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The microwave dielectric properties and the microstructures of (Mg;_xZny)Al,04 (x=0-0.1) ceramic sys-
tem prepared by the conventional solid-state route were investigated. The forming of spinel-structured
(Mg;_xZny)Al,04 (x=0-0.1) solid solutions was confirmed by the XRD patterns and the measured lat-
tice parameters, which linearly varied from a=b=c=8.0815A for MgAl,04 to a=b=c=8.0828 A for
(Mgo9Zng1)Al;04. By increasing x, the Q x f of (Mgq_xZny)Al,04 can be tremendously boosted from

82,000 GHz at x = 0 to a maximum of 156,000 GHz at x=0.05. The Zn substitution was effective in reducing
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the dielectric loss without detrimental effects on the &, and 7 values of the ceramics.

© 2011 Published by Elsevier B.V.

1. Introduction

Ceramic materials utilized for microwave components such
as dielectric resonators and filters must satisfy three main crite-
ria; a high dielectric constant for miniaturization, a low dielectric
loss (Q>5000, where Q=1/tan d) for better selectivity and a near-
zero temperature coefficient of resonant frequency (y) for stable
frequency stability [1]. However, as the carrier frequency of com-
munication system is being extended to ISM (industrial, scientific
and medical) bands or even to millimeter wave range, materials
with high dielectric constant tend to become a less of interest [2].
High quality factor instead, would play a more prominent role and
the search for low-loss dielectric ceramics has become a primary
issue in the last few years [3-12].

Being one of the spinel-type ceramics with general formula of
AB04, MgAl;04 (& =8.8,Q x f~ 68,900 GHz, ty=—75 ppm/ °C) was
first proposed for microwave applications by Surendran et al. [9].
A significant improvement in the Q x f could be achieved by com-
bining it with MgZn,04 or MgNi, 04 to form a (Mg;_xZnx)Al,04 or
(Mgq_xNix)Al;04 solid solution (with an increment of 0.2-0.25 in
x)and still retained a similar &r and 7;[10-12]. The Q x fvalue was a
function of x and could be promoted up to 106,000 and 130,000 GHz
for ZnAl,04 and (Mgg75Nig25)Al;04, respectively [5,6]. Several
reports pointed out that small amount substitution could effec-
tively promote the Q x f value of specimen and the obtained Q x f
is usually higher than that of both end members [13-15]. For
instance, microwave dielectrics MgTiO3 and Mg,TiO4 showed a
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great promotion in the Q x f by replacing 0.05mol% Mg+ with
other ions [13-15]. Therefore, it should be of interest to charac-
terize the dielectric response of the (Mg;_yZny)Al;04 (x=0-0.1)
solid-solution system at microwave frequency.

In this paper, (Mg;_xZny)Al,04 (x=0-0.1) solid solutions with
a smaller increment in x were synthesized by solid-state method
and its microwave dielectric properties and microstructures were
also investigated. Consequently, the compound under study not
only showed a tremendous lowering in the dielectric loss but also
retained comparably decent values of & and 7.

2. Experimental procedure

(Mg1_xZny)Al,04 ceramics where x=0-0.1 were synthesized by conventional
solid-state methods from high purity grade MgO, Al,03 and ZnO powders (>99.9%).
Because MgO is hygroscopic, it was initially fired at 650°C for 5 h to avoid moisture
contain. The weighed raw materials were ball-milled with alumina balls in ethanol
for 12 h at a speed of 200 rpm. After milling, the slurry was dried in microwave oven,
and then calcined at 1200°C for 2 h. Prepared powders were dried, ball-milled for
24 h with 5 wt% of a 10% solution of PVA solution as a binder. The fine powders were
forced through a 200 mesh sieve, and pressed into pellets with 11 mm in diameter
and 5mm in thickness under a pressure of 300 MPa. The pellets were sintered at
1480-1600°C in air for 3 h at a heating rate of 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 by scanning electron microscopy and an energy-dispersive
X-ray spectrometer. The apparent densities of the sintered pellets were measured
by microwave the Archimedes method. The dielectric constant (&,) and the quality
factor values (Q) at frequencies were measured using the Hakki-Coleman dielectric
resonator method [16,17]. A system combining a HP8757D network analyzer and
a HP8350B sweep oscillator was employed in the measurement. For temperature
coefficient of resonant frequency (ty), the technique implemented is identical to that
of quality factor measurement. The 7; at microwave frequencies was measured in
the temperature range from 25 to 80°C.
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Fig. 1. The X-ray diffraction (XRD) patterns of the (Mg;_xZny)Al,04 (x=0-0.1)
ceramics sintered at 1570°C for 3 h.

3. Results and discussion

Fig. 1 illustrates the room temperature X-ray diffraction (XRD)
patterns recorded from the (Mg;_yZny)Al,04 (x=0-0.1) ceramics
sintered at 1570°C for 3 h. All compositions show a single spinel
phase without the evidence of any additional second phase over
the entire compositional range indicating the forming of solid solu-
tions. The diffraction peak slightly shifts to a lower angle as x
increases due to the incorporation of larger Zn?* (0.6A, CN=4) in
place of Mg?* (0.57 A, CN=4) [18]. The theoretical density of the
(Mg1_xZny)Al; 04 (x=0-0.1) ceramics calculated from XRD patterns
increases from 3.58 g/cm3 at x=0 to 3.68 g/cm> at x=0.1 corre-
sponding to a lattice parameter of 8.0815(5)A and 8.0828(4)A
(Table 1), respectively. It is also found that the strength of (111)
reflections decreases from 43.1% to 13.8% (compared to that of
(311)reflections) as x value increases from 0 to 0.1 because of the
partial replacement of Mg2* by Zn?*,

Fig. 2 shows the fracture section scanning electron microscopy
(SEM) micrographs of specimens using (Mgg 95Zng o5 )Al, 04 ceram-

Fig. 2. The scanning electron microscopy (SEM) micrographs of (Mg;_xZny )AL, 04 (x=0.05) cross section sintered at (a) 1480, (b) 1510, (c) 1540, (d) 1570, and (e) 1600°C for

3h.
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Table 1
Lattice parameter, cell volume and theoretical density of (Mg;_xZny )Al; 04 (x=0-0.1)
ceramic system.

x value Lattice parameter (A) Cell volume (A3) Theory density
(g/cm?)

0 8.0815(5) 527.71 3.58

0.025 8.0792(3) 527.36 3.61

0.05 8.0819(4) 527.89 3.63

0.075 8.0811(3) 527.93 3.66

0.1 8.0828(4) 528.06 3.68

ics sintered at different temperatures for 3 h. The result indicated
that the grain size of the specimen was small, approximately
3-6 m, for specimen sintered at 1480 °C. The increase of sinter-
ing temperature helped to promote the grain growth and a relative
increase in the grain size was achieved for specimen sintered at
1540°C and the grains are of relatively large size up to 30 um at
1600 °C.In addition, the EDS chemical analysis results indicated the
Zn content decreased from 3.8 at% at 1480°C to 2.14 at% at 1600 °C
due to the volatilization of Zn at high temperatures [4,19].

Therelative density and &, values of (Mg _xZny)Al,04 (x=0-0.1)
solid solutions sintered at different temperatures for 3h are
demonstrated in Fig. 3. The relative density of (Mgj_xZny)Al;04
ceramics is already higher than 93% at 1480 °C. The relative density
increases with increasing sintering temperature to a maximum at
1570°C and 1540°C for specimens with x=0.05 and 0.1, respec-
tively, and thereafter it decreases. It indicates the Zn substitution
would lower the sintering temperature of the specimen. The
increase of density was a result from grain growth; whereas over-
sintering or Zn volatilization would lead to a decrease of density
of the specimen. Moreover, the variation of dielectric constant
was consistent with that of relative density. For specimen using
(Mgo 95Zng g5)Al;04 sintered at 1570°C, a maximum &, value of
8.11 can be obtained. In comparison with that of pure MgAl;0g4,
the effect of Zn substitution for Mg on the &, value of specimen is
insignificant.

Fig. 4 shows the Q x f values and the temperature coefficient
of resonant frequency (7y) of the (Mgq_,Znx)Al;04 (x=0-0.1) solid
solutions sintered at different temperatures for 3 h. The variation of
Q x ffollows the same trend with that of relative density suggesting
the Q x f of the specimen was mainly related to its corresponding
relative density. The (Mggg5Zngo5)Al,04 possesses a Q x f value
of 156,000 GHz, which is not only much higher than that of pure
MgAl, 04 (Q x f~68,900 GHz) or ZnAl,04 (Q x f~ 106,000 GHz), it
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Fig. 3. The relative density and ¢, values of (Mg;_xZn,)Al,04 (x=0-0.1) solid solu-
tions sintered at different temperatures for 3 h.
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Fig. 4. The Q x f values and the temperature coefficient of resonant frequency (zy)
of the (Mg _xZny)Al;04 (x=0-0.1) solid solutions sintered at different temperatures
for 3h.

is also higher than those reported for (Mg_xZnyx)Al,04 solid solu-
tions such as (Mgg5Zngs5)Al;04 (Q x f~95,000 GHz) [3] implying
the small amount of Zn substitution for Mg has significant effects
on the Q x f value. Moreover, it indicates the maximum Q x f can
be obtained from entire (Mg;_xZny)Al;,04 solid solutions appears
at x=0.05. The 7y value is well-known to be related by the compo-
sition and the second phase of the material. Since the XRD shows
there is no second phase, no significant different was noted in the
Ty value and it varied between —64 and —70 ppm/°C.

4. Conclusions

The microstructure, densification and microwave dielectric
properties of (Mgj_xZny)Al,04 (x=0-0.1) ceramics were inves-
tigated. The Q xf can be tremendously boosted to a value of
165,000 GHz corresponding to the highest relative density for spec-
imen using (Mg g95Zng05)Al;04 and retains a comparably decent
value of &r and 7y compared to that of pure MgAl;04 or ZnAl;04.
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