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The effects of Ca/Sr ratio and the sintering temperature on the properties of (CaxSr(1-x))ZrO3 (CSZ) ceramics were investigated
in this study. CSZ ceramics were prepared using solid-state reaction process, which were sintered in air at temperatures
ranging from 1350 oC to 1450 oC. Their structures were characterized by X-ray Diffraction (XRD), Scanning Electron
Microscopy (SEM), and Transmission Electron Microscopy (TEM). The change in Ca/Sr ratio significantly affected the
crystalline phase and the dielectric properties of the (CaxSr(1-x))ZrO3 ceramics. The secondary phase, Ca0.15Zr0.85O1.85, was
observed and increased correspondingly with the rising of sintering temperatures. In order to understand the effects of
secondary phase on the dielectric properties of CSZ ceramics, the Ca0.15Zr0.85O1.85 phase was prepared individually using solid-
state method. The Ca0.15Zr0.85O1.85 ceramics sintered at 1500 oC for 2 hours possessed a dielectric constant (εr) of 21.7, a
dielectric loss (tanδ) of 49.510−4 and an Insulation Resistance (IR) of 2.1 × 1010Ω. The (Ca0.7Sr0.3)ZrO3 ceramics exhibited the
best dielectric properties, with a permittivity of 29, a dielectric loss (tanδ) of 2.7 × 10−4, and an Insulation Resistance (IR) of
2.6 × 1012 Ω.
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Introduction

The Multilayer Ceramic Capacitors (MLCCs) market
has been growing in pace with the development of
communication technologies [1]. CaZrO3 is an
interesting material for both mechanical and electrical
applications, such as fuel cells, filler, resonator for micro-
wave telecommunication and temperature compensating
materials of capacitance in MLCC [2-5].

The dielectric materials with high dielectric constant
can effectively decrease the size of resonators, and
the dielectric loss must be low enough to achieve
prominent frequency selectivity and stability in
microwave transmitter components. Moreover, a very
small temperature coefficient of resonant frequency is
needed to ensure the stability of the microwave
components at different working temperatures [6]. Most
perovskite-type materials are of interest in capacitors or
dielectric resonators microwave applications due to
their low dielectric loss and high dielectric constant.
CaZrO3 is one of such compound, having a dielectric
constant around 30, quality factor (Q = 1/ tanδ) of
about 3000 at about 5.6 GHz, and a temperature
coefficient of resonant frequency (τf) of about -26 ppm/
oC. However, the CaZrO3 ceramic is often sintered at a
temperature higher than 1550 oC in order to obtain a

high sample density [1]. It is difficult to apply it in
MLCC.

Microwave dielectric properties and microstructures of
(Ca0.8Sr0.2)ZrO3 ceramics prepared by the conventional
solid-state route have been reported [7]. The values of the
dielectric constant (εr) were 22 ~ 26. The Q×f values
ranging between 10400 ~ 11500 GHz were obtained
when the sintering temperatures were in the range of
1400 ~ 1490 oC. However, the temperature coefficient
of the resonant frequency τf was not sensitive to the
sintering temperature. CaZrO3 and SrZO3 have the
same simple (perovskite) structure like many titanate
compounds [8].

As alkaline-earth elements, and the size of Sr2+ is
close to that of Ca2+. Therefore, calcium zirconate
doped with strontium in any concentration ratio of
CaZrO3 to SrZrO3 is expected to be homogeneous and
stable solid solutions as well as perform more
interesting characteristics [9].

In this paper, a conventional solid-state reaction
procedure was used to synthesize (CaxSr1-x)ZrO3 ceramics.
The effects of Ca/Sr ratio and the sintering temperature on
the dielectric properties and microstructures of the
(CaxSr1-x)ZrO3 ceramics were investigated.

Experimental Procedure

Samples of CaxSr1-xZrO3 (0.5 ≤ x ≤ 0.8) were
synthesized using conventional solid-state methods
from reagent grade oxide powders CaCO3 (Aldrich,
99%), SrCO3 (Aldrich, 99.93%), and ZrO2 (Aldrich,
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99.8%). A mortar and pestle were used to homogenize
mixtures of the powders and ethanol, which was added
as a medium. The mixtures were then milled with
ethanol in a planetary ball mill at 90 rpm for 24 h using
yttria-stabilized zirconia balls. The milled powders
were dried and calcined at 1150 oC for 2 h in air and
then crushed into powders. Next, these powders were
mixed with a binder additive (polyvinyl alcohol; PVA)
and pressed into disk-shaped specimens. The pellets
were sintered in air at temperatures ranging from
1350 oC to 1450 oC for 2 h with heating and cooling
rates of 5 oC/min.

Samples of Ca0.15Zr0.85O1.85 ceramics were synthesized
using conventional solid-state methods from reagent
grade oxide powders CaCO3 (Aldrich, 99%), and ZrO2

(Aldrich, 99.8%), respectively. A mortar and pestle
were used to homogenize mixtures of the powders and
ethanol, which was added as a medium. The mixtures
were then milled with ethanol in a planetary ball mill at
90 rpm for 24 h using yttria-stabilized zirconia balls.
The milled powders were dried and calcined at 1300 oC
for 2 h in air, and then crushed into powders. Next,
these powders were mixed with a binder additive
(polyvinyl alcohol; PVA) and pressed into disk-shaped
specimens. The pellets were sintered in air at 1500 oC
for 2 h with heating and cooling rates of 5 oC/min.

The crystalline phases of the sintered ceramics were
identified by X-ray diffraction pattern analysis (XRD,
Bruker D8A, Germany) using Cu-Kα radiation for 2θ
from 20 to 80. The diffraction spectra were collected at
a scan rate of 2.5 o/min. The DIFFRAC plus TOPAS
version 3.0 programs were used to determine the lattice
parameters. Microstructural observations of the sintered
ceramics were performed using a scanning electron
microscope (SEM, JEOL, JEL-6400 Japan) coupled
with energy-dispersive spectroscopy (EDS). The interior
microstructure of the sintered ceramics was investigated
by filed-emission TEM (JEOL JEM-2100F, Tokyo,
Japan) at an accelerating voltage of 200 kV. The
specimens for TEM observations were prepared by
slicing, mechanical grinding, and ion milling at 4.0 kV.
The bulk density of the sintered pellets was measured
using the Archimedes method. Particle sizes were
measured using a particle size analyzer (Malvern,
Mastersizer 2000, UK). In measuring the dielectric
properties, capacitors with various sizes were created by
applying copper electrodes to both sides of the pellets,
drying the electrodes, and firing them at 900 oC for
10 min in N2 atmosphere. The capacitance and
dissipation factor were measured at 1 MHz and at
23 oC (HP4278A). The dielectric properties of the
samples were measured as a function of temperature,
using a HP 4284A LCR meter and a programmable
temperature chamber (Agilent Technologies, Palo Alto,
CA) interfaced to a PC for automated measurements,
and the samples were measured at temperatures
ranging from −40 oC to 125 oC. Insulating resistance

measurements were made using a Agilent 4339B
meter.

Results and Discussion

Density and dielectric property of the Ca0.15Zr0.85
O1.85 ceramics 

To understand the dielectric properties of Ca0.15Zr0.85O1.85

ceramics, which are prepared individually using solid
state method. The XRD patterns for the Ca0.15Zr0.85O1.85

ceramics sintered at 1500 oC are shown in Fig. 1(a). All
of the XRD peaks can be indexed as a single-phase
face center cubic structure. Table 1 lists the permittivity
and dielectric loss for the Ca0.15Zr0.85O1.85 ceramics
sintered at 1500 oC. The εr value, tanδ and insulation
resistance of the Ca0.15Zr0.85O1.85 is approximately 21.7,
49.5 × 10−4 and 2.11 × 1010 W at 1 MHz, respectively. In

Fig. 1. The Ca0.15Zr0.85O1.85 ceramics sintered at 1500 oC, (a) X-ray
Diffraction spectra and (b) Temperature Coefficient of
Capacitance (TCC).

Table 1. The density and dielectric property of Ca0.15Zr0.85O1.85

ceramics sintered at 1500 oC.

Phase
Density
(g/cm3)

εr
Tanδ

(×10−4)
I.R. (Ω)

Ca0.15Zr0.85O1.85 4.87 21.7 49.5 2.11 × 1010
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addition, the temperature coefficient of the capacitance
(TCC) of the Ca0.15Zr0.85O1.85 ceramics is shown in Fig.
1(b). The variation of capacitances are from −1.5% to
+3.5% at temperatures ranging from −40 oC to 125 oC.

Phase evolution, density and microstructure in the
CSZ ceramics 

Fig. 2 shows the XRD patterns of CSZ ceramics
sintered at different temperatures and at Ca/Sr ratio. It
can be deduced from the XRD patterns that main phase
CaZrO3 ceramic is obtained after sintering. All peaks
excluding the minor secondary phase are indexed for
an orthorhombic (Pcmn) perovskite structure and are in
good agreement with the standard data (ICDD 35-645).
There is a secondary phase belonging to Ca0.15Zr0.85 O1.85

or CaZr4O9 ceramics, since both phases have similar
XRD peaks. It was clear that the peak strength of
secondary phase is enhanced with the rising of sintering
temperatures and increasing of Ca/Sr ratio as shown in Fig.
2 and Fig. 3. Further the energy dispersive spectroscopy
(EDS) and transmission electron microscopy (TEM) were
used to identify the secondary phase. Fig. 3 shows the
XRD spectra with 2θ scale ranging from 27 o to 35 o only.
It can be observed that the (121) peak of CaZrO3 phase
has shifts to a lower angle when the Ca/Sr ratio was
decreased, probably due to substitution of Ca2+ (ionic
radius of 0.099 nm) with Sr2+ (ionic radius of 0.12 nm)
cation that has a bigger ionic radius. It means that the
increase of lattice constants lead to peaks shift to a lower

Fig. 2. X-ray diffraction spectra of CaxSr(1-x)ZrO3 ceramics with
different Ca/Sr ratio, sintered at (a) 1350 oC, (b) 1400 oC, and (c)
1450 oC, 2θ ranging from 20 o to 80 o.

Fig. 3. X-ray diffraction spectra of CaxSr(1-x)ZrO3 ceramics with
different Ca/Sr ratio sintered at (a) 1350 °C, (b) 1400 °C, and (c)
1450 °C, 2θ ranging from 27° to 35°.
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angle [10, 11]. Fig. 4 shows the variation between the
CSZ lattice parameters sintered at 1400 oC with different
Ca/Sr ratio. An increase in Ca/Sr ratio leads to a
decrease in b and c, which may be attributed to the
ionic radius of Ca2+ being smaller than that of Sr2+. The
ionic radius of Ca2+ and Sr2+ are 0.134 nm and
0.144 nm, respectively [12]. This result was consistent
with XRD peaks being shifted as shown in Fig. 3. 

CSZ ceramics with different Ca/Sr ratio were
sintered in air at temperatures ranging from 1350 o to
1450 oC for 2 h. The average particle size of the
starting powder was 0.8 ± 0.1 mm in all experiments.
Fig. 5 shows the bulk density of the CSZ ceramics as a
function of the Ca/Sr ratio and sintering temperatures.
With an increasing Ca/Sr ratio, the bulk density of the
CSZ ceramics gradually decreases significantly. This is
attributed to the density of the CaZrO3 (4.62 g/cm3)
which is smaller than SrZrO3 (5.445 g/cm3) [12, 13].
Moreover, with increasing sintering temperatures, the
bulk density of the CSZ ceramics gradually increases
correspondingly.

The SEM micrographs of the CSZ ceramics sintered
at 1400 oC with different Ca/Sr ratio are shown in Fig.

6(a)-(d), respectively. An obvious difference among the
images is the grain size which depends on the Ca/Sr
ratio. The grain size in the specimens with Ca/Sr ration
at 5/5, 6/4, 7/3 and 8/2 was 1.33, 1.39, 1.54 and
1.77 mm, respectively.

The grain size in the CSZ ceramics decreases
significantly as the Ca/Sr ratio decreased. The lattice
strain was created when Sr was substituted to Ca-site in
the lattice, since Ca2+ and Sr2+ radius are 0.099 nm and
0.12 nm, respectively. Too much lattice strain will lead
to Sr ions being precipitated into grain boundary, which
is thermodynamically more stable. Grain boundaries
would be pinned by these defects, inhibiting grain
growth, thereby, resulting in relatively small grains.
[14-16] Moreover, CaZrO3 melting temperature
(Tm = 2340 oC) is indeed lower than that of SrZrO3

(Tm = 2750 oC),[17, 18] thus, when the Ca/Sr ratio is
increased, the grain size is grown. It is clear that the
rectangle-like grains such as secondary phases are
observed in whole samples, and the secondary phases
are enhanced with an increasing Ca/Sr ratio. This result

Fig. 4. The lattice parameters of CaxSr(1-x)ZrO3 ceramics sintered
at 1400 oC for different Ca/Sr ratio.

Fig. 5. Density of CaxSr(1-x)ZrO3 ceramics as a function of
sintering temperature and Ca/Sr ratio.

Fig. 6. Scanning electron micrography images of CaxSr(1-x)ZrO3

ceramics with different Ca/Sr ratio (a) x = 5, (b) x = 6, (c) x = 7
and (d) x = 8, all sintered at 1400 oC for 2 h.

Fig. 7. SEM images of Ca0.7Sr0.3ZrO3 ceramics sintered at 1400 oC
showing (a) SEM images, (b) the EDS of matrix grains, and (c) the
EDS of secondary phase grains.
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is consistent with XRD analysis as shown in Fig. 3.
The energy-dispersive spectroscopy (EDS) of the
Ca0.7Sr0.3ZrO3 specimens sintered at 1400 oC is shown
in Fig. 7. The EDS analysis indicates that the matrix

grains “B” belonged to the CSZ phase, while the
rectangle-like grains “A” belonged to the Ca0.15Zr0.85O1.85

phase as shown in Fig. 7(b) and 7(c). 
To study the secondary phase, TEM was used to

observe the microstructure in Ca0.7Sr0.3ZrO3 ceramics
sintered at 1400 oC, as shown in Fig. 8. The electron
diffraction patterns of the CSZ ceramics are shown in
Fig. 8(c) and 8(d). The matrix grains (B) and secondary
phase grains (A) were identified as CSZ and Ca0.15

Zr0.85O1.85 phase, respectively, according to the electron
diffraction patterns.

Dielectric properties of the CSZ ceramics
The CaZrO3 material exhibits a relatively high

permittivity (25-30), low dielectric losses (< 10−4), a
high insulating resistivity (> 1012 Ω) and a temperature
coefficient of resonant frequency (τf) 40 ppm/oC. and
also for its inertia to the reductive atmosphere [19, 20].
The (Ca0.8Sr0.2)ZrO3 ceramics sintered at 1480 oC for 2-
12 h possessed a dielectric constant (εr) of 23.6-27.9, a
quality factor (Qxf) of 2,160-21,460 GHz and a
temperature coefficient of resonant frequency (τf) from
-14 to 13.6 ppm/oC.[6] 

Fig. 9(a) shows the variation of the permittivity and
dielectric loss recorded for the (CaxSr1-x)ZrO3 ceramics
sintered ranging from 1350 oC to 1450 oC with respect
to their x value. By increasing the x value, the
dielectric constant of CSZ ceramics sintered at 1400 oC
initially increases at x = 0.6, then decreases to a
minimum at x = 0.8. For CSZ ceramics sintered at
1450 oC, by increasing the x value, the dielectric
constant initially increases significantly at x = 0.6, then
decreases gradually to x = 0.8. As we known, the
Ca0.15Zr0.85O1.85 is the secondary phase which has a
dielectric constant (εr) of 21.7. It is therefore believed
that lower permittivity is contributed to by the
existence of secondary phases. According to J. C.
Maxwell’s equation:[21] 
If ~20 vol.% Ca0.15Zr0.85O1.85 rectangle-like phase is
occupied in host ceramic (Fig. 7(a)), the dielectric
constant of CSZ ceramic is calculated as listed below:

(1)

where Vf   is the volume fraction occupied by the
dispersed phases, ε1 and ε2 are the permittivity of
Ca0.15Zr0.85O1.85 and pure CSZ ceramic, respectively; εm
is permittivity of mixtures (CSZ). The dielectric
constant of the CSZ ceramics are estimated from the
values of pure Ca0.15Zr0.85O1.85 ceramics (21.7) and
(Ca0.7Sr0.3)ZrO3 ceramics (~30). The estimated dielectric
constants for (Ca0.7Sr0.3)ZrO3 ceramics with Ca0.15

Zr0.85O1.85 secondary phase is ~29.2. In addition, the
CSZ ceramics sintered at 1350 oC, has lower dielectric
constant as compared with 1400 oC and 1450 oC. This
is attributed to insufficiency of densification.

Fig. 9(b) shows the dielectric loss of the CSZ

εm ε2 1
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=

Fig. 8. HRTEM images of Ca0.7Sr0.3ZrO3 ceramics sintered at
1400 oC showing (a) TEM images, (b) the EDX of secondary
phase grains., (c) and (d) the SAD of Ca0.15Zr0.85O1.85 grains. 

Fig. 9. The dielectric properties of CaxSr(1-x)ZrO3 ceramics as a
function of sintering temperature and Ca/Sr ratio: (a) dielectric
constants (εr) and (b) dielectric loss (tanδ).
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ceramics as a function of the sintering temperatures
and x values. When sintering temperature is at 1400 oC,
a lower dielectric loss is obtained. It may be attributed
to the formation of more Ca0.15Zr0.85O1.85 secondary
phases with the sintering temperature increasing from
1400 oC to 1450 oC, as illustrated in Fig. 3, because the
Ca0.15Zr0.85O1.85 phase has a higher dielectric loss
(49.5 × 10−4) and contributes to the tanδ value of its
host material. In addition, the dielectric loss of the CSZ
ceramics is enhanced at lower sintering temperatures
(1350 oC), this is due to the insufficient densification of
CSZ ceramics. There are many factors affected on the
microwave dielectric loss (1/Q) of ceramics, it can be
divided into two categories, that is, intrinsic loss and
extrinsic loss [22]. Intrinsic losses are mainly caused
by lattice vibration modes, while extrinsic losses are
dominated by second phase, oxygen vacancies, grain
sizes, and densification or porosity [23].

Fig. 10 shows the insulation resistance of the CSZ
ceramics as a function of the sintering temperatures
and x values. Insulation resistance of all samples can
reach >1012 Ω, except (Ca0.8Sr0.2)ZrO3 ceramics sintered
at 1450 oC. Because the Ca0.15Zr0.85O1.85 phase has a
lower insulation resistance (2.1 × 1010 Ω) and reduce to
the IR value of its host material.

Conclusions

(CaxSr(1-x))ZrO3 ceramics were prepared using a
solid-state reaction method, which were sintered in air at
temperatures ranging from 1350 oC to 1450 oC. The
different Ca/Sr ratio significantly affected the crystalline
phases and the microwave dielectric properties of the
(CaxSr(1-x))ZrO3 ceramics. The grain size in the CSZ
ceramics decreases significantly as the Ca/Sr ratio
decreased. The formation of a secondary phase (Ca0.15

Zr0.85O1.85) could be increased by increasing the sintering
temperature. The dielectric properties of Ca0.15Zr0.85O1.85

phase was prepared individually using solid-state
method. The Ca0.15Zr0.85O1.85 ceramics sintered at

1500 oC for 2 hours possessed a dielectric constant (εr)
of 21.7, a dielectric loss (tanδ) of 49.5 × 10−4 and an
Insulation Resistance (IR) of 2.1 × 1010 Ω. When the
(Ca0.7Sr0.3)ZrO3 ceramic was sintered at a temperature
of 1400 oC, which had the best microwave dielectric
properties, with a permittivity of 29 and a dielectric
loss (tanδ) of 2.7 × 10−4 and an Insulation Resistance
(IR) of 2.6 × 1012 Ω
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