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Abstract
MgTiO3-based microwave dielectric ceramics were prepared successfully by reaction sintering method. The X-ray diffraction patterns
of the sintered samples revealed a major phase of MgTiO3-based and CaTiO3 phases, accompanied with Mg2TiO4 or MgTi2O5

determined by the sintering temperature and time. The microwave dielectric properties had a strong dependence of sintering condition
due to the different phase compositions and the microstructure characteristics. The ceramics sintered at 1360 °C for 4 h exhibited good
microwave dielectric properties: a dielectric constant of 20.3, a high quality factor of 48,723 GHz (at 9GHz), and a temperature
coefficient of resonant frequency of −1.8 ppm/oC. The obtained results demonstrated that the reaction-sintering process is a simple and
effective method to prepare the MgTiO3-based ceramics for microwave applications.
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1 Introduction

MgTiO3 ceramics with ilmenite structure have attracted much
attention due to their excellent microwave performances (εr
~17, Q × f ~350,000 GHz, and a negative τf of −50 ppm/oC)
in the past three decades [1]. However, the large negative coef-
ficient has been hampering the applications. Many researchers
used the composition with positive coefficient, such as CaTiO3

or SrTiO3, to compensate the negative one of MgTiO3 and
obtained ceramics with near zero coefficients for microwave
applications [2, 3]. In general, the preparation procedures of
these composite systems are relatively complex. First,
MgTiO3 and CaTiO3 or SrTiO3 powders need to be synthesized
separately using conventional solid reaction way or wet chem-
ical methods. Then the powders are mixed, pressed and
sintered. The repeated synthetic processes easily cause fluctuant
microwave dielectric properties. Recently, Tang et al.

investigated the effect of Mg:Ti ratio on the phase composition
and microwave dielectric properties ofMgTiO3-based ceramics
prepared by one synthetic process to simplify the procedure and
obtained a ceramic with good microwave dielectric properties:
εr = 21.1, Q × f = 79,915GHz and τf = 1.2 ppm/oC [4].

The reaction-sintering method has become an active re-
search area in functional electronics applications which use
improved microwave dielectric compounds, as well as the
endeavor to reduce processing time by eliminating calcina-
tions. This method has proved to produce ceramics with single
phase such as Ba2Ti9O20, Li2ZnTi3O8, and ZnZrNb2O8 [5–7].
However, no reports referred tomicrowave dielectric ceramics
with multi-phases, such as MgTiO3-CaTiO3 obtained by reac-
tion-sintering. In this work, we investigated the phase compo-
sitions, microstructures and microwave dielectric properties of
MgTiO3 ceramics which were modified by CaTiO3 and pre-
pared by reaction-sintering method.

2 Experiments

According to our previous work, excessMgwas used to avoid
the formation of the secondary phase such as MgTi2O5 for
obtaining pure MgTiO3 ceramic with excellent microwave
dielectric properties [8]. Minor additives such as ZnO, Nb2
O5 and MnO2 could effectively improve the quality factor of
titanate ceramics [9, 10]. Thus, highly pure MgO (99%),
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CaCO3 (99.9%), TiO2 (99.8%) were weighted according to
the mole ratio of Mg: Ca: Ti = 0.97:0.05:1. Minor contents
of ZnO (99%), Nb2O5 (99.5%) and MnCO3 (98%) with a
level of 0.1–0.4 wt% were used as modifiers. The above raw
materials were mixed and ball milled with distilled water for
6 h and then dried. Next, the powders were mixed using PVA
solutions as binder and pressed into pellets with a diameter of
12 mm and about 6 – 7 mm in thickness under a pressure of
150 MPa. The green pellets were sintered at 1300–1380 °C
after de-binding.

Powder X-ray diffraction (XRD, D/max400, Rigaku,
Japan) was used to confirm the phase structure of the sam-
ples. The microstructure characteristics were observed
using scanning electron microscopy (FSEM, Ultra55,
Carl zeiss NTS, Germany) with energy dispersive spec-
trometer. The bulk densities of the sintered specimens were
measured by the liquid Archimedes method. The dielectric
constant (εr) and the quality factor (Qf) values were col-
lected using the Hakki-Coleman dielectric resonator meth-
od with a vector-net-work analyzer (Agilent E5071C,
U.S.A.) at around 9GHz. The temperature coefficient of
resonant frequency (τf) was calculated by measuring the
resonant frequency of TE01δ mode at 20 °C and 80 °C.

3 Result and discussion

Figure 1 shows the X-ray diffraction patterns for the ce-
ramics sintered at different temperatures for 4 h. The main
crystalline phase belonged to the MgTiO3-type (PDF#06–

0494), accompanied with a minor phase of CaTiO3

(PDF#22–0153). However, the other minor phases were
different with different sintering temperatures. In the sam-
ples sintered below 1380 °C, Mg2TiO4 (PDF#25–1157)
phase could be observed, while in the ceramic sintered at
1380 °C TiO2 (PDF#21–1236) and MgTi2O5 (PDF#35–
0796) were found. Furthermore, the diffraction peaks of
MgTiO3-type phase shifted to low angle when the
sintering temperature increased from 1300 to 1340 °C,
and then to high angle at 1360 and 1380 °C as shown in
Fig. 1(b), which means that the crystal volume was first
enlarged and then reduced. As we know, the cell volume
of ceramics may be influenced by the sintering process,
substitution, stress and other factors [11], although the
actual reason for the lattice constant variation is still not
clear. Since minor Zn2+ and Nb5+ were introduced in the
preparation process, it could be proposed that the substi-
tution of Zn2+ or Nb5+ for Mg2+ or Ti4+ in MgTiO3 en-
larged the crystal volume due to their larger ionic radius
[12]. At 1360 and 1380 °C, the stress from grain bound-
ary, abnormal grain growth or uniform grain size distribu-
tion might decrease the cell volume.

Figure 2 shows the scanning electronic micrographs of
the ceramics sintered at 1340 (a), 1360 (b) and 1380 °C (c)
and the energy dispersive spectra (d) of the area 1, 2, 3,
and 4 in the SEM images. In the sample sintered at
1340 °C, there were some obvious pores and only one
grain morphology with two different grain sizes. The
EDS results of area 1 and 2 revealed that the grain exhib-
ited a Mg:Ti ratio closing to 1. For the ceramics sintered at

)( )(
Fig. 1 (a): XRD patterns of
MgTiO3-based ceramics sintered
at different temperatures (a:
1300 °C, b: 1320 °C, c: 1340 °C,
d: 1360 °C and e: 1380 °C) for
4 h; (b): The enlargement of XRD
patterns ar 2θ = 61–65 °
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1360 °C, there was nearly no pores and a similar grain
morphology and grain size distribution to that at
1340 °C, accompanied with a dark strip grain (area 3 in
Fig. 2(b)). The strip grain exhibited a Mg:Ti ratio of 1.84
shown in Fig. 2(d-3). At 1380 °C, abnormal grain growth
appeared. Some grit-type grains (area 4 in Fig. 2(c)) were
observed, which could be TiO2 phase because Mg was
almost not detected (Fig. 2(d-4)). Unfortunately, CaTiO3

and MgTi2O5 phases were not identified.
The bulk densities and the microwave dielectric properties

for the ceramics sintered at various temperatures are plotted in
Fig. 3. When the sintering temperature increased from 1300 to
1360 °C, the density increased from 3.446 to 3.838 g/cm3

sharply, due to the reduction of the porosity (Fig. 2) Further
increasing temperature to 1380 °C, the value was lifted to
3.846 g/cm3. The density is determined by the phase composi-
tion and the microstructure characteristics such as porosity. The
densities of MgTiO3, MgTi2O5, Mg2TiO4, CaTiO3 rutile-TiO2

were 3.895, 3.649, 3.546, 4.036 and 4.350 g/cm3 respectively
according to corresponding PDF card. Thus, the appearance of
TiO2 phase could contribute to the enhancement of density
when the sintering temperature increased from 1360 to
1380 °C. The dielectric constant had a similar tendency to the
bulk density (Fig. 3(a)) and increased from 11.5 to 20.3 when
sintering temperature increased from 1300 to 1360 °C, which
could be attributed to the reduction of porosity. Further

Fig. 2 SEM images of MgTiO3-based ceramics sintered at 1340 (a), 1360 (b) and 1380 °C (c) for 4 h and EDS (d) of area 1, 2, 3 and 4 in (a, b and c)

J Electroceram



increasing temperature to 1380 °C, the dielectric constant in-
creased slightly because of the relative high dielectric constants
of TiO2 (εr~100) [13] and MgTi2O5 (εr~17.4) [14].

The quality factor (Q × f) was promoted from 4674 to
48,723 GHz with the sintering temperature increasing from
1300 to 1360 °C, and thereafter declined to 15,824 at
1380 °C, as shown in Fig. 3(b). This variation was similar to
the changes in the density, the porosity and the phase compo-
sitions as well as the dielectric constant. At 1380 °C, the ap-
pearance of TiO2 and MgTi2O5 increased the dielectric loss
due to their low quality factors [13, 14]. Additionally, the
abnormal grain growth was observed in the ceramics sintered
at 1380 °C leading to the increase of the loss, because non-
uniformity of grains would cause unexpected scattering of
electromagnetic waves. The temperature coefficients of reso-
nant frequency were in the range of −7.3 to −1.8 ppm/oC.
However, at 1380 °C the value became positive since TiO2

has a large positive τf (~ +420 ppm/oC) [13].
Based on the above observations, the study of sintering time

dependent on the MgTiO3-based ceramics was also carried out.
Table 1 summarizes the performances of the ceramics sintered at

1360 °C for different times. The microwave dielectric properties
were sensitive to the sintering time due to the different densities
and phases compositions as well as above illustrations.
Especially, the Q × f value decreased from 48,723 to
16,597 GHz significantly, which might be attributed to the for-
mation of MgTi2O5 with relatively low quality factor [15], com-
pared with the high quality factors (350,000 GHz for MgTiO3

[1], 160,000 GHz for Mg2TiO4 [16]) and the abnormal grain
growth from long soaking time at sintering temperature [17].

Shih investigated the difference in MgTiO3 ceramics pre-
pared by conventional method and reaction sintering route
[11], in which they attributed the low quality factor of the pure
MgTiO3 ceramic from the reaction sintering method than that
from the conventional sintering to the non uniformity of
grains, the existence of the microcracks when the calcinations
was withdrawn, and the relatively small lattice volume from
the reaction method. Thus, it could be proposed that the sim-
ilar reasons might lead to the lower quality factor than that
reported by Tang [4]. Future work should be considered and
focused on the improvement of quality factor, when reaction
sintering would be used.

Table 1 Summary of theMgTiO3

-based ceramics sintered at
1360 °C for different time

Sintering time
(hour)

Phase composition
(XRD results)

Density (g/cm3) Microwave dielectric properties

εr Qf τf (ppm/oC)

2 MgTiO3-type, CaTiO3,
Mg2TiO4

3.753 19.8 35,621 −4.7

4 MgTiO3-type, CaTiO3,
Mg2TiO4

3.838 20.3 48,723 −1.8

6 MgTiO3-type, CaTiO3,
Mg2TiO4, MgTi2O5

3.843 20.4 16,597 −2.6

)( )(Fig. 3 (a) Dielectric constant (εr)
and Density; (b) Quality factor
(Qf) and Temperature coefficient
of resonant frequency (τf) of
MgTiO3-based ceramics sintered
at different temperatures for 4 h.
(Note: The arrow represents the
corresponding performance.)
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4 Conclusions

In this work, we used reaction sintering method to obtain
MgTiO3-based ceramics with multi-phases. Sintering conditions
dependent on the phase compositions, the microstructure charac-
teristics and the microwave properties of MgTi3-based ceramics
were studied. Under the optimum sintering condition (1360 °C
for 4 h in this study), the compact consisted of MgTiO3-type
phase, Mg2TiO4 and CaTiO3 with a dielectric constant of 20.3,
a quality factor of 48,723 GHz (at 9GHz) and a near zero tem-
perature coefficient of −1.8 ppm/oC. The success of the reaction
sintering process indicates its potential inmicrowave applications
such as GPS antenna, to lower the preparation cost.

Acknowledgements We appreciate the assistance from Suzhou Boom
High Purtiy Materials Technology Co., Ltd. This research did not receive
any specific grant from funding agencies in the public, commercial, or
not-for-profit sectors.

References

1. E.S. Kim, C.J. Jeon, J. Eur. Ceram. Soc. 30(2), 341–346 (2010)
2. H.K. Shin, H. Shin, S.Y. Cho, K.S. Hong, P.J. Am, Ceram. Soc.

88(9), 2461–2465 (2005)

3. W.C. Won, K. Kenichi, O. Hitoshi, Jpn. J. Appl. Phys. 43(9A),
6221–6224 (2004)

4. B. Tang, H. Li, P. Fan, S.Q. Yu, S.R. Zhang, J. Mater. Sci. Mater.
Electron. 25, 2482 (2014)

5. I.N. Lin, C.B. Chang, K.C. Leou, H.F. Cheng, J. Eur. Ceram. Soc.
30(2), 159 (2010)

6. M. Bari, E. Taheri-Nassaj, H. Taghipour-Armaki, J. Electron.
Mater. 44(10), 3670–3676 (2015)

7. Y.G. Zhao, P. Zhang, J. Alloys Compd. 672, 630–635 (2016)
8. X.M. Xue, H.T. Yu, G.L. Xu, J. Mater. Sci.: Mater. Electron. 24(4),

1287 (2013)
9. Y.H. Park, J.M. Ryu, M.Y. Shin, K.H. Ko, D.W. Kim, K.S. Hong, J.

Am. Ceram. Soc. 84(11), 2542 (2001)
10. S.Q. Yu, B. Tang, S.R. Zhang, X.H. Zhou, Mater. Lett. 80, 124–

126 (2012)
11. C.F. Shih, W.M. Li, K.S. Tung, J. Am. Ceram. Soc. 93(9),

2448 (2010)
12. R.D. Shannon, Acta Cryst A32, 751 (1976)
13. A. Templeton, X. Wang, S.J. Penn, S.J. Webb, L.F. Cohen, N.M.

Alford, J. Am. Ceram. Soc. 83(1), 95 (2008)
14. H. Shin, H.K. Shin, H.S. Jung, S.Y. Cho, K.S. Hong, Mater. Res.

Bull. 40, 2012 (2005)
15. H.K. Shin, H. Shin, S.Y. Cho, K.S. Hong, J. Am. Ceram. Soc. 88,

3461 (2005)
16. A. Belous, Q. Ovchar, D. Durilin, J. Am. Ceram. Soc. 89(11),

3441–3445 (2006)
17. R. Freer, F. Azough, J. Eur. Ceram. Soc. 28(7), 1433–1441 (2008)

J Electroceram


	Phase compositions and microwave dielectric properties of MgTiO3-based ceramics obtained by reaction-sintering method
	Abstract
	Introduction
	Experiments
	Result and discussion
	Conclusions
	References


