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bstract

a(ZrxTi1−x)O3 ceramics with x = 0.10, 0.15 and 0.18 were prepared via solid state reaction. For the composition x = 0.10, ceramics with various
rain sizes in the range 0.75–3.20 �m were obtained by sintering at various temperatures 1350–1500 ◦C. High permittivity (above 14,000 at the

ransition temperature) and losses smaller than 7% for temperatures below 120 ◦C, together with a shift of the Curie temperature towards lower
alues with increasing x, are characteristic to these ceramics. A ferroelectric-relaxor crossover takes place when x increases, with intermediate
haracter for all the compositions. For the composition x = 0.10, the relaxor state is favoured by reducing the grain size.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

BaTiO3-based solid solutions are environment-friendly
ielectrics with similar performances as many Pb-based
lectroceramics. Their properties can be tuned by composi-
ion and by controlling their microstructural characteristics
porosity level, grain size, secondary phases, core-shell struc-
ures, etc.). BaZrxTi1−xO3 (BZT) system, one of the first
aTiO3-based solid solution studied for use in applications1,2

ecame again attractive: new data concerning the phase
ormation mechanism,3,4 local polar characteristics,5 and dielec-
ric/tunability properties for microwave applications6,7 were
ecently reported. The dielectric data of BaZrxTi1−xO3 ceram-
cs suggest a normal ferroelectric behaviour for compositions
≤ x ≤ 0.1, relaxor character for 0.10 ≤ x ≤ 0.42 when the
egree of diffuseness of the ferro-para phase transition is
ncreasing with x1,2,8 and antiferroelectric properties for Zr-rich
ompositions. Macroscopically, the relaxor state is characterized

y a strong frequency dependence of the permittivity below the
aximum permittivity temperature Tm, a shift of Tm towards

igher values with increasing frequency and deviations from
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he Curie–Weiss law in the paraelectric phase.9 It was found
hat a high substitution rate (x > 0.35) is necessary to induce
elaxor state if using homovalent substitution only (Zr on the
i sites).1,8,10,11 Therefore, these compositional limits are very
ensitive to the preparation method, the presence of possible
econdary phases and to the microstructural characteristics.

In the present study, BaZrxTi1−xO3 ceramics with x = 0.10,
.15 and 0.18 prepared by solid-state reaction were investigated.
or the composition x = 0.10, samples with grain sizes in the
ange 0.75–3.20 �m were obtained by sintering at temperatures
n the range 1350–1500 ◦C for observing the effect of grain size
n the relaxor behaviour.

. Sample preparation and experimental details

BaZrxTi1−xO3 (BZT) ceramics were prepared by solid-state
eaction using high purity nanometric precursors of BaCO3
Solvay), TiO2 (Toho) and ZrO2 (Tosoh) reagents. These were
ried, weighted, then wet-mixed with distilled water, dried and
alcined at 1000 ◦C/6 h. The calcined powders were milled and

ompacted by cold isostatic pressing at 1500 bar and then sin-
ered at 1500 ◦C/2 h. The phase purity was checked by X-ray
iffraction (XRD, Philips, Model PW 1710). The microstruc-
ures were examined by scanning electronic microscopy (SEM,

mailto:lmtsr@uaic.ro
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.095
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ig. 1. Back-scattered SEM image of a polished BaZr0.10Ti0.90O3 ceramic’s
urface sintered at 1450 ◦C/2 h.

hilips, Model 515) analysis. The apparent densities were mea-
ured by the immersion method in water (Archimedes). For the
lectric measurements, Ag–Pb paste was deposited on the plane-
arallel polished clean surfaces of the ceramics followed by
nnealing in air at 500 ◦C/12 h. Impedance measurements were
erformed in the frequency domain 1 to 106 Hz by using an
mpedance analyser Solartron SI1260 in the temperature range
0–160 ◦C with a heating/cooling rate of 0.5 ◦C/min under an
pplied voltage of 1 V.

. Results and discussions

The XRD data proved the BZT phase formation for all
he compositions after calcination and the phase purity after
intering.12 The SEM analysis shows a good homogeneity of
he microstructures and a small degree of porosity (Fig. 1). The

ncreasing Zr amount acts as inhibitor of the grain growth during
intering, so that a reduction of the average grain size of the BZT
eramics sintered at 1500 ◦C is obtained for higher x (∼3.3 �m
or x = 0.10 and ∼1 �m in x = 0.18). The decreasing grain size

r
1
f
x

ig. 2. Temperature and frequency dependence of the: (a) permittivity and (b) tan
500 ◦C/2 h.
Ceramic Society 27 (2007) 4061–4064

ith increasing x is associated with the lower grain-growth rate
aused by slow diffusion of the Zr4+ ion, which has a larger
onic radius of 86 pm than Ti4+ with 74.5 pm (smaller ions lead
o fast diffusion and grain growth).12 In addition, for the compo-
ition x = 0.10, samples with grain sizes (GS) of: ∼0.75, ∼2.62
nd ∼3.20 �m were obtained by sintering at 1350, 1450 and
500 ◦C for 2 h, respectively. A relative density above 97% was
ound for all the compositions with exception of the samples
intered at 1350 ◦C for which it was ∼90%.

The temperature dependence of the permittivity and tan δ

t a few frequencies obtained in BaZrxTi1−xO3 ceramics with
= 0.10, 0.15 and 0.18 sintered at 1500 ◦C/2 h and in the
aZr0.10Ti0.90O3 ceramics sintered at 1350, 1450 and 1500 ◦C

or 2 h are shown in Figs. 2 and 3, respectively. These data
emonstrate for all the ceramics relaxor properties, with a diffuse
erro-para phase transition and dispersion in the radio-frequency
ange in the polar phase (T < Tm). The temperature correspond-
ng to the maximum permittivity Tm has a small shift of 2–5 ◦C
hen the frequency ranges from 1 to 105 Hz. For T > 100 ◦C, a

trong increase of tan δ (Fig. 2b and 3b), particularly for high Zr
ontent is due to a thermally activated space charge contribution
Maxwell–Wagner type) that is commonly present in systems
ith local compositional and electrical inhomogeneity.13,14 This

s realised by different levels of oxygen deficiency in various
egions within the sample, leading to electric heterogeneity even
n the single phase. In polycrystalline ceramics the grain bound-
ries and various defect structures play an important role in this
echanism.15

Relaxor behaviour is typical for higher Zr compositions
Fig. 1a). Diffuse phase transitions and small shifts of Tm
owards higher values as the frequency is increasing from 1
o 105 Hz (72–74 ◦C for x = 0.15 and 55–58 ◦C for x = 0.18) are
bserved. For all the compositions the losses are below 7% in the

ange 40–110 ◦C and are rapidly increasing towards 100% above
20 ◦C, particularly at low frequencies (Fig. 1b). As mentioned,
erroelectric character has been reported for the composition
= 0.10.1,2,8,10 However, the dispersion of permittivity in the

gent loss in BaZrxTi1−xO3 ceramics with x = 0.10, 0.15 and 0.18 sintered at
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microstructural parameters in inducing relaxor effects in the
ig. 3. Temperature and frequency dependence of the: (a) permittivity and (b) t

adio-frequency range and the diffuse phase transition suggest
elaxor properties for this composition. This is confirmed by the
nalysis with the empirical equation:

= εm

1 + ((T − Tm)/δ)η
, (1)

escribing dielectric properties in relaxors, even in the dielec-
ric dispersion region, with unique values of parameters δ and

for all the frequencies.16 The coefficient η gives informa-
ion on the character of the phase transition: for η = 1, normal
urie–Weiss law is obtained, η = 2 describes a full relaxor

tate with completely diffuse phase transition and η ∈ (1, 2) a
ombined ferroelectric/relaxor state with a certain degree of dif-
useness in the phase transition. The parameter δ indicates the
emperature extension for the diffuse phase transition, which is
orrelated with the dielectric permittivity broadening. The val-
es of these parameters obtained by fitting the dielectric data to
q. (1): η = 1.5 and δ = 20 ◦C for x = 0.10; η = 1.65 and δ = 32 ◦C

or x = 0.15 and η = 1.7 and δ = 36 ◦C for x = 0.15, respectively.
n increasing relaxor character and a shift of Tm towards lower
alues (Tm = 92, 73 and 58 ◦C at f = 79.1 kHz for x = 0.10, 0.15
nd 0.18, respectively) take place with increasing Zr content,
imilar as reported in literature.1,2,8,10,11

The preliminary investigations showed that all the ceram-
cs with x = 0.10 have mixed ferroelectric/relaxor properties.12

owever, the relaxor character is more evident as GS is smaller:
he finest ceramic with GS = 0.75 �m has η = 1.7 and δ = 46 ◦C
y comparison with η = 1.55 and δ = 23 ◦C for GS = 2.62 �m
nd η = 1.5 and δ = 20 ◦C for GS = 3.30 �m. The relaxor proper-
ies are related to the disruption of the ferroelectric long-range
rder which are normally caused by chemical disorder. Usu-
lly, low substitution of Ti with Zr does not give rise to strong

andom fields. Therefore, the relaxor character of the present
aZr0.10Ti0.90O3 ceramics is probably caused by contributions

rom grain boundaries. Compositional gradients and defects
elated to the ceramic grain boundaries are creating local ran-

B
v
d
c

t loss in BaZr0.10Ti0.90O3 ceramics sintered at 1350, 1450 and 1500 ◦C for 2 h.

om fields. Since a higher density of grain boundaries is present
n the fine ceramics, this contribution is higher for the smaller
rain sizes with corresponding enhancement of the relaxor
haracter.

An increasing relaxor character with reducing the GS
rom 60 to 2 �m was also reported for the sol–gel derived
aZr0.20Ti0.80O3 ceramics,17 which is a composition already in

he relaxor state. The results were explained as possible caused
y different internal stresses existing in samples with various
rain sizes. However, the composition x = 0.10 was reported
n literature to show full ferroelectric properties.1,2,8 In this
ase, the reduction of GS in the range 1–3 �m seems to play
n important role in determining the relaxor properties. Further
nvestigations on a larger range of GS (below 500 nm to above
0 �m) are expected to demonstrate the possibility of inducing
he crossover ferroelectric-relaxor by reducing the GS only in
his composition.

. Conclusions

High density (∼97%) Ba(ZrxTi1−x)O3 ceramics with
= 0.10, 0.15 and 0.18 and homogeneous microstructures were
repared via solid state reaction. Good dielectric properties with
ow losses (<7%) below 120 ◦C and high permittivity above
4,000 at the transition temperature were found. By increasing
he Zr addition, a shift of Curie temperature towards lower val-
es and ferroelectric-relaxor crossover takes place. For x = 0.10,
eramics with GS in the range of 0.75–3.20 �m were investi-
ated. Their dielectric data show that the relaxor state seems to
e favoured by the GS reduction, which contributes to enhance
he local disorder. The possible effect of the GS or of other
ZT solid solution, as suggested by these preliminary data, is a
ery interesting topic to be further investigated in samples with
ifferent grain sizes (particularly at nanometric level) by a more
omplete study.



4 pean

A

(
2

R

1

1

1

1

1

1

1

064 C. Ciomaga et al. / Journal of the Euro

cknowledgements

This study was partially supported by Romanian grants
CNCSIS and CEEX-FEROCER) and by INSTM Italy (FISR
002, University of Genoa, Italy) project.

eferences

1. Hennings, D., Schell, H. and Simon, G., Diffuse ferroelectric phase transi-
tions in Ba(Ti1−yZry)O3 ceramics. J. Am. Ceram. Soc., 1982, 65, 539–544.

2. Neirman, S. M., The Curie point temperature of Ba(Ti1−xZrx)O3 ceramics.
J. Mater. Sci., 1988, 23, 3973–3980.

3. Aliouane, K., Guehria-Laidoudi, A., Simon, A. and Ravez, J., Study of new
relaxor materials in BaTiO3–BaZrO3–La2/3TiO3 system. Solid State Ionics,
2005, 7, 1324–1332.

4. Bera, J. and Rout, S. K., On the formation mechanism of BaTiO3–BaZrO3

solid solution through solid-oxide reaction. Mater. Lett., 2005, 59, 135–138.
5. Farhi, R., Marssi, E. l., Simon, M. A. and Ravez, J., A Raman and dielectric

study of ferroelectric Ba(Ti1−xZrx)O3 ceramics. Eur. Phys. J. B, 1999, 9,
599–604.

6. Weber, U., Greuel, G., Boettger, U., Weber, S., Hennings, D. and Waser,

R., Dielectric properties of Ba(Zr,Ti)O3-based ferroelectrics for capacitor
applications. J. Am. Ceram. Soc., 2001, 84, 759–766.

7. Lee, S. J., Kwak, M. H., Moon, S. E., Ryu, H. C., Kim, Y. T. and Kang, K.
Y., Dielectric properties of paraelectric Ba(Zr,Ti)O3 thin films for tunable
microwave applications. Integr. Ferroelectr., 2005, 77, 93–99.

1

Ceramic Society 27 (2007) 4061–4064

8. Simon, A., Ravez, J. and Maglione, M., The crossover from a ferroelectric to
a relaxor state in lead-free solid solutions. J. Phys. Condens. Matter., 2004,
16, 963–970.

9. Ye, Z. G., Relaxor ferroelectric complex perovskites: Structure, properties
and phase transitions. Key Eng. Mater., 1998, 155/156, 81–122.

0. Simon, A., Ravez, J. and Maglione, M., Relaxor properties of
Ba0.9Bi0.067(Ti1−xZrx)O3 ceramics. Solid State Sci., 2005, 7, 925–930.

1. Ravez, J., Broustera, C. and Simon, A., Lead-free ferroelectric relaxor
ceramics in the BaTiO3-BaZrO3-CaTiO3 system. J. Mater. Chem., 1999,
9, 1609–1613.

2. Ciomaga, C. E., Buscaglia, M. T., Viviani, M., Buscaglia, V., Mitoseriu,
L., Stancu, A. and Nanni, P., Preparation and dielectric properties of
BaZr0.1Ti0.9O3 ceramics with different grain sizes. Phase Trans., 2006, 6/7,
389–397.

3. Zhai, J., Yao, X., Shen, J., Zhang, L. and Chen, H., Structural and dielectric
properties of Ba(ZrxTi1−x)O3 thin films prepared by the sol–gel process. J.
Phys. D: Appl. Phys., 2004, 37, 748–752.

4. Xu, J. and Itoh, M., Unusual dielectric relaxation in lightly doped n-type
rhombohedral BaTi0.85Zr0.15O3:Ta ferroelectric ceramics. Chem. Mater.,
2005, 17, 1711–1716.

5. Bunget, I. and Popescu, M., Physics of Solid Dielectrics. Elsevier, New
York, 1978.

6. Santos, I. A. and Eiras, J. A., Phenomenological description of the dif-

fuse phase transition in ferroelectrics. J. Phys. Condens. Matter, 2001, 13,
11733–11740.

7. Tang, X. G., Wang, J., Wang, X. X. and Chan, H. L. W., Effects of
grain size on the dielectric properties and tunabilities of sol–gel derived
Ba(Zr0.2Ti0.8)O3 ceramics. Solid State. Commun., 2004, 131, 163–168.


	Preparation and characterisation of the Ba(Zr,Ti)O3 ceramics with relaxor properties
	Introduction
	Sample preparation and experimental details
	Results and discussions
	Conclusions
	Acknowledgements
	References


