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In this study PZT type ceramics with a general formula Pb1-

xBax(Zr0.52Ti0.43(Al0.5Sb0.5)0.05)O3 where (x = 0.00, 0.04, and 0.08) were elaborated by the 
solid-state reaction and studied for their structural and dielectric properties in the region of 
the morphotropic phase boundary (MPB). Different techniques were used to characterize 
the obtained samples such as X-ray diffraction (XRD) which shows that the results 
confirm the high purity of prepared samples without any secondary phase and also indicate 
the coexistence of both the tetragonal and rhombohedral phases. All the absorption bands 
corresponding to the perovskite structure are exhibited by The Fourier Transform Infrared 
spectroscopy (FTIR). The scanning electronic microscopy (SEM) shows that the mean 
grain size was found between 2,84 and 2,14 µm, the Curie temperature (TC) decreased 
with increasing Ba2+ content. Furthermore, the effect of the temperature, frequency, and 
composition on the dielectric properties demonstrated a maximum value of the dielectric 
constant ε max = 38800 at 1 kHz when X= 0.08. 
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1. Introduction 
 
Lead zirconate titanate (PZT) materials were exploited in many fields of technology for 

commercial electronic applications such as sensors, actuators, and memories [1-3], due to their 
high dielectric and piezoelectric capabilities [4-6]. The adaptable PZT properties have not yet been 
adequately replaced; because of those responses occur close to the Morphotropic Phase Boundary 
(MPB) [7-9]. Perovskite type-oxide (ABO3) involving Pb(ZrxTi1-x)O3 where Pb2+ ion occupied the 
A-site while Zr4+ and Ti4+ ions were accommodated at the B-site [8, 10]. Several studies [11, 12] 
have reported that the substitution effect regardless of the A and/or B site is an effective method to 
enhance the dielectric properties. The dopants can be classified into three categories [8, 13], the 
isovalent dopants such as (Ba2+) [14] and (Sr+2) [15], donor dopants (Sb+5) [16], and acceptor 
dopants (Al+3) [17], the category that attracts us is the isovalent dopants (Ba2+) because of their 
effect on dielectric properties, where they can reduce the curie points and increase the dielectric 
constant [8], as well as avoiding the pyrochlore composition in perovskite structure [18]. This is 
what prompted some studies to investigate the barium impact substitution into PZT ceramics’ 
dielectric properties [14, 19, 20]. Xiucai Wang et al. [21] found that the Ba2+ ion doping into PZT 
ceramics shows a very interesting effect on the dielectric properties and decreases the curie 
temperature from 85 to 48°C. The same tendency has been found by Dipti et al. [22] and Neha et 
al. [11] when Ba2+ ions were incorporated into the PZT system. 

Therefore, in this work, we are trying to find stable and reproducible characteristics of 
PZT ceramics in the region of the morphotropic phase boundary, using the solid-state reaction 
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known as ceramic, a sequence of compositions Pb1-xBax(Zr0.52Ti0.43(Al0.5Sb0.5)0.05)O3 (PBZTAS) 
were x=0.00, 0.04, and 0.08 were created. We attempt to study the effect of Barium substitutions 
on structural, microstructure, and dielectric properties. 

 
 
2. Experimental part 
 
2.1. Samples preparation 
A series of Pb1-xBax(Zr0.52Ti0.43(Al0.5Sb0.5)0.05)O3 with (x = 0.00, 0.04, and 0.08) 

compositions were elaborated through the solid-state reaction [23] using oxide powders of PbO, 
BaCO3, ZrO2, TiO2, and Al2O3 (99.00% purity, BIOCHEM) and Sb2O5 (99.998% purity, Alfa 
Aesar). To produce a high-quality homogenized powder, the reagents were dispersed in acetone 
under a magnetic stirring for 2 hrs, after drying; the well-combined powders were ground for 6 hrs 
in the air by using a mortar and pestle. After grinding, the final homogenized powders were put in 
alumina crucibles and then calcined at 1000 °C for 2hrs with a heating rate of 2 °C/min, then 
manually reground for 2hrs. The obtained powders were mixed with 5% by weight of polyvinyl 
alcohol as a binder before being compacted into disk-shaped specimens and pressed into 
cylindrical pellets of 10 mm diameter and about 3 mm height by pressing at 1 ton/cm2 for 5 min 
by a hydraulic uniaxial press. Thereafter, to compact the pellet and reduce the porosity, the pellets 
were sintered at several temperatures (1190, 1210, 1230, 1250, and 1270 °C) for 2 hrs, with the 
same heating rate. To avoid lead loss during the sintering process and improve the density, lead 
zirconate (PZ) should be added [10, 24].  

 
2.2. Samples characterization 
The identification of phases and structural properties of the prepared samples were 

performed by X-ray diffraction analysis using (Rigaku Miniflex 600) type diffractometer with Cu-
Kα (λ=1.5406 Å) radiation source. The Bragg’s angle (2θ) has been scanned from 10° to 90° with 
a scanning rate of 0.04°/sec at room temperature. The surface morphology of the sintered pellets 
has been examined by scanning electron microscopy (TESCAN VEGA3), and the pellets samples 
were scanned under a high-resolution field emission gun SEM. The Fourier Transform Infrared 
spectroscopy (FTIR) of the samples was carried out on a PerkinElmer FT-IR Spectrum Two 
spectrophotometer in the wavelength range of 400–1500 cm-1. The dielectric measurements were 
implemented by using a Wayne-Kerr 6425 analyzer component over the frequency range of 1-
1000 kHz and a temperature interval ranging between 300 and 700 K. To improve the conductivity 
of the pellets, it’s necessary to paint them with a high-purity silver paste and dried at 423K in an 
oven for 4 hrs, then we let them cool at room temperature [25]. 

 
3. Results and discussion 
 
3.1. Structural properties 
Figure 1 presents the XRD patterns of the analyzed samples calcined at 1000 °C for 2hrs 

as a function of different barium content (Ba2+) as a dopant. XRD peaks corresponding to each 
sample have been superposed to those of the crystallographic database namely ICDD-PDF2.  
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Fig. 1. XRD patterns of Pb1-XBaX(Zr0.52Ti0.43(Al0.5Sb0.5)0.05)O3. 
 
 
We found that a perovskite structure was successfully formed for each composition 

studied without any detectable secondary phase, indicating that the Ba2+ ions are well incorporated 
in the crystal lattice.  

Figure 2 shows the deconvoluted peak situated between 42° and 47° by using the Gaussian 
function which helps us to observe three small peaks corresponding to the (002) and (200) of 
Tetragonal phase (T) and (200) of the Rhombohedral phase (R), suggesting the coexistence of two 
phases T+R at the same time, meaning that we are in the region of the MPB [26], this is what 
prompted us to evaluate the fraction of the two tetragonal (FT) and rhombohedral (FR) phases by 
estimating the relative intensities of the deconvoluted peaks T(002), T(200), and R(200), using the 
following equations [27-29]: 

 

FT (%) = I(002)T+I(200)T
I(002)T+I(200)T+I(200)R

∗ 100 (1) 
 

  
FR (%) = 100- FT (%) (2) 

 
in which I(002)T, I(200)T, and I(002)R are the integrated area of Tetragonal (002), Tetragonal (200), and 
Rhombohedral (200) peaks, respectively, the obtained data are illustrated in figure 2. 
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Fig. 2. The deconvoluted peaks simulated in 2θ range of 42° to 47° and the volume fraction of the 
Tetragonal (T) and Rhombohedral (R) phases of Pb1-XBaX(Zr0.52 Ti0.43(Al0.5 Sb0.5)0.05)O3. 

 
 
The c/a ratio represents the tetragonality of the specimens prepared [30], which increases 

with the increase of Ba2+ ion amount, the rise of tetragonality suggesting that the substitution of 
Ba2+ ion could be preferred the formation of the tetragonal phase rather than the rhombohedral 
phase. The crystallite size was calculated using the Debye-Scherer formula [31, 32]:  
 

D= 0.9𝜆𝜆
𝛽𝛽 cos𝜃𝜃

 (3) 

where D is the size of the crystallites, λ= 1.5406 Å represents the wavelength of CuKa X-ray, θ is 
the half angle of Bragg in degrees, β means the full width at half-maximum (FWHM), the results 
were showing in table 1. The crystallite size increase with increasing of Ba2+ content due to the 
difference between the ionic sizes of Ba2+ (1.61 Å) and Pb2+ (1.49 Å) [33]. Moreover, the tolerance 
factor (Ƭ) is a term in which we can evaluate the stability of the perovskite structure using the 
following equation [34]:  

Ƭ= RA+ RO
√2(RB+RO)

 (4) 

 
in which RA, RB, and RO are the ionic radii of the A-site, B-site, and oxygen atoms, respectively. 
Where the ionic radii of Pb2+, Ba2+, Zr4+, Ti4+, Sb5+, Al3+, and O2− are 1.49, 1.61, 0.72, 0.605, 0.62, 
0.54, and 1.35 Å, respectively [21, 35, 36]. The calculated values of Ƭ are listed in Table 1, the 
results of the tolerance factor are in the range of 0.9968 and 1.0001 which indicates the stability of 
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the perovskite structure[37], in addition, the increase of Ba+2 amounts brings the tolerance factor 
close to 1, which makes the perovskite structure more stable[38].  

 
 

Table 1. The lattice parameters, c/a ratio, tolerance factor Ƭ, and the crystallite size of  
Pb1-XBaX(Zr0.52Ti0.43(Al0.5Sb0.5)0.05)O3. 

 
Samples Ƭ crystallite size (nm) Lattice parameter 

a (Å) c (Å) c/a 
X= 0.00 0.9968 13,78 4.748 4.022 0,847 
X= 0.04 0.9985 15,56 4.734 4.021 0,849 
X= 0.08 1.0001 15,80 4.745 4.040 0,851 

 
 
Several infrared absorption studies on perovskite have been carried out to evaluate the 

frequencies of the normal modes of vibration of these compositions [39, 40]. PZT-based materials 
have four vibration modes, two vibration modes which are located below 400 cm-1, these two 
modes correspond to the vibrations in the Pb-TiO3 or ZrO3 bond, the third mode has a 
wavenumber range of 390 - 410 cm-1, where it is caused by the stretching vibrations of O-Zr and 
Ti-O [41], these three modes can’t be observed due to the measurement limitation of our 
equipment which begins measuring from 400 cm-1, the fourth vibration mode is the most important 
band which is between 440 cm-1 and 640 cm-1, it’s characterized by the vibration of M-O (M= Zr, 
Ti, and Pb) octahedron asymmetrical stretching which is presented in figure 3 [42-44]. The FTIR 
results are consistent with the XRD results above and confirmed that the perovskite structure was 
successfully formed. 
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Fig. 3. FTIR patterns of Pb1-xBax(Zr0,52Ti0,43(Al0,5Sb0,5)0,05)O3. 
 
 

3.2. Microstructural analysis 
The best morphological properties of our samples are having a minimum of pores, more 

compact and dense; to obtain this type of samples it is necessary to find the optimal temperature of 
sintering. To determine this temperature, we sintered our samples with several temperatures 
between 1170°C to 1270°C with a step of 20°C. Figure 4 represents the variation of the density of 
different compositions doped by Ba+2 ion as a function of the sintering temperature, the best 
temperature of sintering is 1220°C which offers the densest samples with a density value of around 
7.2 g/cm3, this is a very favorable factor for excellent dielectric properties [45].  
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Fig. 4. Influence of the temperature on the density of Pb1-XBaX(Zr0.52Ti0.43(Al0.5Sb0.5)0.05)O3. 
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Fig. 5. SEM images of fracture surface and the average grain size of Pb1-XBaX(Zr0.52Ti0.43(Al0.5Sb0.5)0.05)O3. 
 
 
Figure 5 represents the SEM micrographs of the specimens sintered at 1220°C, it can be 

seen that the microstructure of the studied samples is dense and composed of grains having 
different shapes and relatively small sizes. Image J software was used to approximate the average 
grain size, it was noticed that the grain size of the compositions x = 0.00, 0.04, and 0.08 are found 
to be 2.84, 2.74, and 2.14 µm respectively. Indicating a reduction of the mean grain size with 
increasing of Ba+2 content, which could improve the dielectric constant [46]. 

 
3.3. Dielectric studies 
To get an idea about the electrical properties of materials as a function of temperature and 

frequency, it's necessary to make the dielectric measurement. The two main electrical 
characteristics that we can take from the dielectric measurements are the capacity and the 
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conductivity, one which is related to the insulation of materials and the other which is related to 
the transport of electronic charge, and from this analysis, we can determine the constant and the 
dielectric loss [47]. The equation in which we can calculate the dielectric constant is the following 
[24, 32]: 

 
εr= 𝐶𝐶𝑝𝑝∗𝑑𝑑

𝜀𝜀0∗𝐴𝐴
 (5) 

where Cp is the parallel capacitance, the thickness of the pellet is denoted by d, A is a ceramic disc 
area and ε0 is the free space permittivity (ε0 = 8,85*10-12F/m). 

Figure 6 represents the variation of the dielectric constant (εr) and dielectric loss (tgδ) of 
the Pb1-XBaX(Zr0,52Ti0,43(Al0,5Sb0,5)0,05)O3 where x = 0.00, 0.04, and 0.08 sintered at 1220 °C as a 
function of temperature (300 K–700 K) at several selected frequencies ( 1, 2, 4, 6, 8, and 10 kHz), 
it can be seen that the dielectric constant gradually increases with the increase in temperature until 
the εr max which corresponds to a specific temperature, after this temperature, the dielectric constant 
will be strongly decreased which indicate ferroelectric phase transition [48], the temperature where 
the phase change from ferroelectric to paraelectric (cubic structure) is called the Curie 
Temperature (TC) or the phase transition temperature [22].  
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Fig. 6. Temperature dependence of Dielectric constant εr and Dielectric loss (tgδ) at different  
frequencies of Pb1-XBaX(Zr0.52Ti0.43(Al0.5Sb0.5)0.05)O3. 

 
 

The highest dielectric constant was found at the Curie temperature εmax, which is probably 
due to the thermally activated electrons in the system [49]. We can observe also that the curie 
temperature is not changing as a function of frequency, indicating the normal ferroelectric 
characteristics [50, 51]. In contrast, the substitution of the Ba2+ ion into the PZT system reduces 
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the curie temperature, most likely due to the interaction of the vacancies created by the Ba2+ ion 
and the reduction of the lattice vibrations [20, 52].  

The dielectric constant εr drops with increasing frequency which is a general 
characterization of polar dielectric materials[53], which indicates the presence of all types of 
polarizations at the same time (dipole, ionic, space charge, electronics, etc.)[40, 54]. Concerning 
the dielectric loss (tgδ), which have very small values, there is decreasing with increasing 
frequency, also the increase in the dielectric loss at high temperatures could be assigned to the 
increase in conductivity [55]. the Curie temperature (TC), dielectric constant at curie temperature 
(εmax), dielectric constant at room temperature (εRT), dielectric loss at curie temperature (tgδ Tc), 
dielectric loss at room temperature (tgδ RT) at a frequency of 1 kHz of PBZTAS with x = 0.00, 
0.04, and 0.08 are listed in table 2. 

 
 

Table 2. Variation of TC, εr RT, ε max, Tgδ RT and Tgδ Tc of Pb1-XBaX(Zr0.52Ti0.43(Al0.5Sb0.5)0.05)O3 at 1 kHz. 
 

PBZTAS TC ε max εr RT Tgδ TC Tgδ RT 
X= 0.00 660 32497 2219 0.138 0.268 
X= 0.04 600 28787 2557 0.107 0.036 
X= 0.08 540 38800 4407 0.095 0.081 

 
 
Figure 7 shows the dielectric constant as a function of temperature at 1 kHz of Pb1-

XBaX(Zr0.52Ti0.43(Al0.5Sb0.5)0.05)O3. The compound which corresponds to the strongest dielectric 
response is that of x= 0.08 (ε max= 38800) which is much higher compared to previous studies [11, 
47, 50]. The broadening of the dielectric peaks and the variation of the maximum value of the 
dielectric constant εr max with the addition of Ba+2 content resulting from the origin of grain size 
variation and structural disorder [56]. 
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Fig. 7.  Temperature dependence of Dielectric constant (εr) at 1 kHz of  
Pb1-XBaX(Zr0.52Ti0.43(Al0.5Sb0.5)0.05)O3. 

 
 
4. Conclusion 
 
In this study, the Pb1-XBaX(Zr0,52Ti0,43(Al0,5Sb0,5)0,05)O3 ceramics where (x = 0.00, 0.04, and 

0.08) have been successfully prepared using the solid-state reaction, XRD patterns illustrate the 
coexistence of the tetragonal and rhombohedral phase without any secondary phases, which 
showing the morphotropic phase boundary. The addition of Ba2+ ion improves the stability of our 
perovskite structure; decreases the grain size; dropped the curie temperature from 660 °C to 540 
°C; has an obvious effect on the dielectric constant, which increases it from 32497 corresponding 
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the undoped sample up to 38800 corresponding x=0.08 at the Curie temperature and frequency of 
1 kHz. 
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