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Abstract

The relationship between microstructures and quality factor (Q) of (1—x)(Al;;Ta;,2)O-x(Mg;;3Tas/3)O, ceramics was investi-
gated. The extrinsic loss of microwave dielectrics depended on cations ordering, grain size, and porosity. (Al,,Ta,5)O, has a dis-
ordered structure and (Mg;,3Ta,/3)O> has an ordered trirutile structure. As (Mg, ;3Ta,3)O, content increased, (1—x)(Al;»Ta ;)0
x(Mg, 5Tay/3)O, ceramics revealed an ordered phase and were of single phase for x> 0.6. The increase of the ordered phase and
grain size enhanced the Q. When ordering was completed at (Mg;,3Ta,/3)O- concentration over 60 mol%, the grain size was a major
factor in the increase the Q value. In contrast the porosity degraded the Q value. Therefore, the Q value depended on order/dis-

order, the porosity, and the grain size in that order.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Microwave dielectric materials have to exhibit dielec-
tric characteristics!™ such as high dielectric constant
(er), high quality factor (Q), and stable (=0 ppm/°C)
temperature coefficient of the resonant frequency (ty).
Among these requirements, the dielectric constant and
the temperature coefficient of resonant frequency
depend on composition and the dielectric loss depends
on intrinsic loss by phonon, and extrinsic loss depends
on factors such as porosity, grain size, impurity, defects,
and so on.

There are competing theories about the Q factor.
Davis et al.* reported that the ordering is important
factor to enhance the Q factor in the Ba(Zn;;3Ta,/3)O5-
BaZrO; system. On the other hand, Nahm et al.’
reported that the grain size is the main factor to enhance
the QO factor, with no dependence on the ordering in the
Ba(Zn;;5Tay/3)0;5 system with ZrO,.

The purpose of present work is to establish the extrin-
sic dielectric loss mechanism for (1—x)(Al;,Ta;2)0—
x(Mg,3Tay;3)O;, ceramics based upon microstructures
obtained by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The effects of
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order/disorder, grain size, and porosity on the Q factor
are discussed.

2. Experimental procedure

(1=x)(Al; 2 Ta; 2))0—x(Mg; 3Tay;3)0; (0< x< 1.0) pow-
der compositions were synthesized using the conven-
tional solid-state reaction method. The starting
materials were Al,O3 (Aldrich, 99.7%), Ta,O5 (Aldrich,
99%), and MgO (Aldrich, 98%). Stoichiometric com-
positions were mixed for 24 h with stabilized ZrO,
media and distilled water, then dried and calcined. The
calcined powders were re-milled and pressed into rods
of 12 mm diameter and 6 mm thickness under a pressure
of 150 MPa. The pellets were sintered at 1450 °C for 3 h
in air, and the sintered specimens were polished to pre-
cise dimensions to achieve the ratio of thickness to dia-
meter of 0.4-0.5.

X-ray diffractometry (XRD, Cuk, radiation, Model
Rint/Dmax 2500, Rigaku, Japan) was conducted on pow-
ders obtained by crushing the sintered specimens for
phase identification and lattice parameter measurements.
The bulk densities of the sintered pellets were deter-
mined by the Archimedes method. The microstructures
of the sintered specimens were investigated using SEM
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and TEM. The polished surfaces of the ceramics were
investigated by scanning electron microscopy (SEM,
Model S-4200, Hitachi, Japan) after thermal etching at
1380 °C for 20 min in air. The TEM specimens were
prepared by ultrasonic cutting 3 mm diameter disks and
mechanical polishing them to a thickness of ~100 pm.
The central parts of the disks were further reduced to
~10 um by mechanical dimpling followed by final pol-
ishing. The final perforation of the specimen was con-
ducted by precision argon-ion milling (Model 691
Gatan, San Francisco, CA) with an acceleration voltage
of 3 KeV. These specimens were examined using a side-
entry-type high resolution TEM (Model H9000-NAR,
Hitachi, Kastsuda, Ibaraki, Japan) operated at 300 kV
with a point resolution of 0.18 nm. The SAED (selected
area electron diffractometry) and BF-TEM (bright field
TEM) images could be obtained. The dielectric loss was
measured at 611 GHz using the parallel-plate (Hakki
and Coleman) method interfaced with a network analy-
zer (HP-8720C, Hewlett Packard, USA).

3. Results and discussion

Fig. 1 shows powder X-ray diffraction patterns for
(1—X)(All/zTal/2)02*X(Mg1/3T32/3)02 ceramics sintered
at 1450 °C for 3 h. (Al;;Ta;2)O, is orthorhombic single
phase and (Mg ;3Ta;3)O; is tetragonal single phase. In
the case of (Mg;;3Tas3)O0, concentrations under 40
mol%, (1—x)(Al1/2Ta1/2)027x(Mg1/3Ta2/3)02 ceramics
have mixed phase. As (Mg;;3Tas;3)O, concentration
increased to over 60 mol%, (1—x)(Al;;xTa;,)02—
x(Mg;3Tay;3)O, transformed into tetragonal structure.
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Flg 1. X-ray diffraction patterns of (l—x)(All/zTal/z)Oz—x(Mgl/3Ta2/3)-
O, ceramics sintered at 1450 °C for 3 h: (a) x=0, (b) x=0.2, (c) x=0.4,
(d) x=0.6, (¢) x=0.65, (f) x=0.8, (g) x=1.0.
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Flg 2. SEM photographs of (1—x)(A11/2Ta1/2)027x(Mg1/3Ta2/3)02
ceramics sintered at 1450 °C for 3 h: (a) x=0, (b) x=0.2, (c) x=0.4,
(d) x=0.6, (¢) x=0.8, (f) x=1.0.
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Fig. 3. Densities for (1—-x)(Al;Ta;/)0,-x(Mg;;3Tas3)O, ceramics
sintered at 1450 °C for 3 h.
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Fig. 2 shows SEM photographs of (1—x)(Al;xTa;2)O0—
x(Mg;3Tas/3)O, ceramics sintered at 1450 °C for 3 h. It
is necessary to note that the SEM photographs have
different magnifications for convenience. (Al;;;Ta,2)O,
[Fig. 2(a)] has a small grain size. As the (Mg;/;3Ta,;3)O,
concentration increases from 20 to 65 mol%, the grain
size increases from 2 to 12 um and porosity decreases.
When (Mg;/3Tas;3)O;, concentration is 80 mol%, how-
ever, the grain size is significantly large (15 pm) and the
pore size inside the grains is also large. The decrease of
apparent density at (Mg;3Ta,/3)O, concentration of 80
mol% stems from these increase of porosity as shown in
Fig. 3. It is an interesting result that (Mg;;3Tas;3)O,
[Fig. 2(f)] has small grain size.

Fig. 4 shows the SAED patterns for (1—x)(Al;;Tay,
2)0>x(Mg;3Tay/3)O, ceramics sintered at 1450 °C for 3
h. (Al;,Ta;,)O; [Fig. 4(a)] does not show any ordered
phase. (Mg;;3Tas3)O0, [Fig. 4(e)] shows 1:2 ordered
trirutile structure. As (Mg;;3Ta/3)O, concentration

increased from 20 to 40 mol%, the ordered phase starts
to appear and is mixed with disordered one. In the
case of (Mg;;3Ta,3)O, concentration over 60 mol%,
(1=x)(Al;2Ta;»)O-x(Mg, 3Tas;3)0, ceramics shows
fully 1:2 ordered phase.

Fig. 5 shows the BF-TEM images for (1—x)(Al;xTa;»)-
0,—x(Mg, 5Ta,3)O, ceramics sintered at 1450 °C for 3
h. These images agree with SAED patterns shown in
Fig. 4. (Al;pTa,»)O, [Fig. 5(a)] does not show any
APBs (anti-phase boundaries).” This means (Al o Ta; )0,
is not an ordered phase. (Mg;;3Tas3)O0, [Fig. 5(e)]
shows APBs. As the (Mg;3Ta,3)O, concentration
increases from 20 to 40 mol%, the APBs start to appear
and when (Mg;;3Ta,3)O, concentration is 60 mol%,
(1—x)(Al, 2 Ta;»)Ox(Mg, 5Tay;3)0O, ceramics show
many APBs.

Fig. 6 shows the Q-f;, variation for (1—x)(Al; ,Ta; /)05
x(Mg;,3Tay/3)O, ceramics sintered at 1450 °C for 3 h.
As (Mg;/3Tas;3)O; concentration increased from 0 to 65

(d)

Fig. 4. SAED patterns of (1—-x)(Al,xTa;;»)0,-x(Mg;/3Ta53)O, cera-
mics sintered at 1450 °C for 3 h: (a) x=0 with [001] zone axes, (b)
x=0.2 with [001] zone axes, (¢) x=0.4, (d) x=0.6 with [110] zone
axes, (e) x=1.0 with [110] zone axes.
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Flg 5. BF-TEM images of (1—x)(Al1/2Ta1/2)Oz—x(Mg1/3Ta2/3)02
ceramics sintered at 1450 °C for 3 h: (a) x=0, (b) x=0.2, (c) x=0.4,
(d) x=0.6, (e) x=1.0.
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Fig. 6. O-fy value of (1-x)(Al;;Ta;;)O0,x(Mg,3Tay;3)O, ceramics
sintered at 1450 °C for 3 h.

mol%, the Q-fy linearly increases from 30,900 to
112,500 GHz, and slightly decreases to 103,200 GHz
at 80 mol% and then increases again to 117,200 GHz at
100 mol%. The variation of Q-fy can be explained by
microstructures. As shown in Figs. 4(a), (¢) and 5(a),
(e), (Al;;,Ta;;»)O, is not ordered and (Mg;;3Taz3)0,
has an 1:2 ordered trirutile structure. These composi-
tions have small grain size and porosity in comparison
with (Al ,Ta;;»)0,~(Mg;;5Tay;3)0, compounds shown
in SEM photographs [Fig. 2(b)—(e)]. The large difference
of Q-fy between (Al xTa; )0, (30,900 GHz) and (Mg,
3Tas3)O, (117,200 GHz) is not generated from grain
size or porosity but is due to cation ordering. On the
other hand, Fig. 6 can be divided into two regions which
are 0-60 and 60-100 mol%. As (Mg;;3Ta»;3)O, concen-
tration increases from 0 to 60 mol%, the Q-fy linearly
increases, and the ordering started from 20 mol% and
completed at 60 mol% shown in Figs. 4(b)—-(d) and
5(b)—(d). Of course, the grain size also rapidly increases
in the region. As (Mg;;3Ta,/3)O, concentration increases
from 60 to 100 mol%, the Q-fy, varies, with both
increase and decrease but the Q-f; variation is small.
The ordering state is nearly the same as shown in
Fig. 4(d)—(e) but the grain size also increases rapidly in
the region. The decrease of Q-fy at 80 mol% is due to
the increase of porosity in the grains. From these
results, the variation of Q-fy due to ordering is domi-
nant. However the variation of Q-f, due to grain size is

not so large as ordering and when the porosity in the
grains increases, the Q-f, decreases though the grain size
increases. Therefore, the main factor, which affects the
Q-fo, is cation order/disorder. The grain size is of sec-
ondary importance factor and Q-f, depends on not only
the grain size but also the porosity in the grains.

4. Conclusions

The relationship between microstructures and quality
factor (Q) of (l*X)(All/zTal/z)Ozfx(Mgl/3Taz/3)02 cera-
mics was investigated. The extrinsic loss of microwave
dielectrics depended on cation ordering, grain size,
and porosity. The high Q-fy difference between
(A11/2T31/2)02 (30,900 GHZ) and (Mg1/3Ta2/3)02
(117,200 GHz) was not because of grain size or porosity
but due to ordering. The variations of Q-fy due to
ordering is very large. However, changes in Q-f, due to
grain size is not large when the porosity in the grains
increase, the Q-fy decreases though the grain size
increases. Therefore, the main factor controlling the
Q-fo is cation order/disorde; the grain size is secondary
importance factor and Q-fy depends on not only the
grain size but also the porosity in the grains.
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