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Ceramics of Zr,Ti,0,4 have been prepared by the mixed oxide
route. Specimens sintered at 1400°C were at 95% of theoretical
density. Transmission electron microscopy (TEM) electron diffrac-
tion studies established the existence of a one-dimensional superlat-
tice in the a-direction. Computer generated TEM images and elec-
tron diffraction patterns aided the interpretation of experimental
diffraction patterns and lattice images. At 5 GHz the relative
permittivity was 34.1 and the dielectric @ value 700. Such low Q
values are attributed to the presence of the sintering aid Y,0,,
which is necessary for the formation of Zr,Ti;0,,.
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INTRODUCTION

Zirconium titanate-based ceramics are temperature sta-
ble dielectics (1) that find practical applications as resona-
tors at microwave frequencies (2). The end member
Z1TiO, has an orthorhombic structure (3, 4) of the a-
PbO, type, space group Phen, with cell edges ¢ > b > a.
However, the length of the longest cell edge is sensitive
to processing conditions. McHale and Roth (5, 6) demon-
strated that zirconium litanate specimens sintered at ap-
proximately 1500°C and annealed at temperatures as low
as 900°C had c¢ cell parameters in the range 0.5483 to 00,5348
nm, with most of the change occurring for specimens
annealed between 1100 and 1190°C. This led to the de-
scription of zirconium titanate in terms of a high tempera-
ture form (long ¢ cell edge) and a low temperature form
(short ¢ cell edge) with the transition at 1175 = 10°C (5,
6). Such behavior was attributed to ordering of cations
within the a-PbO, structure, the high temperature form
being fully disordered and the low temperature form ex-
hibiting a significant degree of ordering,.

Neutron diffeaction studies by Bordet et al. (7) sup-
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ported the model of high temperature zirconium titanate
as a disordered structure and indicated that the compound
ZrTi,0,, had an ordered superstructure of the a-PbO,
type.

Preliminary transmission electron microscopy (TEM)
electron diffraction and lattice imaging studies by Azough
and Freer (8) of zirconium titanate ceramics cooled at
different rates after sintering showed a change from a
disordered to an incommensurate superlattice structure.

Recent high resolution TEM studies by Christoffersen
and Davies (9) of a single crystal and a powder having
compositions in the system ZrTi0,~ZrTi;0,, confirmed
the presence of an incommensurate superstructure for
compositions with Zr:Ti between 5:7 and 1:1, while
phases close to 1:1 had a commensurate superstructure
with a doubled g-axis.

Azough and Freer (10, 11) found that zirconium titanate
{ZT) and Zrg zSn, ,TiO, (ZTS) ceramics sintered at 1400°C
and cooled at different rates (water quench, air quench,
. .., 1°C/hr) exhibited a wide range of electrical proper-
ties. The dielectric @ values for ZTS specimens at 5 GHz
decreased from 10,200 for ceramics cooled at [°C/hr to
3000 for air quenched specimens (11). ZT specimens also
show such changes (10}, Hirano et al. (12} noted a correla-
tion between the cell parameters for ZT and ZTS speci-
mens and their dielectric Q values. Samples with shorter
cell parameters along the ¢-axis (higher degrees of order-
ing) exhibited higher { values. High resolution transmis-
sion electron microscope studies by the present authors
(10, 13) confirmed major changes in the microstructures
for both ZT and ZTS ceramics, with the development of
a superstructure in the a-direction in the more slowly
cooled specimens.

Cation ordering in zirconium titanate-based ceramics
therefore appears to have a significant effect on the gross
microstructure (in terms of the length of the c-cell edge)
and local microstructure which affects the electrical prop-
erties. Since ZrTi,C,, has been proposed as the ideal fully
ordered form of zirconium titanate (7, 1 1), it is desirable to
understand the behavior and the properties of Zr;Ti; 0,
and its relationship with the family of zirconium titanate
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materials. The present investigation is part of a continuing
study of zirconium titanate-based ceramics and considers
both the microstructure and dielectric properties of
Zr:Ti;0,, ceramics. Specimens have been prepared by
the mixed oxide route, and in accordance with earlier
studies (6, 7} it has been necessary to employ a small
amount of Y,0, in order to develop the ZrsTi;0,
structure.

EXPERIMENTAL

I. Materials and Preparation

The starting materials were Zr(3, (Magnesium Electron,
MEL E20 grade}, TiO, (Tioxide A-HR), ZnO (BDH chem-
icals analar grade), and Y,0; (Fluka, analar grade). The
oxides in the desired proportions (i.¢., to give Zr/Ti =
577, plus 1 wt% Y,0; and 1.5 wi% ZnQ) were wet mixed
for 8 hr, calcined at 1100°C for 4 hr, and milled again for
12 hr, Pellets were pressed at 120 MPa in the shape of
discs 16 mm in diameter and 8 mm high. Sintering was
performed at 1400°C for 4 hr in air. The heating rate was
180°C/hr and the cooling rate was 6°C/hr.

2. Characterization of Powders and Products

X-ray diffraction analysis, using CuKe radiation and a
Philips diffractometer with horizontal goniometer, was
employed to examine calcined powders and sintered spec-
imens. Product morphologies and microstructures were
examined by optical microscopy {on polished surfaces
and etched surfaces); by scanning electron microscopy,
using Philips 505 and 525 instruments (on polished and
fractured surfaces); and by transmission electron mi-
Croscopy.

Samples for TEM studies were prepared by grinding
crushed pellets in an agate mortar and pestle and then
depositing particles on a carbon-coated copper grid. A
Philips EM430 Transmission Electron Microscopy was
used for lattice image and electron diffraction studies.
Lattice images were obtained at an accelerating voltage
of 300 keV by the Many Beam Imaging (MBI) method.
The electron beam was paralle! to [011] orientation and
the selected objective aperture contained both the funda-
mental and the superlattice reflections.

In order to interpret the high resolution images in terms
of the projected structure, image simulations were per-
formed using the multislice method (14), as implemented
in the VISP program suite (15). The structure model of
Bordet er al. (7) was used to generate phase gratings of
256 x 64 points using Fourier coefficients out to 6 A~'.
Slice thicknesses of 0.5 A were used in the multislice
interation and the effects of inelastic scattering were not
considered. Images were calculated from the diffraction
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FIG. 1. The intensity of zero order {transmitted beam) as a function

of crystal thickness.

space wavefield using the full nonlinear (partially coherent
illumination) model (14).

Images were simulated at two crystal thicknesses: first
for a crystal of 7.3 A thickness (strong phase object) and
then for a crystal of 880 A thickness. The thickness of
7.3 A corresponds to one repeat in the {(M11] direction
(i.e., V2 x 5.4). This is the minimum crystal thickness
which may reasonably be expected to occur in practice.
Simulation at 880 A thickness was performed because at
this crystal thickness, a maximum in the zero order (G00)
beam occurs. At this condition a bright thickness fringe
appears in cleaved wedges of crystal fragments, as shown
in Fig. 1. (Thus it is possible to fix one of the two main
variables, defocus and crystal thickness, needed as input
to the simulation program). The range of defocus used
for the two crystal thicknesses was 0.0 A (Gaussian) to
—1050 A (under focus) in 50 A steps. The effects of using
partially coherent illumination were simulated using a
beam convergence of 0.5 milliradians and a spread of
130 A root mean square (rms). Projected crystal structures
were generated using the STRUPLO84 package (16).

Dielectric properties at 1 kHz and temperatures in the
range 25 to 120°C were determined for 3 mm thick polished
discs (bearing Ag electrodes) using a Wayne Kerr 6425
precision component analyzer in conjunction with a dedi-
cated sample cell.

High frequency dielectric measurement were per-
formed at 5 GHz (25°C) on polished discs (13 mm in
diameter, 7 mm high), with a network analyzer and sweep
oscillator (the Hakki and Coleman method (17)).

RESULTS AND DISCUSSION

Calcined powders were white in color with an average
grain size of 2.8 um. X-ray diffraction analysis of the
powders indicated formation of the compound Zr;Ti,0,,,
with minor amounts of unreacted ZrO, and TiO,.

Sintered products were white-cream in color and ap-



FIG. 2. Optical micrograph of Zr;Ti;( ceramic (prepared with 1.5
wt% Zn0 and 1.0 wt% Y,05).

proximately 95% of theoretical density. X-ray analysis
showed only single phase Zr,Ti;0,,. Figure 2 shows an
optical micrograph of a polished and etched specimen.
The texture was soft, as shown by the degree of grain
pull-out, with an average grain size of 12 pm. Grain shape
was predominantly euhedral, but occasionally angular.

The addition of ZnO promoted densification and led to
the formation of a (Zn-Ti)-rich phase, of approximate
formula Zn,Ti0,, at the grain boundaries.

The presence of a small quantity of Y,(), appears to be
necessary for the formation of Zr;Ti;0,4. Yttria could not,
however, be detecied in the grain boundaries or second
phase, and is therefore believed to be incorporated within
the primary phase. This is in accordance with the findings
of McHale and Roth {5). To a first approximation the
composition of the matrix may be regarded as ZrTi,0,,,
and for the purpose of description this formula is em-
ployed for the remainder of this discussion.

X-ray diffraction data for the ceramic are listed in Table
l. The d-spacings and intensities are in excellent
agreement with published data (18), except that diffraction
lines with d-spacings of 7.1873, 3.5428, and 3.2573 A were
absent from our patierns.

On the assumption of an orthorhombic crystal struc-
ture, the cell parameters were calculated to be ¢ = 14,353
A, b = 5325 A, and c = 5.016 A. These values are very
close to the results obtained by Bordet ef al. (7) by neutron
diffraction techniques.

TEM electron diffraction studies confirmed the exis-
tence of a one dimensional supertatiice in the a-direction.
Figure 3 shows an [011] electron diffraction pattern of
Zr5Ti;0,,. The length of the unit cell of the fundamental
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TABLE 1
X-ray Diffraction Data for Sintered Zr,Ti,0,, Ceramic Samples
(26 = 10° to 100%)

d(A) hii It d(A) hki iy
3.5523 130 13 1.6790 130 6
2.8987 131 100 1.6677 311 6
2.6627 200 15 1.5829 113 9
2.5504 141 2 1.5154 133 8
2.5040 002 10 1.4647 082 8
2.4652 012 2 1.4542 262 $
2.3902 060 5 1.4185 203 2
2.3532 201 4 1.4126 213 2
2.2190 032 2 1.3906 332 3
2.1328 240 3 1.2911 371 2
2.4118 231 7 1.1995 124 3
2.051 042 4 1.1964 012 2
1.8266 202 13 1.1909 390 2
1.8102 212 2 1.1831 134,372 2
1.781% 260 13 1.1670 460 2
1.6979 261 2 1.1585 391 3

1.1373 461 3

lattice in the a-direction is approximately 4.8 A; the unit
cell of the superstructure s three times larger, approxi-
mately 14.4 A, in agreement with the X-ray data.
Figure 4 is a TEM image (with electron beam parallel
to [011]) showing the 14.4 A superlattice which corres-
ponds to the spacing of (100) planes. Irregular broad dark
fringes can also be seen crossing parallel to the (100)
fringes. These can be interpreted as antiphase boundaries.
A high resolution magnified TEM image of one of these
boundary regions is shown in Fig. 5. This reveals a shift
in the fringe position across the boundary, This fringe

LR R R R e I

FIG. 3. [011] electron diffraction pattern for ZrsTi;O,,.
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FIG. 4. TEM image of the Zr;Ti,0,, structure (electron beam parallel
to [0111).

shift is typical of HRTEM images of antiphase boundaries
and has been seen in many structure types {e.g., lead
magnesium niobate (19}, Pb(Mg,;;Nb,;;)0; , and lead scan-
dium tantalate (20), Pb(Sc;,Ta,;»)04).

Figure 6 is a high resolution, high magnification lattice
image of the ceramic, with the electron beam parallel to
[011]. This shows the lattice image of Zr;Ti;0,, in more
detail.

A projected potential of Zr,Ti,0,, along the [011] direc-
tion is shown in Fig. 7. Greater insight is gained from a
projection for the structure in terms of atom positions
(Fig. 8) which was obtained via the STRUPL(O84 pro-
gram. The unit cell of the superstructure for ZrTi;O,, is
outlined in Fig. 8. Ordering structure are discussed in
some detail by Christoffersen and Davis. (9).

Figures 9a and 9b show computer simulated electron
microscope images as a function of defocus of the ohjec-
tive lens for slice thicknesses of 7.3 and 880 A, respec-
tively. The generated images for a thin crystal (Fig. 9a)
may be compared with the projected potential (Fig. 7);
this shows that the black “‘atoms’ occur over the focus
range of — 400 to ~ 900 A. Outside this range, the contrast
is reversed. Experimentally, the defocus was adjusted
close to the Scherzer setting ( — 735 A for this instrument).
This was achieved via knowledge of both the step size (6
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nm) and the number of steps away from minimum contrast
at the specimen edge. It should be noted that minimum
contrast of the amorphous material at the specimen edge
does not correspond to zero defocus but to a slight under
focus. This value can be calculated if the objective lens
parameters are known. For this instrument, the correction
factor is —243 A. Thus setting the objective lens to the
Scherzer condition ensures that, for a weak phase object
such as a very thin crystal, the dark contrast corresponds
to ‘“black’” atom columns. The edge of the crystal seen
in the experimental image in Fig. 6 appears to be suffi-
ciently thin to match well with the simulations in this
focus and thickness regime. Simulations produced using
a crystal thickness of 880 A (Fig. 9b), which show no
direct correspondence with the projected potential, do
match well with thicker regions (right hand side of Fig.
6). Any change in the amount of defocus between matches
for the thin crystal and thick crystal can be explained in

FIG. 5. High resolution electron microscope lattice image of
ZrTiy0y,, showing an antiphase domain boundary (APB).
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FIG. 6.

High resolution electron microscope lattice image of ZrsTi;Oy, (at higher magnification than Fig. 5). Electron beam is parallel to [011].

The unit cell is outlined. The sample increases in thickness from left to right across the figure.

terms of an inclined crystal fragment. Exact matches for
thicker crystals are difficult fo obtain due to the effects
of the crystal misalignment and the neglect of inelastic
scattering effects.

The results obtained from the current TEM investiga-
tion of Zr.Ti,0,, ceramics confirmed the structure pro-
posed by Bordet et al. (7) with cations ordered in the a-
direction, giving a superstructure with a tripled g-axis.

The dielectric properties of the Zr;Ti,Q,; ceramic are
summarized in Table 2. The low frequency relative per-
mittivity (¢,) and @ values of Zr;Ti;O,, are lower than

[ l! ¥ . i

FIG. 7. Projected potential for ZrsTi; 0y, along [011].

those reported (8) for ZrTiO, (i.e., &, = QO = 1000 at
1 kHz) and the temperature coeffcient of capacitance {r.)
is higher than that for ZrTiO, (. = 110 ppm/°C at 1 kHz).

At 5 GHz the Q-value of Zr,Ti,0,, was only 700. It is
believed that this does not represent the intrinsic ¢ value
of the pure material and that the presence of Y** ions in
the Zr;Ti;0,, has degraded the dielectric properties. In

FIG. 8. [011] Projection showing the atomic positions in ZrsTi;0,,.

Within the unit cell (outlined) the large circles are oxygen atoms, small

black circles are Ti atoms and small open circles are Zr atoms.
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FIG. 9. Computer simulated TEM images of ZrsTi;0y4 as a function of the defocus of the objective lens for (a) a slice thickness of 7.3 A, and

{b) a slice thickness of 880 A.

related studies of ZrTiO, ceramics (10), specimens doped
with Y;0; again showed reduced Q values, as low as 500,
while ceramics free of Y,0; had Q-values of 4000-4500
at 5 GHz (Table 3).

The degradation of the dielectric Q values of zirconium
titanate-based ceramics by the introduction of elements
of valency 3, such as Fe*? La*? and Cr*3, has been
reported by several authors (24-26). In each case the
trivalent elements appear to diffuse into host grains. Wak-

TABLE 2
Dielectric Properties of Zr;Ti;0,, Ceramics

Te

Frequency £ ¢ value (ppm/°C}
1 kHz 35.9 660 160*
S GHz 341 700 —

* (20 — 120°0)

ino et al. (24) noted that the deleterious effect of Fet?
could be overcome if NiO was also added to help form a
Ni-Fe—Ti rich grain boundary phase, thereby preventing
Fe*? from entering the host grains. For example, ZTS
ceramics containing 0.5% Fe,0, had a dielectric O value
at 7 GHz of 400, but the addition of 0.5% NiO enabled
the @ value to be increased to 5000. The paradox in the
case of Zr;Ti;O,, ceramics is that while the Y** almost
cerfainly contributes to a lowering of the @ value, there

TABLE 3
Microwave Dielectric Properties of ZrTiO, Ceramics
Frequency & @ value ref
7 GHz 42 4000 an
2.2 Ghz 42 9000 (22)
6 GHz 39 3700 23)
5 GHz 40-41 4000-4500 (8)
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appears to be no easy way to prepare Zr;Ti;0,, ceramics
without the addition of a small amount of yttria. In princi-
ple, it is possible that Y?* could substitute for Zr** and/
or Ti** and simultaneously create oxygen vacancies. In
such a case the presence of oxygen vacancies may lead
to a lowering of the Q value. From the pale color of the
specimens it would appear that the ZrTi,O,, ceramics
did not contain a significant fraction of oxygen vacancies.
However, the defect concentration could not be formally
quantified using the techniques employed in this study.

Further experimenis are now needed to define the role
of Y3* and its effect on lowering the dielectric Q value
of Zr,Ti;0,, ceramics.

CONCLUSIONS

Zirconium-deficient Zirconium titanate, Zr;Ti,O,,, has
an orthohombic crystal structure, where the cell parame-
ter in the a-direction is approximately three times longer
than that in the high temperature form of ZrTiO,, The
presence of the superstructure was confirmed by electron
diffraction studies.

Simulation of TEM images using the multislice method
enabled theoretical images to be generated for different
crystal thicknesses. Good agreement was obtained with
experimental lattice images for selected focus conditions.

The relative permittivities and dielectric @ values of
Zr;Ti,0,, were lower than anticipated. The fact that the
Q values for Zr;Ti,0,, were less than 800 at S GHz appears
to be due to the presence of the additive Y,0,, which
was employed to ensure the formation of the ZriTi;0,,
structure.
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