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Abstract

CuO-doped Ba(Zrg ¢5Tip.05)05 (BZT) ceramics were prepared using conventional solid state reaction method, and their structure and electrical
properties were investigated. It was found that a small amount of CuO could lower the sintering temperature significantly and make their
microstructure more densified than pure BZT. The ceramics with 1.2 mol% CuO, sintered at 1250 °C, showed excellent piezoelectric properties
with d33~320 pC/N and k,=44%. The sintering temperature was decreased by 150 °C than that for pure BZT ceramics while showing
comparable piezoelectric properties. Moreover, the influence of sintering temperature on the optimally 1.2 mol% CuO-doped BZT ceramics was
studied. With the temperature change, different patterns of crystal growth were observed in the doped BZT ceramics. When the sintering
temperature increased from 1200 °C to 1350 °C, the patterns of normal-abnormal-normal grain growth were changed accordingly.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In recent years, BaTiO3-based ceramics have received much
attention from the scientific community in the process of
searching for the lead-free ferroelectric materials [1-12].
Through chemical substitutions for A sites or B sites in
BaTiO; ceramics, the different electrical properties can be
acquired to meet our requirements for specific utilization.
Among them, Ba(Zr,Ti;_,)O; (BZT) solid solution has
attracted considerable attention for its special characteristics.
Through modifying the Ti** /Zr* T ratio of the BZT material,
its three phase transition temperatures of rhombohedral-
orthorhombic (7g_p), orthorhombic—tetragonal (7To_t) and
tetragonal—cubic (7¢) phase transitions can be shifted*, and
then desired piezoelectricity, dielectric relaxation and tunabil-
ity can be developed with specific zirconium content, resulting
in wide use for various device applications, such as piezo-
electric transducers, dynamic random access memories,
tunable microwave devices, and so on [9-12].

However, the homogeneous and dense microstructure is
quite hard to be obtained in BZT ceramics, and their sintering
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temperatures are usually required to be as high as 1400-
1500 °C. These drawbacks severely restrict their practical
applications [4-8,13—15]. Recently, much effort has been
taken to find sintering aids, such as CuO, Li,O, MnO,,
Bi,05 [16-20]. CuO, as an additive, may result in liquid
phase sintering in ceramics, thereby significantly promoting
the densification, lowering the sintering temperature, and
improving the electrical properties of ceramics. Hence, it was
widely used in lead-free piezoelectric (Bi,Na)TiO5; and (K,Na)
NbO;5 systems [21-25]. Nonetheless, its effect on the micro-
structure and piezoelectric properties of BZT ceramics as a
sintering aid has been seldom reported.

In this work, we investigate systematically the microstruc-
ture and electrical properties of CuO-modified BZT ceramics.
Ba(Zrg o5Tip.95)O5 has excellent piezoelectric performance (as
shown in Fig. 1) and relatively high Curie temperature, it was
therefore chosen as the matrix material.

2. Experimental procedure
BZT +x mol% CuO ceramics with x=0, 0.2, 0.7, 1.2 and

4.0 were fabricated by the solid state reaction route. The raw
materials were BaCO3 (99%), TiO, (98%) and ZrO, (99%).
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Fig. 1. The piezoelectric coefficient ds3 and planar mode electromechanical
coupling coefficient k, of the BZT ceramics as a function of the zirconium
content. All the samples were sintered at 1400 °C.

The raw powder was thoroughly ball mixed with ZrO, balls for
24 h using ethanol as the medium. The homogeneous mixtures
were calcined at 1250 °C, and then the pre-synthesized BZT
powder and CuO powder were mixed according to the formula
and re-milled for 24 h. The powders were subsequently mixed
with a polyvinyl alcohol (PVA) binder solution and compacted
into disk samples with a diameter of ~1.0 cm and a thickness
of ~ 1.0 mm. After burning out PVA at 850 °C for 2 h, pellets
of CuO-doped BZT were sintered at 1200-1350 °C for 3 h,
while the pure BZT was sintered at 1400 °C. Then the silver
pastes were fired at 800 °C for both sides of these samples as
electrodes for electrical measurements. All samples were poled
at room temperature of 25 °C in a silicone oil bath under a DC
field of 3.0 kV/mm for 10 min.

The phase structure of these ceramics was measured using
X-ray diffraction (XRD) (DX1000, PR China). Surface morphol-
ogies of the specimens were determined by scanning electron
microscopy (SEM) (Philips, XL.30). The dielectric properties of
these ceramics were firstly evaluated using a TH2816 LCR meter
at 1 kHz, and then the dielectric behavior as a function of the
measurement temperature was carefully measured by using a
programmable furnace with an LCR analyzer (HP 4980, Agilent,
USA). The piezoelectric constant dz; of the ceramics was
measured using a piezo-ds3 meter (ZJ-3A, China). The polariza-
tion versus electric field (P-E) hysteresis loops of the ceramics
were measured using a Radiant Precision Workstation (Radiant
Technologies, Inc., USA) at 20 Hz.

3. Results and discussion

3.1. Effect of CuO content on the structural and electrical
properties of the ceramics

The crystal structure of the BZT+x mol% CuO ceramics
with x=0, 0.2, 0.7, 1.2 and 4.0 was determined by X-ray
diffraction. As shown in Fig. 2, all the samples exhibited pure
orthorhombic perovskite structure as Ba(Zr ¢5Tig.95)O3 and no
second phase was detected within the resolution limit of the

apparatus [12,26,27]. However, the lattice parameter was
affected by the introduction of CuO addition. The refined
XRD patterns reveal that the XRD peak of the CuO-modified
BZT ceramics was shifted to lower angle with increase of CuO
content, indicating an increase of lattice parameter in the
specimens. Considering that the ionic radius of Cu®™ (0.73 A)
is larger than both Zr*t (0.72 A) and Ti*" (0.605 A), it is
hard to enter the interstitial positions of crystals, so we can
reasonably speculate that some Cu®™ ions enter the B-site of
the BZT ceramics, leading to an increase of lattice parameter
[23,28]. However, when x > 1.2, owing to the limit of solid
solubility of Cu?™ ions in the BZT matrix, the excessive cu?t
ions concentrate on the grain boundary, thereby the crystal
lattice does not increase any more with further increase of CuO
content, as shown in Fig. 2(b).

The surface morphologies of the BZT ceramics with different
CuO contents are shown in Fig. 3. When x=0.2, the BZT
ceramics show a porous surface morphology, and the grain size
is fairly small, indicating the process of grain growth was
incomplete. As the CuO content increases, the microstructure of
the ceramics becomes denser and the grain size increases
monotonously. Specifically, when x increases to 4.0, the
extremely coarse grain was observed, as shown in Fig. 3(d).
This is similar to what was observed in the pure BZT ceramics
sintered at 1400 °C, as presented in the inset of Fig. 3(d).
Besides, some thin amorphous intergranular phase appeared at
grain boundaries and triple conjunctions [29]. This may be
related to complex oxide of copper and other impurities. Just as
the analysis in XRD profiles, due to the limit of solid solubility
of Cu®™" ions in the BZT matrix, the excessive copper and other
impurities should separate out and concentrate at the grain
boundaries and triple conjunctions, as shown in Fig. 3(d). In
contrast to the pure BZT ceramics, the CuO modified samples
have denser microstructure; meanwhile, their grain morpholo-
gies are more homogeneous. The microstructural improvement
in the CuO-modified BZT ceramics may be caused by the liquid
phase sintering effect due to the introduction of CuO sintering
aid [22,23,25]. Because the grains were enclosed by liquid
phase in the sintering process, the grain growth tended to be
isotropic, and thus the spherical grains were developed finally.

Fig. 4 plots the temperature dependence of the dielectric
properties for the BZT ceramics doped with different CuO
contents, namely, x=0.2, 0.7, 1.2 and 4.0 mol%. From Fig. 4
(a)—(d) we can see that a small amount of CuO additive has no
obvious influence on the cubic—tetragonal phase transition
(Tc). However, the ceramics with 0.2 and 0.7 mol% CuO
additives display a diffuse phase transition (DPT) characteristic
for both T and To_t transitions. With the increasing of CuO
content, the ¢ transition peak becomes sharper and the To_t
transition peak becomes more obvious gradually, as shown in
Fig. 4(c) and (d). Besides, we also notice that the BZT +4.0
mol% CuO ceramic has much higher dielectric losses than the
ceramics with x=0.2, 0.7 and 1.2. This may be attributed to
the excessively doped CuO additives, as shown in Fig. 3(d).

Fig. 5 plots the room temperature polarization—electric field
(P-E) hysteresis loops for the BZT ceramics with different
CuO contents. As shown in Fig. 5(a), the sample with 0.2 mol
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Fig. 2. X-ray diffraction patterns of the BZT +x mol% CuO ceramics with x=0, 0.2, 0.7, 1.2 and 4.0. The BZT ceramics with CuO additives were sintered at
1250 °C, while the pure BZT ceramics were sintered at 1400 °C.

Fig. 3. Surface morphologies of the BZT ceramics with different CuO contents detected by SEM.

% CuO presents an unsaturated P—E loop. This is mainly which is even smaller than that for the 1400 °C-sintered BZT
caused by the high leakage current due to the porous with no CuO addition. By contrast, the coercive field is
microstructure, as shown in Fig. 2(a). Note that with the increased again for the BZT ceramic with 4.0 mol% CuO,
increase in CuO content, the ceramics begin to present the  which becomes much larger than that for the BZT with 1.2 mol
typical P-E loop characteristic with reduced loop area and % CuO. This is probably because the ceramics become ‘“hard”
sharpened saturated polarization, as shown in Fig. 5(b)—(d). with excessively doped CuO, as discussed in the XRD profiles.
We also notice that the BZT ceramic with 1.2 mol% CuO Doping of CuO into the BZT ceramics leads to a small amount
possesses the minimum coercive field with E.~0.16 kV/mm,  of Ti*" substituted by Cu®", thereby a certain amount of
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Fig. 4. Temperature dependence of the dielectric properties of the BZT ceramics doped with different CuO contents, i.e., x=0.2, 0.7, 1.2 and 4.0 mol%.

oxygen vacancies are generated with the presence of excess
cupric ions in samples, i.e., the so-called defect dipoles are
formed. The defect dipoles have a pinning effect on the
ferroelectric domain switching, eventually increasing the
coercive field [17,23,24].

Fig. 6 plots the piezoelectric coefficient d33 and planar mode
electromechanical coupling coefficient k;, of the CuO modified
BZT ceramics as a function of the CuO content. With a small
amount of CuO additives mixed in the BZT matrix, the ds3 and
kp values increase rapidly, then reach their maximum values
with d33~320 pC/N and k,~44% at x=1.2. This d33 result is
much better than those reported in the literature, where
d33~208 pC/N for the BZT ceramics sintered at 1400 °C [6]
and d33~266 pC/N for the BZT ceramics sintered at 1450 °C
[27]. The enhanced piezoelectric properties are mainly attrib-
uted to the densified microstructure and enlarged grain size of
the ceramics, benefited from the liquid phase sintering due to
the introduction of CuO sintering aids. Furthermore, the
occurrence of orthorhombic—tetragonal phase transition near
room temperature (Fig. 4) and the minimal E. value of the
BZT-1.2 mol% CuO ceramics (Fig. 5) are also favorable to the
high piezoelectric performance. It should be pointed out that
the ds3 and k,, drop respectively to a lower value slightly when
x=4.0. This could be explained as follows: the enhanced
piezoelectric properties by enlarged grain size and densified
microstructure are partially canceled out by the ‘hardening’
effect of CuO and the existence of the amorphous intergranular
phase in ceramics, as analyzed above.

3.2. Effect of sintering temperature on Ba(Zr 9sTip.05)
03-1.2 mol% CuO (abbreviated as BZT-12Cu) ceramics

The XRD patterns of the BZT-12Cu ceramics sintered at
different temperature are shown in Fig. 7. As can be seen, all
the samples present similar orthorhombic perovskite phase
structure [12,26,27]. However, as the sintering temperature
increases to 1300 °C, a second phase, revealed by the diffrac-
tion peak at 20=28.7°, begins to appear, then becomes distinct
with further increase in temperature, indicating that too high
sintering temperature may result in the appearance of
second phase.

The surface morphologies of the BZT-12Cu ceramics
sintered at different temperatures are shown in Fig. 8. It is
noteworthy that different microstructures and grain morphol-
ogies were observed for the ceramics sintered at different
temperatures. As shown in Fig. 8(a), the ceramic even sintered
at 1200 °C has dense microstructure with homogeneous and
small spherical grains. However, when the sintering tempera-
ture was increased to 1250 °C, an interesting phenomenon was
observed. With the appearance of abnormal grain growth
(AGQG), the distribution of grain size presents a typical bimodal
characteristic. A small fraction of coarse grains are surrounded
by a large amount of fine grains and grow up rapidly through
consuming them. From the magnified image, as shown in the
inset of Fig. 8(b), we can see that the coarse grains have
faceted and straight grain boundary with hill-and-valley
shapes, as similarly observed in alumina [29]. It is proposed
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Fig. 5. Room temperature polarization—electric field (P—E) hysteresis loops for the BZT ceramics with different CuO contents of x=0, 0.2, 0.7, 1.2 and 4.0.

that these grain boundaries have singular ordered structures
with low boundary energies and their growth by lateral step
movement can cause the AGG [29,30]. The occurrence of
AGG could be explained by a two-dimensional nucleation
mechanism, as already discussed in Refs. [31,32]. As the
sintering temperature further increases, however, the grain
morphology changes again. Once fine matrix grains are
completely replaced by coarse grains, the angular grains with
flat surface and lath shape elongated at one particular direction
appear. Further grain growth is retarded and the distribution of
grain size starts a trend to be uniform at this stage, as shown in
Fig. 8(c) and (d). Besides, the excessive sintering temperature
leads to the occurrence of amorphous intergranular phase, as
shown in Fig. 8(d), which was concentrated at the grain
boundaries or triple conjunctions with the growth of grains.
The observance of amorphous intergranular phase here is in
good agreement with the second phase observed in XRD
profile as shown in Fig. 7.

The temperature dependence of the dielectric properties of the
BZT-12Cu ceramics sintered at different temperatures is shown
in Fig. 9. The tetragonal-cubic phase transition at 7c was
observed in all the samples. It is noted that the sintering
temperature has no obvious influence on 7¢ of the ceramics,
which is maintained at about 100—110 °C; however, the dielectric
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Fig. 6. The piezoelectric coefficient d33 and planar mode electromechanical
coupling coefficient k, of the CuO modified BZT ceramics as a function of the
CuO content.

constant at 7¢ is increased and the phase transition peak becomes
sharper with increasing the sintering temperature.

Fig. 10 plots the room temperature P—E hysteresis loops for
the BZT-12Cu ceramics. It can be seen that all the ceramic
samples exhibit saturated rectangle loops except the sample
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sintered at 1200 °C. The remanent polarization increases
slightly with the increase of sintering temperature, while the
coercive field maintains low. The piezoelectric properties as a
function of the sintering temperature are shown in Fig. 11. As
can be seen, both the piezoelectric constant d33 and the planar
mode electromechanical coupling coefficient k, increase
rapidly when the sintering temperature is below 1250 °C.
However, the piezoelectric performance has no obvious enhance-
ment when the sintering temperature further increases from
1250 °C to 1350 °C, although the grain size keeps on increasing.
This may be attributed to the compromise between the enlarged
grain size and the second phase arising from high sintering
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Fig. 7. X-ray diffraction patterns of the BZT-12Cu ceramics sintered at

different temperatures.

temperature. It is known that these two factors can enhance and
lower the piezoelectric properties. In combination, the ceramics
sintered at 1250 °C show preferable overall performance.

4. Conclusions

In this work, we have investigated the influence of CuO
additive content and sintering temperature on the structure and
electrical properties of BZT ceramics. It is demonstrated that a
small amount of Cu®*" ions can enter the crystal lattice to
substitute Ti** ions and change the lattice constant, but excess
CuO additive may result in the occurrence of some thin
amorphous intergranular phase at the grain boundaries and
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Fig. 9. Temperature dependence of the dielectric properties of the BZT-12Cu
ceramics sintered at different temperatures.

Fig. 8. Surface morphologies of the BZT-12Cu ceramics sintered at different temperatures detected by SEM.
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triple junctions, which has a negative effect on the piezo-
electric performance of ceramics. The best piezoelectric
properties with ds33~320 pC/N and k,~44% were acquired
at x=1.2 when the ceramics were sintered at 1250 °C. The ds3
value obtained is even higher than that for pure BZT sintered
at 1400 °C (with d33~306 pC/N), while the sintering tempera-
ture was lowered by 150 °C. The microstructure of the BZT
ceramics was sensitive to the sintering temperature. With the
increasing of sintering temperature, the grain morphology

changed from spherical to elongated. Meanwhile, the abnormal
grain growth (AGG) occurred at the higher sintering tempera-
tures, which resulted in faceted and straight grain boundaries
with hill-and-valley shapes. AGG made grains growth up
rapidly and all the fine grains were replaced by coarse grains
finally. However, the further increased sintering temperature
led to the occurrence of amorphous intergranular phase, which
may suppress the piezoelectric properties of ceramics. The
excellent piezoelectric and electrical properties obtained in the
low temperature sintered CuO-modified BZT ceramics render
them good candidates for lead-free piezoelectric applications.
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