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ABSTRACT

Effects of compositions on the microwave dielectric properties of the MgO-TiO
2 

system were investigated as a function of the

molar ratio of MgO to TiO
2
 (0.9≤MgO/TiO

2
 (x)≤1.2). With the compositional changes, secondary phases of MgTi

2
O

5
 and Mg

2
TiO

4

were also detected along with MgTiO
3
. Microwave dielectric properties of the specimens were dependent on the types of phases

developed in the sintered specimens. A single phase of MgTiO
3
 showed a dielectric constant (K) of 18.2, a quality factor (Qf) of

198,000 GHz, and a temperature coefficient of resonant frequency (TCF) of −51 ppm/oC. However, the dielectric properties of the

specimens with a secondary phase of MgTi
2
O

5 
(K=19.9, Qf=48,000 GHz) and/or Mg

2
TiO

4 
(K=15.6, Qf=56,000 GHz) were wors-

ened. Dependence of the microwave dielectric properties on the secondary phase of the MgO-TiO
2
 system was also discussed in

terms of dielectric mixing rules.
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1. Introduction

n relation to modern telecommunication systems,
much attention has been paid to the dielectric proper-

ties of materials at microwave and millimeter frequencies
for wireless communication technologies such as mobile
phones, intelligent transport systems, and wireless LAN.
Also, the utilized frequency has increased from the micro-
wave to millimeter-wave range due to the large quantities
of information being relayed and the demand for high speed
transportation in telecommunication systems. Dielectric
materials applicable to millimeter-wave frequencies should
have a high quality factor (Qf) and relatively low dielectric
constant (K), as these properties affect the broadness and
stability of the resonant frequency.

Magnesium titanate (MgTiO
3
) ceramics have been investi-

gated due to their excellent dielectric properties, that is, a
high quality factor (Qf=110,000 GHz) and low dielectric
constant (K=17)1-3), which are applicable to millimeter-wave
frequencies. It has been reported3-4) that the origin of the
high Qf value of MgTiO

3
 specimens is related to the sharing

type of MgO
6
 and TiO

6
 octahedra as well as the absence of

3d electrons which induce electrical conductivity. However,
secondary phases such as inverse spinel Mg

2
TiO

4
 and

pseudobrookite MgTi
2
O

5
 are detected during the conven-

tional sintering process of ilmenite MgTiO
3
 due to the low

solidus limit of the MgTiO
3
 system5). Moreover, these sec-

ondary phases affect the microwave dielectric properties of
MgTiO

3
 ceramics. 

In this study, the effects of secondary phases associated
with the molar ratio of MgO/TiO

2
 on the dielectric proper-

ties of a MgO-TiO
2
 system were investigated at microwave

frequencies. The structural characteristics of the MgO-TiO
2

system were also discussed on the basis of Rietveld refine-
ments.

2. Experimental Procedure

Powders comprising the MgO-TiO
2 

system (0.9<MgO/
TiO

2
 (x)<1.2) were prepared by a conventional solid-state

reaction from oxide powders with purities above 99%. They
were weighed according to the compositions of x, and then
milled with ZrO

2
 balls for 24 h in ethanol. Mixed powders

were calcined at 1100oC for 5 h, and these calcined powders
were milled again with ZrO

2
 balls for 24 h in ethanol and

then dried. The dried powders were pressed isostatically
into 10 mm-diameter disks at 1500 kg/cm2. The resultant
pellets were sintered at 1400oC for 3 h in air.

The apparent densities of the sintered specimens were
measured by the Archimedes method. The relative densities
were obtained from the apparent densities and the theoreti-
cal values. Powder X-ray diffraction (XRD) analyses (D/
Max-3C, Rigaku, Japan) were used to determine the phase
identification. The weight fraction of secondary phase, lat-
tice parameters, unit-cell volumes and atomic positions
were obtained by Rietveld refinements of XRD patterns
using Fullprof.6) The initial structure model for MgO-TiO

2

compounds was taken from previous reports.7-9) During the
first stage of the refinement, zero shift, individual scale fac-

I
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tor and unit-cell parameters were the only refined parame-
ters until an apparent convergence was reached. The phase
profile parameters (U, V and W) and two asymmetry
parameters were then included until final convergence. A
maximum of 38 parameters were refined. The microstruc-
ture of the specimens was observed using a scanning elec-
tron microscope (SEM, JSM-6500F, JEOL, Japan). The
microwave dielectric properties were measured by Hakki
and Coleman’s method10) with the TE

011
 mode at 10~11 GHz.

The TCF of the specimens was measured by the cavity
method11) in a temperature range from 25oC to 80oC.

3. Results and Discussion

3.1. Crystal structure of solid solutions

Fig. 1 shows the X-ray diffraction patterns of the MgO-
TiO

2
 (0.9≤MgO/TiO

2
 (x)≤1.2) sintered specimens. A single

phase of trigonal ilmenite structure (R ) was obtained at a
composition of x=1.0. However, secondary phases of orthor-
hombic pseudobrookite structure (Cmcm) MgTi

2
O

5
 (x<1.0)

and cubic spinel structure (Fd m) Mg
2
TiO

4
 (x>1.0) were

detected along with ilmenite MgTiO
3
 phase, at the other

compositional ranges (x>1.0 and/or x<1.0). To confirm the
secondary phases of MgTi

2
O

5
 and/or Mg

2
TiO

4
, the back-scat-

tered electron images were observed and an EDS analysis
was performed for specimens with x=0.9 and 1.2, as shown

in Fig. 2 and Table 1. From the EDS results, spinel Mg
2
TiO

4

((a) spectrum #1) and orthorhombic MgTi
2
O

5
 ((b) spectrum

#1) and ilmenite MgTiO
3
 phase ((a), (b) spectrum #2) were

detected. These results are in good agreement with the XRD
patterns of Fig. 1.

Fig. 2 shows the results of Rietveld refinement analyses of
X-ray diffraction patterns for MgO-TiO

2 
sintered specimens.

The weight and volume fraction obtained from the Rietveld

3

3

Fig. 1. X-ray diffraction patterns of MgO-TiO
2
 (0.9≤MgO/TiO

2

(x)≤1.2) specimens sintered at 1400oC for 3 h.

Fig. 2. Back-scattered electron images of MgO-TiO
2 

(0.9≤
MgO/TiO

2
 (x)≤1.2) specimens sintered at 1400oC for

3 h, (a) x=0.9, (b) x=1.2.

Table 1. EDS Results of MgO-TiO
2
 (0.9≤MgO/TiO

2
 (x)≤1.2)

Specimens Sintered at 1400oC for 3 h

MgO/TiO
2 

(x)
Spectrum Element

wt.
fraction

vol.
fraction

0.9

#1. MgTi
2
O

5

O K 0.48 0.70

Mg K 0.11 0.11

Ti K 0.41 0.19

#2. MgTiO
3

O K 0.49 0.68

Mg K 0.18 0.16

Ti K 0.33 0.15

1.2

#1. Mg
2
TiO

4

O K 0.48 0.65

Mg K 0.26 0.23

Ti K 0.26 0.12

#2. MgTiO
3

O K 0.50 0.67

Mg K 0.18 0.16

Ti K 0.32 0.15
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refinements for the specimens are listed in Table 2. The
weight fraction (W

i
) of each phase i is related with its scale

factor (S
i
) which is defined as Eq. (1)12,13):

 (1)

(2)

where,  and  are the density and the linear X-ray
absorption coefficient of the MgO-TiO

2
 sintered specimens.

C is a constant that includes all the geometrical and physi-
cal constant factors affecting intensity and V

i
 is the unit

cell volume of phase i. The scale factor is individually
refined for each phase in the sintered specimens. Z and M
are the number of formula units per unit cell and mass of
the formula unit, respectively. Finally, the weight fraction
(W

i
) for each phase is obtained from Eq. (2) and the volume

fraction (V
i
) is then calculated from the weight fraction and

theoretical density of each phase. With changes of the
molar ratio of MgO/TiO

2 
from 1, the volume fraction of the

secondary phases (MgTi
2
O

5
 and/or Mg

2
TiO

4
) was increased,

as shown in Table 2. These secondary phases could affect
the microwave dielectric properties of the sintered speci-
mens.

3.2. Microwave dielectric properties

To reduce the effects of density on the microwave dielec-
tric properties, the sintering process were carried out at
1400oC for 3 h to obtain sintered density above 94% of the
theoretical density, as confirmed in Table 2. 

Fig. 4 shows that the dielectric constant (K) of MgO-TiO
2

(0.9≤MgO/TiO
2
 (x)≤1.2) sintered specimens decreased with

the molar ratio of MgO/TiO
2
 (x), because the dielectric polar-

izabilities of Mg+

 
(1.32 Å3) were smaller than that of Ti2+

(2.93 Å3).14) Additionally, in order to confirm the effects of
secondary phases on the microwave dielectric properties of
the sintered specimens, orthorhombic MgTi

2
O

5
 and cubic

Mg
2
TiO

4
 were prepared by the conventional solid-state reac-

tion at the same sintering conditions (1400oC for 3 h in air).
Table 3 lists the dielectric properties of MgTi

2
O

5
, MgTiO

3
,

and Mg
2
TiO

4
. From these results, the dielectric constant (K)

of the sintered specimens was calculated by various dielec-
tric mixing rule equations, such as Maxwell-Wagner (Eq.
(3)), the serial mixing model (Eq. (4)), the parallel mixing
model (Eq. (5)), Lichtenecker (Eq. (6)), and Jayasundere and
Smity (Eq. (7)). 

(3)

(4)

(5)

(6)

Si

WiρmC

Vi

2
ρiµm

------------------=

Wi

Si ZMV( )
i

Si ZMV( )i

i 1=

n

∑

--------------------------------=

ρm µm

Km K1

K2 2K1 2 1 V1–( ) K1 K2–( )–+

K2 2K1 1 V1–( ) K1 K2–( )+ +

---------------------------------------------------------------------=

Km

1–
V1K1

1–
V2K2

1–
+=

Km V1K1 V2K2+=

Kmln V1lnK1 V2 K2ln+=

Table 2. Volume Fraction of Secondary Phase Obtained from
Rietveld Refinement and Relative Density of MgO-
TiO

2
 (0.9≤MgO/TiO

2
 (x)≤1.2) Specimens Sintered at

1400oC for 3 h

MgO/TiO
2 

(x)
phases

wt.
fraction

vol.
fraction

relative 
density (%)

0.9
MgTi

2
O

5
0.22 0.23

95.51
MgTiO

3
0.78 0.77

0.95
MgTi

2
O

5
0.11 0.12

95.66
MgTiO

3
0.89 0.88

1.0 MgTiO
3

1.0 1.0 95.68

1.05
Mg

2
TiO

4
0.08 0.08

96.06
MgTiO

3
0.92 0.92

1.1
Mg

2
TiO

4
0.13 0.15

95.58
MgTiO

3
0.87 0.85

1.15
Mg

2
TiO

4
0.19 0.27

94.82
MgTiO

3
0.81 0.79

1.2
Mg

2
TiO

4
0.24 0.26

94.51
MgTiO

3
0.76 0.74

Fig. 3. Observed and calculated X-ray diffraction patterns by
Rietveld analysis for MgO-TiO

2 
(0.9≤MgO/TiO

2
 (x)≤1.2)

specimens sintered at 1400oC for 3 h, (a) x=0.9, (b)
x=1.0, (c)=1.2.
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(7)

where, V and K are the volume fraction and the dielectric
constant of each phase, respectively. As shown in Fig, 2, the
secondary phases of Mg

2
TiO

4
 and MgTi

2
O

5 
were randomly

distributed in the matrixes of MgTiO
3
,
 
and the matrixes

were connected with each other three dimensionally. The
secondary phases were not connected in any direction,
which is the boundary condition of the various mixing mod-
els. Fig. 3 presents a comparison of the various mixing mod-
els and experimental results for the dielectric constant (K)
of MgO-TiO

2
 (0.9≤MgO/TiO

2
 (x)≤1.2) sintered specimens.

Within a 0.10 volume fraction of secondary phases (Mg
2
TiO

4

and/or MgTi
2
O

5
) in the MgO-TiO

2
 sintered specimens, all

model predictions agreed well with the experimental results
in this study. When the volume fraction of the secondary

phase was larger than 0.10, the Lichtenecker mixing model
(logarithmic model) was more accurate for prediction of the
dielectric constant (K) of the MgO-TiO

2
 sintered specimens

than the other models. A possible explanation for these
results is that the secondary phases were chaotically dis-
tributed in the matrixes without any relation to the physical
geometry of the MgO-TiO

2
 sintered specimens, and no inter-

action between the secondary phases and the matrixes
occurred.

Fig. 5 shows the measured and predicted temperature
coefficient of resonant frequency (TCF) of the MgO-TiO

2
 sin-

tered specimens. The sintered specimens showed a ran-
domly mixed phase, and therefore the TCF of the sintered
specimens phase can be predicted using various mixing
equations, such as Eq. (3), Eq. (4), Eq. (5), and Eq. (7). (Eq.
(6) could not be applied due to the negative TCF value of the
specimens.) The variation of TCF in a random mixture is
proportional to the fraction of the constituent phase. The
TCF of the sintered specimens is increased up to a molar
ratio of MgO/TiO

2
=1.0, and thereafter decreased, because

the TCF of MgTi
2
O

5 
is −69 ppm/oC and that of Mg

2
TiO

4 
is −

54 ppm/oC, as listed in Table 3.
The Qf value of the MgO-TiO

2
 system (0.9≤MgO/TiO

2
≤ (x)

1.2) showed a maximum value at a composition of x=1.0, as
shown in Fig. 6. Although the predicted K and TCF of the

Km

V2K1 V2K2 3K1 2K1 K2+( )⁄[ ] 1 3V2 K2 K1–( ) K2 2K1+( )⁄+[ ]+

V1 V2 3K1( ) 2K1 K2+( ) 1 3V2 K2 K1–( ) K2 2K1+( )⁄+[ ]⁄+

--------------------------------------------------------------------------------------------------------------------------------------------------=

Fig. 4. Comparison of different mixing models and experi-
mental results with respect to the dielectric constant
(K) of MgO-TiO

2
 (0.9≤MgO/TiO

2
 (x)≤1.2) specimens

sintered at 1400oC for 3 h.

Table 3. Microwave Dielectric Properties of MgTi
2
O

5
, MgTiO

3

and Mg
2
TiO

4
 Sintered at 1400oC for 3 h

composition K TCF (ppm/oC) Qf (×103 GHz)

MgTi
2
O

5
19.91 -68.67 48.19

MgTiO
3

18.35 -50.47 198.17

Mg
2
TiO

4
15.56 -54.03 56.46

Fig. 5. Comparison of different mixing models and experi-
mental results with respect to TCF of MgO-TiO

2
 (0.9≤

MgO/TiO
2
 (x)≤1.2) specimens sintered at 1400oC for

3 h.
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MgO-TiO
2
 sintered specimens agreed well with the mea-

sured values, the predicted and measured quality factor (Qf)
of the sintered specimens showed a large deviation. It has
been reported15) that the Qf value is dependent on density,
secondary phase, impurities, and grain size. In these sys-
tems, the effect of the density could be neglected due to the

large relative density over 94%,16) as confirmed in Table 2.
Fig. 7 presents SEM micrographs of MgO-TiO

2
 sintered

specimens. Each composition shows well-grown grains and
the grain size increased slightly up to a molar ratio of MgO/
TiO

2
=1.0, and thereafter decreased. Therefore, the Qf value

of the MgO-TiO
2
 system (0.9≤MgO/TiO

2
 (x)≤1.2) sintered

specimens was affected by grain size as well as the second-
ary phases of Mg

2
TiO

4
 (Qf=56,000 GHz) and MgTi

2
O

5

(Qf=48,000 GHz).

4. Conclusion

The microwave dielectric properties of the MgO-TiO
2
 sys-

tem were investigated as a function of the molar ratio of
MgO to TiO

2 
(0.9≤MgO/TiO

2
 (x)≤1.2). A single phase of trig-

onal ilmenite structure (R ) was obtained at a composition
of x=1.0, and the secondary phases of orthorhombic pseudo-
brookite (Cmcm) MgTi

2
O

5
 (x<1.0) and cubic spinel struc-

tures (Fd m) Mg
2
TiO

4 
(x>1.0) were also detected along with

trigonal ilmenite MgTiO
3 

depending on the molar ratio of
MgO to TiO

2
. It was found that the volume fraction of sec-

ondary phases, obtained from Rietveld refinements of X-ray
patterns, affected the microwave dielectric properties of the
sintered specimens. The dielectric constant (K) and/or the
temperature coefficient of resonant frequency (TCF) of the
sintered specimens agreed well with the Lichtenecker mix-
ing model (logarithmic model) and/or parallel mixing model,
respectively. The Qf values of the sintered specimens were
not only affected by secondary phase but also grain size.
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