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A B S T R A C T   

Novel 0.695CaTiO3-0.305SmAlO3+xwt% CeO2 (x = 0, 0.5, 1.0, 1.5) ceramics were fabricated using a reaction- 
sintering (RS) approach. The crystal structure, morphology, and microwave dielectric properties of ceramics 
were systematically studied. The addition of CeO2 could effectively improve the sintering behavior of 
0.695CaTiO3-0.305SmAlO3 (CTSA) ceramics. When x = 0.5 wt%, the ceramics exhibited optimal microwave 
dielectric properties, with εr = 43.9, Q×f = 48 779 GHz, and τƒ = − 0.24 ppm/◦C, thereby indicating that the 
samples prepared via the RS route possess superior dielectric properties compared to those prepared by the 
conventional solid phase reaction. The results demonstrate that CaTiO3-SmAlO3 ceramics can be prepared simply 
and efficiently through a reaction-sintering process.   

1. Introduction 

The technical requirements of 5G networks have greatly increased 
the demand for key components in the communication system, such as 
filters, diplexers, and resonators. Microwave dielectric ceramics are key 
materials used in these devices. Because of the small size, light-weight 
quality, low loss, and low price of devices, microwave dielectric ce
ramics must meet the requirements of miniaturization, integration, high 
reliability, and low cost in communication technologies, such as mobile 
communication. Compared with other materials, such as metals and 
quartz crystals, microwave dielectric ceramics possess the advantages of 
low loss, high stability, and low thermal expansion coefficient. There
fore, the emergence of 5G communication technology has led to higher 
performance requirements for microwave dielectric ceramics [1–7]. 

Key performance requirements for microwave dielectric ceramics 
include a moderate dielectric constant (considering that a high dielectric 
constant can reduce the size and a low dielectric constant will reduce 
signal delay), low loss (suppression of signal damping), and near-zero τf 
value (to ensure thermal stability) [8–11]. However, in practical appli
cations, high costs limit the application range of many microwave ce
ramics, such as Ba(Zn1/3Nb2/3)O3 and Ba(Zn1/3Ta2/3)O3 [12]. In order 

to satisfy the requirements of lower cost and higher production effi
ciency, simple raw materials and effective processes are required. 
Consequently, the synthesis of dielectric materials must be simplified 
without degrading their microwave dielectric properties [13–15]. 

CaTiO3 is a typical orthogonally distorted perovskite with dielectric 
constant (εr) ≈ 170, quality factor (Q × f) ≈ 3600 GHz, and resonance 
frequency temperature coefficient (τf) ≈ 800 ppm/◦C [16]. Because it 
has a large positive τf value, it acts as a regulator to control the micro
wave dielectric properties of other materials. For example, the addition 
of CaTiO3 could lead to the formation of a solid solution with SmAlO3 (εr 
= 20.4, Q ≈ 6500, τf ≈ − 74 ppm/◦C) and the adjustment of the prop
erties of the resulting ceramics. CaTiO3-SmAlO3 solid solution ceramics 
have a large εr (≈40–47), high Q × f (≈40 000 GHz), and near-zero τf; 
hence, they are ideal candidate materials for microwave applications 
[17–20]. Using SmAlO3 powders as raw materials synthesized via the 
co-precipitation method, the sintering temperature of 0.7 CaTi
O3-0.3SmAlO3 could be reduced to 1410 ◦C. The ceramics also showed 
improved microwave dielectric performance, with εr = 44.95, Q × f =
50 137 GHz, and τf =+7.6 ppm/◦C [21]. As well known, CeO2 exhibited 
good microwave dielectric properties with εr = 24, Q×f = 57 000, τf =

− 104 ppm/
◦

C and was used as dopant to imropve the properties of other 
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materials system. Bhuyan et al. reported that the addition of 1.5 wt% 
CeO2 improved the microwave dielectric performance of Mg2TiO4 
ceramic to εr = 14.6 and Q×f = 167 000 GHz [22]. In this study, 
CeO2-doped CTSA ceramics were synthesized using the RS process to 
simplify the sintering process and enhance the dielectric properties. In 
addition, the sintering behavior, microstructure, phase formation, and 
dielectric performance of CTSA solid solution ceramics were studied 
[23,24]. 

2. Materials and methods 

CaTiO3-SmAlO3 ceramic samples were synthesized via the RS 
method using CaCO3 (≥99%, Sinopharm Chemical Reagent, China), 
TiO2 (≥99%, Xiantao Zhongxing, China), Al2O3 (≥99.2%, Sinopharm 
Chemical Reagent, China), Sm2O3 (≥99.99%, Sinopharm Chemical Re
agent, China), and CeO2 (≥99%, Sinopharm Chemical Reagent, China). 
The mole ratio of CaTiO3-SmAlO3 was determined to be 0.695:0.305 in 
this study, while various contents (0–1.5 wt%) of CeO2 were used as 
additives. To prevent the rare earth oxides to absorb the moisture and 
carbon dioxide from the air. Sm2O3 and CeO2 were preheated at 900 ◦C 
for 2 h before weighing. The powders were mixed with zirconia balls in 
an ethanol medium for 4 h and dried in an oven. Thereafter, the dried 
mixed powders were pressed to a diameter of 10 mm and cylinder height 
of 5 mm at 10 MPa. Finally, the cylinders were directly sintered at 
1450–1550 ◦C for 6 h. 

The crystalline structure of the sintered ceramics was investigated 
via X-ray diffraction (Model X’Pert PRO, PANalytical, Almelo, Holland) 
with Cu Kα radiation at 40 kV and 40 mA (5◦ ≤ 2θ ≤ 80◦). The 
morphology and grain growth were investigated using scanning electron 
microscopy (Model JSM6380-LV SEM, JEOL, Tokyo, Japan). Microwave 
dielectric performances of specimens were analyzed using a network 
analyzer (Model E5071 CENA, Agilent Co, California, USA, 300 KHz- 
20GHz). The τf values of the samples were calculated from the resonant 
frequencies at 25–85 ◦C, in accordance with the following formula:  

τf = (fT – f0)/f0(T – T0)                                                                     (1) 

where fT and f0 are the resonance frequencies at 85 and 25 ◦C, 
respectively. 

3. Results and discussion 

Fig. 1 shows the XRD patterns of 0.695CaTiO3-0.305SmAlO3+xwt% 
CeO2 (x = 0, 0.5, 1.0, 1.5) ceramics synthesized through the RS method. 

Upon heating at 1100 ◦C, the ceramic samples contained both CaTiO3 
and SmAlO3 phases. When the temperature increased to 1200 ◦C, the 
major peak of the CTSA ceramic occurred at 2θ = 33.3◦, which is a good 
match with the 2θ value of the CaTiO3 phase. All the diffraction peaks 
show a uniform main phase of CaTiO3, corresponding to the ortho
rhombic perovskite structure (PDF: 01-075-0437) and belonging to the 
Pbnm space group. In order to determine the cation occupation of the 
samples, the XRD pattern of the 0.695CaTiO3-0.305SmAlO3+0.5 wt% 
CeO2 ceramic sintered at 1500 ◦C was refined using the GSAS software, 
the Rietveld refinement is demonstrated in Fig. 2. The samples exhibit a 
single CaTiO3 phase with a typical perovskite structure, and the lattice 
constants are as follows: a = 5.358072 (6)Å, b = 7.593186 (10) Å, c =
5.394203 (5) Å, and α = β = γ = 90◦. The small R-values (Rp = 3.07%, 
Rwp = 4.37%) indicate that the XRD result is consistent with CaTiO3 
(PDF: 01-075-0437) with an orthorhombic structure [25]. The refine
ment parameters are listed in Table 1. The crystalline properties of the 
ceramics changed as the sintering temperature increased. This shows 
that CeO2 is integrated into 0.695CaTiO3-0.305SmAlO3 ceramics, and a 
solid solution is completely formed. Ca2+, Sm3+, and Ce4+ occupy the A 
site of the oxygen octahedron, while Ti4+ and Al3+ occupy the B site of 
the oxygen octahedron [26,27]. 

Fig. 3 illustrates the SEM images and grain size of 0.695CaTiO3- 
0.305SmAlO3+xwt% CeO2 (x = 0, 0.5, 1.0, 1.5) ceramics sintered at 
1500 ◦C for 6 h. With regard to the ceramic sample without CeO2, the 
microstructure of the ceramic is very rough, the size distribution is un
even, and the grain growth is asymmetrical, thereby resulting in high 
porosity and low bulk density [28], as shown in Fig. 3(a). Upon doping 
with CeO2, the porosity of CTSA ceramics decreased, accompanied by an 
increase in the homogeneity of the grains. The average grain size of the 
0.5 wt% CeO2 sample declined sharply, and the average particle size was 
7.34 μm. When the CeO2 content was increased to 1.5 wt%, there were 
some obvious pores and the grain growth of the sample was abnormal. In 
addition, with an excessive addition of CeO2, aberrant grain growth and 
high porosity will degrade the dielectric performance of CTSA ceramics 
[29,30]. 

Fig. 4 shows the curve of the bulk density of the ceramics versus the 
sintering temperature. The bulk densities of 0, 0.5, 1.0, and 1.5 wt% 
CeO2-doped ceramics were 4.59–4.70 g/cm3, 4.64–4.93 g/cm3, 
4.66–4.78 g/cm3, and 4.51–4.61 g/cm3, respectively. The bulk density 
increased with increasing sintering temperature due to the pore 
discharge and grain growth in the sintering process of the ceramic, 
reaching a maximum value at 1500 ◦C. When the CeO2 content was 0.5 

Fig. 1. XRD patterns of 0.695CaTiO3-0.305SmAlO3+xwt% CeO2(x = 0, 0.5, 
1.0, 1.5) ceramics sintered at different temperatures. 

Fig. 2. Rietveld refinement of the room temperature XRD patterns of 
0.695CaTiO3-0.305SmAlO3+0.5 wt% CeO2 ceramic sintered at 1500 ◦C (Rwp =

4.37%, Rp = 3.07%, χ2 = 1.566). 
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Table 1 
Refinement parameters of 0.695CaTiO3-0.305SmAlO3+0.5 wt% CeO2 ceramic sintered at 1500 ◦C.  

CTSA a b c α β γ Vol (Å3) 

5.3588 7.5916 5.3934 90.0000 90.0000 90.0000 219.426 

x y z Occupancy 

Ca/Sm 0.0000 0.2500 0.0300 1 
Ti/Al 0.5000 0.0000 0.0000 1 
O1 0.4630 0.2500 − 0.0180 1 
O2 0.2320 − 0.0260 0.2320 1  

Fig. 3. SEM images and grain size of 0.695CaTiO3-0.305SmAlO3+xwt%CeO2(x = 0, 0.5, 1.0, 1.5) ceramics at 1500 ◦C for 6 h.  
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wt%, the ceramic exhibited optimal bulk density, thereby showing that 
the appropriate CeO2 addition could promote the sintering behavior of 
CaTiO3-SmAlO3 ceramics. A comparison of CaTiO3-SmAlO3 ceramics 
prepared through different processes is listed in Table 2. Due to the over- 
sintering phenomenon of ceramics at sintering temperatures above 
1500 ◦C, the grain growth rate was excessively fast and the pores could 
not be discharged in time. Therefore, the abnormal grain growth phe
nomenon led to a decrease in the density of CTSA ceramics [31]. 

Fig. 5 illustrates the permittivity of 0.695CaTiO3-0.305SmAlO3+xwt 
% CeO2 (x = 0, 0.5, 1.0, 1.5) ceramics at different sintering tempera
tures. When the x value changed from 0 to 0.5, the permittivity of CTSA 
ceramics rose from 39.5 to 43.9. For values of x greater than 0.5, the 
permittivity of ceramics decreased with a further increase in the x value. 
It is clear that the proper CeO2 dopant level could improve the permit
tivity in 0.695CaTiO3-0.305SmAlO3 ceramics. During the sintering 
process of ceramics, the growth of crystal grains discharges the pores in 
the ceramics, which densifies the ceramics [32]. The increase in bulk 
density increases the number of polarized particles per unit volume, 
thereby increasing the polarization rate between ions, which conse
quently increases the permittivity of the ceramic [33]. When the sin
tering temperature exceeds 1500 ◦C, the over-sintering phenomenon 
occurs, which induces the inability to discharge the pores in time, 
abnormal growth of the crystal grains, and a decrease in the compact
ness of the ceramic, thereby resulting in a decrease in permittivity [16]. 
As the concentration of additives increases, the reduction in permittivity 
is mainly attributed to the decrease in bulk density and the substitution 
of ions [34]. Ce4+ (0.87 Å) has a larger ionic radius than Ti4+ (0.605 Å), 
which causes a distortion of the BO6 octahedron. Under the action of an 
external electric field, small ions move easily in the BO6 octahedron. The 
decrease in the large ion mobility gives rise to the reduction in permit
tivity [35]. 

Fig. 6 shows how the Q × f values of CTSA ceramics with different 

CeO2 content change with temperature. The Q × f values of 
0.695CaTiO3-0.305SmAlO3+xwt% CeO2 (x = 0, 0.5, 1.0, 1.5) ceramics 
vary from 21 635 to 48 779 GHz over the range of 1450–1550 ◦C. The 
maximal Q × f value of 48 779 GHz was obtained for an addition of 0.5 
wt% CeO2 at 1500 ◦C. Furthermore, it is clearly seen that the Q × f value 
presents the trend of increasing first and then decreasing with doping 
CeO2 content [36]. The substitution of Ce4+ for Ti4+ could be non
stoichiometric, with some Ti vacancies in the CTSA ceramics [26]. 

The variation in the temperature coefficients of the resonant fre
quency of 0.695CaTiO3-0.305SmAlO3+xwt% CeO2 (x = 0, 0.5, 1.0, 1.5) 
ceramics with temperature are shown in Fig. 7. Excellent thermal sta
bility is ideal for applications regarding ceramics. Considering the same 
phase of CaTiO3-SmAlO3 in all samples sintered at a temperature range 
of 1450–1550 ◦C, the fluctuations of τf value are mainly due to grain 
size, porosity, oxygen vacancies, and the like [37]. All ceramics 
exhibited a small τf value. In particular, the 0.695CaTi
O3-0.305SmAlO3+0.5 wt% CeO2 ceramic sintered at 1500 ◦C for 6 h had 
a near-zero τf value of − 0.24 ppm/◦C. Due to the large negative τf value 
(τf = − 104 ppm/

◦

C) of CeO2, the τf value of 0.695CaTiO3-0.305SmAlO3 
ceramics decreased with increasing the content of CeO2. 

Fig. 4. The bulk densities (g/cm3) of 0.695CaTiO3-0.305SmAlO3+xwt% CeO2 
(x = 0, 0.5, 1.0, 1.5) ceramics at different temperatures. 

Table 2 
Microwave dielectric properties of CaTiO3-SmAlO3 ceramics prepared by 
different methods.  

Sintering method ρ (g/ 
cm3) 

Q×f 
(GHz) 

εr τf 

(ppm/oC) 

RS method (CeO2) 4.93 48 779 43.9 − 0.24 
Solid reaction method (CeO2) 4.98 45 348 44.05 − 0.48 
Solid reaction method (ZrO2 and 

ZnO) [26] 
4.85 38 600 44.65 − 8.36 

Co-precipitation method [16] 4.81 50 137 44.95 +7.6  

Fig. 5. The dielectric constants of 0.695CaTiO3-0.305SmAlO3+xwt% CeO2 (x 
= 0, 0.5, 1.0, 1.5) ceramics at different temperatures. 

Fig. 6. The quality factors of 0.695CaTiO3-0.305SmAlO3+xwt% CeO2 (x = 0, 
0.5, 1.0, 1.5) ceramics at different temperatures. 
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4. Conclusion 

0.695CaTiO3-0.305SmAlO3+xwt% CeO2 (x = 0, 0.5, 1.0, 1.5) ce
ramics were synthesized through the RS route. Doping with CeO2 
improved the microstructure and dielectric performance of CTSA ce
ramics. The bulk density of 0.5 wt% CeO2-doped CTSA ceramics sintered 
at 1500 ◦C for 6 h exhibited the maximum value of 4.93 g/cm3. This 
ceramic exhibited optimized microwave dielectric properties of Q × f =
48 779 GHz, εr = 43.9, and τf = − 0.24 ppm/◦C. Compared with the 
traditional two-step solid-state reaction method, the reaction sintering 
method requires only one step, which simplifies the preparation pro
cedure and reduces the preparation cost, thereby indicating that RS is a 
simple method for preparing CTSA ceramics. 
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