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The microwave dielectric properties and microstructure of Mg.5TiOs.s (—0.05 <8 <0.05) ceramics pre-
pared via the conventional solid-state route were investigated. A slight deviation from stoichiometry
does not practically affect the relative permittivity and temperature coefficient of resonant frequency of
the specimen. However, the Q x f value is very sensitive to the composition and it shows a non-linear
variation corresponding to a relative amount of Mg. A very high Q x f can be achieved for specimen with
single MgTiO3 phase, which can be obtained within the compositional range —0.02 < § < 0.02. In addi-
tion, a low Q x f measured for specimens at § < —0.02 can be attributed to the presence of second phase
MgTi,;Os. An extremely high Q x f of ~357,600 GHz (at 10 GHz) together with an &, of ~18.3 and a 7y of

~—50ppm/°C can be found for specimen using Mg 02 TiO3 g3.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

There are three primary requirements for dielectric ceram-
ics used at microwave frequencies: a high relative permittivity
to reduce the size of the components, a high quality factor to
increase the frequency selectivity, and a near zero ty to ensure
high temperature stability [1]. However, as the carrier frequency
is extended from 900 MHz to 2.4, 5.2, 5.8 GHz or even to the mil-
limeter wave range, high-relative-permittivity materials become
unsuitable because small-sized devices are difficult to fabricate.
Low-dielectric-loss materials, on the contrary, are receiving much
more attention since the Q x f value is almost constant in the
microwave and millimeter wave frequency bands [1-6]. One of
the superior microwave dielectrics is the complex perovskite
ceramic Ba(Mg;3Tay 3)03, which has a high unloaded quality factor
(Q xf=300,000GHz) and a high dielectric constant (¢,=25). The Q
value of Ba(Mg;3Tay3)03 increases with the B-site ordering [7,8].
Although this material has excellent microwave dielectric proper-
ties, it requires a high sintering temperature (1600-1650°C) and
a long soaking time (~50h) [9]. Moreover, the use of Ta is too
expensive to put it to practical applications.

Magnesium titanate ceramics (MgO-TiO,) are also pop-
ular dielectric materials for microwave frequency applica-
tions. Among them, the MgTiO3 ceramic has an ilmenite-
type structure, belonging to the trigonal space group R3
and possesses a high dielectric constant (&:~17), a high
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quality factor (Qxf~160,000GHz), and a negative t; value
(=50ppm/°C) [10,11]. Its low cost makes them especially
attractive. With the partial replacement of Mg by Zn or Co,
the dielectrics (Mgg.95C0g05)TiO3 (&r~16.8, Q x f~ 230,000 GHz,
and 7;~-54ppm/°C) [12] and (Mgpg5Zngo5)Ti03 (&r~17.1,
Q x f~264,000GHz, and 77~ —40.3 ppm/°C) [13], also having an
ilmenite-type structure, have been reported to possess excel-
lent dielectric properties in particular high Q x f value. However,
they suffered from the formation of second phases, such as
(Mgo.95Zng 05)Ti2 05, which would degrade their dielectric prop-
erties [1,14]. Still, preparation of MgTiO3 is quiet critical since
Mg-deficient compound would lead to a MgTi, 05 phase while Mg-
rich causes the formation of Mg,TiO4 phase. Non-stoichiometric
effect for other compounds had been shown by Belous et al. How-
ever, the variance tolerance of the Mg content to obtain a single
MgTiO3 phase was not studied ever.

In this paper, the non-stoichiometric Mg;.,5TiO3,5 ceramic
system were prepared via the conventional solid-state route
to investigate the effect of slight change in Mg content on
the microwave dielectric properties, phase composition and
microstructure of MgTiO3 ceramic.

2. Experimental

The starting materials were high-purity oxide powders (>99%):
MgC05-0.2708H,0 (1mol of MgCO; contained 0.2708 mol of moisture con-
tent, 99% purity, average particle diameter ~44 pum, Strem Chemical Inc., USA)
and TiO; (99.9% purity, average particle diameter ~0.25 pm, Showa Chemical Co.,
Ltd., Japan). Typical Mass of Powder in Individual Mg;.sTiOs.; Powder Batches is
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Table 1
Typical mass of powder in individual Mg;.sTiO3.s powder batches.

8 value MgCO05-0.2708H,0 (g) TiO; (g) Total mass (g)
-0.05 51.4743 48.5257 100
-0.03 51.9946 48.0054 100
—-0.02 52.2505 47.7495 100
-0.01 52.5037 47.4963 100
0 52.7543 47.2457 100
0.01 53.0022 46.9978 100
0.02 53.2476 46.7524 100
0.03 53.4904 46.5096 100
0.05 53.9685 46.0315 100

illustrated in Table 1. The decomposition reaction of MgCO3-xH, O at temperatures
of 600-700 °C for 5 h can be represented as follows:

MgCO3;-xH,0 — MgO + CO, +xH,0 (1)

Fig. 1(a) and (b) shows the thermal gravity analysis (TGA) and X-ray diffrac-
tion (XRD) pattern of MgCOs3-xH,0 decomposed at a temperature of 650°C for 5h,
respectively. The figure indicates that CO, and H,0 were entirely eliminated from
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Fig. 1. (a) TGA and (b) XRD patterns of MgCOs3-xH, O decomposed at 650 °C for 5 h.
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Fig. 2. XRD patterns of Mg.5TiOs.s ceramics sintered at 1400°C for 4 h.

MgCOs3-xH,0; only residual MgO remained. From Eq. (1), the moisture content mole
number can be obtained.

The powders were separately prepared according to the desired non-
stoichiometry of Mg;.sTiOs.s by using an electronic scale with an accuracy of three
decimal, and ground in distilled water for 24 h in a ball mill with agate balls. The
prepared powders were dried and calcined at 1100°C for 4 h in air. The calcined
reagent was ground into a fine powder for 12 h. A fine powder with 3 wt% of a 10%
solution of polyvinyl alcohol (PVA 500, Showa, Japan) used as a binder was pressed
into pellets 11 mm in diameter and 5 mm thick under a pressure of 200 MPa. The
pellets were sintered at temperatures of 1310-1430°C for 4 h in air. The heating and
the cooling rates were both set at 10°C/min.

The crystalline phases of the sintered ceramics were identified by XRD using
Cu Ko (A=0.15406 nm) radiation with a Siemens D5000 diffractometer operated
at 40kV and 40 mA. The microstructural observations and analysis of the sintered
surface were performed using a scanning electron microscope (SEM; Philips XL-
40FEG, Eindhoven, The Netherlands) and an energy-dispersive X-ray spectrometer
(EDS, Philips). The apparent densities of the sintered pellets were measured using
the Archimedes method. The dielectric constant and the quality factor values at
microwave frequencies were measured using the Hakki-Coleman dielectric res-
onator method [15,16]. A system composed of a HP8757D network analyzer and
a HP8350B sweep oscillator was employed in the measurement. The technique
used for the measurement of the temperature coefficient of resonant frequency (ty)
was the same as that used for the quality factor measurement. The test cavity was
placed over a thermostat. The temperature range was 25-80 °C. The 7;(ppm/°C) was
calculated by considering the change in resonant frequency (Af):

. f-h
TR -

where f; and f, represent the resonant frequencies at T; and T, respectively.

(2)

3. Results and discussion

Fig. 2 illustrates the room-temperature X-ray diffraction (XRD)
patterns recorded from Mg,sTiO3.s ceramics at 1400°C for 4 h.
The MgTiO3 (ICDD #00-006-0494), as appeared in Fig. 2, was iden-
tified as the main crystalline phase for all specimens tested in the
experiment. In addition to MgTiOs, the crystalline phase of MgTi; O5
(ICDD #00-035-0792) also appeared at 6=-0.05 and declined as
the relative amount of Mg started to increase. However, the erad-
ication of MgTi, 05 phase emerged and only MgTiO3 was detected
at §=0 implying the forming of single MgTiO3 phase. By increas-
ing the § value to 0.02, the specimen still retained a single phase
and Mg,TiO4 (ICDD #00-025-1157) started to appear at §=0.03
suggesting a possibility of the formation of a narrow homogeneity
region Mgq.5TiO3.5 which existed at 0 <§ <0.02. Further increase
in the Mg content would lead to the increase of Mg,TiO4 phase.
Moreover, no particular Si contamination was found from the XRD
results.
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Fig. 3. SEM micrographs of Mg.sTiO3.s ceramics for §=(a) —0.03, (b) 0, (c) 0.02, and (d) 0.03 sintered at 1400 °C for 4 h.

Table 2
EDS results of Mgy.sTiO3.s ceramics corresponding to SEM photos in Fig. 3 for (a)
§=-0.03 and (b) §=0.03.

Spot Atom (%)
MgK TiO OK
()
A 20.12 19.57 60.31
B 19.86 19.12 61.02
C 12.37 24.55 63.08
D 12.98 24.26 62.76
(b)
A 20.35 19.86 59.79
B 20.82 20.02 59.16
C 28.42 14.76 56.82
D 28.16 14.55 57.29

To identify each composition in the prepared ceramics, an
EDS analysis was conducted for thermal-etched specimens using
Mg;.5TiO3.s sintered at 1400 °C for 4 h and the results are shown in
Fig. 3 and Table 2. According to the quantitative analysis results, the

Table 3
X-ray fluorescence analysis (XRF) of the Mg.sTiO3.s ceramics.

large circular grains were MgTiOs, rod-shaped grains were identi-
fied as MgTi; 05 (8 =-0.03) phase and small circle-shaped grains
indicated the Mg, TiO4 (6 = 0.03) phase. These results were consis-
tent with that from the XRD analysis. In addition, the average grain
size of MgTiO3 in the specimen with §=0.03 is larger than that of
specimen with § = —0.03 implying the increase of Mg content seems
to promote the grain growth of the specimen. It may be because of
the valence of Mg is smaller than that of Ti, which makes it easier
to diffuse Mg2* to TiO, to form MgTiOs rather than the other way
around. In addition, the results of X-ray fluorescence analysis (XRF)
of Mgy,sTiO3,5 ceramic were illustrated in Table 3 to confirm the
actual degree of non-stoichiometry § in the final ceramics. It also
indicated a Si contamination due to the ball milling process with
agate balls. However, the influence of the Si contamination on the
dielectric properties of the specimens is likely limited because its
weight percentage is rather small.

Table 4 shows the microwave dielectric properties of the non-
stoichiometric Mgy,5TiO3.s5 ceramic system sintered at 1400°C
for 4h. Initially, the density apparently increased with increas-

MgO (wt%) TiOy (wWt%) Si0, (Wt%) Mg:Ti (mole ratio)
§=-0.03 33.0157 66.8195 0.1648 0.979:1
§=0 33.6456 66.1897 0.1647 1:1.007
§=0.02 34.0218 65.7981 0.1801 1:1.025
§=0.03 34.3982 65.4787 0.1231 1:1.041
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Table 4
Microwave dielectric properties of the Mg.5TiO3.s ceramics sintered at 1400 °C for
4h.

8 value Apparent &r Q x f(GHz) 77 (ppm/°C)
density (g/cm?)
—0.05 3.70 17.8 68,200 -56
—0.03 3.72 17.9 10,5700 -52
—0.02 3.73 17.9 148,200 -52
—0.01 3.74 17.9 159,800 -50
0 3.75 17.9 167,200 -50
0.01 3.80 18.1 257,500 -50
0.02 3.84 183 357,600 -50
0.03 3.76 18.2 326,700 —49
0.05 3.72 18.1 263,900 —48

ing Mg content. After reaching its maximum at § =0.02, it started
to decrease which might be owing to the formation of Mg,TiO4
phase. The variation of &, is consistent with that of density.
Since all the three phases MgTiO3 (&~ 17, Q x f~ 160,000 GHz,
77~—-50ppm/°C) [11], MgTi;Os (&r~17.4, Qxf~47,000GHz,
T~ —66 ppm/°C) [17] and Mg,TiO4 (&r~ 14, Q x f~ 150,000 GHz,
7~ —=50ppm/°C) [18] possess a similar &, a negligible contami-
nation of MgTi,O5 or Mg,TiO4 may not significantly deteriorate
the ¢ of the MgTiO3 suggesting the variation of &, is mainly con-
trolled by the density. The tralso shows only a small variance within
the range of —48 to —56 ppm/C for all compositions prepared in
this experiment. However, a noticeably non-linear variation of the
Q x f was observed. The Q x f value increased from 68,200 GHz at
8=-0.05 to 167,200 GHz at 6 =0 may be attributed to the elimina-
tion of MgTi;05 phase, which has a low Q x f of ~47,000 GHz. As
can be seen in Fig. 3, the grain size slightly increases with increas-
ing § because it is easier to diffuse Mg2* to TiO, to form MgTiO3
as described previously, which would result in a grain growth
promotion. In addition, the microstructure still shows an inhomo-
geneous grain morphology at § = —0.03 and which can be improved
by increasing the § value to 0 and reaches a relatively uniform one at
6=0.02. It suggests the high Q x fmay be also a result from the grain
growth and the comparably uniform grain morphology of the spec-
imen. Further increase in the § will lead to the forming of Mg, TiO4
phase and the Q x fis then lowered. Notice that the Q x f of spec-
imen at §=0 is comparable with that proposed by Wakino [11].
With increasing Mg content, the Q x f of specimen would increase
to a maximum of 357,600 GHz (at 10 GHz) at §=0.02 and there-
after it decreased. It also shows a similar trend compared to that of
density. Kimetal.[19] reported that the Q x fvalue of MgTiO3 speci-
mens could be improved to ~350,000-370,000 GHz with no second
phase. The result is consistent with the maximum Q x fobtained in
our study implying they may have a slight Mg-rich MgTiO3 spec-
imen. Since the specimen using Mg 9> TiO3 9> showed the highest
Q x f value of 357,600 GHz, a more comprehensive investigation
on the microwave dielectric properties of Mgy 9,TiO3 9, was then
conducted.

The room temperature X-ray diffraction (XRD) patterns
recorded from the Mgy g,TiO39, ceramics sintered at different
temperatures for 4 h are illustrated in Fig. 4. All specimens show
a single MgTiO3 phase with an ilmenite-type structure with-
out the evidence of any additional second phase. In addition, no
significant change was observed for specimens sintered at tem-
peratures 1310-1430°C. The lattice parameters was measured
for Mgy TiO30, ceramics (a=b=5.0548(3)A, c=13.8983(5)A)

in comparison with that of pure MgTiO3 (a=b = 5.054;«, c=

13.898A). The results illustrated that Mgy 9, TiO3 g2 ceramics would
form a solid solution. Fig. 4 demonstrates the scanning electron
microscopy (SEM) micrographs of the thermal-etched specimens
using Mg 2 TiO3 92 ceramics sintered at different temperatures for
4 h.Theresultindicated that specimen sintered at 1310 °C, a porous
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Fig. 4. XRD patterns of Mg 0, TiO3.+5 ceramics sintered at various temperatures for
4h.

microstructure was developed with numbers of pores and the grain
size of the specimen was small, with an average grain size 2.27 pum.
The increase of sintering temperature helped to promote the grain
growth and a relative increase in the grain size was achieved for
specimen sintered at 1370°C. It was not until the temperature
reached 1430°C, that a rapid grain growth started to appear due to
the over-sintering of the specimens and the grains are of relatively
large size to an average 0f 29.11 wm. The grain size distributions are
not very uneven compared to that prepared by a chemical route.
However, a relatively uniform microstructure with low porosity
was obtained for specimen sintered at 1400 °C. The well-developed
microstructure has an average grain size of 27.27 wm, which is
larger than that of stoichiometric MgTiO3; ceramics [20] further
confirming the promoted grain growth is due to the excess Mg con-
tent. Notice that the grain size analysis was accomplished by using
the ASTM (American Society for Testing Material) E112 standard
rules.

Fig. 6 shows the apparent density and & of Mgy ,TiO302
ceramics sintered at different temperatures for 4 h. With increas-
ing temperature, the apparent density increased to a maximum
value of 3.84 g/cm? at 1400 °C, and slightly declined thereafter. The
decrease of density may be due to trapped porosity caused by the
rapid grain growth as shown in Fig. 5 or abnormal grain growth. The
variation of ¢, is consistent with that of the density. After reaching
a maximum of 18.28 at 1400°C, the &, value decreases. It is inter-
esting to notice that the &, of Mgy g, TiO3; is higher than that of
stoichiometric MgTiOs. In addition, it only shows a small variance in
the ¢, for specimens at temperatures from 1340 to 1430 °Cimplying
that the influence of the temperature on the ¢, is almost negligible.

The Q x fand 75 values of Mg g TiO3 o2 ceramics sintered at dif-
ferent temperatures for 4h are shown in Fig. 7. The Q x f of the
specimen sintered at 1310°C was relatively low due to the low
density and porous microstructures, as shown in Figs. 5 and 6. By
increasing the sintering temperature, the Q x fvalue increased to a
maximum value of ~357,600 GHz (measured at 10 GHz) at 1400°C
and decreased thereafter. The Q x f value is an important index
for dielectric ceramic applications at microwave and millimeter
wave frequencies because high Q x fleads to low dielectric loss for
microwave devices. Several factors contribute to dielectric loss at
microwave frequencies, including density, porosity, second phases,
and grain boundaries [21]. The variation of Q x f was also consis-
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Fig. 5. SEM micrographs of Mgy 02TiO3 02 ceramics sintered at (a) 1310, (b) 1340, (c) 1370, (d) 1400, and (e) 1430°C for 4 h.
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tent with that of density suggesting the change of Q x fwas mainly
related to its corresponding density. Yang et al. also reported an
improvement of the Q value of ceramics, which was explained by
the increase in the grain size and relative density [22]. Because the
grain boundary is a plane defect, it probably leads to a deterioration
of the Q x fvalue of the specimen. Hence, the specimen with large
grains is expected to have a high Q value because the grain growth
decreases the grain boundary area. However, Alford and colleagues
also indicated the grain boundaries have a very limited influence on
the microwave dielectric loss and it was found that impurities and
porosity were particularly deleterious to microwave loss in their
recent studies [23]. Consequently, the improvement in the Q x f
value of Mg o> TiO3 o, might be attributed to the increase of den-
sity associated with a single MgTiO3 phase, and a relatively uniform
grain morphology as shown in Fig. 5. The temperature coefficient of
resonant frequency (7y) is known to be governed by the composi-
tion, additives, and the second phase of the material. The 7; almost
retained constant throughout the entire temperature range in the
experiment and showed only a small variance suggesting it is not
sensitive to the temperature. At 1400°C, a 77 of —50 ppm/°C was
obtained for Mg; 9, TiO3 o sintered for 4 h.

4. Conclusion

Low-loss, non-stoichiometric Mg.sTiO3,5 (—0.05<§ <0.05)
ceramics were prepared and their microwave dielectric properties
and microstructure were investigated. Additional Mg from stoi-
chiometry seemed to promote the grain growth of the specimen.
A single MgTiO3 phase could be achieved from the Mgy,sTiO3.s
within a narrow homogeneity region 0 <48 <0.02. The Q x f var-
ied non-linearly to a maximum of ~357,600 GHz at §=0.02 and
decreased thereafter. The high Q x fs were associated with single
MgTiO3 phase. However, the & and 7y values were not sensi-
tive to the composition and only showed a small variance in the
experiment.

Acknowledgment

This work was financially sponsored by the National Science
Council of Taiwan under grant NSC 97-2221-E-006-013-MY3.

References

[1] CL. Huang, ]J. Wang, Y.P. Chang, J. Am. Ceram. Soc. 90 (2007) 858-
862

[2] Y.B. Chen, ]. Alloys Compd. 509 (2011) 1050-1053.
[3] L. Fang, H. Su, Q. Yu, H. Zhang, B. Wu, J. Am. Ceram. Soc. 91 (2008) 2769-
2771.
[4] C.L.Huang, ].Y. Chen, J. Am. Ceram. Soc. 93 (2010) 470-473.
[5] Y.W. Tseng, J.Y. Chen, Y.C. Kuo, C.L. Huang, ]J. Alloys Compd. 509 (2011)
L308-L310.
[6] C.L. Huang, C.Y. Tai, C.Y. Huang, Y.H. Chien, J. Am. Ceram. Soc. 93 (2010)
1999-2003.
[7] S.B. Desu, H.M O’Bryan, ]. Am. Ceram. Soc. 68 (1985) 546-551.
[8] E.S. Kim, K.H. Yoon, Ferroelectrics 133 (1992) 187-192.
[9] J. Shimada, J. Eur. Ceram. Soc. 23 (2003) 2647-2651.
[10] V.M. Ferreir, F. Azough, LL. Baptista, R. Freer, Ferroelectrics 133 (1992) 127-
132.
[11] K. Wakino, Ferroelectrics 91 (1989) 69-86.
[12] J.H. Sohn, Y. Inaguma, S.0. Yoon, M. Itoh, T. Nakamura, S.J. Yoon, H.J. Kim, Jpn.
J. Appl. Phys. 33 (1994) 5466-5470.
[13] C.L. Huang, S.S. Liu, Jpn. J. Appl. Phys. 46 (1) (2007) 283-285.
[14] C.L.Huang, C.H. Shen, ]J. Am. Ceram. Soc. 92 (2) (2009) 384-388.
[15] B.W. Hakki, P.D. Coleman, IEEE Trans. Microwave Theory Techn. 8 (4) (1960)

402-410.

[16] W.E. Courtney, IEEE Trans. Microwave Theory Techn. 18 (8) (1970) 476-
485.

[17] HK. Shin, H. Shin, S.Y. Cho, K.S. Hong, J. Am. Ceram. Soc. 88 (9) (2005)
2461-2465.

[18] A. Belous, O. Ovchar, D. Durilin, M.M. Krzmanc, M. Valant, D. Suvorov, J. Am.
Ceram. Soc. 89 (11) (2006) 3441-3445.

[19] E.S.Kim, CJ. Jeon, J. Eur. Ceram. Soc. 30 (2010) 341-346.

[20] C.F. Tseng, C.H. Hsu, J. Am. Ceram. Soc. 92 (5) (2009) 1149-1152.

[21] A. Feteira, D.C. Sinclair, M.T. Lanagan, ]. Mater. Res. 20 (2005) 2391-
2399.

[22] J.I. Yang, S. Nahm, C.H. Choi, HJ. Lee, H.M. Park, J. Am. Ceram. Soc. 85 (2002)
165-168.

[23] ].D. Breeze, J.M. Perkins, D.W. McComb, N.M.C.N. Alford, J. Am. Ceram. Soc. 92
(2009) 671-674.



	The effect of non-stoichiometry on the microstructure and microwave dielectric properties of the Mg1+δTiO3+δ ceramics
	1 Introduction
	2 Experimental
	3 Results and discussion
	4 Conclusion
	Acknowledgment
	References


