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Abstract We investigate the effects of replacing Zr4? ions

by Hf4? on the sintering and electrical properties of

Ba0.85Ca0.15Zr0.1Ti0.9O3 (BCZT) lead-free piezoceramics.

For that purpose, Ba0.85Ca0.15Hf0.1Ti0.9O3 ceramics were

sintered at different temperatures and their properties were

compared to those of BCZT fabricated under the same

conditions. We show that Hf as B-site dopant facilitates the

formation of the perovskite phase during the calcination

process and improves the electrical properties of the

ceramics due to the development of a denser microstructure

with greater grain size and lower porosity.

1 Introduction

The development of lead-free piezoelectric ceramics has

received recently considerable attention from the environ-

mental protection point of view [1–6]. A way to enhance

the piezoelectric response of lead-free materials is the

compositional engineering approach, where the composi-

tion of the compound is optimized by bringing it to the

vicinity of a structural instability [7]. It is well known that

the phase transition temperatures of BaTiO3 (BTO) can be

altered by doping with either A or/and B site substitutions.

For instance, the replacement of Ba2? by Ca2? does not

strongly affect the Curie temperature, but significantly

lowers the T-O and O-R transition temperatures [8, 9]. A

different behavior is observed for Zr4? at the B site, where

the three transition temperatures of BTO move closer with

increasing Zr content and merge near room temperature for

the x = 0.15 composition [10, 11]. The combination of these

two effects generates a triple point on the morphotropic

phase boundary in xBa(Zr0.2Ti0.8)O3-[1 - x](Ba0.7Ca0.3)

TiO3 solid solutions [12, 13]. For this reason, these com-

pounds have attracted great attention, particularly for the

composition x = 0.5 (Ba0.85Ca0.15Zr0.1Ti0.9O3, for short

BCZT) which displays piezoelectric properties comparable

to those of PbZrxTi1-xO3 at room temperature [14, 15].

A number of existing applications emerge, where the usage

of lead-free piezoceramics may be envisaged in the near future

[6, 16]. One important drawback of BCZT ceramics is however

the high synthesis (*1300 �C) and sintering (*1450 �C)

temperatures. Sintering BCZT ceramics at lower temperatures

is a difficult task and many researchers have devoted to

improving the temperature processing by tailoring the sintering

conditions. For instance, the addition of a small amount of

suitable materials is a traditional method used to enhance

densification in ceramics, and sintering aids like CeO2 [17],

MnO2 [18], Dy2O3 [19] and Ba(Cu0.5W0.5)O3 [20] have been

tested for BCZT. In this work we show that the replacement of

Zr by Hf is a simple and effective strategy to improve the

sinterability of BCZT ceramics without the need of foreign

additives. We show that the use of Hf facilitates the formation of

the perovskite phase during the calcination process and

improves the electrical properties of the ceramics.

2 Experimental procedure

BCHT and BCZT powders were synthesized from a mix-

ture of BaCO3, CaCO3, and HfO2, ZrO2 and TiO2 by a

milling process using a planetary ball mill equipment
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(Torrey Hills Technologies ND 0.4 L). The carbonates are

hygroscopic materials and hence due care was taken in

their handling during the material formation. The precursor

powders were initially dried at 230 �C for 4 h to remove

the absorbed moisture, and then they were weighed based

on the stoichiometric formula and milled for 12 h. The

milled powder was calcined at 1250 �C for 4 h. After that,

they were ball milled again for 12 h. The whole ball mil-

ling process was done with agate ball media. The obtained

powders were mixed with a polyvinyl butyral (PVB) binder

solution and then die-pressed into disks with dimensions of

Ø10 mm 9 2 mm. The pellets were sintered at two dif-

ferent temperatures (1300 and 1400 �C) for 2 h. The den-

sity of the ceramic samples was measured by the

Archimedes’ method. The theoretical densities, calculated

using the lattice parameters obtained by the refinement of

the X-ray patterns, are 5.94 g/cm3 for BCHT and 5.72 g/

cm3 for BCZT.

Fig. 1 a XRD patterns of powders calcined at 1250 �C for 4 h. b SEM image of the BCZT calcined powder. c SEM image of the BCHT calcined

powder. d Dilatometric curves of powders calcined at 1250 �C. The inset compares the temperature dependence of shrinkage rate of two samples

Fig. 2 XRD patterns of BCHT and BCZT ceramics sintered at

1300 �C (bottom) and 1400 �C (top)
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Crystal structure was analyzed by X-ray diffraction

(XRD) using a Philips X’Pert Pro X-ray diffractometer.

Raman spectra were acquired with a Renishaw in Via

Raman spectrometer by means of the 514 nm Ar-ion laser

line (10 mW nominal power). The microstructure of the

samples was examined by Scanning Electron Microscopy

(SEM) using a FEI Quanta 200 FESEM Environmental.

For electrical studies, silver electrodes were sputtered on

both sides of the samples. The temperature dependence of

the dielectric properties of the ceramics was measured

using an LCR meter (QuadTech 7600 plus) attached to a

programmable furnace. The piezoelectric constant d33 was

measured by a Berlincourt-type d33 m (KCF technologies,

model PM3001).

3 Results and discussion

The two materials display differences in the formation pro-

cess of the perovskite phase. Figure 1a shows X-ray patterns

of powders prepared by mixing the starting chemicals

(without an intense milling) followed by calcination at

1250 �C for 4 h. While the spectrum for BCZT presents

additional peaks at *30�, 33�, 47.5�, 54� and 59�, secondary

phases are not detected for BCHT indicating that Hf as B-site

dopant facilitates the formation of perovskite phase. Even

more, the diffraction peaks for BCHT are narrower than those

of BCZT suggesting better crystallization and greater particle

size. To support this point we show in Fig. 1 SEM images of

the calcined powders. While the BCZT powder consists of

particles with sizes less than 1 lm (Fig. 1b), the average

crystallite size for BCHT is considerably greater and the

particles are strongly bonded by the formation of sintering

necks (Fig. 1c). To compare the densification processes of the

two materials, we show in Fig. 1d the dilatometry curves for

pellets prepared from powders calcined at 1250 �C and milled

for 12 h. The densification takes place at temperatures

[1100 �C, showing local maximums of densification rate at

1210 �C for BCHT and 1170 �C for BCZT. However, the

two curves intersect each other at *1300 �C, indicating that

the shrinkage in BCHT is higher than in BCZT above that

temperature. Such a shrinkage behavior suggests that hafnium

Fig. 3 Raman spectra of ceramics sintered at 1400 �C. a Comparison

of the room temperature Raman spectra of the two ceramics.

b Thermal evolution of the Raman spectrum of BCHT. c Thermal

evolution of the Raman spectrum of BCZT. d Intensities of the B1

mode as a function of temperature
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as B-site dopant enhances densification in samples sintered

above 1300 �C.

Figure 2 shows X-ray diffraction patterns of ceramics

sintered at 1300 �C and 1400 �C. Secondary phases are not

detected in the spectra. We observe practically no differ-

ence in the position of the diffraction peaks, which indi-

cates that the replacement of Zr by Hf practically does not

affect the lattice constants. Structural properties at local

scale were investigated by Raman spectroscopy analyses.

Figure 3a compares the room-temperature Raman spectra

of BCHT and BCZT ceramics sintered at 1400 �C. Both

spectra look quite similar, sharing close similarities to

those of BTO [21–23]. The phonon mode assignment

corresponds to the tetragonal symmetry of BTO, for which

phonon modes are decomposed into eight branches at the

C-point: C = 3A1 ? 4 E ? 1 B1 [24]. Phonon frequencies

were obtained by the deconvolution of vibration modes

using Lorentzian functions. After least-squares refinements

the resulting frequencies are: 111, 133, 168, 231, 294, 521,

533 and 749 cm-1 for BCHT and 112, 132, 164, 227, 295,

519, 532 and 747 cm-1 for BCZT. It is clear that the two

sets of frequencies are very similar. We note that similar

frequencies were obtained from first-principles calculations

of C-point phonons in BaZrO3 and BaHfO3 [25]. Fig-

ure 3b, c show the evolution of the Raman spectra with

temperature. As is common in BTO-based ceramics, there

is a finer structure that shows signatures of phase transi-

tions. In our case, those are seen as weak features at *160

and *300 cm-1, and the transition from the tetragonal to

the cubic phase can be inferred from the loss of the

intensity of those vibrational lines at *100 �C. To analyze

the thermal behavior more precisely, the B1 mode at

*300 cm-1 has been fitted at different temperatures to

provide the temperature-dependent amplitude data shown

in Fig. 3d. A signature of the phase transition is clearly

seen in the loss of the intensity of this vibrational line.

Although we cannot determine the transition temperatures

exactly (in BCZT ceramics the intensity of vibrational lines

are still seen at temperatures above Tc [26]), Fig. 3d

indicates that the replacement of Zr by Hf practically does

not affect the Curie temperature. In summary, both the

crystal structure and the vibrational properties of BCHT

and BCZT are very similar. This can be understood from

the great similarity in both, the chemical properties (Hf is

below Zr in the periodic table of elements) and the ionic

radii (RZr
?4 = 86 pm and RHf

?4 = 85 pm for 6-coordinate

octahedral ions). In spite of that, the differences in the

sintering processes discussed above affect the microstruc-

tural development and the electrical properties of the

ceramics.

Figure 4a shows the temperature dependence of the

dielectric constant of BCHT and BCZT ceramics sintered

at 1300 and 1400 �C. The corresponding losses are plotted

in Fig. 4b. The data were taken during the heating process

of the thermal cycle. Although we made measurements at

different frequencies, only the data for 10 kHz are pre-

sented for the sake of clarity. The BCHT ceramics exhibit

Fig. 4 a Temperature dependence of the dielectric constant of BCHT

and BCZT ceramics sintered at 1300 and 1400 �C. The data were

taken at 10 kHz during the heating process of the thermal cycle.

b Temperature dependence of the dielectric losses

Fig. 5 Polarization hysteresis loops of BCHT and BCZT ceramics

annealed at 1400 �C. The cycles were measured at 50 Hz
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two phase transition peaks. The first one is associated with

the O–T phase transition near 35 �C. Anomalies related

with this transition are also observed as small peaks in the

dielectric loss. The second peak at *94 �C corresponds to

the T–C phase transition. The Curie temperature for BCZT

is practically the same (*96 �C). These features are in

agreement with previous studies [12, 13, 27]. We note,

however, that the ferroelectric peak becomes higher and

narrower when Hf replaces Zr, what is an indication of a

different grain size [14]. Another interesting point is that

the dielectric losses for BCHT are lower than those for

BCZT across the entire temperature and frequency range.

The room-temperature polarization hysteresis curves for

ceramics annealed at 1400 �C are shown in Fig. 5. It is

evident that Hf produces a noticeable reduction of the

coercive field (Ec). While Ec is approximately 370 V/mm

for BCZT, the replacement of Zr by Hf reduces Ec to

*200 V/mm. This feature could be related with the

decrease of dielectric loss observed in the Hf-based

ceramics, which indicates a decrease in the oxygen

vacancy concentration. Oxygen vacancies affect domain

wall motion by screening of the polarization charge pro-

ducing domain wall pinning. Regarding the remnant

polarization (Pr), it remains practically unchanged. The

hysteresis loops for samples sintered at 1300 �C are simi-

lar, and the corresponding values for Pr and Ec are reported

in Table 1. Finally, we determined the piezoelectric d33

coefficients using a Berlincourt-type meter. The poling of

the samples was performed at room temperature by

applying a DC field of 2 kV/mm for 20 min. The d33

values obtained for the BCHT ceramics are higher than

those of BCZT: values of 260 (190) and 380 (350) pC/N

are obtained for BCHT (BCZT) ceramics sintered at 1300

and 1400 �C, respectively.

The differences observed in the electrical properties can

be assigned to the microstructural development of the

ceramics. We present in Fig. 6 SEM images of surface

morphologies of BCHT (a) and BCZT (b) samples sintered

at 1400 �C. It is clear that the replacement of Zr by Hf

produces a denser microstructure with greater grain size.

Average grain sizes of *10 and 6 lm are obtained for

BCHT and BCZT, respectively. Even more, the grains in

BCHT seem to be glued together forming a more compact

tiling. The relative density of the ceramics supports this:

98.5 % for BCHT and 97.3 % for BCZT. We can attribute

the increased grain growth and pore elimination in BCHT

to a liquid-phase sintering process [28]. The SEM image of

Fig. 6a shows the presence of liquid phase in the inter-

granular region of the ceramic. It is also possible to infer

the presence of liquid phase from the X-ray diffraction

pattern showed in Fig. 6c, where the hunchback back-

ground in the BCHT pattern indicates the presence of

amorphous phase. We thus conclude that a liquid phase T
a
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sintering process promotes a more effective packaging of

grains improving the microstructure and the electrical

properties of BCHT ceramics.

4 Conclusions

Ba0.85Ca0.15Hf0.1Ti0.9O3 and Ba0.85Ca0.15Zr0.1Ti0.9O3

ceramics were sintered under the same conditions to

compare their structural and electrical properties. We

showed that both systems display similar crystal structure

and vibrational properties, as expected from the close

chemical similarity between Zr and Hf. In spite of that, the

use of Hf as B-site dopant facilitates the sintering process

of the perovskite phase and improves the electrical prop-

erties of the ceramics. In particular, the phase transition

peaks become sharper, the dielectric loss and the coercive

field are smaller, and the piezoelectric response increases.

The improvements are due to a liquid phase sintering

process that produces greater grain size and lower porosity.
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