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Abstract

In the present work, a novel MgAI,Ti;O,, ceramic was obtained using a traditional solid-state reaction method. X-ray
diffraction and energy dispersive spectrometer showed that the main MgAl,Ti;O,, phase was formed after sintered at
1300-1450 °C. With rising the sintering temperature from 1300 to 1450 °C, the bulk density (p), relative permittivity (e,)
and Q X f value firstly increased, reached the maximum values (3.61 g/cm3, 14.9, and 26,450 GHz) and then decreased. The
temperature coefficient of resonator frequency (z;) showed a slight change at a negative range of —94.6 to —83.7 ppm/°C.
When the sintering temperature was 1400 °C, MgAl,Ti;0,, ceramics exhibited the best microwave dielectric properties with

0xf=26,450 GHz, £,= 14.9 and 7= — 83.7 ppm/°C.

1 Introduction

With the rapid development of mobile communication, the
demands for electronic devices with high frequency, light-
weight and low cost are sharp increasing. To meet the above
requirements, low permittivity, high Q X f value and near-
zero 7, are necessary to microwave components [1-5]. It is
well known that the microwave dielectric materials have
the function of division, transmission and resonance in the
circuit [6-8]. In recent years, many ceramic systems with
good microwave dielectric properties have been explored,
such as Ba(X, Y)O; (X=Zn, Mg, Y=Nb, Ta) [9], (Zr,
Sn)TiO, [10] and BaO-TiO, [11], but high costs of raw
materials restricted their further applications. Kagata et al.
[12] reported that a ternary system with composition of
Al,0;—MgO-ReO, (Re: rare earth) exhibited low permit-
tivity and near-zero 7. Nevertheless, high-cost raw materials
also limited its commercial applications. So, more works are
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focusing on searching for novel material systems with low
cost of raw materials.

Bridge et al. [13] reported that MgO-Al,05-TiO,
ceramic system exhibited low cost of raw materials, which
were the most common microwave materials used in ceram-
ics packaging. Cordierite ceramics with low permittivity
and dielectric loss, high chemical and thermal stability are
in accordance with the directions of miniaturization, so
more and more novel ceramic materials have been widely
researched and applied in recent years [14—16]. In this work,
MgAIl,Ti;0,, ceramics were obtained by the traditional
solid-state reaction (SSR) method. Furthermore, the phase
composition, microstructure and microwave dielectric prop-
erties of ceramics were also studied.

2 Experimental procedure

MgAl,Ti;0,, ceramics were prepared by the SSR method
using high purity raw material of MgO (>98.5%), Al,04
(=299%) and TiO, (>99%). In order to remove the moisture
of MgO, the crude material was calcined at 800 °C for 2 h.
Raw materials were weighed on the basis of the ratio with
MgO:Al,05:TiO, =1:1:3 and ball-milled for 4 h via abso-
lute ethanol and zirconium ball. After drying, the mixtures
were calcined at 1200 °C for 4 h. Next, the calcined pow-
ders were secondary ball-milled with the method described
above. After adding 5 wt% polyvinyl alcohol (PVA), the
granular powders were uniaxially pressed into columns with
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12 mm in diameter and 6 mm in thickness under the pressure
of 200 MPa. In addition, the samples were heated to 550 °C
at a rate of 1 °C/min for 4 h to remove the organic binders.
Finally, the samples were sintered at 1300-1450 °C for 4 h.

The phase structure was analyzed by an X-ray diffraction
(XRD) with CuK, radiation generated at 40 kV and 40 mA
(Model X’Pert PRO, PANalytical, Almelo, Holland). The
morphology of ceramics was studied by a scanning elec-
tron microscopy (SEM) (Model JSM6380-LV SEM, JEOL,
Tokyo, Japan), and the elemental analysis was conducted
on the energy dispersive spectrometer (EDS) (Model IE
350, INCA, Oxford, U.K.). The Archimedes method was
used to measure the bulk densities of ceramic samples.
A Network Analyzer (Model ESO071C, Agilent Co., CA,
300 kHz-20 GHz) with the TE,5 shielded cavity method
was used to measure the relative permittivity (e,) and quality
factor (Q X f). Then the samples were put into a temperature
chamber (DELTA9039, Delta Design, USA) one by one, and
the resonant frequency in the temperature range of 25-85 °C
was measured by the Network Analyzer mentioned above.
The temperature coefficient of resonant frequency (z,) was
calculated by the following formula:

L Jr—Jfo "

=
f(T=T)

where f7, f;, are the TE;;5 resonant frequencies at temperature

T (85 °C) and T, (25 °C), respectively.

3 Results and discussion

Figure 1 demonstrates the XRD patterns of the MgAl,Ti;O,
ceramics sintered at 1300-1450 °C. It can be seen that
MgAl,Ti;O;, ceramics mainly generated MgAl,Ti;0,
phase (PDF#00-005-0450). Besides, small amount of TiO,
and Al,O; phases were detected in the XRD patterns due to
the inadequate reaction. With increasing the sintering tem-
perature from 1300 to 1400 °C, the diffraction peaks of the
second phases declined slightly. However, when the sinter-
ing temperature further increased to 1425 °C, the second
phases increased due to over-sintering of ceramics. The next
work will obtain a pure phase by nonstoichiometry [17].
Figure 2 shows the SEM images of the MgAl,Ti;0,,
ceramics sintered at different temperatures. With increasing
the sintering temperature from 1300 to 1400 °C, the grain
size of ceramics increased gradually. Especially, when the
temperature reached 1400 °C, the best crystallinity of the
ceramics was obtained and the particle size was homogene-
ous. However, it due to over-sintering, the abnormal grain
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Fig.1 XRD patterns of MgAL,Ti;O,, ceramics sintered at: (a)
1300 °C, (b) 1350 °C, (¢) 1400 °C, (d) 1425 °C, (e) 1450°C

growth and crack occurred with further increasing the sin-
tering temperature [18]. EDS analysis of the MgAl,Ti;0,,
ceramics sintered at 1400 °C was listed in Table 1. EDS is
performed on the small and large grain regions [19]. From
the data of EDS analysis, Mg, Al and Ti could be discovered
in the part “I” and “II”, and the ratio between atoms was
close to 1:2:3. The result indicates that the crystalline phase
of ceramics is really MgAl,Ti;O,, phase.

Figure 3 illustrates the bulk density (p), relative permit-
tivity (e,), quality factor (Q X f) and temperature coefficient
of resonator frequency (z,) for MgAl,Ti;O, ceramics sin-
tered at different temperatures. With increasing the sintering
temperature, the p of MgAl,Ti;O,, ceramics firstly increased
and then decreased slowly. The maximum value of bulk den-
sity ~3.61 g/cm?® appeared at 1400 °C. Nevertheless, when
the temperature rose to 1450 °C, the p declined to 3.60 g/
cm®. The ¢, is related to the material compositions, grain
size and the density of ceramics [20]. In other words, the
g, is affected by the p of ceramics. When the sintering tem-
perature increased to 1400 °C, the ¢, increased to 14.9. How-
ever, when the sintering temperature continued to increase
to 1425 °C, the ¢, decreased gradually because excessive
sintering temperature resulted in the abnormal grain growth
and cracks [21], as shown in Fig. 2.

The QX f values of MgAl,Ti;O,, ceramics have a close
relationship with the bulk density. With consistently increas-
ing the sintering temperature, the microstructure of the sam-
ples has become denser and the grain grew up gradually and
the content of second phases declined slightly, so the quality
factor of ceramics increased. When the sintering temperature
increased from 1300 to 1400 °C, the Q X f values increased
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Fig.2 SEM images of
MgAl,Ti;O, ceramics sintered
at: (a) 1300 °C, (b) 1350 °C, (c)
1400 °C, (d) 1450°C

Table 1 EDS analysis of MgAl,Ti;0,, ceramics sintered at 1400°C

Region Atomic (%)

Mg K AlM TiK OK
1 6.12 10.72 14.85 68.31
11 6.19 10.64 13.85 69.31

Fig.3 Bulk density, relative permittivity, O X f and 7, of MgAL,Ti;O,
ceramics as a function of the sintering temperature

from 14,670 to 26,450 GHz. With further increasing the
sintering temperature, the Q X f values decreased due to
the increase of the second phases, abnormal grain growth
and cracks. Especially, when the sintering temperature

rose to 1450 °C, the Q X f value declined to 21,130 GHz.
It is well known that the 7, is related to the composition of
materials [22-24]. Because there was not obvious change
in composition of samples, the 7, of MgAl,Ti;0,, ceramics
maintained at a negative range (—94.6 to —83.7 ppm/°C).
The microwave dielectric properties between the relate
material systems and our work are listed in Table 2. Com-
pared with Mg;Nb,Al,,0,5, 3Ca0-2Zn0-Ta,05-TiO,
[25], MgCu,Nb,O4 [26] and ZnMnW,0Oq [27] systems,
MgAl,Ti;O,, ceramic obviously exhibited high O X f value
and low cost of raw materials, indicating that it is a candi-
date for microwave devices.

4 Conclusion

MgAl,Ti;O,, ceramics have been prepared by the tradi-
tional SSR method. The main phase of MgAl,Ti;O,, was
formed along with small amount of TiO, and Al,O;. When
the sintering temperature reached 1400 °C, MgAl,Ti;O,
ceramics exhibited high crystallinity and uniform granular-
ity. With increasing the sintering temperature, the €,, O Xf
values and 7, of MgAl,Ti;0,, ceramics match the change
rules of bulk density. When the sintering temperature was
1400 °C, MgAl,Ti;0,, ceramics exhibited good properties
with O xf=26,450 GHz, £,=14.9 and 7,= —83.7 ppm/°C.
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Table 2 Microwave

: . . Ceramic composition Sintering tem- €, Oxf(GHz) 74 (pp/°C) Ref.

dielectric properties between perature (°C)

MgAl,Ti;O, ceramic and

several ceramic compositions Mg;Nb,Al,,O.s 1680 15.0 11,000 35.0 [24]
3Ca0-2Zn0-Ta,05-TiO, 1325 16.0 34,500 —49.0 [24]
MgCu,Nb,Oq 1010 15.9 6780 —46.0 [25]
ZnMnW,04 950 13.7 10,670 -17.0 [26]
MgAl,Ti;O 1400 14.9 26,450 —83.7 Our work
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