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Sintering and Microwave Properties of Zirconium
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Zirconium tin titanate (ZST) is often used as a dielectric resonator for the fabrication of microwave devices.
Pure compositions do not sinter easily by solid state sintering; therefore, sintering ZST requires sintering
aids capable of creating defects that could improve diffusion processes and/or promote liquid phase sin-
tering. The mechanisms by which the additives influence the microstructure and, consequently, the ZSTs
dielectric properties are not very clear. The effects of ZnO, Bi,O;, and La,0;, on the stoichiometry and
dielectric properties of ZST sintered at different temperatures were investigated in this study.

Keywords dielectric resonators, liquid phase sintering, sintering
aids, ZST

1. Introduction

The advance of telecommunications, including direct broad-
cast satellite TV, mobile telephones, and radars during the last
20 years, has demanded the use of ceramic dielectric resonators
(DR) with improved properties, such as smaller dimensions and
high selectivity. Compared to air cavities, ceramic DRs allow
the size of telecommunication devices to be significantly
reduced, proportionally to the ceramic’s dielectric constant,
which favors the miniaturization of microwave devices such as
oscillators and filters (Ref 1).

The performance of a dielectric resonator depends on its
relative permittivity (g,) and quality factor Q (Q = tan & '), It
also depends on the thermal stabilities of the relative permit-
tivity (tg), the resonant frequency (ty), and the quality factor,
all of which determine the selectivity and attenuation of the
dielectric resonator. Thermal stabilities of permittivity, resonant
frequency, and quality factor must be as low as possible (Ref 2).

Many systems have been studied as possible candidates for
use as DRs: BaZn;;3Ta;305; (Ref 3), barium nonatitanate
(BazTi902()) (Ref 4, 5), La(Mgl/zTi1/2)03 (Ref 6), BagznTa6024
(Ref 7), and zirconium tin titanate (ZST) (Ref 8-10). More
recently, Reaney and Iddles (Ref 11) have studied complex
perovskites and related the order-disorder phase transitions of
the perovskites to the performance of the resonators.

Many studies have been performed to maximize the
dielectric properties of the systems listed above and to clear
up the roles of crystalline structure, phase transformation, and
powder characteristics on the performance of microwave
ceramics. However, all of the studies employed expensive
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raw materials or complex powder synthesis processes, factors
that need to be minimized for the production of competitive
devices.

Compared to other solid solution systems, such as barium
nonatitanate (Ref 4, 5) or perovskites (Ref 11), ZST has the best
compromise between dielectric properties and ease of prepa-
ration. It is the most commonly used material for the production
of dielectric resonators.

ZST has an orthorhombic symmetry, with a space group of
a-PbO,, and shows an order-disorder phase transition that
depends on the cooling rate during phase transition and the
level of Sn-doping (Ref 12, 13). A long-range ordering caused
an increase of the dielectric loss, up to 30%, which was not
detected when Sn was added intentionally (Ref 13).

It is well known that ZST does not sinter easily by solid
diffusion. This has led many researchers to use sintering aids
that are capable of creating defects inside the grain or forming a
liquid phase. The most popular aids are pure ZnO or ZnO
combined with La,0Os;. Other variables that influence the
sintered ZST properties are the density, presence and quan-
tity of the second phases, the grain size and type of defects
(Ref 14, 15).

Some special processes, such as the sol-gel route (Ref 16)
and the hydrothermal synthesis route (Ref 17), have been
proposed to obtain pure and fine initial powders, but these
processes did not increase the dielectric properties of ZST
significantly or lower the sintering temperature.

Comprehending the role of additives on the microstructure
and properties of ZST is crucial to maximizing its performance.
It has been shown that the sintering aids that create defects are
more deleterious to the quality factor than those that do not (Ref
18, 19). Wakino et al. investigated the relationship between the
presence of impurities (such as Fe,Os; and NiO) and the
microstructure of (Zrg gSny,)TiO, (Ref 18). The incorporation
of Fe caused a pronounced decrease in the quality factor, but
the simultaneous addition of Fe,O3; and NiO did not decrease
the quality factor. From the scanning electron microscopy
results of the Fe,O3-doped samples, exaggerated grain growth
and grain distortion were observed. When NiO was added with
Fe,0;, the phenomena of grain growth and distortion were not
detected. In the last case, it was likely that Zn and Ni ions did
not diffuse to the grain bulk but formed a second phase in the
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grain boundary and prevented the Fe from diffusing to the
interior of the grain. The Fe ions were thought to form a spinel
phase with the phase located in the grain boundary.

Iddles et al. studied the influence of ZnO, La,03, and Nb,Os5
on the properties of (Zrgg755n925)Tipg7502 (Ref 19). They
attributed the densification of ZST to the formation of a liquid
phase zinc titanate, Zn,TiO4. During long periods of sintering,
ZnO would volatilize and increase the quality factor. At the first
stages of sintering, microanalysis showed that La®>" ions were
located in the grain boundary. As sintering continued, ZnO
would volatilize and consequently change the grain boundary
composition. The excess TiO, and La,0O3 would then diffuse to
the interior of the grain. It was suggested that Ti*" ions
occupied their own lattice positions and that La** ions occupied
the available interstitial sites. When the samples doped with
only ZnO were compared with those doped with ZnO and
Nb,Os, the latter had higher Q values. It was believed that Nb>*
would compensate the defects in the raw materials that were
created by the small amounts of substitutional impurities, such
as Fe,O3 and Al,Os, producing oxygen vacancies in the lattice.
A decrease in the amount of oxygen vacancies was responsible
for the higher quality factor.

Park et al. also studied the influence of the simultaneous
addition of ZnO/Nb,Os as sintering aids. Contrary to Iddles,
they concluded that the most important factor that affected the
ZST behavior was the sinterability, and this factor would be
more important than the creation of defects (Ref 20).

As observed in the work by Kudesia et al. (Ref 15)
regarding the effects of La,O3 and ZnO on ZST, the grain size
of the samples obtained by co-precipitation increased gradually
as a function of the sintering aid.

The various works cited above used different sintering aids
and distinct sintering conditions with different sintering temper-
atures, soaking times and heating and cooling rates, but it was
difficult to differentiate the influence of distinct sintering aids
since the experiments were performed at different sintering
conditions. This study focused on the influence of different
additives on the dielectric properties of ZST and their effects on
the microstructure of ZST. All experiments were done under
identical processing parameters, including the pressing and
sintering parameters, the sintering temperature and the soaking
time.

2. Experimental Procedure

The selected compositions were prepared by mixing the
oxides, and the different compositions were designated as
follows:

ZSTO: pure ZST;

Z15Zn: ZST + 1.5 wt.% ZnO;
Z10Zn: ZST + 1.0 wt.% ZnO;
705Zn: ZST + 0.5 wt.% ZnO;
Z15Bi: ZST + 1.5 wt.% Bi,05;
Z15La: ZST + 1.5 wt.% Lay0s.

Sk w =

The starting materials (ZrO,, TiO,, SnO,, ZnO, La,03, and
Bi,03) were all analytical grade with a purity higher than
99.9%. They were ball-milled for 6 h in isopropyl alcohol using
stabilized ZrO, as a grinding media and PVB as a dispersant.
After being dried at 80 °C, the starting materials were calcined

1778—Volume 21(8) August 2012

at 1120 °C and subsequently ball-milled at room temperature.
The process was repeated four times to obtain the maximum
reaction rate between the starting oxides (Ref 16).

Cylindrical samples were isostatically pressed at 200 MPa
and sintered in air, at temperatures ranging from 1200 to
1450 °C for 6 h. The heating and cooling rates were both
maintained at 5 °C/min.

Crystalline phases after calcination and sintering were
identified using x-ray diffraction patterns. The samples were
irradiated with monochromatized Cu Ko radiation (1.54056 A)
and analyzed between 20° and 70° (20).

The apparent density using the Archimedes displacement
method with water as the immersing medium and the relative
density was calculated by dividing the measured density by the
theoretical density.

The microstructures of polished and thermally etched
samples were analyzed using scanning electron microscopy
(SEM) equipped with quantitative energy dispersive X-ray
spectroscopy (EDX).

The grain size was measured using ASTM E112-10
Standard Test Methods for Determining Average Grain Size
(Ref 21).

The resonant frequency, relative dielectric constant, and
loaded quality factor were measured using cylindrical samples
with a thickness and average diameter of 3.50 and 4.85 mm,
respectively, the original dimensions of sintered samples. To
measure the dielectric constant, a dielectric resonator was
placed between two metal plates (Ref 22). When the plates
made contact with the dielectric resonator, the field equation
could be expressed as an electromagnetic-field equation relating
resonant frequency, dielectric constant, and resonator dimen-
sions. The accuracy of the dielectric constant depended on the
precision of the measured resonator size and its resonant
frequency.

3. Results and Discussion

The starting raw materials were calcined at 1120 °C and
ball-milled to induce the reaction between the initial powders
and form ZST with a stoichiometry of ZrygSng,TiO4. The
process was repeated four times. The results of x-ray diffraction
are presented in Fig. 1. Both tin and zirconium oxides were
completely consumed, but a small amount of TiO, remained
unreacted despite additional calcination.

3.1 Characterization of Zn0O-Doped Samples

In Fig. 2(a), the effect of sintering temperature on the
apparent density of the powder is shown for different amounts
of ZnO additive. Composition Z10Zn behaved differently when
compared to the other three compositions. After an abrupt
density increase from samples sintered at 1200 °C to the ones
sintered at 1250 °C, the relative density of the sample stabilized
between 95 and 98% of the theoretical density. The increase in
relative density in such a narrow temperature range is typical of
liquid phase sintering. For Z10Zn, the liquid phase formed
between 1200 and 1250 °C, which was a higher temperature
range compared to the other compositions that incorporated
sintering aids. A similar behavior was observed for samples
doped with trivalent oxides (Fig 1b). The relative density of the
sample with only 0.5 wt.% ZnO had a maximum of 95%
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theoretical density. The relative densities of the non-doped
samples had a maximum of 95% theoretical density.

The x-ray diffraction analysis of Z15Zn detected the
presence of ZST as a major phase. In addition, TiO, and
Zn,TiO4 were in different quantities, as seen in Fig. 3(a). It is
worth noting that a small quantity of TiO, was detected even
after the initial powders were calcined for four times. Zinc
titanate (ZT) was observed at 1300 °C in sample Z15Zn. After
the sample was sintered at 1450 °C, it only contained the ZST
and TiO, phases and not the ZT phase. Even though Zn,TiO4
was detected only for samples sintered at temperatures above
1250 °C, the densification behavior suggested the phase formed
at a lower temperature. The Zn,TiO,4 phase became a liquid at a
temperature lower than that predicted by the phase diagram
with the presence of Sn and/or Zr. No ZT phase was detected in
the Z10Zn sample (Fig. 3b).

Figure 4 compares the SEM micrographs of Z15Zn sintered
at increasing temperatures; the morphological evolution of the
second phase, labeled as 1 in the micrograph could also be
observed in the figure. Figure 5 presents the quantitative EDX
analysis of the grain and the second phase of Z15Zn. Z15Zn
contained a Ti-rich second phase that was likely due to the
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Fig. 1 Evolution of crystalline phases in pure ZST as a function of
the sintering temperature. The sample was calcined: (a) once; (b)
twice; (c) 3 times; and (d) 4 times
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decomposition of Zn,TiO,, which was detected by x-ray
diffraction. The presence of Zr and Sn in this phase was the
result of partial dissolution of ZST grains into the initial liquid
phase. The same was observed for Z10Zn, although the amount
of the second phase, which had a high percentage of Ti, was
lower (Fig. 6). This was attributed to the lower level of ZnO
that was added to the ZST in this sample. Furthermore, the
amount of free-TiO, was derived from the dissolution of the
second phase into ZST and TiO,. The wetting characteristics
were clearly influenced by the stoichiometry of the second
phase (shown as light grains in Fig. 6), since that, as for Z10Zn,
the morphology of the second phase varied with the sintering
temperature which, in turn, was responsible for the variation of
liquid phase stoichiometry.

3.2 Characterization of Bi,0; and La,0;-Doped Samples

The x-ray diffraction patterns of Bi,O3- and La,O5-doped
ZST samples showed the presence of TiO, at a very small
amount compared to the ZnO-doped samples. Figure 2(b)
shows the apparent density of ZST as a function of sintering
temperature for the different compositions. As seen in the
figure, the addition of Bi,O; promoted the densification of ZST.
However, the densification of ZST was not satisfactory, with
only 0.5% of Bi,Os. The x-ray diffraction patterns of Bi- and
La-doped samples are shown in Fig. 7.

In Fig. 8, one can observe a small difference between the
small and large grains in the microstructure of the Z15Bi
sample. In SEM images, the lighter grains were deficient in Ti
relative to the nominal stoichiometry (ZrygSng,TiO,). When
the quantitative microanalysis results of the samples sintered at
different temperatures were compared, the stoichiometry of the
grains showed a marked change after the samples were sintered
at 1400 °C (as seen in Fig. 8). This explains the presence of the
light grains in the microstructure.

The densification curve and microstructural evolution
showed that the use of Bi,O; promoted the formation of a
liquid phase that was distinct from the one formed in the ZnO-
doped samples. The second phase brought about by the
addition of Bi was not capable of promoting dissolution of ZST
grains.

Figure 8(c) and (d) show the micrographs and the
quantitative EDX data for selected grains of the Zl15La
sample. The light grains contained a higher percentage of La
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Fig. 2 (a) Evolution of apparent densities as a function of temperature for undoped (pure) and ZnO-doped samples. (b) Apparent density vs.

sintering temperature of Z15Bi compared to Z05Bi and ZSTO
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Fig. 3 Evolution of crystalline phases in (a) Z15Zn and (b) Z10Zn as a function of the sintering temperature. The non-indexed peaks refer to

ZST

Fig. 4 SEM images of Z15Zn sintered at (a) 1250 °C, (b) 1300 °C, (c) 1350 °C, and (d) 1400 °C for a soaking time of 6 h

(Fig. 8d), which indicated that La was incorporated into the
grain. In Fig. 8(c), some small light grains were observed.
The EDX data revealed this second phase to be a lanthanum-
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and titanium-rich phase, which confirmed that La would act
interstitially in a ZST unit cell as suggested by other literature

data.
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Fig. 5 Quantitative EDX analysis of Z15Zn: (a) as a function of the microstructural position of samples sintered at 1400 °C for 6 h; (b) grain
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Fig. 6 (a) SEM image of Z10Zn sintered at 1300 °C; (b) quantitative EDX analysis for the sample sintered at 1300 °C; (c) SEM image of
Z10Zn sintered at 1400 °C; (d) quantitative EDX analysis for sample sintered at 1400 °C

Adding 1.5% of La,05 gave rise to a monophased dense ZST occurred in a narrow temperature range. In spite of the initial
at 1300 °C, and free-TiO, was not detected in samples sintered at stoichiometric formulation, the final undoped ZST powder
temperatures as low as 1200 °C. The densification curve was showed crystalline ZST and TiO, phases, which did not
typical of liquid phase sintering because all densification participate of the reaction to form the desired ZTS stoichiometry.

Journal of Materials Engineering and Performance Volume 21(8) August 2012—1781



B - 1250°C
C -1300°C
*TiO,
=z *
s
5 _*J o UM A a
=
i
MW\AAAW_MLN\M/\M/\NWC
30 40 50 60 70
(a) 26
=y
7]
c
8
E

Intensity

A -1350°C
B - 1400°C

(b)

30 40 50

290

60 70

“LMMA " I 1400°C

| m A 1350°C
] m 1o 1300°C
.JLJ | o b by 1250°C
L Ml - 1200°C

40

()

50

20

60 70

Fig. 7 Evolution of crystalline phases as a function of sintering temperature: (a) Z15Bi sintered at 1200, 1250, and 1300 °C; (b) Z15Bi sin-
tered at 1350 and 1400 °C; (c) Z15La sintered at increasing temperatures; the non-indexed peaks refer to ZST

The EDX results showed that the composition of the liquid phase
changed with the sintering temperature and determined the Ti
concentration of the ZST grain. The use of Bi,O3 promoted
densification at the lowest sintering temperature among all
samples. The La-doped samples showed a different behavior,
compared to the ones doped with others oxides used as sintering
aids, because La was incorporated by the grain.

3.3 Dielectric Properties

Table 1 shows the data of dielectric properties, average grain
size, and [Ti]/[Zr + Sn] ratios for all studied samples and those
for a commercial dielectric resonator. The dielectric constants
of the samples were rather similar to the constant of the
commercial resonator, but the values of the loaded quality
factor, the resonant frequency and the values of (Q x f;) varied
significantly.

Many researchers have pointed out that the quality factor
would increase proportionally with the grain size because a
larger grain has a smaller grain boundary area and fewer
defects. Consequently, the loss factor would decrease. In this
study, the data revealed that a direct relationship did not exist
between the grain size and the quality factor, as shown in
Fig. 9. Other variables would need to be considered to define
the quality factor, such as [Ti]/[Zr + Sn] ratio inside the grain .

Even though sample Z15Zn and sample Z10Zn were both
sintered at the same temperature and had similar grain sizes,
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they had different loaded quality factors due to the different
amounts of sintering aid. However, the quality factor of
Z15Zn and Z10Zn samples were lower than that of Z05Zn
samples. A maximum grain size exists for a unique
composition sintered at different temperatures. As observed
in the microstructure (Fig. 4), the ZnO that originated from
the liquid phase during the sintering of ZST was located in
the grain boundary. Depending on the amount of ZnO, the
grain stoichiometry could be altered. The stoichiometry
changed according to the amount of ZnO and the sintering
temperature, even though the second phase had the same
elements as the matrix. The parameter responsible for
determining the quality factor was the grain stoichiometry,
which in turn was dictated by the composition of the liquid
phase, as shown in Fig. 10.

For Bi-doped samples, the dielectric constant and the
resonant frequency did not vary systematically with the
Bi,O3 amount and the sintering temperature (Table 1). On the
other hand, Q x f; decreased with the sintering temperature as a
result of the increasing unit cell volume. In this case, the
reduction of the loaded quality factor was associated with the
perturbation of the crystalline order due to the presence of Bi
inside the grains. These defects promoted phonon scattering
and consequently increased the dielectric loss. The observed
reduction in the unit cell volume (Table 1) was caused by
oxygen vacancies that were created to maintain charge
neutrality.
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Fig. 8 (a) SEM images of Z05Bi sintered at 1400 °C for 6 h; (b) EDX results of different regions of Z15Bi; (c) SEM images of Z15La

sintered at 1400 °C for 6 h; (d) EDX of different regions of Z15La

Table 1 The dielectric properties, average grain size, and [Ti]/[Zr + Sn] ratios of all samples at a high frequency

and sintered at various temperatures

Sintering Dielectric Average grain [Ti)/[Zr + Sn]
Composition temperature, °C constant, €, O X f, size, pm of the grain
Z15Zn 1250 37.61+0.7 12170 +48.7 47+£0.3
1300 38+1.9 12430 £62.2 6.6+0.1 1.04
1400 38+0.3 13180 £40.6 13£0.0 1.10
Z10Zn 1250 38.1£0.5 13530 £81.2 59+04
1400 373+£04 15150 £75.8 12+£0.1 0.94
Z05Zn 1300 387+£1.2 11220+ 78.5 8.1+0.1 0.90
ZSTO 1450 3554+0.5 11340+ 79.4 9+0.7
Z15Bi 1250 38.8+£0.5 14090 £42.3 43+0.8 0.87
1300 39.5+£0.3 13150 £95.2 45+04 0.87
1350 389+£0.2 11800 £ 59.0 4.7£0.5 0.89
Z15La 1400 39.5+£0.2 12940 £25.9 7.1+0.1 0.92

4. Conclusion

The influence of different sintering aids on the microstruc-
ture and dielectric properties of ZST at microwave frequencies
was studied in this work. Both the quantity and the type of
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additive had a crucial role in the formation of a liquid phase, the
presence of secondary phases and the grain stoichiometry. The
[Ti)/[Zr + Sn] ratio inside the ZST grain was the most
important factor that determined the dielectric properties of
ZST at high frequencies.
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for: 1, ZnO; 2, La,05 sintered at 1300 °C; 3, 1.5 wt.% Bi,0O;3 sin-
tered at 1350 °C; 4, 0.5 wt.% Bi,O; sintered at 1300 °C; 5,
1.5 wt.% Bi,05 sintered at 1250 °C; 6, 1.5 wt.% Bi,O3 sintered at
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