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Abstract

Lead-free piezoelectric compositions based on (Ba,Ca)(Zr,Ti)O; have been reported to exhibit many
piezoelectric properties similar to the conventionally used Pb(Zr,Ti)O; materials, and have thus been
attracting much attention as potential replacements for lead-based piezoceramics. However, there
appears quite a wide variation in the reported piezoelectric properties of the BCZT ceramics,
indicating that such properties may be sensitive to fabrication and processing methods. This paper
reports an investigation of a wide range of processing factors, including composition (e.g. ratio of
Ba(Zr,Ti)O; to (Ba,Ca)Ti0O;), sintering conditions (temperature and cooling rate), particle size of the
calcined ceramic powder, structure and microstructure (e.g. phase, lattice parameters, density and
grain size), and their effect on the piezoelectric properties. For individual compositions, lattice
constants and grain size, which are themselves dependent on the ceramic powder particle size and
sintering conditions, have been shown to be very important in terms of optimising piezoelectric
properties in these materials.

Keywords: BCZT; lead-free piezoelectric; processing; microstructure; d;
1. Introduction

Lead (Pb), although being a highly toxic element, is widely used in a range of piezoelectric ceramic
compositions, e.g. PZT (PbZr,Ti;O;), PMN-PT (PbMg,;3Nb,;305-PbTiO;) and PZnN-PZT
(PbZn;5Nb,305-PZT). However, driven by impending environmental legislation, there is now an
urgent need to develop environmentally friendly piezoelectrics' where the lead content is much
reduced or, preferably, eliminated. As a result, a number of lead-free perovskite piezoelectric
materials, such as BNT-BT (Bi;»Na,,TiO3-BaTiO3), KNN (K, ,Na,NbO;), BCZT ((Ba,Ca)(Zr,Ti)O3)
and their doped counterparts, have received considerable attention in recent years because of their
environmental friendliness, and their good piezoelectric properties (e.g. piezoelectric charge
coefficient ds; of 200-600 pC/N, coupling coefficient k, of 0.3-0.5) which are similar to
conventionally used hard or soft PZT"*** % Also, BNT-BT and KNN based compositions exhibit
high Curie temperatures (7, =200-400 °C)*, which, together with the above characteristics, has made
them promising candidates to replace conventional PZT for applications of sensors, actuators and
transducers. For example, textured KNN ceramic doped with LiTaO; and LiSbO; have been reported
to exhibit d;; values ~416 pC/N and a 7, of 253 °C’, and d;, k, and T, values of ~425 pC/N, 0.5 and
~200 °C respectively have been reported for a KNN-BaZrO; composition doped by Li and Sb at the
rhombohedral-tetragonal morphotropic phase boundary (MPB)’. In addition, a series of alkaline-
niobate based systems have been made with good piezoelectric properties, e.g. ds; values between
390-490 pC/N and T,.217-304 °C.

One particular milestone of the development of lead-free piezoelectrics could be considered to be the
reports of extremely high ds; values in a solid solution of (1-x)Ba(Zry,Tigs)Os3-x(Bag;Cag3)TiO;s
(1-xBZT-xBCT) with a peak value about 620 pC/N at the x=0.5 composition®, even higher than that
of a ‘soft’ PZT™’. Particular features of the BZT-BCT system are the strongly curved Morphotropic
Phase Boundary (MPB)*' between rhomboheral BZT and tetragonal BCT structures, and also its
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sensitivity to processing and fabrication method. The piezoelectric properties of 0.5BZT-0.5BCT
ceramics are reported to be affected by powder synthesis method* ®, optimisation of sintering” ',
poling conditions'” '* and measurement environment™ *. For example, an increase of sintering
temperature from 1300 °C to 1500 °C for ceramics of composition (BaggsCag5)(ZroTip9)O; resulted
in an increased density and increased average grain size as well as improved piezoelectric properties,
a peak d;; value of 442 pC/N being reported for samples sintered at 1440 °C'*. Also, with addition of
an appropriate amount of ZnO, the tricritical point (cubic-rhombohedral-tetragonal phase boundary)
of (BaggsCag 15)(Zr.1Tip9)O3 was moved to around room temperature, thus inducing an improved d;
value of 521 pC/N and £, of 0.48". In addition, it has been reported that the piezoelectric properties
(e.g. ds3, k,) of (BaggsCag,s5)(Zr,T1)O3 ceramics could be maximised by tailoring the Zr/Ti ratio
towards 0.1/0.9 where two ferroelectric phases co-existed and by using optimised poling conditions
(temperature 40 °C ) and electric field 4 kV/mm)'.

In terms of synthesis methods,, Liu and Ren* used an uncommon way to synthesise the BCZT powder,
whereby BaZrO; powder was made initially and then mixed and reacted with other starting materials
(BaCO;, CaCOj; and TiO,) to the required stoichiometry. The calcination and sintering temperatures
used in this process were relatively high at 1350 °C and 1450-1500 °C respectively, and they obtained
ds; values of 560-620 pC/N*, which have been the highest reported values for this composition to date.
Other researchers have used a more conventional way of mixing all the starting materials (BaCOs;,
CaCQOs, TiO, and ZrO,) together and reacting them, but the reported piezoelectric properties have
been rather variable (d; from 280 pC/N to 570 pC/N)* ' 17 18 However, Tian et al.', using a
conventional solid state powder synthesis method as mentioned above but with lower calcination and
sintering temperatures (1200 °C and 1400-1420 °C respectively), obtained a ds; value of about 570
pC/N, close to those reported by Liu and Ren.

In addition, Li et al.'" reported that increasing the poling temperature to the phase transition regions of
the 0.5BZT-0.5BCT composition was able to improve the ds; values, especially when the poling
voltage was applied above the Curie temperature and kept on during cooling. Also, as the MPB is
curved around room temperature for the 0.5BZT-0.5BCT composition, even a variation of
environmental temperature during measurement could lead to a slight move away from the MPB and
hence lead to a decrease in the measured d3; value.

Although the measured piezoelectric properties of the BCZT piezoelectric ceramics seem to be rather
sensitive to processing, there has been a paucity of published research concerned with establishing the
relationships between processing, microstructure and properties. Microstructural features such as
grain size and porosity will have a direct influence on material properties'” *°, and these will be
determined by the overall fabrication process. As a first step to understand these complex
interdependencies, this paper reports the effects of fabrication parameters (e.g. sintering procedure
and powder particle size) on the microstructure, structure and piezoelectric properties (e.g. grain size,
density, phase and lattice parameters, ds;) for a wide range of compositions of the (1-x)BZT-xBCT
pseudo-solid solution system (0.3 < x < 0.9). Also, as the centre composition at x=0.5 has been
considered the most attractive for industrial applications, there is particular emphasis on this
composition, in order to contribute to the development of a fabrication standard for BCZT
piezoelectrics.

2. Experimental

Powders with compositions of 0.1BZT-0.9BCT (1/9 BCZT), 0.3BZT-0.7BCT (3/7 BCZT), 0.4BZT-
0.6BCT (4/6 BCZT), 5/5BCZT, 0.6BZT-0.4BCT (6/4 BCZT) and 0.7BZT-0.3BCT (7/3 BCZT) were
prepared by solid state reaction, mixing and calcining stoichiometric quantities of BaCO; (>99.5%,
Dakram, UK), CaCO; (PA, Lachner, CZE), TiO, (>99.5%, Dakram, UK) and ZrO, (>99.5%, Dakram,
UK) powders. The mixing was carried out in distilled water on a horizontal ball mill with ZrO, balls
for 24 hours, followed by drying at 90 °C for 24 hours. The mixed powders were then calcined at
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1100 °C for 4 hours, followed by further horizontal ball milling with ZrO, balls and distilled water to
yield a calcined powder with an average particle size (Dsg) of about 5 um. In order to obtain powders
with different particle sizes so that their effects on material microstructures and piezoelectric
properties could be investigated, vibratory milling and planetary milling were applied on portions of
the calcined 5/5 BCZT powder, resulting in reductions in D5, to about 3 pm and 1 pm, respectively.
The milled powders were then mixed with 10 wt% of a combination of two types of water-based PVA
binder (Duramax B-1000 and B-1007, Chesham Chemicals Ltd., UK), and unixially pressed at 148
MPa into disc-shaped green bodies with diameter of 13 mm and thickness under 1 mm. The green
bodies were subsequently sintered at selected temperatures between 1300-1525 °C for 4 hours in air,
with heating and cooling rates of 5 °C/min. 1 hour dwells at 350 °C and 500 °C were included during
the heating cycle in order to burn off the binders. Some samples were also subjected to a slower
cooling rate (1 °C/min). Au-Cr electrodes were sputtered on both sides of the sintered discs. Finally,
all samples were poled at room temperature (20-25 °C) in a silicone oil bath under a DC electric field
of 3 kV/mm for 10 minutes.

The particle sizes of the calcined and milled ceramic powders were measured using a particle size
analyser (Gracell, Sympa Tec, Germany). The densities of all the sintered ceramic samples were
calculated by the Archimedes method, and then expressed as a percentage of the theoretical density
(defined as relative density) using theoretical values calculated from the X-ray diffraction (XRD) data.
The theoretical density of each BCZT composition was calculated according to the atomic weight and
unit cell lattice parameters from XRD, and assuming the sintered ceramics were fully dense. XRD
(SmartLab, Rigaku, Japan) was used to identify the phases present and their lattice parameters, and
sintered grain sizes were obtained using the linear intercept method®' on scanning electron
micrographs (SEM, Ultra Plus, Zeiss, USA) of polished samples which had been thermally etched for
10 mins at a temperature 100 °C below the sintering temperature. The ds; values of the poled samples
were measured by a Berlincourt d;; meter (YE2730A, Sinocera, China), and ferroelectric hysteresis
loops (P-E loops) of selected samples were measured using a Piezoelectric Evaluation System
(AiXPES, Aixacct, Germany). The temperature dependence of the dielectric properties (relative
permittivity and dielectric loss factor) were characterised using an impedance analyser (4194A,
Hewlett Packard, USA) and an environmental chamber (TJR, Tenny Environmental-SPX, USA).

3. Results and Discussion
3.1. Effects of Sintering on Grain Size and Density

The effect of sintering temperature on the relative density and grain size of samples with different
compositions and fabricated from 5 pm powders is shown in Fig. 1, where sintering was carried out
with the normal cooling rate of 5 °C /min

All of the samples achieved greater than 90 % relative density, which suggested that sintering
temperatures of 1400-1500 °C were sufficient for the 5 pm BCZT powders to produce good quality
ceramics. However, it is noticeable that the sintered grain sizes were between 10-50 um for the
samples with compositions of 1/9, 3/7, 4/6, 5/5 and 6/4 BCZT and >60 um for those of the 7/3 BCZT
composition. These values are much larger than the typical values of around 1-5 um for PZT
ceramics™ >, and indicates that the grain growth of the BZT-BCT pseudo-solid solution might follow
a similar pattern to that of BaTiO; where rapid grain growth is a well-established phenonenon'**, It
can also be seen that the relationship between sintering temperature and density or grain size is
different for each composition. For the 1/9, 3/7 and 7/3 samples (see Fig. 1 (a)(b)(f)), maximum
density was achieved in samples sintered at 1475 °C. However, for the 5/5 composition (see Fig. 1 (d))
density continued to increase up to 1500 °C, and for the 4/6 and 6/4 compositions (see Fig. 1 (c)(e))
maximum densities were achieved at lower sintering temperatures. For the 6/4 composition samples a
density minimum was observed at 1475 °C with densities increasing again up to a sintering
temperature of 1525 °C (see Fig. 1 (e)).



The variation in grain size with sintering temperature is more complex to summarise. Such a
phenomenon of irregular density and grain size trend might imply an unusual densification and grain
growth mechanism for the different compositions, but such a discussion is beyond the scope of this
paper. However, the observed behaviour does enable samples with a broad range of different average
grain sizes to be prepared as was required to support the subsequent investigation on relationships
between grain size and piezoelectric properties.

The effect of lowering the cooling rate from 5 to 1 °C/min during the sintering process was
investigated for the 1/9, 3/7 and 5/5 BCZT composition samples sintered at 1475 °C, and the effects
of this on the relative density and grain size are shown in Fig. 2, and compared to values obtained
using the normal cooling rate.

It can be seen that the implementation of a slower cooling rate always increased the relative density of
all compositions by 2-3 % (see Fig. 2 (a)). This could be expected due to the increased overall time at
high temperatures experienced by the samples. However, the effect on grain size was dependent on
sample composition (see Fig. 2 (b)). For the 1/9 BCZT samples, slow cooling led to approximately 10
um smaller average grain size than obtained by normal cooling, whereas for the 5/5 BCZT samples,
the average grain size for slow cooled samples became about 10 um larger. However, for the 3/7
BCZT composition, no obvious difference in grain size with cooling rate was observed. This
behaviour may imply that the mechanisms of grain growth for compositions across the BZT-BCT
pseudo-solid solution system might vary and, as mentioned above, this may cause a complexity for
the investigation of the sintering of BZT-BCT ceramics. However, changes in the cooling rate during
sintering could be a supplementary method used to obtain specific samples with different average
grain sizes, providing further support to the subsequent investigation on relationships between grain
size and piezoelectric properties.

3.2. Effects of Particle Size on Sintering Behaviour and Grain Growth

It is well-known that powder particle size can have a major influence on the sintering behaviour of
ceramics, with smaller particle size, higher surface area powders usually sintering more quickly and
enabling the use of lower sintering temperatures™. Hence, in this study, the effects of particle size of
the calcined ceramic powder on sintering behaviour, microstructure and final piezoelectric properties
of samples of the 5/SBCZT composition have also been investigated. The variation of relative density
and grain size with sintering temperature for 5/5 BCZT samples made from ceramic powders with Ds
particle sizes of 5, 3 and 1 pm are shown in Fig. 3.

As would be expected, the use of smaller powder particles enables densification to be achieved at
lower sintering temperatures. For example, densities >96 % were achieved in samples made from the
1 um powder sintered at 1300-1350 °C, while sintering temperatures of 1425-1450 °C and 1500 °C
are required for samples made from the 3 um and 5 pm powders, respectively, in order to achieve the
same level of densification (see Fig. 3 (a)). The density of samples prepared from the 1 um powder
decreased with an increase of sintering temperature (see Fig. 3 (a)). As significant densification was
achieved at a sintering temperature of 1300 °C, a contributing factor in achieving lower densities for
higher sintering temperatures could be that grain growth started to take place before densification was
completed (see Fig. 3 (b)), possibly leading to trapped porosity. Similarly, the maximum densification
of samples produced from the 3 um powder was achieved at a sintering temperature of 1425 °C with a
corresponding grain size of approximately 20 um. At higher sintering temperatures the grain size
increased (see Fig. 3 (b)) and density decreased (see Fig. 3 (a)). For the samples produced from the 5
um powder, densification and grain growth increased together over the more limited range of
sintering temperatures that were investigated, the slower densification behaviour possibility being
dominated by use of the larger particle size powder with surface lower surface area.



It is interesting to see that for sintering temperatures >1400 °C smaller powder particle size resulted in
larger sintered grain size (see Fig. 3 (b)). For example, the average grain sizes of the samples made
from the 1 um, 3 pm and 5 um powders and sintered at 1450 °C were about 20 pm, 35 um and 55 pm,
respectively. Example microstructures of sintered and thermally etched samples fabricated from 1, 3
and 5 pm powders are shown in Figs. 4, 5 and 6, respectively. Although it has been reported
previously that increased grain size tended to induce improved piezoelectric properties'’, a broader
investigation is reported here and a discussion about the effects of grain size and other structural
factors on piezoelectric properties is presented in sections 3.4 and 3.5.

3.3 Effects of Composition on Dielectric Properties

The temperature dependence of relative permittivity (e,) and dielectric loss factor (fand) for the
samples of each composition sintered at 1475 °C are shown in Fig. 7. All samples were produced
using powders with a particle size of 5 um. The phase transition regions for each composition were
taken to be when the peaks (or gradient changes) of the relative permittivity and dielectric loss factor
could be observed at the same temperature. It can be seen that the 1/9 and 7/3 compositions exhibited
only one phase transition in the range of -50 to 130 °C at 100-120 °C, 110-130 °C and 55-75 °C
respectively. These phase transitions are indicative of the Curie temperature for each composition and
are consistent with those in the literature®® ?°. However, for the 4/6, 5/5 and 6/4 compositions, more
than one phase transition is observed in the measured temperature range. A draft of phase diagram has
been plotted using the phase transition temperatures observed in Fig. 7, and is shown in Fig. 8.

It can be seen that the phase diagram in Fig. 8 is rather similar to that first reported by Liu and Ren®,
where a curved MPB sits between the rhombohedral and tetragonal phases and a tricritical point is
found near the composition of 7/3 BCZT at about 60 °C, and thus the cubic, tetragonal and
rhombohedral phase fields have been tentatively marked on the diagram. Some recent reports'® *°
have proposed the existence of an additional phase region between the rhombohedral and tetragonal
phases. Such a phase region can also be observed in Fig. 8 (marked as phase y) which could therefore
be tentatively defined as an orthorhombic'> *° phase region, as found in the parent BaTiO;
composition. The definition of such a phase diagram (Fig. 8) is crucial in order to explain and
understand the relationships of material processing, microstructure and electrical properties, and
further work in this area is planned. It can be expected that a composition falling on the boundary
between two ferroelectric phases (i.e. an MPB) should have good poled piezoelectric properties, as
more domain orientations would be allowed in these regions.

3.4 The Effect of Sintering and Particle Size on Structure and Lattice Parameters

Different sintering temperatures may not only affect densification and grain growth, but also alter the
structural phases present in the sintered ceramics and their lattice parameters. Thus, the effects of
sintering and powder particle size on the structural phases and lattice parameters of the 1/9, 3/7, 4/6,
5/5, 6/4 and 7/3 BCZT compositions were also investigated. The XRD patterns obtained at room
temperature of the 4/6 BCZT samples sintered at 1425, 1475 and 1525 °C are shown in Fig. 9.

All of the XRD patterns corresponded to perovskite-type structures, with the tetragonal modification
identified as the dominant phase in all of the samples. Evidence for this can be seen by the splitting of
the (001)/(100) and (002)/(200) peaks (Fig. 9 (1) and (4)), as well as the single peak of for the (111)
reflection (Fig. 9 (3)). The only other peaks correspond to the Ka, wavelength of the X-ray source
used (marked in Fig. 9 (3) and (4)), and reflections from the sample holder. This is consistent with the
phase transition behaviour shown in Fig. 7 (b) and the phase diagram presented in Fig. 8, where the
4/6 BCZT composition is in a tetragonal phase region at room temperature. It can also be seen that for
the samples sintered at different temperatures, there are only very small differences of the peak
positions, intensities and shapes, even in the magnified sections of individual peaks (see Fig. 9
(1)(2)(3)(4)). The lattice parameters of the corresponding structures are listed in Table 1 where it can



be seen that although the values of lattice parameter of the samples sintered at different temperatures
were slightly different, the ¢/a ratios were identical.

The effects of both sintering temperature and calcined powder particle size on the structures and
lattice parameters of the 5/5 BCZT samples are shown in Fig. 10 and Table 2.

Again, it can be seen that the tetragonal modification of the perovskite structure was identified as the
majority phase present in all of the 5/5 BCZT samples made from 1 pm or 5 pum powder and sintered
at 1325 °C or 1500 °C. However, as the shapes of the peaks labelled as Ka, in Fig. 10 (3) and (4) vary
with processing conditions, unlike those labelled in Fig. 10 (3) and (4), it is likely that the
orthorhombic phase is also present. The identification of more than one phase is consistent with the
phase transition behaviour shown in Fig. 7 (¢) and the phase diagram shown in Fig. 8, where the 5/5
BCZT composition at room temperature falls in the region of the MPB of orthorhombic and tetragonal
phases. The lattice parameters of tetragonal phase are given in Table 2. Comparing the samples made
from the same powder (1 um) but sintered at different temperatures (1325 °C and 1500 °C), the XRD
patterns appear extremely similar to each other (see Fig. 10 a* and b*). The only differences were
found on the specific lattice parameters as listed in Table 2, resulting in a slightly larger c/a ratio for
the sample sintered at 1325 °C compared to that sintered at 1500 °C. However, when comparing the
samples sintered at the same temperature (1500 °C) but made from powders of different size (1 pm
and 5 pm), more significant differences were observed on the XRD patterns (see Fig. 10 b* and c*),
especially for some characteristic peaks as highlighted in Fig. 10 (1)(2)(3)(4). In particular, a separate
peak corresponding to the (002) tetragonal can be observed on pattern c* in Fig. 10 (4), implying a
more significant co-existence of the orthorhombic and tetragonal phases. As a result, notably larger
c¢/a ratios for the samples prepared with the 5 um powder compared to those prepared with the 1 um
powder were measured, as shown in Table 2.

The variation in the c/a ratios of the tetragonal phases identified in samples of the 1/9, 3/7, 4/6 and 5/5
BCZT composition fabricated from 5 um powders and sintered at 1475 °C are shown in Fig. 11.
Samples from the 6/4 and 7/3 BCZT samples were identified as having rhombohedral structures so are
not included. It can be seen that there is a small but distinct linear reduction in c¢/a as the Ca content
deceases. A variation in lattice parameter with composition is to be expected due to the different ionic
sizes of the constituent cations. This has been observed for the BCT system”’ where both the ¢ and a
parameters decreased with increasing Ca content, but the resulting c¢/a ratio was approximately
independent of Ca content with a value of 1.009 in the same Ca composition range. However, in the
BCZT system investigated in this work, an increase in the Ba®*"/Ca®" ratio is accompanied by a
decrease in the Ti*"/Zr*" ratio, thus involving more complex changes in both the A and B sites of the
perovskite lattice. The reported c/a ratio of the Ba(Zr,Tipg)Os (the end composition without Ca’ in
this paper) powder made by a sol-gel process is 1.0011 (tetragonal phase)®®, whereas the largest c/a
ratio of 1.009 achieved by the 1/9 BCZT sample in Fig. 11 is close to the reported datum of 1.01
(tetragonal phase) for the parent composition BaTiO;”.

Summarising the results from the structural investigations, it would appear that, for any particular
BZT-BCT composition, as long as the samples were sintered into well densified ceramics (with > 90 %
relative density, see Fig. 1 (c) and (d)), sintering temperature does not affect the crystal structures or
lattice parameters (e.g. ¢/a ratio). However, although particle size is not likely to be a driving force to
alter crystal structures, it might have effects on the specific lattice parameters and resulting c/a ratios.
The composition also has an obvious influence on the c¢/a ratio. In principle, the c/a ratio is a factor
describing the anisotropy of tetragonal perovskite unit cells, which should be related to
ferroelectric/piezoelectric response (e.g. remanent polarization and djs;), and this is explored in the
next section.

3.5 Effects of Microstructure on Piezoelectric Properties



In an effort to correlate the microstructures of the BZT-BCT ceramics with their piezoelectric
properties, and thus further define the influence of processing, the relative density, average grain size,
average c/a ratio, structures, corresponding d;; values and brief sintering procedures of samples of the
1/9, 3/7, 4/6, 5/5, 6/4 and 7/3 BCZT compositions made from 5 um powders are listed in Table 3.

All of the samples achieved a relative density >87 %, and the measured values of the c/a ratios were
grouped according to composition. It can also be seen that although having the smallest c/a ratios, the
5/5 samples generally exhibited higher d3; values than the other samples. This was because the
BZT-BCT system exhibits an MPB at the 5/5 composition around room temperature, allowing active
phase transitions and thus more potential polarisation orientations.

For a particular composition the sintered grain size seemed to have a more significant influence on the
ds; values than density. For example, the d3; values of the 4/6 samples increased from 250 pC/N to
299 pC/N as the average grain size increased from 13.6 um to 36.6 um. However, the corresponding
change in relative density appeared to be more random. A similar trend was observed for the 5/5
samples, where the d;; value increased from 301 pC/N to 466 pC/N for a corresponding increase in
grain size from 19.4 pm to 31.5 pm. A small further increase in grain size of the 5/5 samples to
33.1 um resulted in a decrease in ds; value to 387 pC/N. This might be a result of a decrease of the
relative density (from 96.3 % to 95.6 %), or be an indication of some form of ‘grain size threshold’
effect, whereby further increases in grain size resulted in the measured d;; values remaining constant
or even decreasing. It can also be further seen that when samples were sintered to dense ceramics
(>90% relative density), density might not be a critical factor affecting the piezoelectric properties
such as d;. It was common that a decreased relative density did not result in a corresponding decrease
in the d; value, but was seen to increase with increasing average grain size for the samples of 1/9, 3/7,
6/4 and 7/3 BCZT composition. There is also some indication that samples of the 6/4 BCZT
composition might also exhibit the ‘grain size threshold’ or ‘plateau’ effect introduced above for the
samples of 5/5 BCZT composition, with the ds; values remaining approximately constant (295 - 289
pC/N) as the average grain size increased from 28.4 um to 37.8 um. There was, however, also an
associated slight increase in the relative density.

As a summary of Table 3, values of d;; were found to be very dependent on the composition, with the
maximum value of 466 pC/N for samples of the 5/5 BCZT composition with a relative density of
about 96.3 % and an average grain size of 31.5 pum (relating to samples sintered at 1475 °C with a
slow cooling rate). This variation in ds; with composition is consistent with the published phase
diagram for these materials which shows an MPB around the 5/5 BCZT composition. More
significantly, for individual compositions, an increase in the average sintered grain size exhibited a
primary and mostly positive effect on the d;; value.

3.6 Effects of Particle Size, Grain Size, Lattice Parameters and Properties

The wvariation of d;; value with average sintered grain size of the samples of the 5/5 BCZT
composition made from powders of different particle size is shown in Fig. 12, together with the c/a
ranges of the tetragonal phases measured for each group of samples.

Firstly it can be seen in Fig. 12 is that the particle size of the ceramic powder affected the general
magnitude of the ds; values that were observed. In particular, the ds; values of the samples made from
the 3 um and 5 um powders were in the range of 300-500 pC/N, while those of the samples made
from 1 um powder only reach a peak ds; value of 300 pC/N. Such a large difference could be
determined by the c¢/a ratios labelled in Fig. 12. As all of the samples were poled and measured under
exactly the same conditions, the switching of domains (poling and de-poling) should not be a factor
here. However, because the unit cells of the sintered samples produced from the 3 pm and 5 um
powders exhibited larger anisotropy (larger c/a ratios), the inherent piezoelectric responses might tend
to be stronger than those of the samples fabricated from the 1 um powder in which lower c/a ratios
were observed. The influence of ¢/a ratio on piezoelectric response of La-doped Pb(Zrs53Tip47)O3 has

7



been discussed’’, where with decreased c/a ratio from the optimum point the electromechanical
coupling coefficient decreased simultaneously. This may suggest that particle size of calcined powder
is likely to be an important factor in processing which could have a considerable effect on the final
piezoelectric properties by altering the anisotropy of resulting perovskite unit cells. Recent work on
5/5 BCZT ceramics produced from sol-gel powders®' has also shown that the tetragonality of the unit
cell can influence the piezoelectric properties. However, with samples of similar tetragonality, grain
size may also have a significant effect. The ratio of tetragonal to rhombohedral/orthorhombic phases
in the samples might affect the piezoelectric properties of the different 5/5 BCZT samples. However,
as the experimental and fabrication conditions of the samples with different powder particle sizes
were similar, such a factor is not considered dominant. More detailed observation of exact phase
structures of the samples of the 5/5 BCZT composition made from different particle size powders
requires more advanced analysis methods, e.g. synchrotron radiation.

It can also be seen in Fig. 12 that for each group of samples shown, there is a clear polynomial
relationship between the d;; value and the average grain size, where the dj; value increased with
average grain size to a peak, and then decreased as the grain size was increased further. This is
considered a so-called ‘grain size threshold’ effect, first introduced in Section 3.4. The threshold
values of 1 um, 3 um and 5 um samples can be predicted as 26 um, 34 pm and 49 um, respectively.
Such a threshold might be explained by the samples with larger grains being more difficult to be
effectively poled. The presence of more domain walls in a single grain could produce a clamping
effect or large internal stress, restricting the activity of domain re-orientation and limiting the
percentage of switched domains.

The polarisation loops shown in Fig. 13 demonstrate the effect of grain size on the ferroelectric
properties (e.g. saturation and remanent polarization) of selected 5/5 BCZT ceramics.

It can be seen that for the samples of the 5/5 BCZT composition made from 5 um powder, the
variations in the average grain size (labelled with arrows) results in a trend in the saturation and
remanent polarization similar to that of the ds; values (shown in Fig. 8). For example, with an increase
of average grain size from 19.4 um to 31.5 pm, the coercive electric field stayed the same, but the
corresponding remanent polarization increased from about 5 pC/cm’ to approximately 12.5 pC/em’.
As the average grain size increased further to 33.1 um, a slight reduction in polarisation was observed.
This is additional evidence that the piezoelectric properties of BZT-BCT solid solution system,
especially for the centre composition around the MPB, are likely to be sensitively dependent on grain
size. A more precisely designed sintering procedure would be also preferred in order to control the
grain growth, and thus achieve the highest potential polarization and d;; value.

4. Conclusions

The effect of fabrication and processing conditions on the structure, microstructure and properties of
ceramics in the lead-free piezoelectric BZT-BCT solid solution system have been studied in detail,
and a number of important factors have been identified. Ceramics with a wide range of BZT/BCT
compositions have been fabricated using a variety of sintering temperatures and procedures.
Well-densified sintered samples have been produced, and the average sintered grain size has been able
to be controlled by altering the initial powder particle size, sintering temperature and cooling rate
during sintering. However, structural parameters, in particular the c/a ratios of the tetragonal phase,
have been shown to be independent of sintering regime. . A tentative phase diagram has been
constructed, based on phase transitions identified by dielectric property measurements, which is
consistent with earlier reports.

For particular compositions the piezoelectric properties have been able to be tailored by variations of
c/a ratio of the tetragonal phase and the grain size. Values of d3; have been shown to increase with
increasing c/a ratio, while it has been proposed that there is a grain size limit or threshold beyond
which the ds; values plateau or even begin to decrease.



In order to achieve optimum piezoelectric properties for sintered BZT-BCT ceramics, the following
points concerning fabrication and processing are considered critical:

e BZT-BCT compositions should be selected that are close to the MPB region at the
working/testing temperature of interest, in order to provide more potential polarization
orientations.

e The particle size of the calcined ceramic powder, and possibly the powder synthesis route,
should be carefully selected in order maximise c¢/a ratios in the sintered ceramics.

e For particular BZT-BCT compositions and powder particle sizes, the sintering procedures
should be designed to enable control of grain growth and thus be able to tailor the grain size
in the sintered ceramic, in order to optimise properties.
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Fig. 4. SEM images of the 5/5 BCZT samples made from 1 um powder and sintered at temperatures between 1300-1500 °C
for 4 hours.
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Fig. 5. SEM images of the 5/5 BCZT samples made from 3 um powder a
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Fig. 6. SEM images of the 5/5 BCZT samples made from 5 um powder and sintered at 1450-1500 °C for 4 hours.
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Table 1. Lattice parameters of the 4/6 BCZT samples fabricated with 5 um powder and sintered at different temperatures.

Sample Space Group a(®) B () aA) bA) cA) cla
4/6 1425 °C (Fig. 4a*) 3.9876 3.9876 4.0135 1.0065
4/6 1475 °C (Fig. 4b*) P4/mmm 90 90 90 3.9880 3.9880 4.0132 1.0063
4/6 1525 °C (Fig. 4c*) 3.9890 3.9890 4.0140 1.0063

Table 2. Lattice parameters of tetragonal phase of the 5/5 BCZT samples made from powders with different particle sizes
and sintered at different temperatures.

Sample Space Group a(®) B(°®) () aA) bA) cA) cla
1 um 1325 °C (Fig. 5a*) 4.0082 4.0082 4.0174 1.0023
1 um 1500 °C (Fig. 5b*) P4/mmm 90 90 90  4.0093 4.0093 4.0164 1.0018
5 um 1500 °C (Fig. 5¢*) 4.0004 4.0004 4.0174 1.0042

Table 3. Effect of density, grain size, c/a ratio and structures on ds; value for samples of 1/9, 3/7, 4/6, 5/5, 6/4 and 7/3 BCZT
composition fabricated from 5 um powders, together with relevant sintering procedures.

Sample Average

.. Relative 2 Average Phase ds;3 . .
Composition Density (%) Grain Size c/a ratio Structure (pC/N) Sintering
(BZT/BCT) y 7o (um) P

93.1+0.7 16.2 1.2 97 +2 1475 °C slow cooling
87.6 £0.5 20.9+2.3 104 £3 1450 °C

179 90.2 +0.7 26112 10092 Tetragonal ;L 1475 °C
90.0 £2.5 26.1 £1.4 113 +1 1500 °C
94.6 +1.3 17.2 £1.9 184 +£2 1475 °C slow cooling
92.8 1.1 17.6 £1.0 175 +4 1475 °C

37 88.3+1.6 22.6 0.9 1.0074 Tetragonal ¢y 1450 °C
92.5£1.5 289 +1.4 192 +2 1500 °C
91.7+1.4 13.6 £1.6 250 +9 1475 °C
96.0 £1.8 21.8 £1.7 255 +8 1425 °C

46 89.2 0.2 334427 10064 Tetragonal (5 g 1500 °C
92.5+0.3 36.6 +4.8 299 +6 1525 °C

5/5 92.1 £1.5 194 £1.9 1.0043 Tetragonal + 301 £34 1450 °C
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6/4

7/3

94.3 £0.6
96.3 £0.6
95.6 £1.5

94.8£1.9
92.0£1.9
88.8£0.7
91.2+0.5

95.1+0.7
97.6 £0.5
96.1 £0.4
98.1 £0.6

219+14
31.5£1.0
33.1£1.2

17.0+2.2
19.7£2.3
28.443.1
37.8+4.7

79.5£10.0
79.8 £8.3
84.8 £8.4
84.9 £10.7

Orthorhombic

Rhombohedral

Rhombohedral

454 424
466 +21
38727

213 +£17
261 6
295 +10
289 +7

167 £9
165 +14
187 +10
190 £21

1475 °C
1475 °C slow cooling
1500 °C

1425 °C
1450 °C
1475 °C
1500 °C

1525 °C
1500 °C
1425 °C
1475 °C
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