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bstract

he effect of excess Al2O3 on the densification, structure and microwave dielectric properties of Ca0.7Ti0.7La0.3Al0.3O3 (CTLA) was investigated.
TLA ceramics were prepared using the conventional mixed oxide route. Excess Al2O3 in the range of 0.1–0.5 wt% was added. It was found that
l2O3 improved the densification. A phase rich in Ca and Al was found in the microstructure of Al2O3 doped samples. Additions of Al2O3 coupled

◦
ith the slow cooling after sintering improved the microwave dielectric properties. CTLA ceramics with 0.25 wt% Al2O3 cooled at 5 C/h showed
igh density and a uniform grain structure with εr = 46, Q× f = 38,289 and τf = +12 ppm/◦C at 4 GHz. XRD and TEM examinations showed the
resence of (1 1 2) and (1 1 0) type twins arising from a−a−c+ tilt system with the presence of anti-phase domain boundaries from the displacement
f A-site cations of the orthorhombic perovskite structure.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Materials with the perovskite structure are widely employed
s dielectric resonators, because of their high dielectric con-
tants and high quality factors. Perovskites are characterised
y the chemical formula ABO3, and a structure which is very
olerant to substitution of ions of various sizes on both A
nd B cation sublattices.1 At room temperature many of these
erovskites compounds are distorted from the ideal structure
hrough rotation or tilting of the BO6 octahedra accompanied
y displacement of the A-site cations. As a result, most of the
erovskites at room temperature exhibit sub-grain features. Such
s twining domains and ordering anti-phase boundaries due to
he structural phase transitions, which are encountered during
ooling from the sintering temperature.2–4

CaTiO3 is an orthorhombic distorted perovskite5 at
oom temperature with high relative permittivity (εr = 170),
odest quality factor (Q× f = 3500 GHz) and a very high

ositive temperature coefficient of resonant frequency

τf = +800 ppm/◦C).4,6 In contrast LaAlO3 is a rhombohedral
erovskite at room temperature7 with low relative permit-
ivity (εr = 23.4), high quality factor (Q× f = 68,000 GHz)
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nd a negative temperature coefficient of resonant frequency
τf =−44 ppm/◦C).7 The high positive τf of CaTiO3 can be
uppressed to small or zero τf by addition of LaAlO3, which
ake it a suitable candidate for microwave applications.
eramic material based on CaTiO3–LaAlO3 solid solution8 is
promising candidate for microwave frequencies because of its
igh dielectric constant (εr≈ 45–47) with high quality factor
Q× f≈ 38,000) and small or zero temperature coefficient of
esonant frequency (τf).

Suvorov et al.6 reported dielectric properties of εr = 44,
× f = 30,000 and τf =−3 ppm/◦C for 0.7CaTiO3–0.3LaAlO3.
igh calcination temperature in the range of 1350–1450 ◦C for
0 h with intermediate grinding was reported. The sintering
emperature was 1450 ◦C for 12 h. They reported the existence
f a significant amount of closed porosity. The densification
f the CTLA ceramic was improved by increasing the LA
LaAlO3) content or substitution of 1 at% Sr for Ca. Moon
t al.9 also studied the dielectric and sintering properties of
1− x)CaTiO3–xLaAlO3 ceramics. A high calcinations temper-
ture of 1400 ◦C and high sintering temperature of 1600 ◦C were
equired to obtain dense ceramics. Additions of combinations
f Bi2O3 with Al2O3 or NiO lowered the sintering temperature

o 1450 ◦C. However, the additives reduced the Q× f value by
t least 15%. The microwave dielectric properties of εr≈ 45,
× f≈ 22,500 GHz and τf≈+10 ppm/◦C were reported for the

ndoped 0.7CaTiO3–0.3LaAlO3.9

mailto:feridoon.azough@manchester.ac.uk
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CTLA XRD can be better described with orthorhombic Pbnm
space group and a−a−c+ tilt system, which is consistent with
CTNA12 structure at room temperature.
856 G.A. Ravi et al. / Journal of the Europ

In the present study, the effect of excess Al2O3 and the
hange of cooling rate on the sintering behaviour, microstructure
nd microwave dielectric properties of 0.7CaTiO3–0.3LaAlO3
eramics have been investigated.

. Experimental

Samples were prepared by conventional mixed oxide route.
igh purity (>99.9%) CaCO3, TiO2, La2O3 and Al2O3 were
sed as raw materials. The powders were weighed according
o the stoichiometry (Ca0.7Ti0.7La0.3Al0.3O3) and mixed for
0 h using propan-2-ol and zirconia media. La2O3 was dried
t 900 ◦C for 6 h before weighing. The mixed powders were cal-
ined at 1250 ◦C for 4 h then 0.25 wt% Al2O3 was added and
et milled for 20 h and dried. Pellets were prepared by pressing
owders in steel die 20 mm diameter at 100 MPa. The pellets
ere sintered at 1500 ◦C for 4 h in air with a heating rate of
80 ◦C/h and cooling rate of 180 ◦C/h. Selected samples were
lso cooled at 60, 15 and 5 ◦C/h.

Crystal structures were examined by X-ray diffraction
Philips Analytical, X’pert-MPD) employing Cu K�1 radia-
ion under the conditions 50 kV and 40 mA. The samples were
canned at 0.03◦ intervals of 2θ in the range 10–85◦; the scan
ate was 0.01◦ 2θ s−1.

Microstructural examination of the sintered ceramics was
erformed by means of scanning electron microscopy (SEM)
JEOL 6300 and PHILIPS XL30). The sintered surfaces of
eramics were ground (to 1200 grade SiC) and polished (to 1 �m
iamond paste). Then, samples were thermally etched at 1320◦
or 12 min and coated with carbon prior to SEM analysis.

TEM specimens were prepared from the sintered ceramics,
fter lapping and polishing to form 3 mm diameter discs. The
iscs were dimpled to reduce the sample to 30 �m thickness in
he centre and then thinned to electron transparency with a Gatan
recision Ion Polishing System (PIPS). The specimens were

nvestigated using a Philips CM200 operating at 200 kV and a
ecnai G2 TEM operating at 300 kV. The dielectric properties
εr and Q× f) were determined by the parallel plate method.10

he τf values were determined using a silver-plated, aluminium
avity at temperatures between −10 and +60 ◦C.

. Results and discussion

.1. Densification

The density of undoped Ca0.7Ti0.7La0.3Al0.3O3 sample was
nly 90% theoretical after sintering at 1500 ◦C for 4 h. Addition
f 0.15 wt% Al2O3 improved the densification to 93%, whereas
.25 wt% Al2O3 increased density to 96%. Addition of alumina
n excess of 0.25–0.3 and 0.5 wt% decreased density to 92 and
0%, respectively. Addition of the excess alumina did not affect
he sintering temperature or sintering time.
.2. X-ray diffraction (XRD) analysis

Fig. 1 shows the X-ray diffraction spectra for the stoichiomet-
ic CTLA powders calcined at various temperatures. Powders

F
0
s

ig. 1. X-ray diffraction spectra for CTLA powder calcined at: (a) 1150 ◦C, (b)
250 ◦C and (c) 1350 ◦C, (�) the intermediate phase La(OH)3 identified.

alcined at 1150 ◦C contained La(OH)3 as intermediate phase.
he amount of intermediate phase reduced as the calcination

emperature was increased to 1250 ◦C. The powders calcined at
350 ◦C were single phase but very hard, making it difficult to
educe them to fine powders. Therefore, 1250 ◦C was chosen as
he calcinations temperature for the CTLA ceramics.

Fig. 2 shows the X-ray diffraction spectrum for CTLA ceram-
cs prepared with different levels of Al2O3. The reflections are
onsistent with that for a tilted perovskite structure. The pat-
ern can be interpreted as an orthorhombic structured perovskite
hase containing of both in-phase and anti-phase tilting of BO6
ctahedral in association with anti-parallel shifting of A-site
ations. From the reflections, there was no evidence of a sec-
ndary phase.

The addition of Al2O3 did not change the lattice parameters
ignificantly. Samples doped with 0.25 wt% Al2O3 had lattice
arameters of a = 5.4072 (3) Å, b = 5.4192 (4) Å and c = 7.6467
4) Å. The unit cell values obtained are consistent with the results
ound by Kalyavin et al.11 since Pnma space group assigned in
he above refinement doubling of the unit cell with respect to b-
xis is observed (a−b+a−). From this study, it was learnt that the
ig. 2. X-ray diffraction spectra of CTLA prepared with the addition of: (a)
.15% Al2O3, (b) 0.25% Al2O3, (c) 0.3% Al2O3 and (d) 0.5% Al2O3. The
amples were sintered at 1500 ◦C for 4 h and cooled at 180 ◦C/h.
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ig. 3. The back scattered SEM images of CTLA: (a) 0% Al2O3 and (b) 0.25%
l2O3.

.3. Microstructure

Fig. 3 shows back scattered SEM images of polished and ther-
ally etched surfaces of CTLA samples sintered at 1500 ◦C for
h. The grain size of CTLA ceramics increased from approxi-
ately 5 �m for undoped samples to approximately 10 �m for

amples prepared with 0.15 and 0.25 wt% Al2O3. Grain size

educed to approx 4 �m when the amount of Al2O3 increased
o 0.3 and 0.5 wt% Al2O3. The excess alumina addition clearly
cts as a grain growth inhibitor, possibly by coating individual
TLA grains.

o
t

p

ig. 5. SAD patterns taken from different domains are shown: (a) [1− 1 0] zone axis
c) multi-domain diffraction pattern from a and b.
ig. 4. TEM image of Ca0.7Ti0.7La0.3Al0.3O3 ceramic showing (←) twined
omains and (�) anti-phase boundaries.

Fig. 4 shows a bright field TEM image of CTLA ceramic
ith 0.25% Al2O3 sintered at 1500 ◦C for 4 h and cooled at
◦C/h, sub-grain structures can be seen. Selected area diffrac-

ion pattern (SAD) studies showed the sub-grain domains have
winned structures; examples are identical in Fig. 4. Anti-phase
oundaries resulting from loss of transitional symmetry upon the
nti-phase parallel shifting of A-site cations were also observed.

Fig. 5 shows SAD patterns taken from different domains of
TLA with 0.25% Al2O3 sintered at 1500 ◦C for 4 h and cooled
t 5 ◦C/h sample. Fig. 5a is untwined domain viewed along
1− 1 0] zone axis. Fig. 5b represents [0 0 1] zone of the twined
omain after a mirror operation along the plane (−1 1 2). Fig. 5c
s the SAD pattern resulting from multiple domains. The (−1 1 2)
ype twin results from symmetry loss upon cubic to tetragonal
ransition during cooling from sintering temperature.3

Fig. 6 shows SAD patterns taken from different domains of
TLA with 0.25% Al2O3 sintered at 1500 ◦C for 4 h and cooled
t 5 ◦C/h sample. Fig. 6a is untwined domain viewed along
he [0 1 0] zone axis. Fig. 6b represents the [1 0 0] zone of the
wined domain after a mirror operation along the plane (1 1 0).
ig. 6c is the SAD pattern resulting from multiple domains.
he (1 1 0) type twin results from symmetry loss upon tetrag-

nal to orthorhombic transition during cooling from sintering
emperature.3

In summary, two distinct types of twins on {1 1 2} and {1 1 0}
lanes were identified in CTLA ceramics. The two twin types

SAD of a single domain, (b) [0 0 1] zone axis SAD of the twinned domain and
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Table 1
Microwave dielectric properties of CTLA as a function of Al2O3 addition

Weight % Al2O3 Dielectric
constant (εr)

Q× f (GHz) Density
ratio (%)

0 41.44 26,618 90
0.15 42.32 33,833 93
0.25 43.28 35,157 93
0.30 43.08 34,154 92
0.50 42.36 32,134 90
ig. 6. SAD patterns taken from different domains are shown: (a) [0 1 0] zone
c) multi-domain diffraction pattern from a and b.

ave been previously reported to occur in orthorhombic per-
vskites and are associated with cubic–tetragonal–orthorhombic
ransitions when the specimens are cooled to room temperature.3

A second phase was observed in samples prepared with
xcess Al2O3 (Fig. 7). EDS analysis showed that it is rich in
l and Ca. The grains are typically 2–5 �m long and 0.5 �m
ide, needle shaped distributed mainly along grain boundaries.
he amount of the second phase was less then 2% of the sample
olume, which is why it was not detected in X-ray diffraction
nalysis. A low melting point eutectic at approximately 1350 ◦C
as been reported to exist in the CaO–Al2O3 binary system.13,14

he formation of this phase is thought to be responsible for the
mprovement in density.

.4. Microwave dielectric properties

Microwave dielectric properties of CTLA ceramic were
ffected by the presence of Al2O3 additions. There was a clear
ncrease to maxima in both εr and Q× f as Al2O3 level increased
o 0.25 wt% (Table 1). The peak in dielectric properties coincides
ith maximum densification, demonstrating the importance of

igh density.

For CTLA samples prepared with 0.25 wt% Al2O3 the dielec-
ric properties were sensitive to the cooling rate (Fig. 8). As
amples were cooled at slower rate, the ceramics spent more time

ig. 7. TEM image of Ca0.7Ti0.7La0.3Al0.3O3 ceramic showing (←) Ca–Al rich
econd phase.
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ig. 8. εr and Q× f values of CTLA + 0.25% Al2O3 ceramics as a function of
ooling rate.

t elevated temperatures, there was a significant improvement in
oth εr and Q× f values. As the cooling rate reduced from 180
o 5 ◦C/h, the relative permittivity increase from 43.5 to 46, and
× f increase from 35,000 to 38,000 GHz. Both reflect improve-
ents in densification and the microstructure. The temperature

oefficient of resonant frequency has typically +12 ppm/◦C at
GHz for the CTLA ceramics.

. Conclusions

High density CTLA was prepared by Al2O3 addition, the
amples sintered at 1500 ◦C with 0.25% Al2O3 addition exhibits

r = 46, Q× f = 38,289 and τf = +12 at 4 GHz compared to the
ndoped εr = 41, Q× f = 26,618. The second phase CaO–Al2O3
as observed with excess Al2O3 samples, this phase thought to
e responsible for the improvement in the density and dielectric
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synchrotron X-ray diffraction. J. Eur. Ceram. Soc., 2003, 23, 2677–2682.
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roperty. Structural study (XRD and TEM) showed that CTLA
eramics are orthorhombic Pbnm structure at room temperature
ith (1 1 2), (1 1 0) twinnings and APBs, which are associated

o the high temperature order to the lower temperature disorder
hase transformation.
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