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a b s t r a c t

The microwave dielectric properties of CaTiO3-added Mg2(Ti0.95Sn0.05)O4 ceramics prepared by the
mixed oxide route have been investigated. The combination of spinel-structured Mg (Ti Sn )O and
eceived in revised form 27 June 2010
ccepted 30 June 2010
vailable online 7 July 2010

eywords:

2 0.95 0.05 4

perovskite-structured CaTiO3 forms a two-phase system (1 − x)Mg2(Ti0.95Sn0.05)O4–xCaTiO3, which was
confirmed by the XRD patterns and the EDX analysis and it also leads to a zero �f. The microwave dielectric
properties of the ceramics can be effectively controlled by varying the x value. For practical applications,
a new microwave dielectric material 0.91Mg2(Ti0.95Sn0.05)O4–0.09CaTiO3 is suggested and it possesses
a good combination of dielectric properties with an εr of ∼18.01, a Q × f of ∼92,000 GHz, and a � f of

it is a

rystal growth
ielectric response ∼0 ppm/◦C, which makes

. Introduction

The development of microwave dielectric materials for appli-
ations as substrates, resonators, filters, and patch antennas in
ommunication systems has received much more attention in
he last two decades. A material with a high dielectric constant
or volume efficiency is a major requirement in modern wireless
ommunication technology. In addition, a low-dielectric-loss for
etter selectivity and a near-zero temperature coefficient of res-
nant frequency (�f) for stable frequency stability is also critical
equirements for practical applications [1]. However, as the car-
ier frequency of communication systems being extended to a
igher frequency region, materials with high dielectric constant
as become of less interest. Instead, high Q × f has been playing
more prominent role [2]. For instance, low-loss dielectric with

ifferent dielectric constants [3–10] has become one of the most
opular materials for today’s GPS patch antennas.

Mg2TiO4 ceramic is a low-loss and low-cost material for
icrowave frequency applications. It has a spinel structure belong-

ng to the cubic space group Fd-3m (2 2 7) [8,11]. Moreover, it pos-
esses a high dielectric constant (εr ∼ 14), a high Q value (Q ∼ 15,000
t 10 GHz), and a negative �f value (−50 ppm/◦C) [9]. In order to
roduce a temperature-stable material, CaTiO3 (�f ∼ +800 ppm/◦C)

as added to Mg2TiO4 and 0.93Mg2TiO4–0.07CaTiO3 ceramic was

eported to have excellent dielectric properties with an εr of ∼15, a
× f of ∼35,000 GHz, and a �f of −2 ppm/◦C [9]. Still, its Q × f is insuf-
cient for high frequency applications. Modifications on Mg2TiO4
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very promising candidate material for high frequency applications.
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ceramics were also performed to achieve a higher Q × f value. Since
the ionic radius of Sn4+ (0.69 Å, CN = 6) is similar to that of Ti4+

(0.605 Å, CN = 6) [12], the Ti4+ ion was partially substituted by Sn4+

to form Mg2(Ti,Sn)O4 compositions [10]. The Mg2(Ti0.95Sn0.05)O4
ceramics having a spinel-type structure was reported to possess
excellent microwave dielectric properties: εr value of 15.57, Q × f
value of 317,500 GHz (at 10.8 GHz), and �f value of −45.1 ppm/◦C
[10]. Apparently, it possesses a much higher Q × f in comparison
with that of pure Mg2TiO4. These results motivated us to study the
effect of the CaTiO3 addition on the dielectric properties of Mg2TiO4
ceramic.

In this paper, the microwave dielectric properties of the two-
phase ceramic system (1 − x)Mg2(Ti0.95Sn0.05)O4–xCaTiO3 were
investigated. The resultant microwave dielectric properties were
analyzed based upon the densification, the X-ray diffraction (XRD)
patterns and the microstructures of the ceramics. The correlation
between the microstructure and the Q × f value was also investi-
gated.

2. Experimental procedure

The Mg2(Ti0.95Sn0.05)O4 and CaTiO3 powders were individually prepared from
MgO, SnO2, CaCO3, and TiO2 of >99.9% purity. The initial oxide powders were mixed
and ground in an agate ball mill together with distilled water for 24 h. The wet
mixtures were dried at 100 ◦C, thoroughly milled before they were calcined at
1100 ◦C for 4 h. The calcined powders were mixed according to the molar fraction
(1 − x)Mg2(Ti0.95Sn0.05)O4–xCaTiO3 (x = 0.03–0.15). Prepared powders were dried,
ball-milled for 24 h with 5 wt% of a 10% solution of PVA as a binder (Polyvinyl alcohol

500, Showa, made in Japan), granulated by sieving through 100 mesh, and pressed
into pellets with 11 mm in diameter and 5 mm in thickness under the pressure of
200 MPa. These pellets were sintered at temperatures of 1210–1360 ◦C for 4 h in air.
The heating rate and the cooling rate were both set at 5 ◦C/min.

The crystalline phases of the sintered ceramics were identified by XRD using
Cu K˛ (� = 0.15406 nm) radiation with a Siemens D5000 diffractometer operated at

dx.doi.org/10.1016/j.jallcom.2010.06.194
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Table 1
Microwave dielectric properties of (1 − x)Mg2(Ti0.95Sn0.05)O4–xCaTiO3 ceramic sys-
tem sintered at 1300 ◦C for 4 h.

x value Apparent density (g/cm3) εr Q × f (GHz) �f (ppm/◦C)

0.03 3.49 15.72 162,500 −35.7
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types: large grains (Spots A–C) were Mg (Ti Sn )O and small
0.06 3.51 16.66 116,000 −20.9
0.09 3.55 18.01 92,000 0
0.12 3.59 19.47 65,300 26.5
0.15 3.62 21.08 37,000 65.2

0 kV and 40 mA. The microstructural observations and analysis of sintered surface
ere performed using a scanning electron microscopy (SEM, Philips XL-40FEG) and

n energy dispersive X-ray spectrometer (EDS). The apparent densities of the sin-
ered pellets were measured by the Archimedes method. The dielectric constant
εr) and the quality factor values (Q) at microwave frequencies were measured
sing the Hakki–Coleman dielectric resonator method [13,14]. A system combin-

ng a HP8757D network analyzer and a HP8350B sweep oscillator was employed in
he measurement. To determine the temperature coefficient of resonant frequency
�f), the same technique as that of quality factor measurement was used. The test
avity was placed over a thermostat and the temperature range used was +25 to
80 ◦C.

. Results and discussion

Microwave dielectric properties of (1 − x)Mg2(Ti0.95Sn0.05)
4–xCaTiO3 ceramic system sintered at 1300 ◦C for 4 h are illus-

rated in Table 1. Not only did the x control the εr and Q × f values,
he �f was also a function of x owing to a variation in its compo-
itional ratio. Moreover, a zero �f can be achieved from specimen
sing 0.91Mg2(Ti0.95Sn0.05)O4–0.09CaTiO3 (hereafter referred to as
1MTS–9CT).

Fig. 1 shows the XRD patterns of 91MTS–9CT ceramics sin-
ered at different temperatures for 4 h. The XRD patterns showed
hat peaks indicating the presence of Mg2(Ti0.95Sn0.05)O4 as
he main crystalline phase, in association with CaTiO3 as a

inor phase. Moreover, it is understood that crystal struc-
ures of Mg2(Ti0.95Sn0.05)O4 and CaTiO3 are cubic (ICDD-PDF
00-025-1157) and orthorhombic (ICDD-PDF #00-022-0153),

espectively. The X-ray diffraction patterns of the 91MTS–9CT
eramics did not change significantly with sintering temperatures
n the range 1210–1360 ◦C. Fig. 2 shows the XRD patterns of
1 − x)Mg2(Ti0.95Sn0.05)O4–xCaTiO3 ceramic system at 1300 ◦C for
h. With the increase of x, CaTiO3 phase gradually enhanced and a
wo-phase system was clearly observed.
Fig. 3 shows the change in shrinkage of Mg2(Ti0.95Sn0.05)O4

eramics with various amounts of CaTiO3 additions. The results
llustrate that the onset temperature of shrinkage is lowered with
he small addition of CaTiO3 and is a function of CaTiO3 con-

ig. 1. X-ray diffraction patterns of 0.91Mg2(Ti0.95Sn0.05)O4–0.09CaTiO3 ceramics
intered at different temperatures for 4 h.
Fig. 2. X-ray diffraction patterns of (1 − x)Mg2(Ti0.95Sn0.05)O4–xCaTiO3 ceramic sys-
tem sintered at 1300 ◦C for 4 h with different x values.

tent. It is noteworthy that the densification of Mg2(Ti0.95Sn0.05)O4
ceramics with 15 mole% CaTiO3 addition begins at temperature
below 1000 ◦C. Consequently, higher density can be achieved at
lower sintering temperature for Mg2(Ti0.95Sn0.05)O4 ceramics with
CaTiO3 additions. The shrinkage curves provided more clear inspec-
tion of the contribution of CaTiO3 addition to the densification of
Mg2(Ti0.95Sn0.05)O4 ceramics.

The SEM photographs of 91MTS–9CT ceramics sintered at
different temperatures for 4 h are illustrated in Fig. 4. Porous
microstructure can be seen for specimen sintered at 1210 ◦C and
the grain size increases as the sintering temperature increases
due to a grain growth. Well-developed microstructure can be
achieved at temperatures 1270–1300 ◦C and further increase in the
sintering temperature would lead to an over-sintered grain mor-
phology resulting in a rapid grain growth, which might degrade the
microwave dielectric properties of the ceramics. Energy dispersive
X-ray (EDX) analysis was used in combination with scanning elec-
tron microscopy to distinguish every grain for 91MTS–9CT ceramics
sintered at 1300 ◦C, as shown in Fig. 4(d). The EDX data of corre-
sponding Spots A–E are shown in Table 2. The grain morphology of
well-developed 91MTS–9CT ceramics could be grouped into two
2 0.95 0.05 4
cubic-shape grains (Spots D and E) were CaTiO3. The EDX evi-
dences were in agreement with XRD results that can be obtained
91MTS–9CT ceramics.

Fig. 3. Shrinkage of the Mg2(Ti0.95Sn0.05)O4 samples with 3–15 mole% CaTiO3 addi-
tions.



C.-L. Huang et al. / Journal of Alloys and Compounds 509 (2011) 4247–4251 4249

F t (a) 1

c
i
g
a

T
T

ig. 4. SEM photographs of 0.91Mg2(Ti0.95Sn0.05)O4–0.09CaTiO3 ceramics sintered a

The SEM photographs of (1 − x)Mg2(Ti0.95Sn0.05)O4–xCaTiO3

eramic system with different x values sintered at 1300 ◦C are
llustrated in Fig. 5. All samples in the present study showed homo-
eneous grain morphology. In addition, as the x value increased, the
verage grain size of (1 − x)Mg2(Ti0.95Sn0.05)O4–xCaTiO3 ceram-

able 2
he EDX data of the Spots A–E shown in Fig. 4(d).

Spots Atom (%)

Mg K Sn L Ca K Ti K O K

A 29.81 0.98 0 15.66 53.55
B 30.52 0.85 0 16.03 52.60
C 31.17 0.97 0 14.94 52.92
D 0 0 20.38 20.02 59.60
E 0 0 20.27 20.75 58.98
210 ◦C, (b) 1240 ◦C, (c) 1270 ◦C, (d) 1300 ◦C, (e) 1330 ◦C, and (f) 1360 ◦C for 4 h.

ics decreased because CaTiO3 grain is smaller than that of
Mg2(Ti0.95Sn0.05)O4 as indicated in Fig. 4.

Fig. 6 shows the apparent densities of 91MTS–9CT ceramics
sintered at different temperatures for 4 h. With increasing sinter-
ing temperature, the apparent density of 91MTS–9CT increased
to a maximum value of 3.55 g/cm3 at 1300 ◦C and thereafter it
decreased. Moreover, the degradation of apparent density at high
temperatures was owing to the rapid grain growth as observed in
Fig. 4.

The dielectric constant of 91MTS–9CT ceramics sintered at dif-
ferent temperatures for 4 h is illustrated in Fig. 7. Variation of

dielectric constant was consistent with that of density. The dielec-
tric constant of 91MTS–9CT initially increased with increasing
sintering temperature. After reaching the maximum at 1300 ◦C,
it decreased. A maximum εr value of 18.01 was obtained for
91MTS–9CT ceramics sintered at 1300 ◦C for 4 h. It indicates further
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Fig. 5. SEM photographs of the (1 − x)Mg2(Ti0.95Sn0.05)O4–xCaTiO3 ceramic system with x = (a) 0.03, (b) 0.06, (c) 0.09, (d) 0.12, and (e) 0.15 sintered at 1300 ◦C for 4 h.

Fig. 6. Apparent density of 0.91Mg2(Ti0.95Sn0.05)O4–0.09CaTiO3 ceramics as a func-
tion of its sintering temperature.

Fig. 7. Dielectric constant of 0.91Mg2(Ti0.95Sn0.05)O4–0.09CaTiO3 ceramics as a
function of its sintering temperature.
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Fig. 8. Q × f value of 0.91Mg2(Ti0.95Sn0.05)O4–0.09CaTiO3 ceramics as a function of
its sintering temperature.
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ig. 9. �f value of (1 − x)Mg2(Ti0.95Sn0.05)O4–xCaTiO3 ceramic system sintered at
300 ◦C for 4 h with different x values.

ncrease in the sintering temperature does not certainly lead to a
igher dielectric constant.

The Q × f of 91MTS–9CT ceramics sintered at different temper-
tures for 4 h are demonstrated in Fig. 8. The microwave dielectric
oss is mainly caused not only by the lattice vibrational modes, but
lso by the pores, the second phases, the impurities, or the lat-
ice defect [15–17]. Apparent density also plays an important role
n controlling the dielectric loss and which has been shown for

ther microwave dielectric materials. Since the variation of Q × f
as also consistent with that of density, it suggested the dielectric

oss of 91MTS–9CT ceramics was mainly controlled by the appar-
nt density. A maximum Q × f value of 92,000 GHz (at 9.8 GHz)
ould be achieved for specimen using 91MTS–9CT ceramics sin-

[
[
[

[

ompounds 509 (2011) 4247–4251 4251

tered at 1300 ◦C for 4 h. The decrease of Q × f value was attributed
to the rapid grain growth resulting in a reduction in the density as
observed in Figs. 4 and 6.

Fig. 9 illustrates the temperature coefficients of resonant fre-
quency (�f) of (1 − x)Mg2(Ti0.95Sn0.05)O4–xCaTiO3 ceramic system
sintered at 1300 ◦C for 4 h with different x values. The temperature
coefficient of resonant frequency is well known to be governed by
the composition, the additives, and the second phase of the materi-
als. By increasing CaTiO3, the �f value almost linearly varied toward
positive direction. This is because adding CaTiO3 renders a large
positive �f value (+800 ppm/◦C). Through appropriate adjustment,
a zero �f can be obtained for 91MTS–9CT specimen at 1300 ◦C for
4 h.

4. Conclusion

(1 − x)Mg2(Ti0.95Sn0.05)O4–xCaTiO3 (x = 0.03–0.15) ceramic sys-
tem showed mixed phases of Mg2(Ti0.95Sn0.05)O4 as the main phase
in association with a minor phase CaTiO3. The microwave dielec-
tric properties are strongly related to the density and the matrix
of the specimen. With x = 0.09, a zero �f value can be obtained
for (1 − x)Mg2(Ti0.95Sn0.05)O4–xCaTiO3 ceramic system. A dielec-
tric constant εr of 18.01, a Q × f value of 92,000 GHz (measured at
9.8 GHz), and a �f value of 0 ppm/◦C were obtained for 91MTS–9CT
ceramics sintered at 1300 ◦C for 4 h. As a result, 91MTS–9CT is a very
promising dielectric for applications as microwave dielectric res-
onators, filters and patch antennas due to its excellent microwave
dielectric properties.
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