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Abstract The zinc titanates doped with zirconium were
synthesized by conventional solid-state reaction using metal
oxides. X-ray diffractometry and differential scanning cal-
orimetry analysis results indicated that the stable region of
the hexagonal Zn(Zr, Ti;_,)O3 phase extended to a high
temperature (above 945 °C). The c/a value decreased as
the Zr concentrations increased, which may be caused
by the Zr** addition resulting in a shorter distance between
the center ion and its nearest neighbors of the octahedron,
and the bonding force between the B-site ion and oxygen ion
of ABOj perovskite-like structure becoming stronger. The
dielectric properties exhibited a significant dependence on
the sintering temperatures and the amount of ZrO, addition.
The dielectric constant decreased and Curie temperature (7;)
increased slightly with the increasing amounts of Zr ions.
This is caused by the second phase of ZnZrO3; which was
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deposited at the grain boundaries and inhibited the grain
growth. Furthermore, diffuse phase transition with a maxi-
mum permittivity at a transition temperature that is close to
room temperature in Zn(Zr,Ti;_,)O3 was observed.

Introduction

Titanate-based perovskite-type oxides, (MTiO3), containing
metals such as M = Pb, Ba, Sr, Cd, Fe, and Zn are well
known as functional inorganic materials, having wide
applications in electrodes of solid oxide fuel cells (SOFC's)
[1], metal-air barriers [2], gas sensors [3], microelectronics
[4], and high performance catalysts [5] for the complete
oxidation of hydrocarbons or CO and NO reduction. Several
fundamental studies concerning the phase diagram and the
characterization of the ZnO-TiO, system have been pub-
lished since the 1960s [6, 7]. It has been reported that three
compounds exist in the ZnO-TiO, system [8], Zn,TiO4
(cubic), ZnTiO5 (hexagonal), and Zn,Ti3Og (cubic).
ZnTiO3 is an ilmenite titanate with an ordered corundum
structure, where each TiOg octahedron layer is sandwiched
between two layers of MOg octahedra. For every octahedron,
faces are shared along the c-axis, edges are shared in the ab-
plane, and apices are shared along the oblique direction [9].
ZnTiOj3 could be used as white pigment [10], a catalytic
sorbent for the desulfurization of hot coal gases [11], and as a
gas sensor [3] (for ethanol, NO, CO, etc.). Recent works have
demonstrated that it is also a useful candidate for microwave
resonator materials and suitable for low temperature co-fired
ceramics [12]. Research has also indicated that doped and
undoped ZnTiO3 have V-type resistivity-temperature char-
acteristics and possess typical PTCR properties above the
transition point [13, 14]. In addition, ZnTiO3 doped with
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some transition metal ions could be used for luminescence,
as proposed by Wang et al. [15, 16].

Since Zirconium is known as an effective substituent in
BaTiO; to shift the Curie temperature downward and raise
the other two phase transition temperatures, many investi-
gations have focused on the effect of Zr*" ion additions.
Hennings et al. [17]. found that the relative permittivity-
temperature plot would give a single broad Curie peak with
the addition of the appropriate amount of Zr ions. Further
studies of the Zr4+-doped Bag 4Srg4Cag,TiO3 system also
found that some Zr ions were deposited at grain boundaries to
inhibit the grain growth, and one third of the oxygen posi-
tions would become occupied, corresponding to a defective
pyrochlore structure [18, 19].

There are various methods to prepare ZnTiO5; powders,
including conventional solid-state reaction [7] and sol-gel
method [8, 20]. Since there are some drawbacks to the sol-
gel method, such as the complicated process and the
expensive starting agents, the solid-state reaction will be
adopted in this paper. The authors have synthesized
ZnTiO3 doped with four valance elements replacing tita-
nium by milling the mixture of ZrO, and TiO, powders
using a conventional solid-state reaction. The phases,
thermal stability, and dielectric properties of the resulting
Zn(Zr,Ti)O5; were then examined.

Experimental procedures
Sample preparation

The Zn(Zr,Ti;_,)O5 samples with x = 0-0.1 were prepared
by a conventional solid-state reaction method using ZnO,
TiO,, and ZrO, powders as the starting materials with a
purity of 99.99% supplied from Aldrich Chemical Company
and Acros Organics. The starting materials were mixed in
ethanol by ball milling with zirconia balls in polyethylene
jars for 24 h, and then dried at 120 °C. The mixed powders
were calcined at 800 °C for 24 h to form the ZnTiO; phase
and further milled for 24 h, also with zirconia balls in
polyethylene jars after furnace cooling. The ground powders
obtained were then added to 3 wt% of polyvinyl alcohol
(PVA) solution as a binder. After drying at 120 °C, they were
pressed into disks of 10 mm in diameter and 5 mm thick
(with a pressure of about 5 MPa), followed by cold isostatic
pressing of 200 MPa for 20 min in rubber bags. Finally the
disks were sintered at temperatures of 800-950 °C for 24 h.

Characterizations
The crystal structures were analyzed by X-ray diffractometry

(XRD, Rigaku Dmax—33 X-ray diffractometer) using Cu-Ko
radiation with 260 from 20° to 60° to identify the possible
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phases formed after heat treatment. Differential scanning
calorimetry measurements were carried out in a HT-DSC
(DSC, Model 404, Netzsch Inc., Exton, PA) equipment to
determine the thermal behavior of powders which were
placed inside the closed platinum cups and measured at a rate
of 10 °C/min in a dry nitrogen (99.99%) atmosphere. For
examination of the dielectric properties, both sides of the
specimens were finished to a mirror surface, and electrodes
were attached to the surfaces using ohmic silver paste and
gold wires. Temperature dependence of the dielectric con-
stant (¢) was measured with an inductance—capacitance—
resistance (LCR) (Hewlett-Packard, HP-4284A) meter at
1 kHz between —10 and 70 °C by heating and cooling the
sample at a rate of 4 °C/min. The sintered density and open
porosity were calculated using the Archimedes method [21].

Results and discussion
Phases in samples
Figure 1 shows the XRD profiles for the zinc titanate doped

with 1 at% zirconium oxide sintered at different tempera-
tures from 800 to 950 °C for 24 h in air. The almost pure
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Fig. 1 XRD profile of ZnTiO; doped with 1 at% Zr after heat
treatment at (a) 800, (b) 850, (c¢) 900, and (d) 950 °C for 24 h in air
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ZnTiO; phase was observed in the variation of the tem-
peratures from 800 to 900 °C [JCPDS No.14-0033]. This
means that the zirconia ion can permeate into the lattice of
the ZnTiO; structure and replace one of the titanium ions to
form the solid solution of Zn(Zr,Ti)O;. The half-peak
width seems to narrow with increasing the sintering tem-
peratures, because a higher sintering temperature favors a
crystal structure with a larger crystalline size which leads
to a better crystallinity. When the sintering tempera-
ture was increased to 950 °C, which is higher than the
decomposition temperature of ZnTiO3 (945 °C), the
amount of «-Zn,TiO,4 and rutile phases were increased, and
only one small peak of ZnTiO; phase remained near the
diffraction angle of 32° designated as (104). Figure 2
shows the XRD profiles of ZnTiO5; doped with (a) 1, (b) 3,
(¢) 5, (d) 10 at% Zr sintered at 950 °C for 24 h in air. The
ZnTiO5 phase still existed even though the sintering tem-
perature was higher than the decomposition temperature of
ZnTiO5 (945 °C). The «-Zn,TiO,4 and rutile phases reduced
gradually and the amount of ZnZrO; increased with Zr
concentration. The Zr that dissolved in ZnTiO5 seemed to
have a limit up to 5 at%, where a small peak of ZnZrO;
appeared at 10 at% of Zr doped. Based on the XRD anal-
ysis, the addition of Zr can raise the decomposition
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Fig. 2 XRD profile of ZnTiO; doped with (a) 1, (b) 3, (¢) 5, and (d)
10 at% Zr after heat treatment at 950 °C for 24 h in air
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Fig. 3 The DSC curves of Zn(Zr,Ti;_,)O5 powders

temperature of ZnTiOs5. To examine the thermal stability of
Zn(Zr,Ti)O3, high temperature differential scanning calo-
rimetry (DSC) was employed, and the resulting curves are
plotted in Fig. 3. It is obvious that Zr improves the stability
of the ZnTiO; structure. The endothermic peaks, desig-
nated as thermal decomposition temperature, clearly
shifted from 946.8 °C to 987.7 °C with the increasing
concentrations of Zr from 1 to 10 at%, respectively.
Table 1 shows the parameters of ZnTiO5; doped with dif-
ferent amounts of Zr sintered at 900 °C for 24 h in air. The
lattice constants were determined from the diffraction
patterns using a computer program called Unit Cell.
Table 1 indicates that the c/a value decreases as the Zr
concentrations increases, which may be the reason the Ti**
ion (0.68 A) is substituted by the Zr*" ion (0.87 A),
resulting in a shorter distance between the center ion and its
nearest neighbors of the octahedron. This substitution
caused the bonding force between the B-site ion and oxy-
gen ion of ABOj; perovskite-like structure to become
stronger and led the decomposition temperature to increase.

Table 1 The parameters of Zn(Ti;_,Zr,)O; sintered at 900 °C for
24 h in air

Sample Porosity Sintered T. (°C) cla
(%) density
(g/em’)
ZnTiO3 34.62 3.370 ~5.0 2.7349
Zn(Zro01Tigos)0s  40.70 3.056 ~115 27345
ZH(Zr0_03Ti0_97)O3 41.06 3.050 ~12.0 2.7338
Zn(Zro_OSTi0_95)03 41.30 3.041 ~13.0 2.7329
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Fig. 4 The dielectric constants of ZnTiO; doped with different 15 1
concentrations of Zr sintered at various temperatures ’ jj:
§ i &= 10
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g 08—
The dielectric properties of pure zinc titanate ceramics were = i
investigated by Sugiura and Ikeda [22]. They measured the &
low frequency (kHz) dielectric constants and found the 0.4 —
temperature coefficient of the dielectric constant T, = 0 for
the composition containing 53 at% ZnO. The dielectric 1
constants of ZnTiO5; doped with different concentrations of
Zr measured at a frequency of 1 kHz for various sintering 0 j
-20 0 20 40 60

temperatures are illustrated in Fig. 4. The dielectric con-
stants did not show much difference between the samples
sintered at 800 and 900 °C. They increased slightly with the
increasing sintering temperature, and had a low value com-
pared with that of perovskite titanate compounds such as
CaTiO; or SrTiO;5 [23]. It has been reported that the TiOg
octahedral in ilmenite titanate is isolated by both the MOg
octahedral layer and cation vacancy layer, leading to a
decrease in the cooperative interaction between the TiOg
octahedra [9]. In addition, there is a distinct decrease for
dielectric constants of the ZnTiOz doped with different
concentrations of Zr, which is because the porosity increases
with increasing the Zr concentration.

Figure 5a and b shows the temperature dependence on
dielectric constants and dissipation factors for ZnTiO;
doped with different concentrations of Zr sintered at
900 °C at 1 kHz. In fact, the Curie temperature (7) is not
sensitive to Zr concentration, but it seems to increase
slightly from 11.5 °C for 1 at% Zr to 13.5 °C for 5 at% Zr
doping. As mentioned above, each TiOg octahedron layer is
sandwiched between two layers of MOg octahedra. In
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Fig. 5 The dielectric constant (a) and dielectric loss (b) at 1 kHz as a
function of temperature for ZnTiO; doped with different concentra-
tions of Zr sintered at 900 °C

every octahedron, faces are shared along the c-axis, edges
are shared in the ab-plane, and apices are shared along the
oblique direction. One pair of edge-shared TiOg octahedra
is isolated by the cation vacancies in the ab-plane and is
separated by the MOg octahedron along the oblique
direction [9]. When ZnTiO; was doped with Zr*" to sub-
stitute the Ti*" ions, the distance between every TiOg
octahedron layer decreased and the interaction between
TiOg octahedron layers was enhanced, which may increase
the Curie temperature (7).

The dielectric peak is broadened because of the compo-
sitional fluctuation and/or substitution disordering in
the arrangement of cations in one or more crystallographic
sites of the structure. This leads to the microscopic hetero-
geneity in the compounds, which is distributed at different
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Fig. 6 VariationofIn(1/e — 1/ey,,y) versus In(T — T.) of Zn(Zr, Ti;_,)
O3 above T,

local Curie points [24]. The quantitative assessment of the
diffusivity (y) of the broadened peak in the paraelectric phase
was evaluated using the expression of In(1/e — 1/g,ax) Vs.
(T — T.)"[25]. The plots of In(1/e — 1/epay) vs. (T — T) for
all compositions are represented in Fig. 6. The value of y was
found to be between 1 (normal Curie-Weiss behavior) and 2
(completely disordered), which confirms that diffuse phase
transition occurred in the materials. This shows that an
increase in diffuseness of the materials is a function of Zr ion
doping. The deviation of the phase transition mechanism
from the Curie-Weiss type can be interpreted as the occur-
rence of disorder in the system. Furthermore, the dielectric
constant decreased by increasing the concentrations of Zr
due to the effect of the decrease of grain size and substantial
replacement of Ti*' ions by Zr** ions in the perovskite
structure [26]. An earlier report [17] also indicated that in
some perovskite materials the grain sizes decreased with the
increasing amounts of Zr, because some Zr ions migrated to
grain boundaries and inhibited grain growth. Zn(Zr,Ti,_,)
O; has the M-type dissipation factor-temperature charac-
teristics (Fig. 5b), and these diminish by increasing the
amount of Zr. As mentioned above, with the decrease in grain
size the degree of spontaneous polarization decreased, and
the energy needed for dipoles to revolve under the effect of
electric field was lowered [27].

Conclusions

The crystal structures, thermal stability, and dielectric
properties of ZnTiO3 doped with different concentrations

of Zr have been investigated. As doping concentrations of
Zr increased from 1 to 10 at%, the decomposition of
ZnTiO3 could be suppressed more and the stable region
of the hexagonal Zn(Zr,Ti;_,)O; phase extended from
946.8 °C to 987.7 °C. The coexistence of mixture phases
clearly improved dielectric constants when the sintering
temperature was 950 °C. In addition, there is a limit for the
Zn(Zr, Ti;_,)O5 solid solution, and the value is about
x = 5 at%. The increased electronic polarizability of Zr*"
might raise the Curie temperature (7.) initially, but the
solution limit of Zr in Zn(Zr,Ti;_,)O; would satisfy the
Curie temperature. Moreover, some ZnZrO5 are deposited
at grain boundaries to inhibit the grain growth, which lets
the dielectric constants and dissipation factors decrease
with a maximum permittivity at a transition temperature
that is close to room temperature.
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