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Abstract 

Large piezoelectric properties was observed in (1-x)BZT-(x)BCT where x=0.5 or Ba0.85Ca0.15Ti0.9Zr0.1O3 

(denoted as BCZT), leading to a promising candidate for lead-free piezoelectric materials. However, 

phase formation of the BCZT is controversial and still unclear since various phase coexistences were 

identified in the literatures, for instances, the mixed phases of rhombohedral-tetragonal (R-T), ortho-

rhombic-tetragonal (O-T) or rhombohedral-orthorhombic-tetragonal (R-O-T). Additionally, it is well 

known that the crystal structure plays a crucial role on the occurrence of polarization in the piezoceramics. 

Therefore, this work aims to investigate the coexistence of phase formation at room temperature for 

the BCZT powder and ceramic. Moreover, the electrical properties as a function of temperature, frequency 

and electric field were observed in order to evaluate the extrinsic contribution of piezoelectric response. 

It was found that, according to the results from temperature-dependent dielectric properties as well as 

Rietveld refinement of XRD profiles, the coexistence of O-T phase was observed in the BCZT powder 

and ceramic. Furthermore, the enhancement of Ca2+ substitution into Ba2+ site in BCZT ceramic caused 

the shrinkage of unit cell, leading to the shift of XRD profile and Raman spectra. In addition, it was found 

that the applications of frequency and electric field can influence on changes of domain-wall motion and 

micro-polar cluster in the BCZT piezoceramic.  

1. Introduction  

 

 Barium Titanate (BaTiO3 or BT) is the first polycrystalline ceramic 

that discovered ferroelectric properties during World War II. Thus, 

it was mainly used as capacitors due to its high dielectric permittivity (r) 

[1]. Later, in 1950s, Lead Zirconate Titanate (PbZr1-xTixO3 or PZT) was 

founded outstanding dielectric, ferroelectric and piezoelectric properties 

with high Curie temperature (TC), especially at the morphotropic phase 

boundary (MPB) composition that observed rhombohedral-tetragonal 

(R-T) phase coexistence. Therefore, PZT has been widely used in 

various applications such as thin-film capacitors, piezoelectric sensors, 

transducers, actuators, etc.  

 However, PZT contains a toxic Pb that become a major concern 

for health and environmental issues. Hence, European Union (EU) 

has launched the legislations to restrict hazardous substance including 

Pb [2]. As a result, new candidates of lead-free piezoelectric ceramics 

have been explored, for instance, Barium Titanate-based, Potassium 

Sodium Niobate-based or Bismuth-based piezoceramics [3,4]. In 2009, 

the large piezoelectric coefficient (d33) of 620 pC/N was observed 

at room temperature in lead-free piezoelectric system of (1-x) 

BaTi0.8Zr0.2O3-(x)Ba0.7Ca0.3TiO3 where x=0.5 or Ba0.85Ca0.15Zr0.1Ti0.9O3 

which attributed to the occurrence of rhombohedral-tetragonal (R-T) 

mixed phases at MPB, similar to MPB for PZT system, as reported 

by Liu et al. [5]. This observation shows that the (1-x)BZT-(x)BCT 

piezoceramic is a promising candidate for PZT replacement [6].  

 Although Liu suggested phase diagram of (1-x)BZT-(x)BCT 

piezo-ceramic with R-T coexist phases at MPB composition (x0.5), 

Keeble later found the occurrence of orthorhombic phase in (1-x) BZT-

(x)BCT piezoceramic at MPB composition, leading to the modification 

of (1-x)BZT-(x)BCT phase diagram [7]. Consequently, while many 

publications reported that the phase formation of (1-x) BZT-(x)BCT 

where x=0.5 was R-T mixed phases as indicated in the previous 

phase diagram [5,8-10], the coexistence of orthorhombic- tetragonal 

(O-T), monoclinic-tetragonal (M-T), or rhombohedral-orthorhombic-

tetragonal (R-O-T) also found by others [11-13]. Moreover, some 

researchers have mentioned that it is difficult to identify phase 

formation of (1-x)BZT-(x)BCT where x=0.5 [14-15]. This signifies 

that the identification of phase formation for (1-x) BZT-(x)BCT 

where x=0.5 or Ba0.85Ca0.15Ti0.9Zr0.1O3 is still unclear and controversial.  

 It is well known that the intrinsic contribution of piezoelectric 

response for piezoelectric materials is attributed to lattice distortion 

and polarization which originated from the crystal structure [16]. 

Furthermore, the phase coexistence can also increase the polarization 

direction, leading to the enhancement of electrical properties [14]. 
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Therefore, the aims of this work is to identify the coexisting phases 

at room temperature for the (1-x)BZT-(x)BCT where x=0.5 or 

Ba0.85Ca0.15Ti0.9Zr0.1O3 powder and ceramic which prepared by the 

conventional mixed-oxide method. In addition, further investigations on 

the dielectric and ferroelectric properties were investigated in order to 

understand the impact of phase coexistence on the functional properties. 

 

2.  Experimental  

 

 Ba0.85Ca0.15Ti0.9Zr0.1O3 (referred as BCZT) powder was prepared 

by mixed-oxide method using BaCO3 (99.0%), CaCO3 (99.0%), 

TiO2 (99.0%), and ZrO2 (99.0%) as the starting materials. The raw 

powders were weighed according to the composition and milled in 

ethanol (99.5%) for 24 h using yttria-stabilised zirconia (YSZ) media 

with diameter of 5 mm. Then, the slurry was dried in an oven at 90C 

for 24 h, prior to calcination at 1250C for 3 h using heating/cooling 

rates of 5℃min-1 in order to obtain the BCZT powder. For ceramic 

preparation, the calcined powder was ground and mixed with 3 wt% 

of polyvinyl alcohol (PVA) as a binder by agate mortar and pestle 

before pressing under a uniaxial pressure of 200 MPa into a disc 

shape with diameter of 8 mm and thickness of 1.5 mm. Next, the green 

pellets were sintered at 1400C for 3 h with heating/cooling rates of 

5℃min-1 in order to obtain the BCZT ceramic.  

 For material characterizations, the density of sintered ceramic was 

measured by Archimedes method. The scanning electron microscope 

(JEOL, JCM-6000) was employed to observe the particle morphology 

of the calcined powder and the microstructure the sintered ceramic. 

The XRD profiles of BCZT powder and ceramic were obtained 

using an X-ray diffractometer (Bruker, D8 ADVANCE). Room-

temperature Raman spectra were observed with Fourier Transform 

Raman Spectrometer (Nicolet iS50, Thermo Scientific, USA). The 

identification of phase formation was done by Rietveld refinement 

using GSAS-II software for both BCZT powder and ceramic [17]. 

For electrical measurements, the parallel surfaces of ceramic pellets 

were ground using SiC papers from grade P400, P600, and P800, 

respectively. Then, the silver electrodes were applied on the ground 

surface of the BCZT ceramic prior to measuring the electrical  

properties. The LCR meter (Agilent E4980A precision) was employed 

to determine the relative permittivity and loss tangent as a function 

of temperature (between 30℃ and 200℃ as well as frequency 

(between 10 Hz and 1 MHz). The ferroelectric P-E hysteresis loops 

were measured at room temperature as a function of electric field 

(between 5 kVcm-1 and 40 kVcm-1) by Radiant ferroelectric test 

system (Precision Premier II, Albuquerque, New Mexico). 

 

3.  Results and discussions  

 

3.1 SEM observation 

 

 The SEM micrograph of BCZT powder calcined at 1250C for 

3 h is shown in Figure 1(a). It was found that the average particle size 

of the grinding powder was less than 1 m, while the average grain 

size of sintered ceramic was around 7.41 m. Figure 1(b) shows the 

surface microstructure of BCZT ceramic sintered at 1400C for 3 h 

which established bulk density of 5.50 gcm-3 (96.4% of the theoretical 

density) [18]. The abnormal grain growth with polyhedron shape 

was observed in the BCZT ceramic, similar to the BCZT ceramic 

that prepared using hydrothermal method. [19] Moreover, the 

terraced surface and intergranular pore were found, as indicated by 

the arrows in Figure 1(b). This terraced surface was also observed in 

the BCZT ceramic prepared by modified Pechini and hydrothermal 

methods as reported in the literatures [20,21]. The presence of terraced 

surfaces is probably due to the occurrence of 90 domain wall of 

tetragonal phase as observed in pure BaTiO3 ceramic [21]. 

 

3.2 XRD profiles at room temperature 

 

 To confirm the perovskite structure of BCZT, the BCZT powder 

calcined at 1250℃ for 3 h and BCZT ceramic sintered at 1400℃ 

for 3 h were analyzed by XRD. The room-temperature XRD profiles 

are presented in Figure 2 and it was found that both BCZT powder 

and ceramic showed pure perovskite structure (PDF-00-063-0614) 

       

 

Figure 1. The SEM micrographs of  (a) BCZT powder calcined at 1250C for 3 h and  (b) the surface microstructure of BCZT ceramic sintered at 1400C for 3 h. 
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without any trace of secondary phases as observed in some literatures 

near pseudo-cubic (110)p reflection [11,22]. This indicates clearly 

that the additions of Ca2+ into A-site (or Ba2+-site of pure BaTiO3) 

and Zr4+ into B-site (or Ti4+-site of pure BaTiO3) can be diffused and 

stabilized in the perovskite structure [22]. Moreover, the enlargement 

of pseudo-cubic (200)p reflection for BCZT powder and ceramic is 

shown in Figure 2(b).  It is apparent that peak overlapping can be seen 

in the enlargement of (200)p reflection in both powder and ceramic 

which suggested that the occurrence of mixed phase was observed 

at room temperature. In addition, the enhancements of sharpness 

and clear splitting of (200)p reflection were found in the ceramic 

sample, indicating the improvement of crystallization from high 

sintering temperature [15].  

 Interestingly, although Wang [14] reported that the shifting of (200)p 

reflection to lower 2 was observed in the BCZT ceramic in comparison 

with the BCZT powder due to the occurrence of the residual stress 

in the ceramic, this work found the contradict result; the (200)p 

reflection of the BCZT ceramic shifts to higher 2 instead. This implies 

that the shifting of (200)p reflection observed in the ceramic sample 

might not be related to the residual stress but it is possibly due to 

the enhancement of Ca2+ substitution into Ba2+ site as using higher 

temperature for sintering, leading to the shrinkage of unit cell since 

the ionic radius of Ca2+ (1.34 Å) is smaller than Ba2+ (1.61 Å) [22]. 

 

 

 

Figure 2. Room-temperature XRD patterns of BCZT powder calcined at 

1250C for 3 h and BCZT ceramic sintered at 1400C for 3 h in 2 range of 

(a) 20 to 60 with (b) the enlargement of (200)p reflection, showing perovskite 

structure with (200)p overlapping peak. 

 

 
 

Figure 3. Raman spectra at room temperature for BCZT powder and BCZT 

ceramic showing the shift at 242, 304, 516 and 720 cm-1, indicated by dash lines. 

3.3 Raman spectra 

 

 Although the chemical composition of the BCZT powder is 

similar to the BCZT ceramic in this work, a slight difference was 

observed in their crystal structure, as discussed earlier in section 0. 

To clarify this point, Raman spectroscopy was employed to support 

the XRD result. Figure 3 shows Raman spectra measured at room 

temperature for the BCZT powder calcined at 1250C for 3 h and the 

BCZT ceramic sintered at 1400C for 3 h. The broad peak observed 

at 100 cm-1 to 300 cm-1 is attributed to phonon vibration of Ti-O 

bonds, while the peaks at 516 cm-1 and 720 cm-1 are related to Ba-O 

bonds [23].  It was found that a gradual shift of Raman spectra between 

the BCZT powder and ceramic was observed; peaks at 242 cm-1 and 

304 cm-1 slightly shifted to lower wavenumber whereas peaks at 

516 cm-1 and 720 cm-1
 shifted to higher wavenumber, as seen in 

Figure 3. This can be explained by the fact that a trace of secondary 

phase, which commonly are CaTiO3, was possibly found in the BCZT 

powder but it may not be detected by XRD [18,22]. Therefore, 

when higher temperature used for sintering the BCZT ceramic, the 

dissolution of CaTiO3 occurred, leading to the increase of Ca2+ 

substitution into Ba2+ site which consequently led to the occurrence 

of peak shifting. This result was also consistent with the Raman study 

of (Ba1-xCax)TiO3 ceramic (where x=0.005 and 0.20) investigated 

by Chang et al. [24]. 

 

3.4 Temperature-dependent dielectric properties 

 

 The dielectric permittivity and loss tangent as a function of 

temperature between 30℃ and 150℃ for BCZT ceramic were studied 

and measured at 1 kHz to 100 kHz (See Figure 4). The diffuse phase 

transition was observed in the temperature-dependent dielectric 

permittivity curve, as seen in Figure 4(a). The maximum dielectric 

permittivity occurred at temperature (Tm) about 92℃, which related 

to phase transition from ferroelectric to paraelectric phase. Moreover, 

as frequency increases from 1 kHz to 100 kHz, the maximum of 

dielectric permittivity at Tm slightly decreases from 6897 to 6635, 

while Tm gradually shifts from 91.6C to 91.8C. The shifting of Tm 

to higher temperature when the frequency increased indicated the 

occurrence of relaxor behavior in BCZT ceramic [15]. Note that 

further analysis in the paraelectric region (T > Tm) from Figure 4(a) 

according to the modified Curie-Weiss law will be determined and 

shown in Figure 7. 

 However, there are two peaks that observed in the temperature-

dependent loss tangent; at 39C and at 82C, as seen in Figure 4(b). 

According to the revised phase diagram of (1-x)BZT-(x)BCT reported 

by Keeble recently, for x=0.5 or the BCZT composition in this work,  

the rhombohedral phase should be observed at low temperature (below 

-13C) and followed by orthorhombic (from -13C to 27C), tetragonal  

(from 27C to 93C) and cubic above 93C) upon heating [7]. Hence,  

it can be assumed that the observed peak at near room temperature 

is associated with phase transition from orthorhombic to tetragonal, 

while the second peak at high temperature is attributed to phase 

transformation from tetragonal to cubic. The coexistence of ortho-

rhombic and tetragonal at room temperature for the BCZT ceramic 

and powder will be confirmed by Rietveld refinement as follows. 
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Figure 4. (a) Relative permittivity and (b) Loss tangent as a function of temperature between 30C and 150C showing the occurrence of phase transition 

at room temperature and 92C, approximately. 

3.5 Identification of phase stability at room temperature 

 

 Rietveld refinement is a method that developed to analyze 

X-ray powder diffraction profiles with minimizing issues from the 

overlapping peak [25]. As a result, it was employed in this work to 

determine the phase coexistence and the crystallographic information 

by fitting the observed data (or Obs) with the structure models from 

the crystallographic information file (CIF file) to obtain the calculated 

data (or Calc) and the difference between Obs and Calc curves 

(or diff) [26]. In this work, the crystallographic information files 

(CIF files) of orthorhombic and tetragonal structures were obtained 

from crystallography open database (COD) [27]. Note that the CIF 

files with COD ID-9014492 and COD ID1525437 were used for 

orthorhombic (Amm2) and tetragonal (P4mm) models, respectively. 

Figure 5 illustrates the Rietveld refinement for XRD patterns of 

BCZT powder and ceramic with the coexisting phases of orthorhombic 

(Amm2) and tetragonal (P4mm), as discussed previously from the 

temperature-dependent dielectric properties along with the latest 

phase diagram of (1-x)BZT-(x)BCT. It can be seen that the best-fit 

refinements for the BCZT powder and ceramic are orthorhombic 

and tetragonal mixed phase, since the lowest weighted-profile 

reliability factor (Rwp) and Goodness of fit (2) were obtained. The 

summary of phase fractions, lattice parameters, cell volumes, and 

refinement parameters for the BCZT powder and ceramic, obtained 

by Rietveld refinement, is presented in Table 1.  

 

Table 1. Summary of phase fractions, lattice parameters, cell volumes, and 

refinement parameters for Ba0.85Ca0.15Ti0.9Zr0.1O3 powder and ceramic obtained 

by Rietveld refinement.  

 

Ba0.85Ca0.15Ti0.9Zr0.1O3 (BCZT) Powder Ceramic 

Phase fraction (%)   

     Orthorhombic 65.86 40.64 

     Tetragonal 34.14 59.36 

Lattice parameters (Å)    

     Orthorhombic   

          a 3.99217 4.00002 

          b 5.66119 5.66822 

          c 5.70648 5.67528 

     Tetragonal   

          a 3.98903 3.99634 

          c 4.01216 4.01556 

Cell volume (Å3)   

     Orthorhombic 128.969 128.676 

     Tetragonal 63.843 64.131 

Refinement parameters   

     Rwp (%) 14.282 10.634 

     Goodness of fit (2) 1.74 1.49 

        

 

Figure 5. The observed, calculated and difference curves obtained by Rietveld refinement for (a) BCZT powder and (b) BCZT ceramic, showing the best fit 

with the coexistence of orthorhombic and tetragonal.
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 In addition, the powder and ceramic samples appear the different 

phase fractions between O and T. The BCZT powder shows higher 

O-phase fraction with lower amount of T-phase compared with the 

BCZT ceramic. This is possibly due to the increase of Ca2+ substitution 

into Ba2+ in the ceramic sample, as discussed earlier in section 3.2 

and 3.3. Since Keeble [7] mentioned that the addition of Ca2+ and Zr4+ 

into BaTiO3 structure can impact on the stabilization of orthorhombic 

and tetragonal phase, different amount of Ca2+ and Zr4+ substitutions 

in the crystal structure can cause the presence of different phase 

fractions of O and T coexisting phases in the BCZT powder and ceramic. 

 

3.6 Frequency-dependent dielectric properties 

 

 The frequency dependence of dielectric permittivity (r) and 

loss tangent (tan) between 10 Hz to 1 MHz were measured at room 

temperature and are shown in Figure 6. The maximum r of 2761 

was observed at the lowest frequency of 10 Hz. As frequency increased 

to 1 MHz, the r slightly decreased to 2252 because the response of 

polarization in the sample gradually dropped [28]. Moreover, the 

drop of r can also impact on the decrease of piezoelectric voltage 

coefficient (g) as frequency increases.[4] In term of tan which 

related to the domain-wall motion as described by Hardlt [29], 

it was observed that the decrease of tan from 0.142 to 0.023 occurred 

when the frequency increases from 10 Hz to 1 MHz. This evidence 

demonstrated that lower domain-wall motion was observed as 

frequency increased which corresponded to the result of frequency-

dependent r as well. In comparison to the literature, at frequency of 

50 Hz, Buatip observed the maximum room-temperature r of 2844  

with tan of 0.092 for the BCZT ceramic sintered at 1300C for 4 h, 

while this work observed little lower r of 2616 and tan of 0.087 [28].  

 Further investigation on the relaxor behaviour using the modified 

Curie-Weiss law to determine the degree of diffuse transition () in 

paraelectric region (T > Tm) at different frequency is shown in Figure 7. 

Basically,  of the ideal normal ferroelectric is 1, whereas the ideal 

relaxor ferroelectric has  of 2. The equation of the modified Curie-

Weiss law is illustrated as follows [30].  

 

 
1

εr

 - 
1

εm

 =  
(T - Tm)

γ

C
  (1) 

 

 Note that m is maximum dielectric permittivity and C is Curie-

Weiss constant. It was observed that  of 1.64 was found at the 

frequency of 1 kHz and slightly increased to 1.68 as frequency 

increased to 100 kHz, indicating the occurrence of relaxor behavior 

as mentioned in section 0. This implies that the frequency can impact 

on the increase of micro-polar cluster, leading to more disorder and 

higher  observed in this work [30]. However, there are not only the 

frequency that can influence on , but it is also the grain size. It was 

found that, as grain size of the BCZT ceramic increased,  decreased 

due to the occurrence of long-range ferroelectric interaction and 

domain thickening, as reported by Wang et al. [15].  

 

3.7 Field-dependent ferroelectric P-E loop 

 

 The extrinsic contribution of piezoelectric response was determined 

by the measurement of polarization-electric field (P-E) hysteresis 

loop in order to understand the evolution of domain switching under 

the application of electric field, as presented in Figure 8(a). The result 

shows that, as electric field increases from 5 kVcm-1 to 40 kVcm-1, 

the saturated polarization (Psat) increases from 1.74 Ccm-2
 to 

13.31 Ccm-2
 and the remnant polarization (Pr) gradually rises from 

0.60 Ccm-2 
 to 7.43 Ccm-2, while the coercive field (Ec) is found in 

a range of 1.48 kVcm-1 to 9.07 kVcm-1. This is because the application 

of electric field causes the occurrence of polarization switching and 

domain growth [31]. Also, at domain-switching field or the Ec in P-E 

loop, a sudden change of surface charge was observed in the sample, 

leading to a sharp rise of current density (J) [32]. Figure 8(b) shows 

changes of current density as a function of electric field of 40 kVcm-1. 

The abrupt changes were observed at E  10 kVcm-1 in the J-E loop 

which corresponded to the EC found in the P-E loop.   

 
 

Figure 6. Relative permittivity and loss tangent as a function of frequency 

from 10 Hz to 1 MHz.

                 

Figure 7. Plot of modified Curie-Weiss law at (a) 1 kHz, (b) 10 kHz, and (c) 100 kHz showing the degree of diffuseness () as a function of frequency. 
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Figure 8. (a) P-E hysteresis loop as a function of electric field and (b) J-E loop of BCZT ceramic measured at room temperature.

 

4.  Conclusions 

 

 This work investigated on the phase formation at room temperature 

of Ba0.85Ca0.15Ti0.9Zr0.1O3 piezoceramic and its functional properties 

as a function of temperature, frequency and electric field. The room-

temperature XRD profiles of the BCZT powder and ceramic showed 

the overlapping peaks which implies that the mixed phases observed. 

The temperature-dependent dielectric properties and the latest phase 

diagram of (1-x)BZT-(x)BCT where x=0.5 suggested that the 

occurrence of mixed phases at room temperature is the orthorhombic-

tetragonal (O-T) coexisting phases. The Rietveld refinement confirmed 

the coexistence of O-T phases which associated to the intrinsic 

contribution of piezoelectric response in the BCZT piezoceramics. 

In addition, this work found that the enhancement of Ca2+ substitution 

into Ba2+ site in BCZT ceramic caused the shrinkage of unit cell, 

leading to the shift of XRD profile as well as Raman spectra. Moreover, 

it was observed that the functional properties can be influenced by 

the application of frequency and electric field. These results indicate 

the impact of frequency and electric field on the domain-wall motion 

and micro-polar cluster which attributed to the extrinsic contribution 

of piezoelectric response in the BCZT piezoceramic. Further 

investigation of the high-resolution synchrotron x-ray powder 

diffraction (SXPD) profiles as a function of temperature would also 

help to confirm the coexisting phases at room temperature for the 

BCZT lead-free piezoceramic. 
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