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Abstract

An X-ray analysis of the (1—x)CaTiO;—xNdAIQOj tie line revealed solid solubility across the entire compositional range. For x <0.85
the crystal structure of the solid solution is that of the orthorhombically distorted perovskite, which is also the structure of pure CaTiOs,
whereas solid solutions with x > 0.90 exhibit the trigonal structure, characteristic of pure NdA1lOs. With the increase in x the permittivity,
the temperature coefficient of resonant frequency and the dielectric losses decrease. Ceramics based on the 0.7CaTiO5—0.3NdAIOj; solid
solution exhibit 7,~0 ppm/K, &,=44 and a Q-value that varies between 30000 and 45000 GHz depending on the cooling rate after the
sintering. A microstructural analysis revealed the presence of twin related domains, antiphase boundaries and two types of inclusions
rich in Al: hexagonal CaAl;,O9.based inclusions and the spinel MgAl,O,4, which results from the Mg-based impurities.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Due to their high relative permittivities, the alkaline-
earth titanates with their perovskite structure have been
of great interest to the electronics industry over the past
30 years. Most of the research was focused on ferro-
electric BaTiOs-based ceramics, which have been exten-
sively utilized in the production of low-frequency
electronic devices. In the last decade, however, the
expansion of microwave technologies has resulted in the
need for a new generation of dielectric materials. For
applications in the microwave frequency region research
has focused on paraelectric rather than ferroelectric
materials. The main objective has been the development
of a dielectric material with a high relative permittivity
(&r), low dielectric losses (high Q-values) and a tunable
temperature coefficient of resonant frequency (ty).

Some of the first data on the dielectric properties of
CaTiO; was published by Kell et al. in the early 1970s.!
They reported that CaTiO; exhibits a combination of
high permittivity (e,—=170) and modest dielectric losses
(Oxf=3500 GHz), which makes it a suitable candidate
for microwave applications. The major disadvantage of
CaTiO; is its high temperature dependence of permit-
tivity: the reported value for its temperature coefficient
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of pemittivity is 7.— —1850 ppm/K (or in terms of tem-
perature coefficient of resonant frequency t=+ 800
ppm/K).! As a result the first objective when synthesiz-
ing any new CaTiOs-based microwave material is to
suppress the large positive ty.

Over the last 10 years a variety of research work
describing CaTiO3-based materials and their microwave
dielectric properties has been published.””” Kim et al.*
reported that the partial substitution of Ca?* with La3*
leads to the formation of single-phase Ca;_,La,/;3TiO;
solid solutions with the structure changing from
orthorhombic to tetragonal double-layered perovskite
as x increases. A decrease in g, 7y and the dielectric
losses with an increase in x were reported, however,
complete suppression of the positive 7y was not
achieved. Similar results were obtained for the
Ca;_,Nd,,sTiO5 system.” High Q-value ceramics were
synthesized from the (1-x)CaTiOs—xCa(Al,;Ta;;)O;
solid-solution system, which at x~0.5 exhibited z;~0
ppm/K.° Special attention was paid to the suppression of
7¢in the investigation of (1—-x)ATiOs—xLa(Zn;;Ti;»)O03
(A=Ca, Sr) by Cho et al.” They observed that in both
systems 7y decreases with the increase in x in a similar
manner. Highly positive values of t¢ are completely
compensated with 50 mol% of La(Zn,,Ti;2)Os.

The highest Q-values among the microwave ceramics
based on alkaline-earth titanates were reported for the
(1—x)SrTiO3—xLaAlO3 ceramics.® The system exhibits
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solid solubility across the entire compositional range
with the crystal structure changing from cubic to rhom-
bohedral at x=0.2. With an increase in the concentra-
tion of LaAlOj the Q-value rapidly increases whereas t¢
and ¢, decrease. It was shown that by manipulating the
concentration of LaAlO; the t; can be suppressed and
tuned. The ceramics based on the 0.55SrTiOs—
0.45LaAlO3 solid solution, with e.=34, Qxf=69.000
GHz and ty=—-8 ppm/K. exhibit technologically inter-
esting microwave dielectric properties.

Because of their negative 7; and high Q-values,” rare-
earth aluminates with the perovskite structure are suitable
candidates for combining with alkaline-earth titanates in
order to synthesize new, high-Q, temperature-stable
microwave dielectrics. Our investigations have shown
that solid solutions with promising microwave dielectric
properties can be synthesized from systems based on
(1—x)CaTiO3—xREAIO; (RE=La, Nd and Sm).!* We
established that the variation of the dielectric properties
with the increase in x does not significantly depend on
the nature of the RE. The highly positive 7y of CaTiOs is
completely suppressed by 30-35 mol% of REAIO;. The
g, of the solid solutions with temperature-stable reso-
nant frequencies are in the range 40-45 and the
Q-values are between 35.000 and 45.000 GHz. Further-
more we showed that replacement of the REAIO; with
REGaO; slightly improves the permittivitiy of solid
solutions but adversely affects the Q-value. An attempt
was made to further manipulate the microwave dielec-
tric properties by partially substituting Ca®>* with Ba?*,
Sr2" and Mg?*. The introduction of Ba?* increased
the 7y and decreased the Q-value but did not affect the
&;. The presence of Mg?™" resulted in the formation of a
spinel phase which lowered the Q-value but did not
affect the ¢, and the ty significantly. The partial sub-
stitution of Ca?* with Sr?* decreased the Q-value only
slightly.

The ceramics based on CaTiO3;—NdAIOj; solid solutions
are the first from the CaTiO3;—REAIO; family to be pro-
duced commercially as microwave dielectric resonators.
Preliminary measurements, however, indicated that the
microwave dielectric losses depend on the processing
parameters. The objective of this research was to investi-
gate the structural and microstructural characteristics of
this system in order to examine the possible reasons for
such a dependence and to look into the possibility of
optimizing the microwave dielectric properties.

2. Experimental

The samples in the (1—x)CaTiO;—xNdAIO; system
were prepared via the solid-state reaction method from
commercial powders of CaCOj; (Johnson Matthey
99.95%), TiO, (Johnson Matthey >99%), Nd,O3
(Johnson Matthey 99.99%) and Al,O5; (Johnson Matthey

99.99%). Stoichiometric amounts of the powders were
homogenized for several hours in an ethanol suspension
using a diagonal mixer with ytria-stabilized-zirconia
balls as the homogenizing media. After the homo-
genization the alcohol was removed using a rotary eva-
porator and the resulting powder was pressed into
pellets and calcined in the temperature range 1300—
1500 °C with intermediate cooling, crushing and
repressing until equilibrium was reached. The reaction
sequence was monitored with X-ray diffraction analysis
using a Philips PW 1710 X-ray powder diffractometer
and CuKk, radiation. After the calcination the powders
were ball-milled for 1 h under ethanol with any tria-
stabilized-zirconia laboratory planetary ball-mill, dried
and isostatically pressed at 700 MPa. The pressed sam-
ples were sintered in an air atmosphere between 1350
and 1600 °C, the exact temperature depending on the
composition. The sintering time was 10 h, the heating
and cooling rates were 10 K/min, except in the case of
the 0.7CaTiOs—0.3NdAIO; solid solution where the
influence of sintering time and cooling rate on the
dielectric losses was studied and therefore different sin-
tering times (2, 10 and 30 h) and cooling rates (> 10, 5
and 0.5 K/min) were used.

The microstructural analyses of the polished sintered
surfaces were performed with the Jeol 840-JXA and Jeol
JSM-5800 scanning electron microscopes (SEMs),
equipped with Oxford Link-Isis energy-dispersive X-ray
analysis systems. Samples for the transmission electron
microscope (TEM) analysis, preformed with a Jeol
2000FX, were prepared by mechanical thinning and
subsequent ion-beam milling using argon ions at 4 kV.

The microwave dielectric measurements were pre-
formed with a HP 8719C network analyzer using a
cavity-reflection method. The ceramic resonators with a
diameter-to-height ratio of approximately 0.4 were
placed in the gold-plated metal cavity with a diameter of
50 mm and a height of 30 mm. The permittivities of the
ceramic resonators were calculated from the TEgs
resonance frequency using the Itoh-Rudokas model!?
and the Q-value was determined at the same resonance
from the Smith chart by analyzing the S, parameter, as
proposed by Kajfez and Hwan.!! In order to measure
the temperature coefficient of resonant frequency we
placed test cavities in the temperature-controlled cham-
ber and the resonant frequency was measured in the
temperature range between 20 and 60 °C.

3. Results and discussion

3.1. Structural characteristics of the (1—x)CaTiO ;-
XNdAIOj; system

The X-ray spectra collected from different composi-
tions along the (1—x)CaTiO3;—xNdAIO; tie line shown



B. Jancar et al. | Journal of the European Ceramic Society 23 (2003) 1391-1400 1393

242
VAN .
e CaTiQeT)
——— ~——————0.9CT-0.1NA
N S 0.7CT-0.3NA
N
e N 0.5CT-0.5NA
- 0.3CT-0.INA
_,w—m#—wmw —0.15CT-0.85NA
S (AN :
220 /208" 0.1CT-0.9NA
T NdAIQ (NA)
68 70 72 74
20 Cuka

Fig. 1. X-ray diffraction patterns collected from different compositions along the CaTiO3;—NdAIOj tie line.

in Fig. 1 indicate complete solid solubility across the
entire compositional range. Regarding the crystal struc-
ture, the X-ray analysis shows the existence of at least
two distinct regions. In the range 0 <x <0.85 the struc-
ture of the perovskite solid solution exhibits ortho-
rhombic symmetry similar to that of pure CaTiO; where
the [TiOg] octahedra are tilted with respect to the cubic
[100] and [110] directions (a—a—c™ according to Glazers
notation).'3!'* Octahedral tilting in pure CaTiO3 brings
about severe distortion of the [CaO,] polyhedron, as a
result of which the Ca?™ ion is 8 rather than 12 coordi-
nated and the symmetry is orthorhombic (space group
Pbnm). For x> 0.90 the solid solutions had the trigonal.
This structural type is characteristic of pure NdAIO;,
where the [AlOg] octahedra are tilted with respect to the
cubic [111] direction (a—a~a~ according to Glazers
notation) and slightly distorted, which yields the tri-
gonal symmetry (space group R-3c).!>!® The morpho-
tropic phase transition occurs at a particular composition
within the range between x =0.85 and x=0.90. Further-
more, from Fig. 2 it is clear that in the orthorhombic
region the increase inxcauses the convergence of the
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Fig. 2. Parameters of the one-formula-unit pseudo cell as a function
of x in (1—x)CaTiO3—xNdAIO;.

pseudo-cell parameters (A)

unit-cell parameters, expressed in terms of a one-formula-
unit pseudo cell. Since the initial differences in the
length of the pseudo-cell edges (a,~3.850 A, b,~3.810
A, ¢,~3.825 A) are directly related to the two types of
octahedral tilts present in pure CaTiO;, such behavior
indicates the gradual decrease of the octahedral-tilting-
induced orthorhombic distortion with the increase in
the NdAIO; concentration.

The nature and magnitude of the deformation of the
perovskite structure is associated with the ratio between
the average size of the ionic radii on the A and B sites.!”
With the increase of the tolerance factor (¢) toward =1
the distortion of the perovskite structure changes from
orthorhombic  to  trigonal.  Consistently, for
(1—x)CaTiO3—xNdAIO; solid solutions the increase
inxresults in the gradual increase of the tolerance factor
from 0.966 at x=0-0.976 at x=1 (ionic radii according
to Shannon'®), which results in the transition from
orthorhombic to trigonal distortion.

3.2. Microstructural characteristics

A qualitative comparison of the etched, sintered sur-
faces of ceramics with compositions from the CaTiO;—
NdAIO; tie line reveals a typically low level of residual
porosity (less than 3%) and a decrease of the average
grain size (from approximately 15 pm at x=0.15 to
approximately 5 um at x=0.4) with the increase in x.
(Fig. 3). A more detailed microstructural investigation
was preformed on a ceramic with the composition
0.7CaTiO3-0.3NdAlO3, which according to the exhib-
ited microwave dielectric properties is the most suitable
candidate for use in wireless telecommunication devi-
ces.!” The powder of the 0.7CaTiO3-0.3NdAIO; solid
solution, with an average particle size of approximately
1.4 pm, sinters to a high density at 1450 °C. The time
required to achieve an estimated relative density of
more than 95% at this temperature is less than 2 h.
Prolonged sintering times strongly influence the average
grain size, which increases from approximately § pm
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Fig.3. Microstructures of the (1—x)CaTiO3~NdAIlO; ceramics sintered at 1450 °C for 10 h and thermally etched at 1370 °C for 20 min. (a) x=0.15,

(b) x=0.3, (c) x=0.4.

after 2 h to approximately 20 um after 30 h (Fig. 4).
With more efficient ball-milling the particle size of the
starting powder can be lowered to an average size of 0.7
pm, which reduces the sintering temperature to 1350 °C.
Lowering the sintering temperature from 1450 to
1350 °C does not significantly influence the micro-
structural features and microwave dielectric properties
of the 0.7CaTiO3—0.3NdAIO5 ceramics.

The TEM analysis of the sintered ceramics revealed
the presence of four distinct microstructural features:
twin domains, antiphase boundaries and two types of
Al-rich inclusions. The presence of the domain structure
within the individual grains is clearly visible in the
bright-field electron micrograph shown in Fig. 5. The
selected-area-electron-diffraction (SAED) patterns col-
lected from the individual domains shown in Fig. 6
reveal the following relationships: Domain 1 can be
transformed into domain 2 via a 180° rotation about the
normal of the (112) plane, which is equivalent to a
reflection operation across the (112) crystallographic
plane. Domain 3 can be transformed into domain 1 via
a 90° rotation about the normal to the (110) plane,
which is equivalent to a reflection operation across the
(112) plane. The overall electron-diffraction pattern
collected from the three adjacent domains of Fig. 6(a),
shown in Fig. 6(e), is the sum of the diffraction patterns
of the individual domains. Such relationships indicate
that the domains are in fact (112) reflection twins,
which are also present in the natural perovskite.”*—>?

The presence of these twins in perovskite crystals is a
consequence of a symmetry-breaking octahedra-tilting
phase transition where a space group of a lower-sym-
metry polymorph is a subgroup of a higher-symmetry
one. 2324

Fig. 7 shows a bright-field electron micrograph of the
antiphase boundaries (APB) in a 0.7CaTiO;—
0.3NdAIO; ceramic. The presence of the APBs in a
crystal is indicative of the structural phase transition
where the daughter phase belongs to the same crystal
class as the parent phase but lacks the translational
symmetry.>? Examples of such cases are cation disorder-
order transitions and transitions resulting in doubling of
the unit cell due to antiphase octahedral tilting. In order
to determine the origin of the APBs we examined the
possibility of cation ordering. Since the atomic scatter-
ing factors of Ca (f ~20 e/atom at 8 keV) and Nd
(f'~56 e/atom at 8 keV) on the A-site as well as those of
Ti (f~22 e/atom at 8 keV) and Al (f ~13 e/atom at 8
keV)>> on the B-site differ considerably, the super-
structure reflections due to cation ordering should be
clearly visible in the X-ray pattern. In the case of 1:1
ordering a superstructure reflection would appear at
1/2(111) of the cubic aristotype (1/2(102) of the orthor-
hombic hettotype), which is at approximately 26 =18.5°.
The X-ray pattern of the 0.7CaTiO3-0.3NdAIO; cera-
mic sintered at 1450 °C and slow cooled with a rate of
0.5 K/min was collected with a step size of 0.02° of 20
and a 4 s per step count time, shown in Fig. 8, does not
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Fig. 4. Microstructures of the 0.7CaTiO3;-0.3NdAIO; ceramics sintered at 1450 °C (a) 2 h, (b) 10 h and (c) 30 h and thermally etched at 1370 °C for

20 min.

exhibit any superstructure peaks that would indicate
cation ordering. Therefore, we can conclude that the
presence of APBs is not due to the disorder—order tran-
sition but rather due to a structural phase transition
involving antiphase tilting of the [BO¢] octahedra.

Fig 5. Bright-field TEM image of a single grain in the 0.7CaTiO5—
0.3NdAIO; ceramics sintered at 1450 °C.

Similar microstructures containing twins and APBs
were observed in natural and synthetic CaTiO;. By
using high-temperature X-ray and high-temperature
neutron-diffraction analyses it was established that
CaTiO; at temperatures above 1000 °C undergoes sev-
eral structural phase transitions involving the tilting of
the [TiOg] octahedra.?®=2% It was also shown that with
the increase in temperature the magnitudes of octahe-
dral tilts gradually decrease until at a certain tempera-
ture the Ti—O-Ti bond angle reaches 180° and the
structure becomes cubic. The presence of twins and
APBs in the 0.7CaTiO3z-0.3NdAIO; ceramic thus indi-
cates that upon cooling from the sintering temperature
these ceramics undergo octahedral-tilting phase transi-
tions similar to those of pure CaTiO;. Both micro-
structural features are present in the ceramics also after
lowering the sintering temperature to 1350 °C, which
indicates that the structural phase transitions in the
0.7CaTiO;—0.3NdAIOj; solid solution take place below
this temperature.

Domain walls, which are present in the microstructure
due to the existence of the domain structure, are the
source of the extrinsic dielectric losses. Since the pre-
sence of the domain structure is a direct consequence of
structural phase transitions that take place upon cooling
of the 0.7CaTiO3-0.3NdAIO; solid solution from the
processing temperature, it could only be avoided by
lowering the calcination and sintering temperatures
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Fig 6. (a) Bright-field TEM image of the domains in 0.7CaTiO;—
0.3NdAIO; ceramics and the selected-area electron-diffraction (SAED)
patterns of (b) domain I, (c¢) domain II, (d) domain III and (e) the
composite SAED pattern. Patterns are indexed according to the
CaTiOs-type orthorhombic unit cell.

below the temperature of the structural phase transi-
tions. In the scope of this investigation the sintering
temperature of the 0.7CaTiOs—0.3NdAIO; solid solu-
tion could not be reduced below 1350 °C and therefore
the contribution of the domain structure to the dielec-
tric losses of the ceramics was always present.

Fig. 9 shows the presence of inclusions in the
0.7CaTiO3—0.3NdAIO; ceramic. These inclusions,
which are always present in the microstructure of the
sintered CaTiO3;—NdAIO; ceramic regardless of the sin-
tering conditions, are of two different types: elongated
inclusions with sizes ranging from 1 to 5 um, and cubic

Fig. 7. Bright-field TEM micrograph of the antiphase boundaries
(APBs) in 0.7CaTiO3—0.3NdAIOj3 ceramics sintered at 1450 °C.
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Fig 8. : Low-angle region of the X-ray pattern of the 0.7CaTiO5—
0.3NdAIO; solid solution sintered at 1450 °C for 10 h and cooled at a
rate of 0.5 K/min. In the case of cation ordering a superstructure
reflection would be present at 260 ~18.5°.

inclusions with sizes up to 2 um. The TEM/EDS analy-
sis indicates that the elongated inclusions are rich in Al
and contain small amounts of Ca and Nd. Further
analysis utilizing SAED (Fig. 10) revealed that the
inclusions possess a hexagonal symmetry with a large
unit cell (a~5.4 A, c~20.8 10\), which is a characteristic
of magnetoplumbite and p-alumina-type structures.
Based on these findings we can conclude that the elon-
gated inclusions are CaAl;,O;9 that contain some Nd.
According to TEM/EDS analysis the cubic inclusions
contain Mg and Al. The SAED pattern shown in Fig. 11
reveals a cubic symmetry with the d-values correspond-
ing to those of the spinel-MgAl,O4 phase. Mg is intro-
duced into the system as an impurity and instead of
incorporating into the perovskite matrix it reacts with



B. Jancar et al. | Journal of the European Ceramic Society 23 (2003) 1391-1400 1397

Fig. 9. Secondary-electron image of 0.7CaTiO3;—0.3NdAIO; ceramic
sintered at 1450 °C for 10 h and thermally etched at 1370 °C for 20
min. The arrows indicates the presence of a CaAl;,09-based inclusion
(CAg) and a spinel-MgAlL,O, inclusion (MA).

Fig 10. Bright-field TEM images of a CaAl;,O9-based hexagonal
inclusion and the corresponding SAED patterns (a) z=[110], (b)
z=[001].

Al,O3 to form the more stable spinel phase. The pre-
sence of these two types of Al-rich inclusions necessarily
leads to the AI** deficiency and thus to the local non-
stoichiometry of the perovskite matrix.

The concentration of both types of Al-rich inclusions
in the microstructure of the 0.7CaTiOz-0.3NdAIO;

Fig 11. : Bright-field TEM image of a spinel-MgAl,O, inclusion and
an SAED pattern collected along the [001] zone axis.
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Fig. 12. Microwave dielectric properties as a function of x in

(1—x)CaTiO3-xNdAIlO; ceramics, measured at ~5 GHz (a: 7, b: ¢, ¢
Ox/).

ceramics is relatively low (below 1%) and it does not
significantly depend on the sintering conditions.

3.3. Microwave dielectric properties

With the increase in x of the (1—x)CaTiO;—xNdAIO;
solid solution the temperature coefficient of resonant
frequency and the permittivity decrease whereas the
O-value increases (Fig. 12).!7 These variations in dielec-
tric properties of the sintered ceramics are not linear
with x, but are significantly more pronounced for low
NdAIO; concentrations. The initial increase to x=0.1
results in the decrease of t¢ from + 800 ppm/K to +260
ppm/K whereas with the increase in x from 0.3 to 0.4
the 1 decreases from 0 to —50 ppm/K. The decrease in
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permittivity with the increase inxexhibits a similar
trend. The initial increase in x from 0 to 0.1 reduces the
g, from 170 to 100 whereas a further increase in x to 0.4
reduces ¢, to 35. This indicates that the initial increase in
the concentration of NdAIO; has a stronger effect on
the 77 and ¢, than subsequent additions. Such behavior
has also been observed in other solid-solution systems
involving CaTiO3 or SrTiO3.°® The common feature of
these two perovskites is that they exhibit a polar soft
mode but never undergo a ferroelectric phase transition.
Such dielectrics are called quantum paraelectrics or
incipient ferroelectrics. A characteristic of incipient fer-
roelectricity is a relatively high permittivity, a relatively
large negative temperature coefficient of permittivity
and consequently a highly positive temperature coeffi-
cient of resonant frequency.? The observed behavior of
the dielectric properties of the CaTiO3—NdAIO; system
thus suggests that small amounts of NdAIlOj; effectively
suppress the incipient ferroelectricity of pure CaTiOs;.
The highly positive 7; of pure CaTiO5 (+ 800 ppm/K)
is completely suppressed at x=0.3. The permittivity of
the ceramics with such a composition is 45. The pecu-
liarity is its Q-value, which strongly depends on the
cooling rate after sintering. Table 1 shows the Oxf
values of 0.7CaTiO5—0.3NdAIOz ceramic sintered at
1450 °C and cooled with three different rates. As we can
see from Table 1 the slower cooling rates result in cera-
mics with considerably higher Q values. Several possi-
bilities for such behavior were investigated. The
dependence of the Q-value on the cooling rate is a
characteristic of various complex perovskite systems
that exhibit B-site cation ordering. Since the cation
ordering is generally a relatively slow process, the
slower cooling rate usually results in a higher degree of
order, which in most cases significantly lowers the
dielectric losses. In the case of the 0.7CaTiOs—
0.3NdAIOj; solid solution, however, no cation ordering
was found. Another possible reason for the dependence
of the Q-value on the cooling rate after the sintering
could be a partial reduction of the Ti** and the pre-
sence of oxygen vacancies.>® Since the ions reduced at
high sintering temperatures tend to reoxidize during the
cooling stage, a slower cooling rate usually results in
lower dielectric losses. Since this mechanism is necessa-
rily influenced by the oxygen partial pressure during
processing we preformed the sintering in an oxygen

Table 1
QO x f-values of the 0.7CaTiO3-0.3NdAIOj; ceramics sintered at 1450 °C/
10 h in air and at Po, =10 bars, cooled at three different rates

Cooling rate. (K/min) f+ (GHz) Oxf (GHz)
Air Po>=10 bars
>10 4.872 30.000 32.000
5 4.883 38.000 37.000
0.5 4911 44.000 43.000

atmosphere with an oxygen partial pressure of 10 bars.
The dielectric properties of these oxygen-sintered sam-
ples did not differ significantly from the properties of
the samples sintered in air (Table 1). Consequently we
can conclude that the reduction and subsequent reox-
idation is not likely to be the reason for the dependence
of the Q-value on the cooling rate.

A slower cooling rate results in ceramics with a higher
average grain size. The influence of grain size on the
dielectric losses was examined in a separate experiment.
Table 2 shows the Q-values of 0.7CaTiO3—0.3NdAIO;
ceramics sintered at 1450 °C for 2, 10 and 30 h, the
corresponding microstructures are shown in Fig. 4. The
QO xf-values of the ceramics sintered for the three differ-
ent times are all around 30000 GHz. These results imply
that the Q-value of 0.7CaTiO;—0.3NdAIO;3 ceramics
does not significantly depend on the grain size.

Yet another possibility for the dependence of the
Q-value on the cooling rate after the sintering is a
decomposition of the solid solution and thus the for-
mation of secondary phases during the cooling process.
In order to account for such a possibility we performed
several annealing experiments. We annealed the sintered
(Tsine= 1450 °C/10 h) 0.7CaTiO3-0.3NdAIO; ceramics
for 10 h at five different temperatures: 1000, 1100, 1200,
1300 and 1400 °C, after each annealing the ceramics
were cooled at a rate of > 10 K/min. Table 3 shows the
microwave dielectric properties of the ceramics after
each annealing. As can be seen from Table 3 the
annealing does not significantly influence the dielectric
losses of the ceramics. These results and the fact that no
additional secondary phases were detected either by
X-ray diffraction analysis or by SEM and TEM, imply
that the decomposition of the 0.7CaTiO3;—0.3NdAIO;
solid solution at temperatures lower than the sintering

Table 2
Qxf-values of the 0.7CaTiO3—0.3NdAIO; ceramics sintered in air at
1450 °C as a function of dwell time (cooled with > 10 K/min)

Sintering time (h) f: (GHz) Oxf(GHz)
2 4.926 32.000
10 4.922 31.000
30 4.948 32.000

Table 3

Qxf-values of the 0.7CaTiO3—0.3NdAIO; ceramics sintered in air at
1450 °C/10 (cooled with >10 K/min) h after annealing at different
temperatures for 10 h

Annealing temperature (°C/10 h) fr (GHz) Oxf(GHz)
1000 4.893 31.000
1100 4914 30.000
1200 4.975 32.000
1300 4.952 32.000
1400 4.933 32.000
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temperature is not the reason for the dependence of the
QO-value on the cooling rate after the sintering.

One of the reasons for the dependence of the
Q-value on the cooling rate can be the occurrence of
the symmetry-breaking, octahedra-tilting transitions.
The presence of APBs for instance, which is a direct
consequence of the tilting transition, can influence the
energy-inherence of the lower-symmetry phase, as it was
proposed by Davies et al.3! They claimed that the pre-
sence of APBs in the perovskites increases the free
energy of the structure and thus negatively influences
the Q-value. Since the antiphase domains usually form
via a nucleation-and-subsequent-growth mechanism,
the amount and the morphology of their boundaries can
strongly depend on the thermal history of the structure.
However, in the case of 0.7CaTiO3-0.3NdAIO; cera-
mics the influence of the structural phase transitions on
the Q-value has not been experimentally confirmed nor
has the quantitative relationship between the cooling
rate, structural phase transition(s), domain formation
and consequent microwave dielectric losses been
determined.

4. Conclusions

The (1—x)CaTiO3—xNdAIO; perovskite system exhi-
bits solid solubility across the entire compositional
range (0 <x<1). With an increase in the NdAIO; con-
centration the magnitude of the orthorhombic distor-
tion gradually decreases and at a particular composition
in the range between x=0.85 and x=0.9 a transition to
the trigonal structure occurs. With the increase in x the
temperature coefficient of resonant frequency (zy) and
the relative permittivity (e;) decrease, whereas the
Q-value increases. Ceramics based on the 0.7CaTiO;—
0.3NdAIO; solid solution exhibit ;=0 ppm/K, &.=45
and a Q-value that strongly depends on the cooling rate
after sintering. With a cooling rate of 0.5K/min cera-
mics exhibit a Qxf=45.000 GHz, whereas with a cool-
ing rate higher than 10 K/min the Qxfis 30.000 GHz.
An X-ray analysis of the slow-cooled ceramics did not
reveal any kind of cation ordering. The microstructural
investigation of such ceramics revealed the presence of
twin boundaries, antiphase boundaries and two types of
Al-rich inclusions: the hexagonal CaAl;,Oo-based
inclusions and the spinel MgAl,O,4, which forms as a
result of the presence of Mg-based impurities.
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