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Phase evolution and microwave dielectric properties of Ca0.61Nd0.26Ti1-x(Al1/2Nb1/2)xO3 ceramics in the range of 0 ≤ x ≤ 0.2 
have been determined in this paper. For 0 ≤ x ≤ 0.1, X-ray diffraction results showed a single perovskite structure phase. 
Dielectric constant (εr) and quality factor (Q × f) kept high values and temperature coefficient of resonant frequency (τf ) 
decreased by 32.4 % from 247 ppm/°C to 167 ppm/°C. When 0.15 ≤ x ≤ 0.2, extra peaks with peak positions coincidental with 
Ca2Nb2O7 phase appeared. Typically, high relative permittivity (≥ 90) and quality factor (≥ 6,400 GHz) could be obtained 
when sintered at 1400°C for 2 h.

INTRODUCTION

	 Microwave dielectric ceramics have been widely 
utilized in wireless communication systems [1], such as 
RFID devices [2, 3], Radar [1], and mobile telephone 
[1]. Microwave dielectric materials in these applications 
are guided by the high relative permittivity to minimize 
the device size [2, 3], the high Q value to optimize the 
signal selection, and near zero temperature coefficients 
at resonant frequency for a stable work frequency1. This 
guidance gives rise to wide researches on high dielectric 
constant ceramics for their impractical τf values.
	 The high dielectric constant ceramics of CaTiO3

 

[4], BaO-Nd2O3-TiO2
 [5], and Bi2O3-V2O5 [6] are 

intensively reported and CaTiO3 shows the highest 
relative permittivity. Until now, many reports on the 
ionic substitution in CaTiO3 have been proved as an 
effective way modifying the temperature coefficient 
at the resonant frequency to zero. To name a few, 
CaTi0.1(Li1/3Nb2/3)0.9O3 [7], CaTi0.54(Al1/2Ta1/2)0.46O3

 [8], 
CaTi0.5(Al1/2Nb1/2)0.5O3

 [9], CaTi0.34(Mg1/3Nb2/3)0.66O3 [10, 
11], all exhibit high quality factor and near zero τf value. 
One interesting fact is that, though Ca(Al1/2Nb1/2)O3

shows relative low quality factor (7500 GHz)4, 
(Al1/2Nb1/2)4+ substituted CaTiO3 possesses rather high 
quality factor (> 20000 GHz) [9]. Also, this substitution 
study in Ca0.61Nd0.26TiO3, originating from CaTiO3 and 
exhibiting microwave dielectric properties of εr ~ 100, 
Q × f ~ 8600 GHz and τf  ~ + 250 ppm/°C [12], has not 

been reported yet. So it would be necessary to clarify 
the phase evolution and microwave dielectric properties 
of the (Al1/2Nb1/2)4+ substituted Ca0.61Nd0.26TiO3 ceramic. 
	 In the present work, Ca0.61Nd0.26Ti1-x(Al1/2Nb1/2)xO3
(0 ≤ x ≤ 0.2) ceramic were fabricated according to the 
conventional solid state reaction method. The solid 
solution limit was determined and the corresponding 
microwave dielectric properties were also investigated. 

EXPERIMENTAL

	 By the conventional solid-state reaction routine, 
samples were prepared according to Ca0.61Nd0.26Ti1-x
(Al1/2Nb1/2)xO3 (0 ≤ x ≤ 0.2) with CaCO3 (Xilong Group, 
China), Nd2O3 (Jichang Rare Earth Co., Ltd China), 
TiO2 (Xian Tao Chemical Reagent Co., Ltd., China), 
Al2O3 (Betterwear New Matrial Co., Ltd., China) and 
Nb2O5 (Ke Long Chemical Reagent Co., Ltd., China), 
as starting materials, with purity ≥ 99.5 %. The mixtures 
were ball-milled in nylon jars with zirconia balls and 
deionized water for 8 hours (1:5:1.5). After the drying 
procedure (120°C for 24 hours), the powders were sifted 
and calcined at 1150°C for 5 hours. Then the calcined 
powders were produced with 6 wt. % PVA in the size 
of 14.5 mm in diameter and 7 mm in thickness under 
the pressure of 250 kg∙cm-2 with a stainless steel die 
[12]. Then the samples were preheated at 600°C for 
2 hours to remove the organic binder and then sintered at 
1350 - 1425°C for 2 hours.
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	 Densities of sintered samples were measured by 
the Archimedes method. The phases of the sintered 
samples were identified by the X-ray diffraction (XRD) 
using  the Cu K alpha radiation (40 kV/250  mA, 
wavelength = 1.54062 Å, Philips x’pert Pro MPD, 
PANalytical, the Netherlands). Lattice parameters 
were calculated by the Unitcell using the Rietveld 
analysis. XRD results refinement were established by 
the Maud. The surface microstructures of the ceramic 
were detected by the scanning electron microscopy 
(SEM, FEI Inspect F). The dielectric characteristics 
were examined by the Hakki-Coleman dielectric 
resonator method in the TE011 mode using a network 
analyzer (Agilent Technologies E5071C, Agilent Tech-
nologies, Singapore) at the frequency around 3 - 5 GHz. 
The τf values of sintered samples at the resonant 
frequency were determined by the equation as following: 

(1)

	 In the equation, ft1 and ft2 are the resonant frequen-
cies at the temperature of t1 (ordinary temperature) and
t2 = 85°C respectively.

RESULTS AND DISCUSSION

	 Figure 1 showed the X-ray diffraction patterns of 
Ca0.61Nd0.26Ti1-x(Al1/2Nb1/2)xO3 (0 ≤ x ≤ 0.2) ceramics 
sintered at optimum temperature for 2 h. For 0 ≤ x ≤ 0.1,
it kept a single perovskite structure  phase (JCPDS 
Card No. 01-082-0229). The single phase probably was 
because of the two reasons: relative low content of Al2O3/
Nb2O5 addition or the formation of the solid solution. For 
there was no extra peak, we excluded the first situation. 
For the second situation, there will be lattice parameter 
change. In order to prove this, we compared the measured 
and calculated XRD results, as shown in Figure 2. The 
discrepancy between observed and calculated data was 
small, with some deviation at main peaks [13]. The 
corresponding lattice parameters were also calculated 
according to the XRD data and the results were depicted 
in Figure 3. Parameters of three axes and unit cell 
volume showed a dropping trend. This is reasonable 
because of similar ionic radius of Ti4+ (0.0605  nm) 
and (Al1/2Nb1/2)4+ (0.0588 nm), and we concluded that 

the solid solution of perovskite structure was formed. 
For 0.15 ≤ x ≤ 0.2, extra peaks appeared, which were 
coincidental with the Ca2Nb2O7

14 (JCPDS Card No. 
00-042-0002) phase, and no other extra phase peaks 
were detected. The appearance of the secondary phase 
determined that the solid solution limit was around 0.1. 
	 Microstructure images of Ca0.61Nd0.26Ti1-x(Al1/2Nb1/2)x

O3 (0 ≤ x ≤ 0.2) ceramics sintered at 1400°C were shown 
in Figure 4a-e. As x value growing from 0 to 0.1 the grain 
size dropped rapidly from around 100 μm to 25 μm while 
the number of pores located at the edge of the grains grew 
up quickly. After that, the grain size was stable at about 
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Figure 1.  The XRD patterns of Ca0.61Nd0.26Ti1-x(Al1/2Nb1/2)xO3 
(0 ≤ x ≤ 0.2) ceramics sintered at 1400°C for 2 h.
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Figure 2.  Experimental (Red) and calculated (Black) X-ray 
powder diffraction profiles for Ca0.61Nd0.26Ti1-x(Al1/2Nb1/2)xO3,
x = 0.05, 1400°C for 2 h, R = 12 %.

Table 1.  Microwave dielectric properties and tolerance factor of Ca0.61Nd0.26[Ti1-x(Al1/2Nb1/2)x]O3 (0 ≤ x ≤ 0.2) ceramics sintered 
at 1400°C for 2h.

	    x	 Sintering	 Relative 	 εr	 Q × f	 τf  	 Tolerance
		  temperature (°C)	 density		  (GHz)	 (ppm/°C)	 factor

	 0	 1400	 97 %	 103	 8600	 +247	 0.8487
	   0.05	 1400	    96.6 %	    101.6	 7880	 +213	 0.8495
	   0.1	 1400	    95.7 %	      92.3	 6420	 +167	   0.85024
	   0.15	 1400	 –	      87.4	 4200	 +134	 –
	   0.2	 1400	 –	      78.5	 3200	 +104	 –
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20 μm and the pore number stayed as well. However, 
though we’ve observed peaks of Ca2Nb2O7 phase, it was 
hard to figure out them in the SEM images. This was 
probably due to their similar appearance. 
	 The apparent densities of the specimens were mea-
sured by the Archimedes method and depicted in Figure 5. 
For each composition at different sintering temperature, 
it showed a growing trend when temperature grew from 
1350°C to 1400°C and then a declination, which inferred 
1400°C was the optimal sintering temperature. As x 
value increasing from 0 to 0.2, the density of sintered 
ceramic kept decreasing which were consistent with 
the SEM results. Its trend was the same as pore number 
variation for x ~ 0 to 0.1.
	 Microwave dielectric properties of optimal tempe-
rature sintered Ca0.61Nd0.26Ti1-x(Al1/2Nb1/2)xO3 (0 ≤ x ≤ 0.2)
ceramics were listed in Table 1. The dielectric constant 
versus x value dropped from 103 to 78.5. The quality 
factor and temperature coefficient of resonant frequency 
both declined as well. For 0 ≤ x ≤ 0.1, though the 
grain size decreased tremendously, relative density of 
specimens were higher than 95 %, we concluded that 
the dielectric constant was controlled by average ionic 
polarizability, which has been clarified in [2, 15, 16]. For 
the decreasing quality factor, it probably was because 
of the decreasing grain size, in other words more grain 

boundaries in unit volume [17]. The grain boundary 
could act as a two-dimension defect interrupting the 
symmetry of the crystal, thus smaller grain size, in other 
words, more defects, will give rise to lower Q × f [10]. 
Also, the increment of electrons (Nb5+ donor doping), 
resulting from high content doping: Nb2O5TiO2·2NbTi +
+ 4Oo

x + ½O2 + ↑2e [18, 20] was another factor causing 
the decrease of Q × f. It has been reported that dielectric 
loss was proportional to conductivity, tan δ σ, so that 
too much substitution would lead to low Q value
[18, 20]. The substitution at Ti4+ site slightly changed 
lattice parameters that influenced the degree of tilting 
of octahedral [10]. And tolerance factor was always 
calculated to measure the degree which was always 
reported to influence the τf value [10]. Consequently, 
the tolerance factor was calculated by the following 
equation [21] and the data were in Table 1:

(2)

	 With increasing substitution content, tolerance 
factor inferred a decreasing temperature coefficient 
of resonant frequency. For 0.15 ≤ x ≤ 0.2, the reason 
for the drop of microwave dielectric properties was 
probably due to the secondary phase, with εr = 33.6, 
Q × f = 1300 GHz and τf  = -103 ppm/°C [14]. 
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Figure 3.  Lattice parameters of Ca0.61Nd0.26Ti1-x(Al1/2Nb1/2)xO3 (0 ≤ x ≤ 0.1) ceramics as a function of x value.
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Figure 4.  SEM images of Ca0.61Nd0.26Ti1-x(Al1/2Nb1/2)xO3 (0 ≤ x ≤ 0.2) ceramics sintered at 1400°C for 2 h: a) x = 0, 50 μm,
b) x = 0.05, 50 μm, c) x = 0.1, 50 μm, d) x = 0.15, 50 μm, e) x = 0.2, 50 μm.
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Figure 5.  Apparent densities of Ca0.61Nd0.26Ti1-x(Al1/2Nb1/2)xO3 
(0 ≤ x ≤ 0.2) ceramics sintered at different temperatures for
2 hours.
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CONCLUSION

	 Phase evolution and microwave dielectric proper-
ties of Ca0.61Nd0.26Ti1-x(Al1/2Nb1/2)xO3 (0 ≤ x ≤ 0.2) system 
have been investigated in the study. A single perovskite 
structure phase was kept for 0 ≤ x ≤ 0.1 and then 
Ca2Nb2O7 secondary phase appeared. The substitution 
largely changed the microstructure, which was related 
to relative density and pore ratio determining relative 
permittivity and Q × f value of the system. Tolerance 
factor was calculated to evaluate the τf value declination. 
After exceeding the solid solution, the properties of the 
secondary phase dominated the property change of the 
system. At last, within solid solution limit, dielectric 
constant higher than 92, Q × f higher than 6400 GHz 
while partially tailored τf value around 160 ppm/°C 
could be obtained, which gives a new method to modify 
properties of CaTiO3 ceramics.
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