shaped grains illustrated in Fig. 3.

higher density means lower porosity. The dielectric constant (εr)
slightly increased with increasing sintering temperature. The
increase in the dielectric constant (εr) is a result of higher density.
Since Ca0.8Sr0.2TiO3 possesses a much higher dielectric constant
68 C.-L. Pan et al. / Journal of Alloys

ignificant variation in the dielectric properties can be observed
ue to a different compositional ratio. It was mainly a result
rom a difference in the dielectric properties for each composition.
ince the specimen using 0.94MgTiO3–0.06Ca0.8Sr0.2TiO3 ceramic
hows a good temperature stability with �f ∼0.7 ppm/◦C a more
omprehensive and closer investigation on the microwave dielec-
ric properties of 0.94MgTiO3–0.06Ca0.8Sr0.2TiO3 ceramic was then
onducted.

X-ray diffraction patterns of (1 − x)MgTiO3–xCa0.8Sr0.2TiO3
eramics sintered at 1275 ◦C/4 h for values of x ranging from
.02 to 0.1 are shown in Fig. 1. (1 − x)MgTiO3–xCa0.8Sr0.2TiO3
eramics showed a mixture of a main phase MgTiO3 and a
inor phase Ca0.8Sr0.2TiO3. The formation of MgTiO3 (ilmenite)

nd Ca0.8Sr0.2TiO3 (perovskite) was due to the structure and
onic size differences between Ca2+ (0.1 nm) and Mg2+ (0.046 nm)
24]. Moreover, a second MgTi2O5 (εr ∼ 17.4, Q × f ∼ 47,000 GHz,
f ∼ −66 ppm/◦C) was also detected, which would lead to a degra-
ation in dielectric properties. It was attributed to that MgTi2O5 is
sually formed as an intermediate phase and is difficult to elimi-
ate completely from the sample when MgO and TiO2 reacts in a
:1 molar ratio [25,26]. The relative intensity of MgTi2O5 decreased
ith increasing x owing a decrease in the compositional content

Mg, Ti). Similar XRD patterns were obtained for specimen at dif-
erent temperatures (Fig. 2) except that second phase MgTi2O5 was
nhanced at higher temperatures. It showed an increase in its inten-
ity as the sintering temperature increased.

The lattice parameters of (1 − x)MgTiO3–xCa0.8Sr0.2TiO3 ceram-
cs at 1275 ◦C/4 h were also measured in this study. It was found
hat MgTiO3 has a hexagonal structure with the following lattice
arameters: a = b = 0.5054 nm, c = 1.3898 nm (ICDD-PDF#00-006-
494). When Ca0.8Sr0.2TiO3 was added to MgTiO3 to form a ceramic
ystem of (1 − x)MgTiO3–xCa0.8Sr0.2TiO3, the lattice parameters
f MgTiO3 did not change with Ca0.8Sr0.2TiO3 content as shown
n Table 3. Furthermore, the formation of mixed phases in the
1 − x)MgTiO3–xCa0.8Sr0.2TiO3 ceramics system was due to struc-
ural differences and because the average ionic radii of Ca2+ (0.1 nm)
nd Sr2+ (0.144 nm) were larger than these of Mg2+ (0.046 nm).
his confirms the existence of a two-phase ceramic system of
1 − x)MgTiO3–xCa0.8Sr0.2TiO3, with MgTiO3 as the main crystalline
hase and Ca0.8Sr0.2TiO3 as the minor phase. These results are in
greement with XRD patterns.

Fig. 3 shows the surface microstructural photographs of the
pecimens using 0.94MgTiO3–0.06Ca0.8Sr0.2TiO3 ceramics sinter-
ng at different temperatures for 4 h. As illustrated, the result
ndicates that the specimen does not appear dense and the grain
s not grown at 1200 ◦C. In addition, the grain size increases as
he sintering temperature increases. The pores are almost elim-
nated for specimen sintered at 1275 ◦C, and a noticeable grain
rowth and a relatively uniform surface morphology are observed
t 1275 ◦C. However, rapid grain growth is monitored at tempera-
ures 1300 and 1325 ◦C and some pores start to appear, which might
egrade the microwave dielectric properties of the ceramics. The
nergy Dispersive Spectroscopy (EDS) of the needle shape grains in
ig. 3 were identified as a second phase of MgTi2O5 (Mg:Ti = 1:2) as
hown in Fig. 4, which could lead to the degradation in dielectric
roperties.

The apparent densities of the (1 − x)MgTiO3–xCa0.8Sr0.2TiO3
eramics system at various sintering temperatures as functions of
he x value are shown in Fig. 5. The density of the specimens initially
ncreased with increasing sintering temperature, attaining a maxi-

um value at 1275 ◦C. This increase in the density can be attributed

o the formation of dense microstructures. The density decreased
hen the sintering temperature exceeded 1300 ◦C. This decrease

n the density could be related to inhomogeneous microstructure
volution. It was also affected by the composition and increased
ith increasing x value. This suggests that higher Ca0.8Sr0.2TiO3
Fig. 5. Apparent density of (1 − x)MgTiO3–xCa0.8Sr0.2TiO3 ceramics with different x
values as a function of sintering temperature.

content would exhibit relatively higher densities in the ceram-
ics, since Ca0.8Sr0.2TiO3 (D ∼ 4.28 g/cm3) possesses a higher density
than that of MgTiO3 (D ∼ 3.89 g/cm3). At 1275 ◦C, the density of
the (1 − x)MgTiO3–xCa0.8Sr0.2TiO3 ceramics increased from 3.65 to
3.77 g/cm3 as the x value increased from 0.02 to 0.1.

Fig. 6 shows the dielectric constants (εr) of
(1 − x)MgTiO3–xCa0.8Sr0.2TiO3 ceramics at various sintering
temperatures as functions of the x value. The relationships
between εr values and sintering temperatures reveal the same
trend as that between densities and sintering temperatures, since
Fig. 6. Dielectric constant (εr) of (1 − x)MgTiO3–xCa0.8Sr0.2TiO3 ceramics with dif-
ferent x values as a function of the sintering temperature.
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Fig. 7. Q × f values of (1 − x)MgTiO3–xCa0.8Sr0.2TiO3 ceramics with different x values
as a functions of sintering temperature.
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ig. 8. �f value of (1 − x)MgTiO3–xCa0.8Sr0.2TiO3 ceramics sintered at 1275 ◦C/4 h as
function of the x value.

han MgTiO3 does (εr = 181 for Ca0.8Sr0.2TiO3; ∼17 for MgTiO3), the
ielectric constant (εr) of (1 − x)MgTiO3–xCa0.8Sr0.2TiO3 ceramics

ncreased as the x value increased. At 1275 ◦C, the dielectric
onstant (εr) of (1 − x)MgTiO3–xCa0.8Sr0.2TiO3 ceramics increased
rom 19.8 to 25.1 as the x value increased from 0.02 to 0.1.

Fig. 7 shows the quality factor (Q × f value) of
1 − x)MgTiO3–xCa0.8Sr0.2TiO3 ceramics with various x values
s a function of sintering temperature. The Q × f value is an impor-
ant index for applications of dielectric ceramics at microwave
requencies because a higher Q × f value means a lower dielectric
oss for microwave devices. The microwave dielectric loss is

ainly by the lattice vibrational modes, the pores, and the second
hases [27]. The quality factor of MgTiO3 (Q × f value ∼ 160,000)

s much higher than that of Ca0.8Sr0.2TiO3 (Q × f value ∼ 8300)
nd hence it is expected that the Q × f values will decrease as
he amount of Ca0.8Sr0.2TiO3 increases from 0.02 to 0.1. Fig. 7
hows that the quality factor of (1 − x)MgTiO3–xCa0.8Sr0.2TiO3
eramics decreases with the composition (x) as expected. The
× f value increases when the sintering temperature increases

rom 1200 to 1275 ◦C. After reaching its maximum value at
275 ◦C, the Q × f value decreased. The increase in Q × f value at
ow temperatures is due to the increase in density as well as
he uniformity of grain growth, as shown in Fig. 3. At 1275 ◦C,
he maximum Q × f value of 128,000 (GHz) was obtained for the
.94MgTiO3–0.06 Ca0.8Sr0.2TiO3 ceramics. The degradation of Q × f
alue can be attributed to inhomogeneous grain growth which

[
[
[
[
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results in a reduction of density, as shown in Fig. 3. Relative
density also plays an important role in controlling the dielectric
loss, as has been shown in other microwave dielectric materials.
The Q × f value of (1 − x)MgTiO3–xCa0.8Sr0.2TiO3 ceramics is con-
sistent with density variation, suggesting that dielectric loss of
(1 − x)MgTiO3–xCa0.8Sr0.2TiO3 ceramics is mainly controlled by
the bulk density.

The temperature coefficients of resonant frequency (�f) of
(1 − x)MgTiO3–xCa0.8Sr0.2TiO3 ceramics sintered at 1275 ◦C/4 h as
functions of the x value are shown in Fig. 8. The temperature
coefficient of resonant frequency is related to the composition,
the additives, and the second phase of the material. Due to the
large positive �f value of Ca0.8Sr0.2TiO3 (�f = 991 ppm/◦C), the �f
values of (1 − x)MgTiO3–xCa0.8Sr0.2TiO3 ceramics rapidly increases
with increasing x value. The �f value is shifted from negative to
positive as the x value increases from 0.02 to 0.1. This implies
that �f = 0 ppm/◦C can be obtained by adjusting the amount of the
Ca0.8Sr0.2TiO3 additive.

4. Conclusions

Microwave dielectric properties of (1 − x)MgTiO3–xCa0.8Sr0.2
TiO3 ceramics were investigated. For (1 − x)MgTiO3–xCa0.8Sr0.2
TiO3 ceramics sintered at 1200–1325 ◦C for 4 h, as the amount of
Ca0.8Sr0.2TiO3 (x value) increased from 0.02 to 0.1, the dielectric
constant increased from 19.8 to 25.1, the temperature coefficient
of resonant frequency (�f) increased from −35.7 to 65.5 ppm/◦C,
and the Q × f value decreased from 150,000 (GHz) to 107,000 (GHz).
At the composition of x = 0.06, the 0.94MgTiO3–0.06Ca0.8Sr0.2TiO3
ceramics sintered at 1275 ◦C/4 h have excellent microwave dielec-
tric properties: a dielectric constant (εr) of 21.9, a Q × f value of
128,000 (GHz), and a �f value of 0.7 ppm/◦C.
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