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CHEMISTRY

Relative permittivity studies of ceramics with a variety of compositions in the BaTiO;-BaZrO;—CaTiO; system
showed some of them to be ferroelectric relaxors at temperatures close to 295 K. Such a favourable effect is due to
the Ca?* for Ba?* cationic substitution. In addition a spontaneous classical ferroelectric-relaxor ferroelectric
transition was evidenced. Some of these new compositions are of interest for applications (dielectrics for capacitors,

actuators) since they are environmentally friendly.

Introduction

In perovskites, relaxor behaviour mainly occurs in lead-based
compositions (PMN, PSN, PIN, PLZT, etc.), with more than
one type of ion occupying the equivalent six-coordinated
crystallographic sites.! Lead-free compositions could be of
great interest for environmentally friendly applications (dielec-
trics for capacitors, actuators, efc.). Studies have therefore
been performed in detail on ceramics with a BaTiO5-derived
Ba(Ti; _,Zr,)O; composition. These materials are either classi-
cal or relaxor ferroelectrics depending on the value of x.
Nevertheless, for all lead-free materials, the relaxor properties
unfortunately occur at relatively low temperature (7, <250 K;
T,, is the temperature of the peak of the relative real permit-
tivity ¢, vs. temperature; relative permittivity, e, =g/gy).>

Research is now in progress to obtain such lead-free ceramics
which could be relaxors at temperatures close to 300 K. The
present study concerns compositions relatively close to that of
BaTiO; in the ternary diagram BaTiO;-BaZrO;—CaTiO;
[BT-BZ-CT]. The perovskite phase in the binary systems
(1—x) BT-x CT and (1 —x) BT-x BZ is limited to x=0.25
and 0.42 respectively.?!3

Experimental

The various compositions of the BT-BZ-CT ternary diagram
were obtained from CaCO;, BaCO;, TiO, and ZrO, after
calcination at 1200 °C for 15h under oxygen. Disk-shaped
ceramics were sintered at 1400°C for 4 h under an oxygen
atmosphere. Some ceramics were prepared after addition of
1% TiO, excess (in mole) used as a sintering aid.? This amount
of additive was selected after several experiments using various
quantities (0.2 to 3% in mole) of certain oxides or fluorides.
Room temperature powder X-ray diffraction was performed
on a Philips diffractometer using Cu-Ko radiation (1=
1.5418 A), to measure Bragg angles from 5 to 100°. Diameter
shrinkages A® /@ were systematically determined as
(Pinit — Prina1)/ Pinic - Microstructure studies were performed by
scanning electron microscopy (SEM) (JEOL JSM-840A).
Measurements of relative permittivity were performed on
ceramic disks after deposition of gold electrodes on the circular
faces by cathodic sputtering. The real and imaginary relative
permittivities ¢, and ¢”, were determined under helium as a
function of both temperature (77-500 K) and frequency
(20-2 x 10° Hz) using a Wayne-Kerr 6425 component analyzer.

Results
Physical properties

Powder X-ray diffraction made it possible to determine the
room temperature symmetry and limits of the perovskite solid

solution domain close to BT (Fig. 1). The symmetry is tetra-
gonal only for compositions close to BT. In most of the other
compositions the phases appear as cubic at 300 K. The various
zones noted I, II and III are clarified in the dielectric section.
The diameter shrinkages A® /@ of the ceramics are in the
range 14-16%. The densities of the sintered samples were
88-91% of the theoretical values. Concerning the ceramics
prepared with TiO, as sintering aid, the diameter shrinkages
were close to 19%. The densities of the samples reached 96%
of the theoretical values, in good agreement with previous
work.? In addition, the additive causes an increase in the grain
size of the ceramics.

Dielectric study and ferroelectric properties

Depending on the composition (Fig. 1), three different types
of behaviour were found.

For compositions relatively close to both BT and the
(Ba,_,Ca,)TiO; [BT-CT] solid solution (zone I), there were
dielectric anomalies characteristic of the phase transitions, as
for BT (thombohedral, T;—orthorhombic, T, —>tetragonal,
Tc—cubic). In fact, the temperature dependence of the real
part of the relative permittivity ¢, revealed three maxima
corresponding to these three phase transitions for compositions
very close to that of BT. When the rate of Ca?*-Ba?*
substitution increased, T decreased strongly as for the BT-CT
solid solution and only 7, and T were detectable, owing to
our experimental low temperature limitation (7 >77 K).!* The
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Fig. 1 Schematic representation of the BT-BZ-CT ternary diagram.
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Fig. 2 Temperature dependence of relative permittivity ¢, for a ceramic
with composition corresponding to point A on Fig. 1.

tetragonal symmetry observed by room temperature X-ray
diffraction corresponded to compositions whose Curie tem-
perature T was higher than 300 K. For example Fig. 2 shows
the temperature dependence of ¢, for a ceramic with a composi-
tion corresponding to point A on Fig. 1. There is no significant
frequency dispersion for T < 7. The highest temperature peak
at the Curie temperature 7¢ is relatively sharp and the value
of T¢ is not dependent on frequency. In addition, the thermal
variation of 1/¢', is of the Curie-Weiss type: ¢,=C/T —T,)
where C is the Curie constant and 7, the Curie—Weiss tempera-
ture. The order of the ferroelectric—paraelectric transition can
be determined from the temperature dependence of 1/¢’.. When
T, is less than T, the phase transition is of the first order;
when T, =T, it is of second order. In fact, the phase transition
order, which is of the first order for BT, moves progressively
to the second order as the composition shifts from BT in
zone I. All these physical properties point to a classical
ferroelectricity as found in pure BaTiO;.°

For compositions relatively close to the Ba(Ti;_,Zr,)O;
[BT-BZ] solid solution with 0.10 <x<0.27 (zone II) only one
peak occurred at the Curie temperature 7. Fig. 3 shows the
temperature dependence of &', for a ceramic with a composition
corresponding to point B on Fig. 1. There is no frequency
dispersion. The value of &', is very high at 7. However, the
peak of &, vs. temperature is relatively broader than that
corresponding to compositions close to BaTiO5, and there is
a small deviation from the Curie—Weiss law in the paraelectric
phase. Such a behaviour indicates the transition is relatively
diffuse but that the ferroelectric phase is not a relaxor.
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Fig. 3 Temperature dependence of relative permittivity ¢, for a ceramic
with composition corresponding to point B on Fig. 1.
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Fig. 4 Temperature dependence of relative permittivity &', for a ceramic
with composition corresponding to point C on Fig. 1.

For compositions relatively close to the Ba(Ti;_,Zr,)O;
solid solution with 0.275<x<0.42 (zone III) only one very
broad peak occurred at T,,, with frequency dispersion for
T <T, and a shift of T, with frequency. The value of T,
(ferroelectric relaxor) is dependent on the frequency unlike
that of T, (classical ferroelectric). Figs. 4 and 5 show the
temperature dependences of ¢, and &”, for a ceramic with a
composition corresponding to point C on Fig. 1. The frequency
dispersion of ¢'. corresponds to a relatively high value of ¢&",
for the relaxor phase (7'=180 K< T,,); on the contrary, &',
does not vary with frequency and ¢”; is very weak when 7 =
300 K>T,, (Fig. 6). In addition, there is a deviation from the
Curie—Weiss law generally observed in classical ferroelectrics
and the value of T, here is higher than 7. This is unlike
classical ferroelectric behaviour where Ty, is either less than T
or equal to 7. (Fig.7). In this case, the ferroelectric—
paraelectric transition is diffuse and the ferroelectric behaviour
is thus of relaxor type.

For compositions corresponding to a wide boundary
between zones II and III in the BT-BZ-CT system (Fig. 1) a
new type of dielectric behavior was observed. Fig. 8 shows the
temperature dependence of ¢, for a ceramic with a composition
corresponding to point D on Fig. 1. There is a relatively broad
peak of ¢, at T,. On cooling a frequency dispersion appears
at T=T,. In addition, there is an increase in 7, when
frequency increases. This behaviour is of relaxor type.
However, the frequency dispersion decreases strongly in com-
parison to that observed at a temperature close to 7,,, when
the temperature is still decreasing. Moreover, it deviates
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Fig. 5 Temperature dependence of the imaginary part of relative
permittivity ¢”; for a ceramic with composition corresponding to point
C on Fig. 1.
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Fig. 6 Frequency dependences of relative permittivities ¢, and ¢”, for
a ceramic with composition corresponding to point C on Fig. 1.
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Fig. 7 Temperature dependence of the inverse of relative permittivity
1/¢', at 10° Hz for a ceramic with composition corresponding to point
C on Fig. 1.
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Fig. 8 Temperature dependence of relative permittivity ¢, for a ceramic
with composition corresponding to point D on Fig. 1.

strongly from 7, implying that the corresponding low
temperature phase is of classical ferroelectric type. This gives
the following transition sequence: classical ferroelectric,
T;—relaxor ferroelectric, Ty, —paraelectric. The term T} is
used to differentiate it from 7,, 7, and T, the transition
temperatures of classical ferroelectrics derived from BaTiO;
(see above) and from T, the temperature of the maximum of
¢', for a ferroelectric relaxor—paraelectric transition.

Some compositions of zone III meet the Z5U capacitor

8000

10 e /et
+22 [ "Z50"
:
6000 | ~!
Fols_ _____
2 A Y
¢ AN
, : by
W 4000 F s Y
. [ 8
3 1
1
i :
P AN
2000 | -
'
0 . . . .
0 100 200 300 400 500
TK

Fig. 9 Temperature dependence of relative permittivity ¢, for a ceramic
with composition corresponding to point E on Fig. 1 [Capacitor Z5U
standard] [A¢' /e, =¢&' (T )—¢. (293 K)/e', (293 K)].

‘Electronic Industries Association’ norm due to the broad
peak of ¢, as a function of temperature, to the relatively high
value of ¢, and to the low value of tan & at 300 K.* Fig. 9
shows the temperature dependence of ¢, (at 10° Hz) for a
ceramic corresponding to point E on Fig. 1.

Moreover, very high values of &', were obtained on zone II
ceramics prepared after addition of 1% TiO, excess (in mole)
used as sintering aid.? Fig. 10 shows the thermal variation of
¢., at 10° Hz, for a composition corresponding to point F on
Fig. 1; the curve obtained with the ceramic sintered without
any additive is given for comparison. The highest value of &',
at T reaches 42400 at 10° Hz. The room temperature values
of ¢, and tan ¢ are 28000 and 0.01 respectively. Such a result
is due to the very good densification of the ceramic, in good
agreement with previous work.?

Discussion

Ceramics with compositions forming part of the BT-BZ-CT
system show both classical ferroelectric and relaxor ferroelec-
tric behaviours. Their main characteristics vary as a function
of composition. Two types of cationic substitutions
(Ca2*-Ba?* and Zr**-Ti*") may account for this.

The value of T (or T,,) is almost constant as Ca®* is
substituted for Ba?* (Table 1). Such a variation is due to
several competition effects: a steric effect, a bonding effect and
a coordination effect.!® On the contrary, T¢ (or T,,) decreases
strongly as Zr** is substituted for Ti** (Table 1). This vari-
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Fig. 10 Temperature dependences of relative permittivity ¢, at 10° Hz

for ceramics with composition corresponding to point F on Fig. 1,
with or without 1 mol% TiO, additive.
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Table 1 Variation of classical and relaxor ferroelectric characteristics with composition

Substitution Composition T /K T, /K AT, b/K Ae' Je' S

Ca?* for Ba?* BaTiO, 400 0.06
Bag 5sCag ,oTiOs 405 0.05
Ba(Tio g5Zt0 15)O5 340 0.07
Bay gsCag.15(Tip 85Zr0.15) O3 347 0.03
Ba(Tig 3210 37)05 194 14 0.41
Bag g5Cao.12(Tio.63Z10.37)O3 169 28 0.45

Zr** for Ti** BaTiO, 400 0.06
Ba(Tio 0Zr0.20)O5 314 0.05
Ba(Tio 0Zr0.40)O5 188 16 0.43
Bag 00Cag 1oTi05 410 0.05
Bag 09Cag.10(Tio.00Zr0.10)O3 364 0.06
Bay.00Cag.10( Tio.70Zr0.30) O3 209 19 0.37

‘At 10° Hz. *AT,,=T,, (10> Hz) — T,, (10° Hz). °A¢’,/¢’.=[¢’, (10> Hz) —¢’, (10° Hz)]/¢, (10?> Hz), at T (or T,,)—50 K.

ation is related to the size of Zr** which is larger than that 300

of Ti** (rppa+ =0.605; rpa+ =0.72 A for six-coordination). This T, paraelectric (cubic)

limits the shift (Az) of the tetravalent cation from the octa-

hedron center. Such an effect causes a decrease in T, owing

to the variation of T with Az: T (K)=2 x 10% (Ax)? (A?).18-17

For small Zr** for Ti** substitution rates (x<0.15, Fig. 1) 200

no relaxor phase appears even for large amounts of Ca?™ (e.g. v . )

Bag gsCag 1sTig. 552101505 (Table 1)). This result is in good S ferraelectrie (homb.) relaxor ("cubic”)

agreement with previous results: cationic substitution in the

12-coordinate crystallographic site has the classical ferroelec- 100

tric behavior.!'!* Concerning the substitution in the six-coordi-

nate site, the equal charge of titanium and zirconium cations

would require a high zirconium substitution rate (x>0.15) to

induce relaxor properties. Other substitutions, for instance

Nb>* for Ti** from BaTiO; in the BaTiO;—KNbO; system, 0 . . -

0.00 0.05 0.10 0.15 0.20

i.e. with a change of charge, leads to relaxor properties much
more quickly.!?

For a higher Zr** for Ti** substitution rate (x>0.15) the
relaxor phase appears. The main dielectric relaxor character-
istics (AT,, and Ag¢’,, Table 1) increase as both the Zr-Ti and
Ca-Ba substitution rates increase. This is due of course to the
strong composition heterogeneity that exacerbates the relaxor
effect. This was typically the case in the lead perovskite relaxor
Pb(Mg;3Nb,3)O; [PMN] where a local 1:1 order between
niobium and magnesium atoms generated ordered regions
surrounded by rich niobium polar regions. The heterogeneity
thus created induced the relaxor effect commonly correlated
with nanoscale spontaneous polarization.! The present result
is of great interest for obtaining relaxor compositions at
temperatures close to 300 K for use as lead-free capacitor
dielectrics or actuators. As an example, the value of T,
corresponding to point E (Fig. 1) is 285 K (at 103 Hz), which
can be compared to that of the well known but lead-containing
PMN (T,,=266 K).

The observed classical ferroelectric-relaxor transition at the
wide composition boundary between zones II and IIT has been
obtained in some relaxors, for instance in PMN, by application
of an electric field inducing the ferroelectric phase by a
cooperative mechanism creating a transformation from the
nano- to the micro-domain structure.!® In the present work
the transition occurs spontaneously (without an applied electric
field) just by temperature variation (Fig. 8). Until now, such
a behaviour had been observed only in lead-containing
relaxors: PSN, PST, PMN-PT solid solution, etc.!%?°

Figs. 11 and 12 show the composition dependencies of
transition temperatures for ceramics with either Ca®* for Ba?*
or Zr** for Ti** substitutions. In the former the variation of
T, is weak, as discussed above when barium is replaced by
calcium. In addition, a classical ferroelectric, 7;—relaxor
ferroelectric transition occurs as soon as calcium enters the
composition (y>0) from that of the BT-BZ system
(BaTig 74714 ,603). In the second solid solution which starts
from a composition of the BT-CT system, (Ba, ¢oCa 10)TiO3,
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Fig. 11 Variation of transition temperatures with composition for
(Ba; _.74xCag 745 ) (Tip.74Z1 56) O3 solid solution ceramics.
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Fig. 12 Variation of transition temperatures with composition for
(Bag.90Cag.10) (Ti; —0.00xZT0.00x )O3 solid solution ceramics

there is first a progressive disappearance of the tetragonal and
orthorhombic ferroelectric phases, leading only to a rhombo-
hedral, ferroelectric—cubic, paraelectric transition. Secondly,
as observed earlier, a relaxor phase appears with a transition
from relaxor to classical ferroelectric at 75. Moreover in
Fig. 12 it can be seen that the variation of 7 (¥x<0.2) and
then of T,, (x>0.2) is stronger than in Fig. 11.

Conclusion

This relative permittivity study of ceramics with a composition
inside the BaTiO;—BaZrO;—CaTiO; diagram shows a large



solid solution domain relatively close to BaTiO; with a derived
perovskite structure. The ferroelectric behaviour is of a classi-
cal type for compositions close to that of BaTiO; or of relaxor
type when they deviate from BaTiO;. Owing to their relaxor
behaviour at temperatures close to 300 K, some of these
compositions could prove valuable (dielectrics for capacitors)
because they are environmentally friendly.

A spontaneous classical ferroelectric-relaxor ferroelectric
transition (without any applied electrical field) has now been
evidenced in lead-free relaxors. Research is now underway to
explain this potentially interesting behaviour.
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