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ABSTRACT 

 
The microwave dielectric properties, the physical properties and the microstructures were investigated in 

the (1-x)CaTiO3-x(Na0.5La0.5)TiO3(CT-NLT) (0.08≤x≤0.9) ceramic systems. The compounds were prepared via 
the conventional solid-state reaction. The data showed that the increasing of x(Na1+

0.5La3+
0.5) TiO3 amount 

decrease the sintering temperature of the studied bodies by~50 oC and improved both of the densification 
behaviour and the microwave dielectric properties. Maximum (Qxf) value of 35.6*104 (at 10GHz) was obtained 
for 10CT-NLT(x=0.90) ceramic sintered at 1250 oC/2h. The increase in quality factor may be related to the 
increase in density value as well as the uniformity of grain growth, which led to a reduction in the dielectric loss 
value. 
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Introduction 
 

Due to rapid developments in mobile communication, mobile telephone systems, as well as in satellite 
broadcasting systems, the design of high-quality devices is very important. To miniaturize the devices and for 
the systems to work with a high efficiency and stability, the materials for microwave resonators must be 
excellent in the following three dielectric characteristics. The first characteristic is a high dielectric constant. 
The use of high-dielectric-constant materials can effectively reduce the size of resonators since the wavelength 
(λ) in dielectrics is inversely proportional to (r) of the wavelength (λo) in vacuum (λ= λo/r). The second is a 
high Quality factor value; many studies have focused on developing dielectric materials with a high quality 
factor (Q×f) (Huang et al., 2008). This is required to achieve high frequency selectivity and stability in 
microwave transmitters and receiver components. The third is low dielectric loss with a zero temperature 
coefficient of the resonant frequency (tf) for dielectric resonators and microwave device substrates. Small 
temperature coefficients of the resonant frequency ensure the stability of the microwave components at different 
working temperatures. To satisfy the demands of microwave circuit designs, each dielectric property requires 
precise control. Using two or more compounds with negative and positive temperature coefficients to form a 
solid solution or mixed phases is the most promising method of obtaining a zero temperature coefficient of the 
resonant frequency. Because most dielectric ceramics with high dielectric constants have positive tf values 
(Huang et al., 2008), searching for materials with a high dielectric constant, a high Q and a negative tf is 
necessary to achieve this goal. The advantages of using complex perovskite ceramics combination between (A1/2 

Ln1/2 TiO3 ) (A = Na, Li; Ln = La, Nd, Sm) presenting oxygen octahedral tilt have negative TCF and  alkaline-
earth-metal titanates (CaTiO3) have a positive TCF have been reported due to their excellent microwave 
dielectric properties. Researchers have reported that the preparation of solid solutions between those 
compositions is a promising way to obtain materials with favorable permittivities (40–60), good quality factors 
(Qxf) over 40,000GHz and TCF close to zero (Reaney and Iddles, 2006; Pashkin et al., 2005; Suvorov et al., 
2001).Yoon et al., (2006) synthesized Ca(Li1/4Nb3/4)O3–CaTiO3 ceramics by the conventional mixed oxide 
method by calcining at 750 oC and sintering at 1275 oC. Ca(Li1/4Nb3/4)O3 ceramics with an orthorhombic crystal 
structure. The dielectric constant (r) and quality factor (Q×f), for Ca(Li1/4Nb3/4)O3 ceramics are 26 and 13,000 
GHz, respectively. With increase in the CaTiO3 content, r increased and the quality factor decreased due to the 
solid-solution formation between Ca(Li1/4Nb3/4)O3 and CaTiO3. The 0.7Ca(Li1/4Nb3/4)O3–0.3CaTiO3 ceramic 
exhibits r of 44 and quality factor (Q×f) of 12,000 GHz. Cho et al., (1999) have reported many complex 
perovskites A (B2+

0.5 B
4+

0.5)O3. Among them, Nd (Mg0.5Ti0.5)O3 has a high dielectric constant (r~27), as well as 
high quality factor (Qxf ~ 45000 GHz), upon mixing of CaTiO3 which characterized with (r>200, Qxf <1000) 
forming a solid solution (1-x)CaTiO3–xNd(Mg0.5Ti0.5)O3 which have a suitable dielectric properties. Also, Hsu 
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and Ho, (2010) found that 0.6Sm(Co1/2Ti1/2)O3–0.4CaTiO3 complex perovskite has a dielectric constant (εr) of 
37 and a quality factor (Q×f)value of 43,000 GHz sintered at 1420 °C are proposed. Takahashi et al., (1991) 
investigated the dielectric characteristics at microwave frequencies of perovskites with the formula (A1/2

1+. 
A1/2

3+)TiO3, (where A1+ represents an alkali metal from lithium to potassium series and A3+ represents a member 
of lanthanide series from lanthanum to lutetium). It was found that for the first time that in the case of lithium 
substitution at the A1+ site, the larger the ionic radius of the element which substituted at the A3+, the higher 
dielectric constant was for the (1-x)(Li1/2

1+.Sm1/2
3+)TiO3–x(Na1/2

1+.Sm1/2
3+)TiO3 system at 3 GHz, high dielectric 

properties of r =81 and Q=2050 were obtained when x=0.4. Santha et al., (2002) studied the addition of 
different stoichiometric amounts of CaTiO3 (CT) to Sm(Mg0.5Ti0.5)O3 (SMT) in (1-x)CaTiO3–xSm(Mg0.5Ti0.5)O3 
(0.1≤x≤1.0) complex perovskite, they showed that the bulk density varies non-linearly in the region between 0.4 
≤ x ≤ 0.5.  Also, there is an abrupt variation in Qxf and dielectric constant for compositions with 0.4≤ x ≤ 0.5. 
The reason of variation in density, r and quality factor as a function of composition was attributed to the 
possibility of a phase transformation for x between 0.4 and 0.5.  

Therefore, in this study we prepared (1-x)CaTiO3–x (Na1+
0.5La3+

0.5)TiO3 with (0.08≤ x ≤0.9) by 
conventional solid state reaction and investigating the densification, microstructure and microwave dielectric 
properties of the ceramic systems using X-ray diffraction (XRD), scanning electron microscopy (SEM), and the 
microwave dielectric measurement. 
 
2. Experimental: 

 
Ceramic samples were prepared by solid-state route. Reagent grade CaCO3 (98.5-100.5 %), Na2CO3 

(≥99%) (SIGMA-ALDRICH, Germany), TiO2 (extra pure 99-100.5%) (SIGMA-ALDRICH) and La2O3 

(99.99%) (ALDRICH) powders as the starting materials were weighed according to the compositions (1-x) 
Ca2+TiO3- x(Na1+

0.5La3+
0.5)TiO3.  The compositions with x= 0.08, 0.1, 0.2, 0.5 and 0.9 were denoted as 92CT-

NLT, 90CT-NLT, 80CT-NLT, 50CT-NLT, and 10CT-NLT, respectively. The starting materials were 
thoroughly mixed in stoichiometric proportions, were mixed and ball milled in appropriate stoichiometric ratios 
in distilled water for 24 h using agate balls in a planetary mill. The mixed/milled powders were then calcined at 
1150oC for 4 h. The calcined powders were then lightly hand ground in a pestle and mortar and sieved through a 
200-mesh screen. A secondary milling in distilled water for 24h of the calcinated powder was performed. These 
samples were mixed with polyvinyl alcohol (4wt. %) as a binder and uniaxially pressed into pellets of 10mm 
diameter and 5mm thickness using a hydraulic press (SEIDNER; Riedlinger type, Germany) under pressure of 
20 MPa. To remove the binder, samples were first heated up to 550oC at a heating rate of 5oC/min with a 
soaking time of 2 h before sintering at temperature range between 1150–1300oC with a heating rate of 10oC/min 
and soaking time of 2h at each temperature. Structural analysis of samples using X-ray diffraction (XRD) 
analysis was performed between a 2θ range from 20o to 60o on a Philips Flex 2002 diffractometer using Cu Kα 
radiation (λ = 1.5418 Å), Ni-filter and a detector scan speed of 2o/min. Morphological investigations on selected 
sintered bodies were polished then thermally etched for 90 minutes at 150°C below the sintering temperature 
and examined by scanning electron microscopy (SEM) and energy-dispersive X-ray (EDAX) were performed 
using JEOL JXA-840A Electron Probe Microanalyzer, Japan, equipped with an X-ray energy-dispersive 
spectrometer EDAX (INCAx-sight, OXFORD). Bulk density and apparent porosity of the sintered samples were 
measured by the conventional liquid displacement method. Microwave dielectric properties of sintered samples 
were measured by a Vector Network Analyzer (VNA) in the frequency range from 50 MHz up to 13 GHz using 
the microwave resonator method (Wheless and Kajfez; 1987). 
 
Results and Discussion 
 
3.1. Mineralogical composition: 
 
3.1.1 X-ray diffraction analyses: 

 
The XRD patterns of (1-x) CaTiO3-x(Na1+

0.5La3+
0.5)TiO3 (CT-NLT) bodies with x = 0.08, 0.10, 0.20, 0.50 

and 0.90 sintered at 1250 and 1300 oC for 2h, seen in Fig.1. It found that peaks indicating the presence of 
CaTiO3-Na0.5La0.5TiO3 as main cubic perovskite structure up to (x=0.20), but at higher percent of Na0.5La0.5TiO3 
(x=0.50 and 0.90), the CaTiO3-Na0.5La0.5TiO3 as main crystalline phase with CaLa4Ti4O15, La2O3 as minor 
phases were observed. It is understood that crystal structure of CaLa4Ti4O15 and La2O3 are hexagonal (JCPD#36-
1278) and monoclinic (JCPD#22-0641), respectively. The formation of mixed phases in CT-NLT ceramic 
system with high Na0.5La0.5TiO3 content was due to structural differences and because average ionic radii of 
(Na=1.02 Å) and (La=1.06 Å) were larger than (Ca=0.99 Å). This result was agreed with those results obtained 
by Shen et al., (2010). they found that the formation of mixed phases in the 0.9Mg0.95Co0.05TiO3-
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0.1Ca0.6La0.8/3TiO3 ceramic system was due to structural differences and because average ionic radius of Ca2+ 

ion (0.106nm) and La3+ (0.122 nm) were larger than Mg2+(0.078 nm) and Co2+ (0.082nm). 
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Fig. 1: XRD patterns of sintered (1-x) CaTiO3– x (Na0.5 La0.5) TiO3 

 
The specimens of (1-x)CaTiO3-x(Na1+

0.5La3+
0.5)TiO3 with increasing of (Na1+

0.5La3+
0.5)TiO3 showed shift in 

the position of XRD peaks to higher or lower diffraction angle directions as shown in Table 1. This indicates 
that the decrease in lattice parameter may be due to the presence of Na1+ (1.02 Å) in the intermediate of those 
Ca2+ (0.99Å), La3+ (1.061Å) and Ti4+ (0.605Å) ions which led to the generation of oxygen vacancies which 
resulted in a distortion and contraction of the unit cells (Park et al., 2001). Generally, the increase in lattice 
parameter is based on Ti4+site replacement by larger cation than Ti ion. So, Na1+and La3+ ions could substitute to 
Ti4+ ion on B-site, because the ionic radius of both Na1+ ion (1.02 Å) and La3+ (1.061 Å) were larger than Ti4+ 
ion (0.605 Å) which result increase in the unit cells (Shen et al., 2010).  

 
Table 1: Change in d-spacing (2θ) of peak 

Compositions (2θ) 
92CT-NLT 32.714 
90CT-NLT 32.794 
80CT-NLT 32.805 
50CT-NLT 32.652 
10CT-NLT 32.48 

 
3.1.2. Morphological analysis: 

  
The microstructure of (1-x) CaTiO3-x (Na1+

0.5La3+
0.5)TiO3 ceramics with x = 0.08, 0.10, 0.20, 0.50 and 0.90 

at sintered temperature were demonstrated in Fig. 2(a-e). The samples were dense with low apparent porosity. It 
may directly affect the microwave dielectric properties of the ceramic samples. The grain size increased with the 
increasing of x (Na1+

0.5La3+
0.5) TiO3 content with non uniform grain growth will be happened. Figure 2(a-e) 

showed the SEM image, it was seen round grain shape-like white shaped may be due to  the presence of 
(Na1+

0.5La3+
0.5)TiO3 (Takahashi et al., 1991) were homogeneously dispersed onto matrix as seen in Fig. 2c. The 

micrograph showed uniform distribution of (Na1+
0.5La3+

0.5)TiO3 onto matrix grain without any observable cracks 
or pores that enabling a decrease in the porosity and increase of the density up to x=0.20. Also, it was observed 
the micro particle in the matrix has grown as interlocked. When the particles come into contact with the matrix 
in the process of sintering, the transference will happen from micro-sized to big particles because of the 
difference of curvature radius. In this process, the particles coursing occurred, which made the surface energy 
decreased. So, at higher (Na1+

0.5La3+
0.5) TiO3 content up to (x=0.50 and 0.90), the grain growth appeared 

followed by decrease in density. 
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(a)                                                                         (b) 

 

        
(c)                                                                           (d)  

 

 
(e) 

Fig. 2: Microstructure of (1-x) CaTiO3–x(Na0.5La0.5)TiO3 at sintered temperature (a) x=0.08 (92CT-NLT), (b)  
           x=0.1 (90CT-NLT), (c) x=0.2 (80CT-NLT), (d) x=0.5 (50CT-NLT) and (e) x=0.9 (10CT-NLT). 

 
3.2. Physical Properties: 

 
Fig. 3 showed the variation in physical parameters with increasing sintering temperature from 1150 up to 

1350 oC/2h. The densification of all ceramic bodies indicated on these figures by the increase of bulk density up 
to a maxima and the decrease of apparent porosity down to a minima. The data showed that the increase of 
x(Na1+

0.5La3+
0.5)TiO3 improve the densification behaviour and decrease the sintering temperature of the studied 

bodies by~50 oC as compared with 50CT-NLT. It is indicated that the bulk density ranges between (3.45-
4.12g/cm3) and apparent porosity (1.54-27.69%), for (1 x)CaTiO3- x (Na1+

0.5La3+
0.5)TiO3 samples. 

From the results obtained, it clears that the bulk density values are correlated with both of 
(Na1+

0.5La3+
0.5)TiO3 concentration in ceramic bodies. At high concentration of (Na1+

0.5La3+
0.5)TiO3 (x= 0.50), 

grain growth become pronounced, Fig.2(d), which causes more pores and defects, secondary phases formed, 
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resulting lower density (Takahashi et al., 1991; Park et al., 2001; Chen et al., 2004; Huang and Tseng; 2007;  
Sun et al., 2008). However, higher values of density in the other samples are probably due to their lower 
percentage of porosity as well as uniform morphology with small grain size, as shown in Fig.2(a-e).Therefore, 
the maximum density (4.12 g/cm3) with lower percentage of porosity (2.43%) is obtained for 80CT-NLT 
ceramic body with x=0.2. 
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Fig. 3: Physical properties of (1-x)CaTiO3–x(Na0.5La0.5)TiO3 bodies at sintered temperature. 
 
3.3. Microwave Dielectric Properties: 

 
Fig.4(a) demonstrated the dielectric constant (r) values of (1-x)CaTiO3- x(Na1+

0.5La3+
0.5)TiO3 as function of 

x = 0.08, 0.10, 0.20, 0.50 and 0.90. The dielectric constant decrease with increase x(Na1+
0.5La3+

0.5)TiO3 content 
except (x=0.10). The values of (r) varied from 39.5 to 10.2. The (r) value is affected mainly by the following 
factors: density of the bodies, volume of TiO6 octahedra, tilting of octahedral strings along the c- axis and 
polarizabilites of different ions (Ca2+, Na1+, La3+ and Ti4+) (Huang,  et al.,  2002). It has been confirmed from 
the results that the increase in the (r) values of ceramic bodies up to (x=0.10) may be attributed to higher 
density signifies a lower porosity and then decrease with other bodies due to reasons mentioned above. 
Moreover, the (r) of the specimens decreased with (Na0.5La0.5)TiO3 content may due to the smaller dielectric 
ionic polarizability of Na1+(D=1.80Å3) than those of La3+ (6.07 Å3), Ca2+ (3.16 Å3) and Ti4+(2.93 Å3) 
(Shannon,1993). 

Fig. 4(b) showed the quality factor (Q x f) of (1-x)CT-xNLT ceramic bodies sintered at 1250 oC and 1300 
oC/2h. The results showed low dielectric loss (DL) values with the increasing of x (Na1+

0.5La3+
0.5) TiO3 have 

significant effect on increasing in the (Q x f) values except ceramic bodies with (x=0.10 and 0.20), the (Q x f) 
value decrease remarkably. Many factors are greatly affected the microwave dielectric loss and can be divided 
into two categories, intrinsic loss and extrinsic loss (Silverman, 1962). Intrinsic losses are mainly caused by 
lattice vibration modes, while extrinsic losses are dominated by a second phase, oxygen vacancies, grain size, 
glassy phase and densification or porosity. Interfacial polarization was thought to play an important role in 
porous material (Huang et al., 2008). 

A maximum (Q x f) value of 35.6*104 (at 10GHz) was obtained for 10CT-NLT(x=0.90) ceramic sintered at 
1250 oC/2h. The increase in quality factor at low temperature may be related to the increase in density as well as 
the uniformity of grain growth as observed in Fig. 2(e) which led to a reduction in the dielectric loss value (Shen 
et al., 2010). On the other hand, a minimum (Q x f) value of 2*104 (at 5 GHz) was attained for 90CT-NLT, Fig. 
4(b).This may be due to it was reported previously that the microwave dielectric loss was caused not only by the 
lattice vibrational modes, but also by lattice defects, and the grain morphology (Silverman, 1962; Huang et al., 
2008). 
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Fig. 4: Microwave dielectric properties of (1-x)CaTiO3–x (Na0.5La0.5)TiO3 ceramics (a) Dielectric constant (b)  
            Quality factor and Dielectric loss. 
 
Conclusion: 

 
The microwave dielectric properties of (1-x)CT-xNLT (0.08≤x≥0.9) ceramics were investigated. The 

compounds were prepared via the conventional solid-state reaction. The data showed that the increase of x 
(Na1+

0.5La3+
0.5) TiO3 decrease the sintering temperature of the studied bodies by~50 oC and improved both of the 

densification behaviour and the microwave dielectric properties Maximum (Qxf) value of 35.6*104 (at 10GHz) 
was obtained for 10CT-NLT(x=0.90) ceramic sintered at 1250oC/2h. The increase in quality factor at low 
temperature may be related to the increase in density as well as the uniformity of grain growth, which led to a 
reduction in the dielectric loss value. 
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