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Abstract 

Lead-free piezoelectric ceramics belonging to the pseudo-binary system (1-x)BaTi0.8Zr0.2O3-x 

Ba0.7Ca0.3TiO3(BCTZ, x=0.32 and 0.5) were prepared using conventional sintering and spark plasma 

sintering. This comparative study shows how the macroscopic properties of ferroelectric BCTZ 

perovskites are affected when the grain size is decreased. The crystallographic structure and the 

microstructural characteristics are thoroughly investigated for ceramic samples obtained by both 

sintering methods. We clearly demonstrate that the dielectric, piezoelectric, pyroelectric and 

ferroelectric properties in SPS ceramics are strongly affected by the grain size and the structural 

defects leading to local strain fields which undermine the polarisation flexibility . This confirms that 

the critical compositions showing remarkably large piezoelectric coefficients are extremely sensitive 

to external and internal stresses. 

Keywords: Lead-free piezoceramics, Spark plasma sintering, ferroelectricity, piezoelectricity,defects 

1. Introduction 

For more than half a century, lead-based piezoelectrics such as PbZr1-xTixO3(PZT),Pb(Mg1/3Nb2/3)1-

xTixO3 (PMN-PT) and Pb(Zn1/3Nb2/3)1-xTixO3 (PZN-PT) have dominated the area of actuator, sensor and 

transducer technology. These lead-based materials are commonly used with compositions near the 

morphotropic phase boundary (MPB) where the crystal structure changes abruptly and the electro-

mechanical properties are maximized [1-4].Over the last decade, environmental concerns have been 

strongly driving the need to replace the lead-based perovskites by equivalent or better performance 
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lead-free piezoelectric materials [5-6 ]. Thus, two different approaches have been considered. The 

first one, the so-called ‘compositional engineering approach’, focuses on the enhancement of 

electro-mechanical properties by selecting compositions close to a region with structural instabilities 

such as polymorphic phase transition (PPT) or MPB [7-10]. The coexistence of different competing 

phases with equivalent free energies allows a ‘softening’ of the crystal lattice and an increased 

alignment of ferroelectric domains during poling (several equivalent polarization orientations at the 

nanoscale).This gives rise to high piezoelectric effect through polarization rotation or polarization 

extension mechanisms [11].The second approach is centered on the ‘structurally engineered 

materials’ by controlling the micro and/or nanoscale structure. It mainly relies on various structural 

engineering techniques such as grain size optimization, templated grain growth and domain 

engineering [4,12-13]. 

Few years ago, the first approach was successfully used to prepare novel perovskite-structured solid 

solutions (1-x)BaTi0.8Zr0.2O3-xBa0.7Ca0.3TiO3(BCTZ) with a surprisingly large electro-mechanical 

response surpassing that of the ultrasoft PZT-5H close to room temperature [14]. The unusual 

properties of the Pb-free pseudo-binary system were attributed to the vanishing polarization 

anisotropy near a phase convergence region (a nearly spherical degeneration of the free energy 

surface related to structural instabilities) [15]. Such discovery fostered many researchers to develop 

even-higher-performance BaTiO3-based materials. Indeed, a modified lead-free piezoelectric BCTZ 

with higher Curie temperature Tc and colossal piezoelectric activity was designed by increasing the 

Curie temperature of the two end members in the phase diagram[16]. Moreover, <001> textured 

BCTZ ceramics ( BCTZ50, x=0.5) were synthesized by Ye et al. using templated-grain growth method. 

The obtained materials were shown to exhibit higher piezoelectric constants and larger electro-

mechanical coupling factors compared to those of randomly oriented BCTZ ceramics whilst Tc 

revealed an increase with the template content [17].   

In parallel to the extensive research of new lead free piezoelectrics, the current miniaturization 

trends in ceramic technology along with the growing consideration for production costs have 

compelled research efforts to process dense ferroelectric ceramics with both tailored grain sizes and 

optimal properties using non-conventional methods of synthesis (sol-gel, mechanosynthesis) and 

sintering such as hot pressing (HP) or spark plasma sintering (SPS). In the latter case, the sintering 

process allows obtaining high-density ceramics at lower temperatures and shorter processing times 

(typically a few minutes) compared to conventional sintering. As a result, grain coarsening can be 

limited. Interestingly, one can mention numerous achievements on the preparation of fine-grained 

ceramic materials (BaTiO3, Ba1-xSrxTiO3, BaTi1-xZrxO3, K0.5Na0.5NbO3(KNN), modified KNN, (1-x) 

Bi0.5Na0.5TiO3-x BaTiO3 (BNT-BT),…). Detailed studies have been thus presented elucidating the 

relationships between the crystallographic structure/grain sizes/domain configurations and their 
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ferroelectric /piezoelectric properties [18-24].  However, few available data were reported in the 

literature emphasizing such correlations in the BCTZ solid solutions, when the grain size is reduced 

[25-26].  

Adjusting the grain size close to 1 µm in BaTiO3 ceramics allows to enhance permittivity and 

piezoelectric coefficient by increasing domain wall density [27]. In addition, a controlled 

microstructure in terms of defects is also challenging regarding their impact on domain-wall 

contributions to the dielectric, elastic and piezoelectric properties. Such fine control of the 

microstructure is hardly achieved using conventionnal sintering as the high sintering temperature 

required to reach high density promotes grain growth and the long holding time can favor defects.  

SPS is now well recognized as a very efficient technique to obtain highly densified nanostructured 

ferroelectric ceramics and this fast consolidation process was largely used to probe the influence of 

size effects on properties. In this context, in depth investigations of BCTZ piezoceramics with selected 

compositions and controlled grain size using advanced sintering technique are still required for a 

better understanding of the relationships between structure, microstructure and functional 

properties. We propose a comparative study of BCTZ ceramics (compositions x=0.32 and 0.5) 

processed by conventional sintering and SPS. The aim is to probe  the impact of the microstructure 

on the dielectric, pyroelectric, ferroelectric and piezoelectric responses of BCTZ ceramics.  

Structural defects induced by the SPS process were linked to a lower domain wall mobility which 

could explain the altered piezoelectric and ferroelectric performances of the BCTZ compositions 

sintered by SPS.   

 

2. Experimental  

The perovskite-structured BCTZ powders with a generic formula (1-x) BaTi0.8Zr0.2O3-xBa0.7Ca0.3TiO3 

(x=0.32 and 0.5) were synthesized by conventional solid state reaction method using as starting 

chemicals, BaCO3 (99.95%), CaCO3 (99.5%), ZrO2 (99.99%) and TiO2 (99.9%). For each composition, 

the raw materials were weighed according to the stoichiometric formula and mixed by ball milling in 

alcohol using zirconia balls for 4h. After being dried, the mixtures were calcinated in oxygen 

atmosphere at 1350°C during 15h, then ball milled again to break the agglomerates. Two sintering 

methods were used to obtain dense BCTZ ceramics with different grain sizes and morphologies. For 

spark plasma sintering, the powders were loaded in a cylindrical graphite die with an inner diameter 

of 10 mm and heated under vacuum using an SPS apparatus (SYNTEX. INC, SPS-515S). The rapid 

heating was achieved owing to a pulsed direct electric current traversing the die. The temperature 

was raised at 50-100°C/min and kept  at a constant value of 1300°C for 10 min. Afterwards, the 

sample was cooled to 600°C with a relatively low cooling rate of 35°C/min and then, to room 

temperature by shutting down the power supply. A constant pressure of 90 MPa was applied along 
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the Z-axis of the graphite die during the whole sintering process. Finally, the SPS-processed samples 

were annealed in oxygen at 900-1000°C for 12 h in order to remove surface carbon contamination 

and to limit oxygen vacancies caused by the reducing conditions. For the conventional sintering, the 

powders were pressed into disks (= 8 mm, e= 1 mm) under a uniaxial pressure of 120 MPa and 

sintered at 1450°C for 4h under oxygen atmosphere. 

Phase structure of the BCTZ powders and ceramics was identified by X-ray powder diffraction (XRD) 

using a PANalytical X’Pert MPD diffractometer with Cu Kα radiation of wavelength 1.54056 Å. The 

XRD patterns were recorded at room temperature with scan rates ranging from 0.02 to 0.008° and a 

counting time of 70s/step. The microstructures of the ceramic samples were observed using a 

scanning electron microscope (SEM, JEOL 6360 A) and a transmission electron microscope (TEM-FEG, 

JEOL-JEM-2200FS with an acceleration voltage of 200 kV). Fractures of SPS ceramics (BCTZ32) were 

thermally etched at 1200°C. The samples were introduced in the hot region of the tube furnace, kept 

at 1200°C during 1h and then quenched. BCTZ50 ceramics were chemically etched in HCL for 4h. The 

grain size of the sintered ceramics was evaluated by linear intercept method on scanning electron 

microscopy micrographs. The average grain size was evaluated for each sample based on at least 100 

grains. Thin foils for TEM were prepared by mechanical polishing to a thickness of 80 μm and argon 

ion-beam polishing using a 691 Gatan Precision argon Ion Polishing System (PIPS, 5kV).  

For electrical measurements, both sides of polished ceramic disks were sputter coated with gold 

electrodes. The temperature dependence of the dielectric constant and losses were measured at 

different frequencies (102-105 Hz) using an LCR meter (Wayne Kerr 4300) connected to a high-

temperature tube furnace. The polarization–electric field (P–E) hysteresis loops were recorded at 

room temperature based on a standard Sawyer–Tower circuit. Samples for pyroelectric and 

piezoelectric measurements were poled under various DC electric fields (≈10-15 kV/cm) during 

cooling from the ferroelectric-non ferroelectric phase transition temperature down to the low-

temperature region where a stable ferroelectric phase with rhombohedral symmetry was evidenced 

for both BCTZ compositions. The piezoelectric responses for the radial mode were determined at 

room temperature by the resonance-antiresonance method on the basis of IEEE standards [28]. The 

thermal variation of the pyroelectric current and the spontaneous polarization Ps was investigated 

for all samples by using a digital multimeter Keithley 2100. 

 

3. Results and discussion 

3.1. Microstructural characterizations 
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Scanning electron microscope (SEM) images of fracture surfaces illustrate the microstructural 

features of the BCTZ ceramics prepared by conventional and spark plasma sintering methods (Figs. 

1a–f). All the samples are well densified with almost no noticeable large porosity. The bulk relative 

densities of BCTZ32 and BCTZ50 obtained by conventional sintering were found to be respectively 

93% and 90%. Whatever the composition, both intergranular and intragranular fracture modes are 

observed. The inhomogeneity of the microstructures arises from exaggerated grain growth occurring 

at the high sintering temperature (1450°C) (Fig. 1a, 1b). The average grain size and its standard 

deviation depend on the chemical composition of the ceramics, ranging between 10
 
 4.0 m for 

BCTZ32 and 15  6 m for BCTZ50. In both compositions, few grains with a size 25-30 m are 

observed.    

 

When the sintering temperature was decreased using SPS (150°C lower than for conventional 

sintering), the relative densities significantly increased and reached values close to 97% and 98%  for 

BCTZ32 and BCTZ50 respectively. No further increase of the density was noticed when the pressure 

during SPS sintering is raised from 90 MPa to 110 MPa. SPS ceramics exhibit complex fractured 

surface with predominantly intragranular fracture mode. The grain size determination was possible 

only after revealing grain boundaries by thermal and chemical etching according to the samples.  

Whatever the composition, finer microstructures are observed compared to conventional sintering 

(Figs. 1c-f). The average grain size is 2  1 µm for BCTZ32 and decreased in the sub-micrometer range 

0.8  0.4 µm for BCTZ50.  The grains are mainly equiaxed and few spherical shaped grains can be 

distinguished among the smallest ones. As expected, the microstructural investigations confirm that 

enhanced kinetics during SPS allow to retain fine grain microstructure in BCTZ ceramics.  

TEM micrographs of the BCTZ32 pellet sintered by SPS are shown in fig 2. The images reveal the 

existence of numerous isolated dislocations within some individual grains (located in a region ranging 

from 300 to 400nm close to the grain boundaries) witnessing of a plastic activity inside the grains. 

Evidence of such defects clearly shows that SPS process performed under selected parameters of 

temperature and pressure, can induce thermo-mechanical solicitations at the top surface of grains 

during sintering leading to their plastic deformations.  

 

This unusual activity at the nanoscale has not been detected for all grains of the ceramic probably 

due to the random orientation of the crystallites with respect to the SPS pressure axis. A more 

detailed study would be required to examine how the sizes and/or densities of dislocations change as 

a function of the operating parameters during the sintering process. 

 

1 µm 1 µm 

d) 
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3.2. Crystallographic analysis 

Room temperature XRD patterns of polycrystalline BCTZ (x=0.32 and 0.5) prepared using both 

sintering methods are shown in fig.(3-a,3-b). All samples have single-phase perovskite structure 

within the sensitivity of the XRD technique. However, one should emphasize the distinct structural 

trends for different processing conditions.  

For BCTZ50 sintered at 1450°C /4h, the powder pattern was indexed in the tetragonal symmetry with 

space group P4mm. Nevertheless, recent XRD investigations with synchrotron radiation have allowed 

to identify an intermediate ferroelectric phase (orthorhombic, Amm2 space group) extending over a 

relatively broad temperature range (260-300K) between two other ferroelectric phases of 

rhombohedral (R3m) and tetragonal (P4mm) symmetry [15]. This result is consistent with the recent 

work of Zhang et al. highlighting the presence of a line of high-performance compositions in the BCTZ 

system undergoing a tetragonal – orthorhombic phase transition at room temperature[29]. The 

volume fractions of the coexisting phases and their lattice parameters in the case of BCTZ50 

determined from Rietveld refined fits to the data at 300 K are listed in table I. 

 

 

As for BCTZ32 prepared by conventional sintering, all the diffraction peaks of the powder pattern 

(using the standard XRD technique) were indexed in the cubic symmetry at 300K (Pm m space 

group, a=4.0206(2) Å, ). Full Rietveld refinements were performed as well using 

synchrotron radiation and the crystal structure was found to be cubic (a = 4.0216(9) Å, 

). These results are not compatible with the piezoelectricity of the material at room 

temperature. However, it is worth noting that BCTZ32 is located in the vicinity of a ‘phase 

convergence region’ where a cubic non-ferroelectric phase merges with three ferroelectric phases of 

rhombohedral, orthorhombic and tetragonal symmetry without breaking the Gibbs phase rule in the 
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BaTi0.8Zr0.2O3-Ba0.7Ca0.3TiO3 pseudo-binary phase diagram [15]. Thus, it becomes difficult to provide 

evidence of such structural distortions away from the parent cubic structure. 

 

Several structural evolutions have been observed for the samples sintered by SPS at 1300°C/90 MPa 

/10 min. First, the diffraction peaks for BCTZ50 ceramic are shifted to the higher diffraction angles 

revealing the shrinkage of the unit cell volume. Such behaviour attributed to an increase in the 

internal stress in the ceramic is less pronounced for BCTZ32. Furthermore, the splitting of (200)pc 

Bragg reflection characteristic of a tetragonal lattice distortion (P4mm space group) in coarse-grained 

BCTZ50 sample is transformed into a broad single peak typical of a pseudo-cubic symmetry in fine-

grained one. This suggests a progressive reduction of the long range ferroelastic strain and the 

intrinsic unit cell polarization with decreasing grain size. Similar trends have been reported for the 

niobium-doped PZT ceramics by C. A. Randall et al.[30]. 

The broadening of all diffraction profiles detected for the SPS processed samples can be correlated 

with the existence of microstrains which may originate from a spreading of dislocations within the 

individual grains as observed in TEM. In general, elastic fields resulting from structural defects could 

introduce a contribution to the width of each reflexion [31].  

 

3.3. Low-frequency impedance spectroscopy measurements 

Figure 4 shows the temperature dependence of the dielectric constant r and loss tangent (tan of 

the BCTZ ceramics under investigation recorded at 10 kHz. For the SPS sintered samples, the relative 

dielectric permittivity drastically decreases at the phase transition temperature (Tm) which shifts to 

higher values for both compositions. This significant permittivity drop may be attributed to the 

increasing contribution of the non-ferroelectric low-permittivity grain boundaries as a consequence 

of the dielectric mixing(brick-wall model) [32-33].The dielectric constant peaks become much 

broader  leading to a more pronounced  diffuse phase transition (DPT) behaviour, already present in 

coarse grained ceramics. The dielectric permittivity is moderately rising at the low temperature 

regime while the loss tangent increases over the whole temperature range with decreasing grain 

sizes. This temperature dependence of dielectric properties is attributed to the contribution of 

extrinsic effects. The abnormal broadening of the dielectric peaks can be explained by an increase of 

both compositional fluctuations and strain resulting from the change in microstructure of the SPS 

ceramics compared to the conventional ones. Such interpretation is well supported by the work of 

Wu et al. reporting the peak width at two-third maximum dielectric constant as a linear function of 

the compositional fluctuations [34]. Besides, it is important to underline that the sequence 

corresponding to rhombohedral-orthorhombic (R-O) and orthorhombic-tetragonal (O-T) phase 
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transitions is no longer obvious in SPS processed BCTZ50 ceramics due to the increase of the diffuse 

character of the permittivity maximum (Fig 4a and inset of Fig 4b).         

 

To provide a clear description of the phase transition behaviour for SPS BCTZ samples, the 

temperature dependences of the dielectric constant and losses were measured at different 

frequencies ranging between 100 Hz- 100 kHz. As shown in figure 5c, BCTZ50 exhibits a diffuse phase 

transition with a broad peak at the corresponding dielectric temperature (Tm), with no apparent shift 

of this maximum over the investigated range of frequency. On the other hand, BCTZ32 displays a 

strongly broadened dielectric anomaly at Tm which shifts to higher values with increasing frequency, 

thus suggesting the occurrence of a relaxor state (Fig.5a).     

The dielectric losses notably increase with increasing frequency at low temperature regime for both 

compositions (Figs. 5a-c).We ascribe the observed frequency dispersion of the dielectric response to 

the presence of additional extrinsic contributions to polarization processes associated with the 

dynamics of polar domains and randomly distributed defects . At high temperatures, the increase of 

tan at low frequency values is attributed to the thermal activated conductivity due to the motion of 

oxygen vacancies.  

To further confirm the peculiar dielectric trends of BCTZ samples obtained by SPS process, we use the 

modified Curie–Weiss law proposed by K. Uchino and Nomura [35]: 

 

 

where rm is the maximum value of dielectric constant at the phase transition temperature Tm,   is 

the degree of diffuseness, and C is the Curie-like constant. The limiting values  = 1 and  = 2 

correspond to the case of normal ferroelectric and ideal relaxor ferroelectric respectively. Figures 5b 

and 5d show the plots of ln ( ) as a function of ln  at 100 kHz in the temperature 

range . A linear (power-law) relationship is obvious for all compositions. The fitted values 

are 1.98 and 1.64 for BCTZ32 and BCTZ50 respectively (while it is found to be 1.73 and 1.53 for 

ceramics with the same compositions obtained by conventional sintering). Such increased values 

reflect a strengthening of the relaxor character from standard to SPS sintering and from BCTZ50 to 

BCTZ32. 

At this stage, one can gives emphasis to the close relationship between the structural/ 

microstructural features of the BCTZ ceramics and their dielectric responses. From Transmission 

electron microscope (TEM) and X-ray powder diffraction (XRD) analysis, it is clear that the spark 

plasma sintering process can induce structural disorder due to both grain size decrease and local 
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strain field increase. As a result a gradual transformation is observed from ferroelectric DPT 

behaviour (conventional sintered BCTZ32) towards a proper relaxor state (SPS sintered BCTZ32).  

However, we should underline that SPS may intensify the chemical disorder (compositional 

inhomogeneity) as well, for example through an increased density of Zr-rich clusters because of the 

fast sintering kinetics. These large compositional fluctuations are correlated to the fluctuation of the 

cell parameters and as a result, have pronounced effects on the dielectric properties of the 

perovskite system. 

 

3.4. Ferroelectric and piezoelectric properties 

The temperature dependence of the spontaneous polarization Ps is given for each SPS processed 

BCTZ ceramic in figure 6. It is clear that Ps decreases smoothly through the dynamic transition 

temperature Tm and retains finite values up to rather high temperatures because polar domains 

persist well above Tm. The latter physical picture is typical of a diffuse phase transition (BCTZ50) 

which may progressively be forced to merge into a relaxor state (BCTZ32) with a higher degree of 

chemical /structural disorder. These findings confirm that the already smooth temperature variation 

of the polarization reported in standard ceramics is even more softened in SPS ceramics [36]. 

 

The ferroelectric switching behaviour was investigated in terms of the polarization-versus electric-

field hysteresis loops measured at 50 Hz and at room temperature. As shown in figure 7; the P-E 

loops recorded for the conventionally sintered ceramics are slim giving a small remanent polarization 

and a relatively low coercive field. The Pr and Ec values were found to be 3 C.cm-2, 0.975 kV.cm-1 for 

BCTZ32 and 5.6 C.cm-2, 2.75 kV cm-1 for BCTZ50. However, the SPS processed ceramics exhibit well 

saturated hysteresis loops and the measured ferroelectric responses are strongly weakened giving 

smaller Pr and higher Ec (2.8 C.cm-2and 4 kV.cm-1 respectively for BCTZ50). Such polarization-field 

dependences with decreasing grain size appear to be a general trend for both Pb-based and Pb-free 

perovskite-structured solid solutions [30, 37-39].   

The critical change in the ferroelectric switching characteristics can be interestingly explained using 

two different and complementary approaches. The first one involves the theory of D-E hysteresis 

loops based on the Avrami model proposed by Orihara [40]: the proportion of grains contributing to 

polarization reversal mechanism is given by; 
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where Ga represents the grain anisotropy energy density and d is the grain size. Thus, it is well 

understood that this proportion decreases in fine grained ceramics leading to the drop of the 

ferroelectric properties.  

 

The second approach, of great relevance for the ferroelectric materials, is related to the interaction 

of defects with domain walls. These defects are, generally, either intrinsic or induced by the addition 

of dopants. In this study, it is concluded that the existence of dislocations with a significant spatial 

extent and isolated charged defects (oxygen vacancies) in SPS ceramics acts as strong pinning centers 

to inhibit domain-wall mobility [41]. Moreover, when the grain size decreases, increasing the number 

of grain boundaries will systematically increase the pinning points for the moving walls. As a result, 

the macroscopic ferroelectric properties are affected as follow:  

(1) The values of remanent and saturated polarization decline because of the reduction of the 

achievable domain alignment with the applied electric field. 

(2) A drastic drop in the domain wall motion meaning that higher switching fields are required 

during the polarization reversal process. From the thermodynamic point of view, the 

structural defects locally modify the ferroelectric double-well potential depth resulting in 

higher barrier energy for the motion of the domain wall [41, 42]. 

The piezoelectric resonance measurements were performed at room temperature using an HP4194 A 

impedance analyzer on ceramic samples prepared in disc shapes. The complex admittance (inverse of 

the impedance Z) of the resonator was recorded as a function of the frequency across the first 

resonance (the fundamental resonance) corresponding to the radial vibration mode. The 

experimentally obtained data of the real (conductance G) and imaginary (susceptance B) components 

of the admittance were then fitted to the theoretical spectra generated from the admittance 

equation of an equivalent circuit model [a Van Dyke model with real circuit parameters: C0, R0 (for 

the static branch) and C, L, R (for the motional branch)]. This model is recommended by the IEEE 

standard on piezoelectricity [28,43-46]. The use of a nonlinear least-squares fit to the equivalent 

circuit model allows us to find the values of the circuit constants C0, R0, R, L and C. The material 

constants such as the transverse piezoelectric coefficient d31, the electro-mechanical coupling factor 

Kp, the mechanical quality factor Qm can then be directly determined from the circuit parameters and 

the values of the parallel and series resonance frequencies (fp and fs) given by: 
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      Figure 8 shows the recorded spectra of the conductance G and the susceptance B around the 

radial vibration mode for poled BCTZ50 ceramic discs (both normal and SPS sintered samples) along 

with  their corresponding admittance locus (G-B curves). The electrical behaviour of the free 

piezoelectric resonator was fully determined in accordance with the previously mentioned protocol.  

The values of d31, Kp and Qm were found to be 197 pC/N, 0.45 and 77 respectively for normal sintered 

sample, whereas, the SPS processed one revealed inferior piezoelectric coefficients with values as 

low as d31= 43 pC/N, Kp=0.12 (Qmis raised to a value as high as 334). Similar trends were 

unambiguously disclosed for BCTZ32 composition, showing decreasing values of  the 

electromechanical coefficients from about d31= 120 pC/N, Kp= 0.33 , Qm = 106 using the conventional 

sintering technique to 30 pC/N , 0.1  and 200 respectively using SPS.  

Similarly to the dielectric and ferroelectric properties, it is understandable that the electro-

mechanical responses should be correlated to the structural /microstructural features in BCTZ 

ceramics: the excellent piezoelectric properties obtained for conventionally sintered BCTZ50 ceramic  

originate from the different coexisting/competing phases (Amm2+P4mm)close to room temperature. 

The material was shown to be quite ‘soft’ with respect to the electric field  (easy paths for 

polarization rotation in anisotropically flattened free energy profile) and, even more importantly, 

with respect to the crystal lattice (large electrostrain obtained under small electric field)[47-48]. 

These two effects go hand in hand leading to high piezoactivity due to faster domain wall motion 

under external stresses. Here, it is important to keep in mind the underlying structural mechanism 

stressing the key role of domain structures for the Pb-free Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 system: 

experimental evidences are presented showing that d33–maximum region is tied strictly to a 

nanometer-sized ferroelectric domains with a domain hierarchy in the ‘morphotropic phase 

boundary, MPB’ regime [49]. In SPS ceramics, additional extrinsic effects arising from the existence of 

structural defects (dislocations) and point defects (oxygen vacancies) leading to local strain fields 

hinder the domain wall mobility and thus alter electromechanical efficiency. 

 

4. Conclusions  

Dense BCTZ ferroelectric ceramics of the pseudo-binary system (1-x)BaTi0.8Zr0.2O3- x 

Ba0.7Ca0.3TiO3(x=0.32, 0.5) have been successfully prepared using both conventional and spark plasma 

sintering techniques. The effects of their crystallographic structures along with microstructural 

characteristics on the corresponding dielectric, ferroelectric and piezoelectric properties have been 

studied in detail. Drastic changes have been evidenced when decreasing the grain size for the 

selected BCTZ compositions using SPS. This behaviour was in part explained by the existence of 

microstrains or more generally by a random distribution of defects generating random elastic fields. 
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In comparison with coarse BCTZ ceramics, the low-frequency dielectric measurements reveal a 

significant drop of the dielectric constant at the phase transition temperature in fine-grained 

samples. It was also shown that the SPS process leads to enhanced DPT behaviour which can 

gradually be transformed into a relaxor state in the case of BCTZ32. Such property tuning is 

systematically driven by structural disorder and composition fluctuations. 

The improved ferroelectric and piezoelectric properties observed in conventional sintered BCTZ 

ceramics are linked to the different coexisting phases at the nanoscale near the room temperature. 

The vanishing polarization anisotropy near a so-called ‘phase convergence region’, the lattice 

softening and the consequent high domain sensitivity to external stresses are considered as the main 

features  of the (1-x)BaTi0.8Zr0.2O3-x Ba0.7Ca0.3TiO3solid solutions processed using conventional 

sintering method. These colossal responses go down in SPS ceramics due to the lower domain 

mobility resulting from the existence of microstructural defects. Our main conclusion is that the BCTZ 

compositions under investigation display large piezoelectric coefficients because their polarization is 

highly sensitive to moderate external stress. This is why their ferroelectric properties are affected by 

the microstructural distortions resulting from the SPS sintering while other ferroelectric materials like 

pure BaTiO3 require much stronger disturbances. In terms of apparent size effects, we have 

evidenced large changes in the ferroelectric properties for average grain sizes ranging between ≈ 0.8-

2 m, while shorter length scale (≈ 100 nm) should be reached in the case of pure BaTiO3 [50]. 
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Fig. 1. Scanning electron microscope (SEM) micrographs of fracture surfaces: (a) BCTZ32 (x = 0.32) 

and (b) BCTZ50 (x = 0.5) ceramics sintered at 1450 °C/4 h/O2; (c, e) BCTZ32 (d, f) BCTZ50 sintered at 

1300 °C/90 MPa/10 min using spark plasma sintering (after thermal and chemical etching 

respectively). 
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Fig. 2. Transmission electron microscopy (TEM) images of SPS processed BCTZ ceramic (x = 0.32, 

1300 °C/90 MPa/10 min): the images correspond to the surfaces of thin plates explored 

perpendicular to the SPS pressing direction. The presence of numerous dislocations within some 

individual grains is noticed close to grain boundaries. This finding proves that the use of selected 

parameters during the SPS process can provoke both nonrecoverable and irreversible plastic 

deformations on grain surfaces. 
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Fig. 3. Standard X-ray diffraction patterns of BCTZ ceramics prepared under different sintering 

conditions: (a) BCTZ32, (b) BCTZ50. Inset: zoom on the diffraction profiles around 2 ≈ 45°. 
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Fig. 4. Temperature dependence of the dielectric properties of BCTZ ceramics prepared under 

different sintering conditions: the conventional sintering was done at 1450 °C/4 h in oxygen 

atmosphere and the spark plasma sintering performed at 1300 °C/90 MPa/10 min. (a) The relative 

dielectric permittivity and (b) loss tangent (tan δ) recorded at 10 kHz. Inset: focus on the well defined 

R–O and O–T phase transitions in conventionally sintered BCTZ50 which disappear in the SPS 

processed ceramic. 
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Fig. 5. (a, c) Temperature dependence of the dielectric constant ϵr and loss tangent (tan δ) for SPS 

processed BCTZ32 and BCTZ50, respectively. The measurements were recorded at different 

frequencies ranging between 102 and 105 Hz. (b, d): ln  (1/ϵr − 1/ϵrm) as a function of ln (T − Tm) for the 

BCTZ ceramics prepared using SPS at 100 kHz (T > Tm) . The values of γ calculated from the slope of 

the graphs reflect the increase of the relaxor features from BCTZ50 (γ = 1.64) to BCTZ32 (x = 0.32) 

(γ = 1.98). 
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Fig. 6. Temperature dependence of the spontaneous polarization Ps in BCTZ ceramics (x = 0.32 and 

0.5) processed by SPS. 

 

 

 

b 

Fig. 7. Polarization versus electric field P(E) hysteresis loops of BCTZ ceramics (BCTZ32 (x = 0.32) and 
BCTZ50 (x = 0.5)) prepared using conventional and spark plasma sintering methods. The 

measurements were performed in dynamic regime at 50 Hz and T = 298 K. 
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