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The microstructure and microwave dielectric
properties of zirconium titanate ceramics in the
solid solution system ZrTiO,—Zr;Ti,0,,
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Zirconium titanate (ZT) ceramics having compositions in the range of ZrTiO,~ZrsTi;O24 Were
prepared via the mixed oxide route, using ZnO and CuO as sintering aids and Y,03 as
stabilizer. Specimens were sintered at 1450 °C for 4 h and then cooled at 6°Ch~*, 120°Ch~*
or air-quenched. All products exhibited densities exceeding 95% of the theoretical values.
The amount of ZnO and CuO in the products decreased as the cooling rate decreased
and as the content of TiO, increased. Energy dispersive analytical spectroscopy studies
suggested that a grain boundary phase, rich in ZnO and CuO, existed as a continuous
layer. Both composition and cooling rate were found to have significant effects on the
microstructure of the zirconium titanate ceramics. Transmission electron microscopy
showed that as the TiO, content increased, a superstructure with a tripled a-axis developed,
but there was no obvious change in the lattice parameters. As the cooling rate decreased,
extra peaks were observed in X-ray spectra and the lattice parameter in the b direction
shortened dramatically; both are associated with cation ordering. A short-range
commensurate superstructure with a Z"'ZZ2""ZZZ+r (or ZnZZ+Z"'ZZ'™) stacking sequence
was observed in the ordered ZrTiO, specimens. All the samples showed poor dielectric
properties at microwave frequency (4 GHz). The low dielectric Q values (400-1000) were due
to the presence of the structural stabilizer, Y03, within the grains. The Q value increased
slightly with increasing TiO, content. The air-quenched samples had the highest Q values
(850-1000); slower cooling led to the formation of microcracks within the samples and the
reduction of Q values. The relative permittivity was controlled by bulk composition, the
presence of a grain boundary phase, microcracks, oxygen vacancies and cation ordering.
The ordering of cations and the presence of microcracks reduced the relative permittivity;
rapidly cooled samples with higher TiO, content had higher relative permittivities (with

a maximum of 44.3 for air-quenched ZrsTi;024).

1. Introduction
The microwave frequency band is commonly con-
sidered to lie in the frequency range 0.9-300 GHz. In
the last two decades, there has been a remarkable
growth in microwave communications systems [1]
and a wide range of dielectric materials have been
developed for microwave applications [2-5].
Zirconium titanate-based ceramics have long been
used in electronic applications where low-loss, tem-
perature-stable dielectric materials are required [6].
Today, their applications also include resonator com-
ponents in filters [7-9] and frequency-stable oscil-
lators [10-12] at microwave frequencies. The end
member ZrTiO, has an orthorhombic structure of
a-PbO, type [13, 14] with space group of pben = D3
[15]. The observed X-ray reflections obey the follow-
ing extinction conditions, Okl: k = 2n, hOL: | = 2n, hkO:
h + k = 2n. Coughanour et al. [16] noted that the
b cell parameter of ZrTiO, quenched from temper-
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atures above 1200°C exhibited higher values than
those for specimens quenched from lower temper-
atures, while the a and ¢ cell parameters remained
essentially the same. McHale and Roth [17] sub-
sequently demonstrated that the b cell parameter of
Z1rTiO,4 depended sensitively on quench temperature
and suggested that the change in the b cell parameter
at about 1120°C was associated with an order—dis-
order transformation; the latter proposal was con-
firmed by Bordet et al. [18] using powder neutron
diffraction techniques. It is generally believed that the
transition reflects the change from a disordered state
at high temperature to one where there is certain
degree of cation ordering at low temperature [ 19-24].
Recently, Christoffersen and Davies [25] employed
high resolution transmission electron microscopy to
study structures in the system ZrTiO4,—ZrsTi;0,,,
using single crystal fragments having variable com-
position. Their electron diffraction patterns revealed

1693



Zr

Zr

(a)

(b)

Figure 1 Schematic [010] projection of (a) ZZ™ and (b) Z"" Z1¢
cation stacking sequence.

that compositions with Zr:Ti between 1:1 and 5:7
had incommensurate superstructures; phases close to
1:1 were commensurate with a doubled a-axis super-
structure and a ZZ™ (or ZZ11) sequence of cation
layers (Fig. 1a); phases close to 5:7 were also commen-
surate but with a tripled a-axis superstructure and
a Z"Z+r sequence (Fig. 1b). The incommensurate, or-
dered zirconium titanates were found to be mixtures
of two types of structural regions, one based on half
multiples of Z™Z11 occupancy sequences, and the
other based on integer multiples of ZZ™ (or ZZ+y)
sequences.

The dielectric properties of ZrTiO, were first re-
ported over five decades ago by Rath [6]. Within the
past decade, the properties of ZrsTi,O,4 and the effect
of the phase transformation in ZrTiO, were investi-
gated by Azough et al. [20, 26] and Christoffersen and
Davies [25]. This study is concerned with the relation-
ships between composition, microstructure and
microwave dielectric properties of ceramics in the sys-
tem of ZrTiO4— ZrsTi,O,,; five compositions were
selected to span the full range. A small amount of
Y,O; was used to stabilize the low temperature struc-
ture and accelerate the order—disorder transformation

[19].

2. Experimental procedure

2.1. Materials and preparation

Oxide powders of ZrO,, TiO, (Tioxide A-HR Grade),
ZnO (Analar Grade), CuO (Technical Grade) and
Y,0; (Analar Grade) were used as starting materials.
Ceramic samples were prepared via the conventional
mixed oxide route. The following compositions were
chosen for the study:

1. ZTO0: ZrTiO4 4+ 1.0 wt % ZnO + 0.5 wt % CuO
+ 1.0 wt % Y,0;

2. ZTI ZrTi1.104.2 + 10 Wt 0/0 ZHO
+0.5Wt% CuO + 1.0 wt % Y,O0,

3. ZT2 ZrTi1b204.4 + 10 wt 0/0 ZnO
+ 0.5 wt % CuO + 1.0 wt % Y,O;

4. ZT3 ZrTi1V3O4_6 + 10 Wt CVO ZnO
+0.5wt % CuO + 1.0 wt % Y,0;
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5. ZT4: ZrTi; 4O4 5 (Z1rsTi,0,4) + 1.0 wt % ZnO
+ 0.5wt % CuO + 1.0 wt % Y,O5

Oxides of the desired compositions were first ball-
milled with propan-2-ol for 8 h, calcined at 1100 °C for
4 h and then milled again for 12 h. Pellets were pressed
uniaxially at 120 MPa in the shape of rods with di-
mensions of 16 mm in diameter and 15 mm in thick-
ness. The specimens were sintered at 1450 °C for 4 h
in air and cooled at 6°Ch~1!, 120°Ch™! or air-
quenched.

2.2. Characterization of powders and
products

The fired densities were determined from weight and
dimension measurements. X-ray diffraction spectra
were obtained by use of CuK, radiation and a Philips
horizontal X-ray diffractometer in connection with
a Philips digital programmable controller (Model PW
1710) with a scanning interval of 0.05° in the range of
20-60° of 20. The lattice parameters were determined
from computer-generated d-spacings of (020), (002),
(200), (022), (220) and (202) reflections. As-fired
surfaces and polished samples were examined by op-
tical microscopy (Olympus, Model VANOX-T) and
scanning electron microscopy (SEM Philips, Model
505 with energy dispersive spectroscopy (EDX) and
Philips Model 525). Prior to the detailed optical exam-
ination, the specimens were ground on 1200 grade SiC
paper, polished down to 1 pm diamond paste, then
polished with OPS solution (Struers) and finally
chemically etched at approximately 150 °C with con-
centrated sulphuric acid (98 vol % concentration) for
50 min. Average grain sizes were determined using the
linear intercept method [27].

For transmission electron microscopy (TEM), sam-
ples cooled at 6°Ch™! were crushed into grains,
screened and ground again in an agate mortar and
pestle. The final powders were then deposited on
a carbon-coated copper grid. A Philips EM430 trans-
mission electron microscope was used for lattice image
and electron diffraction studies.

Microwave dielectric measurements were performed
at 4 GHz on polished discs, approximately 12 mm
diameter and 10 mm thick. The measurements were
carried out at room temperature by use of the dielec-
tric post method [28] with a Hewlett Packard vector
analyser system (which comprised an 8757A scalar
network analyser and an 8350B sweep oscillator).The
relative permittivity and dielectric loss were obtained
from the resonant frequency and the peak width of
TE,,; resonant mode [29].

3. Results and discussion

Calcined powders of all compositions were white in
colour. X-ray diffraction spectra showed they were
mainly mixtures of monoclinic ZrO,, tetragonal TiO,
and a trace of orthorhombic TiO,, indicating that the
formation of the main zirconium titanate phase did
not occur during calcining.



TABLE 1 The relative densities of the as sintered ZT ceramics

TABLE II The composition of the second phase of ZT ceramics

Air-quenched Cooling rate (%) Oxide ZrO, TiO, ZnO CuO
120°Ch™" 6°Ch™! Wt % 3 31 ) 24
ZT0 95.8 96.4 95.4
ZT1 95.6 95.4 95.8
712 96.2 95.5 95.3
7713 95.5 95.0 94.8 TABLE III The average grain sizes of ZT ceramics cooled at
ZT4 95.3 95.3 95.1 various rates

Figure 2 SEM micrographs of (a) ZTO, (b) ZT2 and (c) ZT4 cooled
at 6°Ch ™!, showing the amount of the second phase (large triangu-
lar grains) increased as the TiO, content increased.

3.1. Microstructure development

All the sintered ceramics, except the slowly cooled
ZT3, had relative densities over 95% of the theoretical
value (Table I). Neither composition nor cooling rate
had any significant effect on specimen density. The
as-sintered ceramics were brown in colour due to the
addition of CuO. The slowly cooled (6°Ch~') sam-
ples were lighter in colour than the air-quenched sam-
ples. Since both ZnO and CuO are volatile, and the
slowly cooled samples spent extended periods at elev-
ated temperatures, the changes in colour reflect the
decreasing amounts of ZnO and CuO remaining in
the samples as the cooling rate decreased.

Cooling rate Grain size (um)

Air-quenched 47405
120°Ch~! 53407
6°Ch~! 7240.7

Second phases, several microns in size, were ob-
served on the as-fired surfaces. The amount of second
phase increased as the TiO, content increased (Fig. 2)
and was independent of the cooling rate. EDX ana-
lyses showed the second phase was rich in ZnO, CuO
and TiO, with a small amount of ZrO, (Table II). On
polished and etched surfaces, the large second phase
grains were not observed; the additives ZnO and CuO
were not detected within the primary grains but in the
thin grain boundary phase. The results infer that the
ZnO and CuO contents of the grain boundary phase
decreased with increasing TiO, content for the sam-
ples cooled at the same rate, and that the grain bound-
ary phase existed as a continuous layer.

The average grain size of the samples depended on
the cooling rate, but was independent of composition.
Grain size increased as the cooling rate decreased
(Table III) because the more slowly cooled samples
were effectively subjected to longer sintering times.
Samples cooled at 6°Ch~' have grain sizes ~50%
larger than air-quenched specimens. The micro-
structures of the ZT ceramics were sensitive to the
heat treatment conditions and composition. Fig. 3
shows, for example, optical micrographs of ZT0 sam-
ples which had been (i) air-quenched and (ii) cooled
at 6°Ch~!. In the air-quenched samples, grains were
rounded, crack-free and of uniform size (Fig. 3a). As
the cooling rate decreased, the grains became dis-
torted and microcracks developed (Fig.3b). The
amount of cracks increased significantly as the cooling
rate decreased. For samples cooled at the same rate,
e.g. 120°Ch ™! (Fig. 4), the microstructure changed as
TiO, content increased; the amount of microcracks
initially increased and then decreased and the pores
became more aggregated.

Fig. 5 shows X-ray diffraction spectra of ZTO cooled
at various rates. As the cooling rate was decreased,
a broad extra peak appeared (indicated by *); this was
accompanied by a decrease in the intensity of the
neighbouring (1 10) reflection, indicating the develop-
ment of cation ordering within the structure. X-ray
diffraction spectra of the slowly cooled samples
(6°Ch™1) are shown in Fig. 6. The (21 1) superstruc-
ture reflection appeared in ZT2, ZT3 and ZT4, indic-
ating that they had a commensurate superstructure
with a tripled a-axis. For the air-quenched samples
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Figure 3 Optical micrographs of ZTO ceramics: (a) air-quenched;
(b) cooled at 6°Ch ™. Scale bars = 40 pm.

(Fig. 7), the superstructure reflection (indicated by *)
was also observed in ZT2, ZT3 and ZT4, inferring
a certain degree of ordering in the rapidly cooled ZT2,
ZT3 and ZT4 samples.

Lattice parameters were affected mainly by the
cooling rate. There was no significant change in the
lattice parameters with the composition, but a slight
increase in lattice parameter in the b direction of
air-quenched specimens was noted (Fig.8). The
lengths of the lattice parameter in the a direction and
lattice parameter in the ¢ direction were essentially
unchanged with the cooling rate, approximately
0.48 nm and 0.50 nm, respectively, for all the speci-
mens (Fig. 8). The lengths of lattice parameter in the
b direction decreased in a remarkable way as the
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Figure 4 Optical micrographs of ZT ceramics cooled at 120°Ch ™
(a) ZTO; (b) ZT2; (c) ZT4. Scale bars = 40 pm.
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Figure 5 X-ray diffraction spectra for ZT0 samples cooled at vari-
ous rates: (a) air-quenched; (b) 120°Ch™'; (c) 6°Ch ™! (see text for
explanation).
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Figure 6 X-ray diffraction spectra for samples cooled at 6°Ch™*:
(a) ZTO; (b) ZT1; (c) ZT2; (d) ZT3; (e) ZT4.

cooling rate decreased (Fig. 9), due to the order—dis-
order transformation [19].

The slowly cooled samples were examined in detail
by TEM. Fig. 10 illustrates schematically the [010]
electron diffraction pattern of the incommensurate
ordered structure of ZT ceramics. Three types of dif-
fraction spots were observed (fundamental reflections,
first-order satellite reflections and second-order satel-
lite reflections). The indices of the satellite reflections,
(h kg ), can be given by

hy = hy &+ ma, ks = ko, I, =1,
where hg, k, and [, are indices of the fundamental
reflections, m is the order of the satellite reflections,
and a is the distance from a satellite reflection to its

(111)

=
‘®
c
2
Z (110) (200)
J\ (020) (002) 021
e
s )
. )
!
.
. $ f f f f t
20 25 30 35 40

20

Figure 7 X-ray diffraction spectra for air-quenched samples: (a)
ZT0; (b) ZT1; (c) ZT2; (d) ZT3; (e) ZT4.
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Figure 8 Lattice parameter as a function of composition for ZT
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Figure 10 Schematic [010] electron diffraction pattern of the in-
commensurate ordered structure of ZT ceramics (@ fundamental
reflections; O first-order satellite reflections; @ second-order satellite
reflections).

corresponding fundamental reflection in terms of
a fraction of the length of a* (Fig. 10). Fig. 11 shows
[010] electron diffraction patterns for ZTO, ZT1 and
ZT2 cooled at 6 °Ch~!. The incommensurate form of
ordered ZTO is characterized by the presence of satel-
lite reflection spots at non-integral positions on either
side of the fundamental reflections (Fig. 11a). The sat-
ellite reflections also exhibited a varying degree of
continuous streaking in the a direction. For ZT1
(Fig. 11b), the separation of the first-order satellite
reflections was greater and the second-order satellite
reflections were further from the fundamental reflec-
tions (than in ZTO), reflecting a change in the stacking
sequence. The electron diffraction pattern of ZT2
(Fig. 11c) shows a commensurate superstructure with
a tripled a-axis. The streaking along the a direction
indicates that the superstructure was not fully formed.
The results confirm that ZT0 and ZT1 had incommen-
surate ordered structures, while ZT2, ZT3 and ZT4
had commensurate superstructures with a tripled a-
axis. This substantiates the trends indicated by the
X-ray diffraction results (Fig. 6). The commensurate
superstructures appear to exist in a wider composition
range than that observed by Christoffersen and
Davies [25].

Fig. 12 is an [010] TEM bright field image of ZTO
cooled at 6°Ch™'; Zr layers are shown by the dark
bands, while Ti layers are the brighter bands. The ZTT
(Z™" or Zyy) and ZZTT (ZZ™ or ZZy) slabs, reported
by Christoffersen et al. [25], were found to be repre-
sentative of the structure as a whole. An abrupt
change in occupancy of cation layers from more
Zr-rich to more Ti-rich, or vice versa, is indicated by
arrows in Fig. 12. A short-range stacking sequence of
ZTTZZTT (Z"ZZ™ or Z1ZZ+1), which has not been
previously reported, was observed; this stacking se-
quence was distributed throughout the structure.

The ZZTT stacking unit can be formed from
a ZTT-type structure by the insertion of a planar fault
with a displacement of — (1/3)a,q (Where a4 is the
length of lattice parameter in the a direction of or-
dered ZrsTi,O,,4). Christoffersen and Davies [25]
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Figure 11 [010] electron diffraction patterns of specimens cooled
at 6°Ch~1: (a) ZTO, (b) ZT1 and (c) ZT2.



Figure 12 [001] TEM bright field image of ZTO0 specimen cooled
at 6°Ch~'. Arrows indicate abrupt change of occupancy between
Zr-rich and Ti-rich layers. Box indicates ZTTZZTT stacking se-
quence (see text).

have shown that the non-integral satellite reflections
arise not from any modulation within ZTT and ZZTT
regions, but from the fact that the ZZTT regions are
the result of antiphase boundaries within the ZTT
structure, and that the modulation wavelength, L, can
be determined by

L=1/a=3M/2M — 1)

where M is the average fault spacing in multiples of
a4;, (the length of lattice parameter in the a direction of
disordered ZrTiO,). The modulation wavelengths cal-
culated from the electron diffraction pattern (Fig. 11a)
and the bright field image (Fig. 12) are 1.74 (o« = 0.575)
and 1.72 (M = 3.91), respectively, and that for an
entire ZTTZZTT (Z""ZZ " Z11ZZ"") structure is 1.75
(M = 3.5). The three data are in good agreement.
A region consisting of a ZTTZZTT sequence in the
lattice image is outlined in Fig. 12. The previously
reported entire ZZTT slab [25] was, however, not
detected in the present study.

3.2. Microwave dielectric properties

The microwave dielectric properties were measured at
4 GHz. All ZT ceramics showed poor dielectric prop-
erties at microwave frequency due to the presence of
Y,Oj in the primary grains, as noted by Azough et al.
[26] for ZrsTi;O,,4. Unfortunately, Y,O5 appears to
be necessary to stabilize the structures of the TiO,-
rich compositions.

The presence of second phases and microcracks,
variation in sintered density (porosity), defects and
order-disorder transformations are believed to be the
main factors which affect the relative permittivity. For
a multi-phase ceramic, the overall relative permittivity
can be predicted from the volume fraction and the
relative permittivity of each component by the logar-
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Figure 13 Relative permittivity (at 4 GHz) as a function of com-
position for ZT ceramics (A air quenched; @ cooled at 120°C h™1;
¥ cooled at 6 °C h™1). All relative permittivity values are reliable to
+0.3.

ithmic mixture rule [30]

loge, = XV;loge;

where ¢, is the overall relative permittivity, and V; and
g; are the volume fraction and the relative permittivity
of the component i, respectively. In the present work,
the theoretical densities of all ZT ceramics are of same
magnitude, therefore the degradation of the relative
permittivity caused by the porosity is approximately
the same for all the samples. The effects of second
phases can be neglected since the volume fraction is
small compared to the whole.

Fig. 13 shows the relative permittivity as a function
of the composition. For the air-quenched samples, the
relative permittivities increased slightly with increas-
ing the TiO, content. For samples cooled at 120°Ch ™!
and 6°Ch™!, the relative permittivities at first de-
creased then increased with increasing TiO, content.
Since the microcracks developed in the structure due
to the lattice contraction at lower cooling rates, and
the amount of cracks was greatest in ZT2 and ZT3
(mid range TiO, content) (see Fig. 4); the results sug-
gest that the microcracks have a significant effect on
the relative permittivity of samples cooled at
120°Ch~! and 6°Ch~!. However, in the crack-free
samples (air-quenched samples), the results show that
the relative permittivity was higher in samples with
higher TiO, contents.

Fig. 14 shows the relative permittivity of ZT ceram-
ics as a function of cooling rate. A steady decrease in
the relative permittivity with reduction of the cooling
rate was observed. The results are consistent with the
findings of Christoffersen et al. [24]. It was reported
by Christoffersen et al. [24] for ZrTiO, and by Hirano
et al. [31] for (Zr, Sn)TiO,, that the contraction in the
lattice parameter in b direction due to the order—dis-
order transformation led to a reduction in the ionic
polarization and in turn to a reduction in the relative
permittivity. The present results for ZrTiO4—
Zr5Ti,0,, ceramics (Fig. 14) confirm this trend.

The Q value may be affected by second phase,
porosity, microcracks, defects and order—disorder
transformations [20]. In the present study, the grain
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Figure 14 Relative permittivity (at 4 GHz) of ZT ceramics as a func-
tion of the cooling rate (B ZTO0; O ZT1; V¥ ZT2; \/ ZT3; @ ZT4).

boundary phase was rich in ZnO, CuO and TiO, and
has a low Q value [20]. The loss of this (Zn—Cu-Ti)-
rich boundary phase during sintering from the more
slowly cooled samples should improve the Q value
slightly. Pores will generally degrade the Q value, but
Hirano et al. [31] noted that the Q value was indepen-
dent of the density in the range of 90-98% theoretical
density. Therefore, pores should not have a significant
influence in the present study. The reduction in the
Q value caused by microcracks was acknowledged by
O’Bryan et al. [32] for BaTiyOo and Ba,TigO,;
a reduction of at least 40% in the Q value was ob-
served. Microcracks are also expected to reduce the
Q value of these ZT ceramics.

In complex perovskites, the Q values tend to in-
crease when cations become more ordered. In the
studies of Ba(Zn, 3 Ta,;3)O; [4, 33], the Zn—Ta order-
ing increased the Q value by as much as a factor of 10.
This increase in the Q value was believed to be the
result of the decrease in the lattice strain associated
with segregating the two cations. However, zirconium
titanate ceramics do not appear to behave in the same
way because a decrease in the Q value with increasing
the cation ordering has also been reported for ZT
ceramics [24].

Figs 15 and 16 illustrate the variation of Q value
with composition and the cooling rate respectively.
The highest Q value (1000) was obtained for air-quen-
ched samples and the lowest Q values (400) were
obtained with samples cooled at 120°Ch~!. For sam-
ples cooled at 6°Ch ™!, an increase in the Q value for
all compositions was noted (Fig.15). However,
Q values seemed to be independent of the composi-
tion. The variation of Q value with cooling rate was
unusual for all compositions (Fig. 16). There was a re-
markable fall from 1000 to 400 between the air-quen-
ched samples and those cooled at 120°Ch~! due to
the introduction of microcracks in the lattice. As the
cooling was further decreased, the Q value increased,
possibly due to the effects of ordering [3, 33], or more
likely the elimination of oxygen vacancies [31, 34].
However, the Q values depend critically on the pro-
cessing conditions, and the resulting cleanliness of the
grains and grain boundaries.
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Figure 15 Dielectric Q value (at 4 GHz) of ZT ceramics as a func-
tion of the composition (A air quenched; @ cooled at 120°Ch™1;
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Figure 16 Dielectric Q value (at 4 GHz) of ZT ceramics as a func-
tion of the cooling rate (B ZTO; (0 ZT1; V¥ ZT2; \/ ZT3; @ ZT4).

4. Conclusions

1. Mixed oxide prepared ceramics in the system
ZrTiO4ZrsTi;0,, were of ~ 95% theoretical den-
sity with grain sizes of 4.7-7.2 um.

2. The additives ZnO and CuO were found in a thin
grain boundary phase; the amount of ZnO and CuO
decreased as the cooling rate decreased and the TiO,
content increased.

3. For all compositions the length of the lattice
parameter in the b direction fell dramatically from
0.546 nm to ~0.535 nm as the cooling rate after sin-
tering was reduced, reflecting ordering of the cations.

4. TEM studies showed the existence of commen-
surate superstructures with a tripled a-axis over a wide
composition range (ZT2, ZT3 and ZT4). A new stack-
ing sequence of ZTTZZTT was observed in the low
temperature ordered form of ZrTiO,.

5. In rapidly cooled samples the relative permittiv-
ity of the samples increased slightly with increasing
TiO, content; for specimens cooled more slowly, the
relative permittivity was lower (particularly in ZT2
and ZT3), because of cation ordering and the presence
of microcracks.

6. Dielectric Q values at 4 GHz were low for all
specimens (400-1000) due to the presence of the



stabilizer Y,O3 in the primary grains. The highest
Q values (850-1000) were obtained for the rapidly
cooled specimens. In general, the Q value increased
with TiO, content up to ZT3 (ZrTi; 30, ¢); but slower
cooling, causing cation ordering and the presence of
microcracks, reduced the Q values.
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