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Microwave dielectric properties of aluminum substituted
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According the solid state reaction routine, Cay¢Ndg.26Tii_Als/303 (x = 0, 0.05, 0.1, 0.15, 0.2) ceramics were synthesized and
their microwave dielectric properties were determined. The X-ray diffraction results showed a single perovskite phase (JCPDS
Card No. 01-082-0229) for 0 < x < 0.1. Dielectric constant (¢,) decreased from 102.8 to 72.24, the O xf value almost doubled, from
8560 to 15437 GHz, and the temperature coefficient of resonant frequency (7y) dropped from +247 to 4+155 ppm/°C. Then the X-
ray diffraction patterns showed the appearance of secondary phase that degraded microwave dielectric properties of the system
rapidly. At last, a ceramic possessing microwave dielectric properties of &, = 72.24, Oxf'= 15437 GHz and 7;= +155ppm/°C
could be obtained when sintered at 1400°C for 2 h in air, x = 0.1.
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1. Introduction

The rapid growth of wireless communication applications,
such as, Wi-Fi and RFID, has been placing increasing requests on
the performance of microwave dielectric materials at the micro-
wave range.") Higher &, for minimization of application dimen-
sion, higher Oxf value for better signal selection, and near zero T,
for the stability of the dielectric devices regarding temperature are
the three standards for these materials design.?)

One kind of these ceramics, CaggNdg2TiO3; ceramic (& ~
100), has been extensively investigated for its high dielectric
constant and high Oxf value, however, its large positive Tr
value of 4247 ppm/°C always hindered its wide use.® Until now,
methods like ionic substitution or combining two phases with
opposite temperature coefficient at resonant frequency have been
reported to tailoring its properties.>>® For example, bismuth sub-
station for neodymium can enhance the dielectric constant and
quality factor but result in a higher temperature coefficient of reso-
nant frequency value.” Another example, 0.55Cag ¢;Nd »6TiO3—
0.45Li; 5Nd, /,TiO3 composition showed properties of &, ~ 101
and Oxf~ 5300GHz, and T~ +13ppm/°C.¥ However, in
practical manufacture, it was troublesome to synthesis two phases
separately. Another method of doping Al,O; can effectively
improve Oxf value and drive T, towards zero in Bas_3Ndg .-
Ti;g0s4 ceramics and it has already been reported to take the
place of titanium site according to the equation below:

APY 4 TPY - Al + Tit+ 1)

in which AP restrained Ti** reduction.”®

Based on the statements above, in this paper, Cag 6;Ndg 26T1;_-
Aly, 303 ceramics were synthesized. The effects of aluminum
substitution upon microstructure and microwave dielectric prop-
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erties were also investigated.

2. Experimental procedure

The ceramics were fabricated by solid-state reaction routine
according to the formula of Cag ¢ Ndg26Tij—_yAlsy/303 (x =0,
0.05, 0.1, 0.15, 0.2). The high-purity (>99%) starting materials
of CaCOs3, Nd, O3, TiO; and Al,O3 were ball-milled in nylon jars
with zirconia balls and deionized water for 12h. Then these
powders were calcined at 1130°C for Sh. The calcined powders
were produced with Swt % PVA in the size of 15 mm in diameter
and 7mm in thickness under the pressure of 250 kg/cm?. At last,
the samples were preheated at 600°C for 2h to remove the
organic binder, and sintered at 1350-1425°C for 2 h.

Densities of sintered samples were measured by Archimedes
method. The phase of the sintered samples was identified by the
X-ray diffraction (XRD). Microwave dielectric characteristics
were examined by the Hakki-Coleman dielectric resonator
method in the TE(;; mode using a network analyzer at frequency
around 3-5 GHz. The Ty values of sintered samples were deter-
mined by the equation as following:

S — [y y
Su X (&2 —11)

where f;; and f;, were the resonant frequencies at the temperature
of #; (ordinary temperature) and #, = 85°C respectively.

7= 106 @)

3. Result and discussion

Figure 1 showed the X-ray diffraction results of Cag ¢ Ndg26-
Tij_ Aly/303 (x =0, 0.05, 0.1, 0.15, 0.2) ceramics sintered at
1400°C for 2h. For 0 <x < 0.1, the results showed a single
perovskite phase (JCPDS Card No. 01-082-0229). In order to
check if it was the result of substitution, here we calculated
crystal parameters according to the XRD data and the results
were depicted in Fig. 2. The decreasing parameters indicated that
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B-site Ti** (0.0605nm) was replaced by AP* (0.0505nm) and
Cayg.61Ndg26(Ti,Al)O;3 solid solution was formed.” For 0.15 <
x <0.2, a (Ca,Nd),(Ti,Al);04_q (JCPDS Card No. 00-042-0002)
secondary phase appeared rather than Al,O; phase. Its appear-
ance determined that the solid solution limit was around 0.1.”)
Figures 3(a)-3(e) were microstructure images of Cag ¢ Ndg 26-
Tij_yAlg 303 (x =0, 0.05, 0.1, 0.15, 0.2) ceramics sintered at
1400°C and (f) was an enlarged part of (e) to clearly view its
surface morphology. As x value growing from 0 to 0.2 the grain
size dropped evidently. This phenomenon proved that Al,0O3 may
degrade grain size of this ceramic system. In (d) and (e), a kind
of cubic grain, with a hole in the middle marked by “S”, was
clearly denoted by “+” in (f). To make sure the phase element
constitution, element ratio data of the energy dispersive X-ray
analysis (EDS) were collected. Here we took spots A, B and spots
denoted by “+” for the secondary phase and by “x” for the main
phase in Figs. 3(a), 3(c) and 3(f) separately for example and

listed their data in Table 1. The oxygen ratio difference between
A and B inferred that titanium reduction was tackled by alumi-
num substitution.®””) The element ratio results of “+” and “x”
confirmed the perovskite phase and (Ca,Nd),(Ti,Al);O¢_o phase
shown in XRD results.

Figure 4(a) showed the bulk densities of the specimens. When
temperature increased from 1350 to 1400°C, the density showed
a growing trend. Then the density decreased when temperature
was further increased to 1425°C, which inferred that 1400°C was
the optimal sintering temperature. Also, as x value increasing
from 0 to 0.2, the density of the well sintered ceramic kept de-
creasing. This trend was consistent with microstructure variation
of Figs. 3(a)-3(e).

Figures 4(b)-4(d) showed microwave dielectric properties data
of Ca0,61Nd0‘26Ti1,xAl4x/303 (x = 0, 005, 01, 015, 02) ceram-
ics. As reported, there were many factors that could control
properties of the system and it was always hard to tell which was
the most important.” Based on the examination technique, for
example, XRD and SEM, we can figure out that the secondary
phase would play a key role in the declination of the microwave
dielectric properties of the system for 0.15 <x < 0.2.'?

The dielectric constant decreased from 102.8 to 47.96 accord-
ing to the increase of x value. While in this study Ti** (2.94 A)
was replaced by AT (0.78 A) with lower ionic polarizability, the
declining apparent density in Fig. 4(a), dropping grain size in
Figs. 3(a)-3(e) and the secondary phase made it clear that
dielectric constant was controlled by them.'"

Table 1. EDX results of spot A, B, “+” and “x” marked in Figs. 3(a),
3(b) and 3(f)

Atom (%)
Spot -
Ca Nd Ti Al (6]
A 15.22 5.98 27.21 — 51.59
B 12.95 4.82 18.78 2.15 61.3
Fig. 1. The X-ray diffraction patterns of CageNdg26Tij_xAlsy/303 + i;g Zgi izzg iﬁ ZZZ]
(0 < x <0.2) ceramics sintered at 1400°C for 2 h. x : : . : .
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Fig. 2. Crystal parameters of CagNdg26Ti;_ Als303 (0 < x < 0.1) ceramics as a function of x value.
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Fig. 3. (a)-(e): SEM images of Cag s Ndy26Ti|_xAls/303 (0 < x < 0.2) ceramics sintered at 1400°C; Fig. 3(f) showed a
enlarged part of Fig. 3(e).

Fig. 4. (a)~(d): Bulk density and microwave dielectric properties of Cag e Ndg26Tii—vAls/303 (0 < x < 0.2) ceramics as a
function of x value.

The Qxf increased sharply from 8560 to 15437 GHz for x = high temperature, titanium reduction occurred which was the
0.1, and then decreased to 2390 GHz. The rapid growth may be reason why the Oxf value was lower than some reports and
resulted from the substitution mechanism as previous reports: at aluminum substitution [shown in Eq. (1)] would conduct more
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Fig. 5. Temperature coefficients of resonant frequency data of Cagg;-
Nd26Ti;—Alse 303 (0 <x < 0.2) ceramics as a function of tolerance
factor.

oxygen vacancies that would restrain titanium reduction and then
Oxf value of the samples increased.?>®!12) The EDS data in
Table 1 confirmed this mechanism derivation. Because of the
growing Oxf value in 0 <x < 0.1 with declined grain size, for
the declination of the Oxf value of 0.15 < x < 0.2, high tangent
loss secondary phase probably played a key role.

Temperature coefficient decreased from +247 to +90 ppm/°C
when x value increased from 0 to 0.2. The fact AI** replacing
Ti** site was proved by the changing lattice parameters.>* The
substituted samples’ octahedra must be distorted at a differ-
ent degree and the degree of octahedral distortion was always
evaluated by the tolerance factor calculated by the following
equation:'?

0.61 Rep+ + 0.26RNd3+ + Roe-
t= ix 3)
V2[(1 = )Ry + 5 Rage + Rox]

Figure 5 showed the relationship between the temperature
coefficient of resonant frequency and the tolerance factor. With
increasing x value, the increasing tolerance factor implied a
decreasing temperature coefficient of resonant frequency.'® For
the samples with secondary phase, the temperature coefficient at
resonant frequency kept dropping still and therefore we believed
that the secondary phase could also help to tailor 7, value.
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4. Conclusions

The effects of aluminum substitution upon microstructure
and microwave dielectric properties of Cag 1 Nd 26Tij—yAlsy/303
(0 < x <0.2) ceramics have been investigated in the study. A+
would take the place of Ti** which was the reason why Oxf
value of the system increased rapidly and 7 value decreased. The
substituted ceramics possessed smaller grain size, higher pore
ratio that influenced the dielectric constant of the ceramics. Typi-
cally, excellent microwave dielectric properties of &, = 72.24,
Oxf=15473GHz and 7y=+4155ppm/°C could be obtained
when x = 0.1 sintered at 1400°C for 2h in air.
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