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Figure 4.7: (X-ray diffractograms of sintered samples of BKT-2, BKTC-0.3, BKTC-0.6, and
BKTC-0.9: (a) sintered samples; (b) crushed and annealed samples. The lower diffraction
lines refer to tetragonal BKT (green, PDF card: 00-036-0339). Upper indices in (b) refer to
cubic BKT.
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Table 4.2: Unit cell parameters, piezoelectric, and dielectric data for the CuO doped BKT
materials system obtained in this work.

Composition a b Pmax!, €' max
[A] [A] [um/cm?] @ 1000 kHz
BKT-2 3.930 3.983 - 1407 (451° C)
BKTC-0.3 3.931 3.985 7.1 1709 (401° C)
BKTC-0.6 3.929 3.987 - 1481 (408° C)
BKTC-0.9 3.932 3.988 8.5 1609 (440° C)
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Figure 4.8: Unit cell parameters versus CuO addition, obtained by Pawley fitting of the X-
ray diffractograms of Figure 4.7b. The c/a ratio is plotted against the CuO content in the
right y-axis. The lines corresponds to the linear regression estimated for each parameter.
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4.2.2 Density

The relative densities of the different compositions are summerized in Table 4.3,
given as a percentage of the theoretical density of BKT [31]. The green body
density of the modifed samples were determined by geometrical measurements.
In these measurements, the samples proved to have a green density that varies
from 60 % to 64 %.

The relative density of the sintered pellets were measured using Archemedes’
method. The density plotted against addition of excess A cations are presented
in Figure 4.9a, while the density plotted against addition of CuO are presented
in Figure 4.9b. The relative density obtained for BKT-0is 92.1 %, as shown in Fig-
ure 4.9a. Furthermore, no significant changes in the relative density is observed
with respect to the introduction of A cations. This is in accordance with the SEM
micrographs of the corresponding samples (Figure 4.3).

In contrast, a notable increase in relative densities are observed for the samples
with CuO addition, which is observed in Figure 4.9b. Addition of 0.3 mol% CuO
increased the density from 91.9 % to 95.8 %. However, no further increase was
observed for samples with higher dopant level.

Table 4.3: Density of the different compositions determined by geometrical measure-
ments (green density) and by Archimedes method’ (sintered) in isopropanol. Theoretical
density of BKT is obtained from Wefring et al. [31]

Composition Green [%] Sintered [%]
BKT-0 59.7 921405
BKT-1 63.4 921+12
BKT-2 63.2 919 +1.2
BKTC-0.3 64.1 95.8 £0.3
BKTC-0.6 62.4 945+ 14

BKTC-0.9 62.4 952 +£1.2
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Figure 4.9: The relative density of BKT; (a) with excess A cations; (b) and with CuO dop-
ing. The relative density is measured by Archimedes” method. Theoretical density of BKT
is obtained from Wefring et al. [22].

4.2.3 Piezoelectric and dielectric properties
Hysteretic behavior

The hysteresis loops, which is polarization plotted against electric field, of BKTC-
0.3 and BKTC-0.9 are presented in Figure 4.102. The hysteresis loop for both
samples are similar in shape. It is observed that the hysteresis loop of BKTC-0.9
has the widest and most open shape, as well as possessing the highest values of
remnant polarization, maximum polarization and coercive field. The maximum
polarization (Pmax) of BKTC-0.3 and BKTC-0.9 are determined to be 8.5 ym/ cm?
and 7.1 ym/ cm? at 70 kV/cm. The values of Pray are given in Table 4.2.

Relative dielectric permittivity

The relative dielectric permittivity, €’, of the CuO doped compositions were in-
vestigated with respect to temperature and frequency. A small deviation was

ZNote that the polarization curve for BKT-2 and BKTC-0.6 were not measured in this work due to
problems with the laboratory instruments.
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observed between the heating and cooling curves due to latency in the temper-
ature measurement versus the actual temperature of the samples. This effect is
less distinct during cooling. For this reason, the cooling curves (from 600° C to
~25° C) are the most interesting part of these results. The heating curves is given
in Appendix A.

Figure 4.11 shows an overview of the temperature dependency of €’ of the CuO
doped samples for frequencies from 1 kHz to 1000 kHz. All compositions show
relaxor ferroelectric behavior as a broaden permittivity maximum (€' max) were
observed at 400 - 450° C. This signifies the ferroelectric-paraelectric phase tran-
sition. Furthermore, it is observed that the corresponding temperature of €' max
decreases with respect to decreasing frequency for all samples. A slight differ-
ence is observed between the undoped BKT-2 and the CuO doped samples as
the former seems to have more flattened curves. A rapid increase of €’ in the
higher temperature region is observed for all samples measured at 1 kHz. These
curves do not correlate with the other frequencies. The maximum value of € max
(at 1000 kHz) is given in Table 4.2.

Figure 4.11e compares the relative permittivity of the different samples, mea-
sured at 1000 kHz. Here, it is observed that BKT-2 has the lowest €’ pax as well
as the highest temperature of €' max, corresponding to 451° C. No correlation in
€’ is observed among the CuO doped compositions.

Electrical conductivity

The conductivity measurements were conducted simultaneously with the dielec-
tric measurements. For the same reason as stated in previous section, the cooling
curves will be the main focus for further discussion. The electrical conductivity
of the CuO doped samples were investigated with respect to temperature (from
600° C to ~25° C) and frequency. The heating curves is given in Appendix A.

Figure 4.12 presents the conductivity for frequencies measured from 0.1 kHz to
100 kHz. At temperatures below 300 ° C, the alternating current (AC) dominates
as the conductivity is frequency-dependent. However, at higher temperatures,
the direct current (DC) is the dominating one, as the conductivity is independent



4.2. Preparation of sintered BKT 47

10 F axrcos — I I C ]
BKTC-0.9
s st |
~
@)
=
g 0
®
N
=
- 7
~
-10 C 1 1 1 1 1 1 .
-80 -40 0 40 80
Electric field [kV/cm]

Figure 4.10: Bipolar polarization hysteresis loop for the investigated Cu-doped samples,
obtained at 70 kV/cm? and 0.25 Hz.

of frequency. For all the samples measured at 0.1 kHz, the slope becomes steeper
with increasing temperature. As for the samples measured at 100 kHz, a small
rise is observed around 350° C (inset in Figure 4.12c). In Figure 4.12¢, the various
compositions measured at 10 kHz are compared. The conductivity is lowest
for the undoped BKT. Moreover, no correlation is seen among the CuO doped
compositions.
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Figure 4.11: The relative dielectric permittivity for: (a) BKT-2; (b) BKTC-0.3; (c) BKTC-0.6;
(d) BKTC-0.9; and (e) which presents the different compositions at 1000 kHz, as a function
of frequency and temperature.
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Figure 4.12: The electrical conductivity (o4¢) for: (a) BKT-2; (b) BKTC-0.3; (c) BKTC-0.6;
(d) BKTC-0.9; and (e) which presents the different compositions at 100 kHz, as a function
of frequency and temperature. Note that the y-axis have logaritmic scale. Another unit is
also used for (e).
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Chapter 5

Discussion

To do (??)

5.1 Phase purity and stoichiometry of BKT

There are some distinct differences between the nominal stohichiometric sin-
tered BKT samples prepared in this work, compared to the nominal stoichio-
metric sintered samples obtained by Wefring et al. [31]. Both studies were con-
ducted with the conventional solid state synthesis, as described in Section 2.5. In
the present work, however, a titanium rich/bismuth deficient secondary phase
was detected in the BKT ceramic when the sample was investigated with EDS
mapping, as shown in Figure 4.4. The quantitative measurements indicate that
in some regions of the material, the expected 1:1 A:B stochiometry is in reality
shifted towards approximately 1:3, and thus resulting in titanium rich (or B-rich)
secondary phases. It is reported in the literature that the phase purity of BKT is
difficult to attain [5, 7], which is the observed case also in this study. According
to Hiruma et al. [5], the formation of K,TicO13 secondary phases gradually in-
creases in the sintering temperature range from 1040 to 1060 ° C. This conclusion
is to some extent in accordance with the EDS analysis conducted on BKT-0 (sin-
tered at 1060 ° C), as the acquired secondary phases correspond to a K;TigO13-
like compound (Table 4.1). Nevertheless, these B-rich secondary phases only
represent a small percentage of the total mass as they were not detected in the
X-ray diffractogram in Figure 4.5.

The shift in A to B stoichiometry is confirmed, as a significant change in the
number of secondary phases is observed when excess A cations are introduced
to the nominal stoichiometric samples, shown in Figure 4.3. It is observed that
the number of B-rich secondary phases gradually decreases with respect to the
increasing amount of added excess A cations. It can therefore be suggested that
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the the nominal stoichiometric sample in reality lacks approximately 2 mol% of
A cations (A-deficiency) as the ions seem to be fully solved into the perovskite
structure.

A possible explanation for the A-deficiency might be that the mixture of reactant
powders is inhomogeneous. As described in Section 2.5, a well-mixed sample
with small particles is required, as the reaction is dependent on the diffusion
rate. In this case, the development of agglomerations might have occured, al-
though no significantly large particles/agglomerates were detected in the SEM
images of the precursor and calcined powders in Figure 4.1.

In general, the formation of a B-rich phase would correspondingly also result in
the formation of an A-rich phase in the powder mixture. This A-rich phase is
confirmed, as a BisTi3Oq;-like secondary phase is detected in the calcined pow-
der (Figure 4.2). It therefore seems reasonable that the A-rich phase in the cal-
cined powder, and the B-rich phase in the sintered sample are connected. This
implies that the calcined powder has three different phases present.

It is observed that the diffraction peak, which was accredited to a BigTizO1,-like
secondary phase, disappears during the second round of calcination (Figure 4.2),
suggesting that a complete reaction is reached. This could be associated with a
slow diffusion and thus reaction rate. However, based on the assumption of a
complete reaction, the B-rich phase should react with the A-rich phase, and con-
sequently result in a phase pure material. This does not occur as only the B-rich
phase is detected in the sintered sample, as seen in Figure 4.3.

As described in Section 2.4, it has been reported in earlier studies that the volatiliza-
tion of A cations and oxygen anions at high sintering temperatures is the main
reason for the formation of secondary phases and the poor sintereability of BKT
ceramics [7, 37, 38]. The volatility of bismuth and potassium will accordingly
shift the A to B ratio, as the material becomes A-deficient. It can be assumed
that the perovskite structure is not capable of accommodating the vacancy levels
associated with the deviaton from the ideal stoichiometry. In other words, the
solubility of vacancies is low, which implies that the solution range of A to B
non-stoichiometry is narrow. Konig et al. [7] described the thermal decomposi-
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tion of BKT by suggesting that the evaporation of K,O/BiyO3 induces a shift of
the nominal stoichiometric composition to a composition within a three-phase
region involving K,O, TiO,, and BipOs. The shift will consequently lead to the
formation of B-rich secondary phases in addition to BKT. This suggestion is in
accordance with the observed case in this study.

In summary, the nominal stoichiometric sample of BKT is in reality A-deficient.
The formation of secondary phases seems to be related to an inhomogeneous
mixture of reactant powder, as well as the volatilization of A cations and oxygen
anions during high temperature sintering.

5.2 Effect of copper doping

5.2.1 A to B occupancy

There are three possible scenarios upon addition of CuO to the BKT (BKTC-x,
x = 0.3 — 0.9) perovskite structure, depending on which lattice site the copper
ions prefer: (1) substitution of A cations; (2) substitution of B cations; (3) and
compensation of A-cation vacancies. These scenarios are described with Kroger-
Vink equations in Section 2.4.4.

If Cu?* ions prefer substitution of Bi3* or Ti%* ions, it acts as an acceptor. Conse-
quently, this would lead to a charge excess on the occupied site, which is com-
pensated by the formation of oxygen vacancies, as presented in equation 2.11
and 2.12. If Cu®* ions prefer the substitution of K* ions, it acts as a donor. The
corresponding site then becomes charge deficient, which is compensated by the
formation of potassium vacancies, shown in equation 2.10. The last possibility
occurs if the Cu* ions prefer the vacant A-sites; leading to a reduction of the
vacancy concentration in the material system, as described in equation 2.13 and
2.14. These scenarios will be further discussed below.

The ionic radius of the Cu?* ion (0.73 A) is smaller than the A cations (K*: 1.64
A, Bi?*: 1.03 A) and larger than the Ti** ion (0.60 A) [11]. In general, this implies
that the lattice parameters decrease when substituting into A-sites. Conversely,
if Cu?* substitute into B-sites, the lattice parameters will increase. Furthermore,
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it has been reported that the formation of A cations and oxygen vacancies de-
creases the lattice parameters [39]; implying that the incorporation of Cu?* ions
into vacant A-sites increases the unit cell. In this study, the unit cell parameters,
a and c, of the material slightly increase with respect to increasing CuO content,
as presented in Figure 4.8. These findings therefore indicate that the Cu* ions
either incorporates into the vacant A-sites or substitute for Ti** ions on the B-
site. This suggest that scenario (2) and (3) described in the previous paragraph
are most likely to occur.

It has been argued by Hagiwara et al. [11] in their work on BKT-BFO material
system that Cu?" ions incorporates into vacant A-sites. The hypothesis is based
on two main observations; that the lattice constant increases with increasing
dopant level, and that the polarization-electric field (P-E) hysteresis loop gradu-
ally opens with respect to increasing amount of CuO addition. The latter is an
indication of a reduction of pinning centers caused by defect dipoles in the ma-
terial, as described in Section 2.3 [11]. Based on Hagiwara et al.s [11] conclusion,
and the strong similarities between BKT and BKT-BFO material systems, the in-
corporation of Cu?* ions into the vacant A-sites seems like a probable scenario.
This suggestion is further supported as the P-E hysteresis loop in Figure 4.10
becomes more open with respect to the increased CuO content. This indicates
that the number of A cation and oxygen vacancies are reduced; resulting in the
depinning of the P-E hysteresis loop, as illustrated in Figure 2.11.

Another possibility of site occupation is discovered when investigating the SEM
images of BKTC-0.6 and BKTC-0.9 in Figure 4.3. These micrographs revealed
the presence of the same rhombohedral secondary phases (B-rich) that was ob-
served in BKT-0. The impurities seem to gradually return with respect to increas-
ing CuO addition. Prior to the findings from the previous section, this observa-
tion indicates that the ideal A:B stoichiometry is shifted towards a B-rich region.
In other words, the formation of secondary phases therefore suggests that the
Cu?* ions substitute for the Ti%* ions on the B-sites; leading to excess Ti** ions in
the material system. For this reason, B-rich secondary phases are developed, as
the perovskite structure is not capable of solving the excess B cations associated
with the substitution. Despite this observation, it can be argued that low level
of dopants occupy the vacant A-sites as no secondary phase is observed in the
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SEM micrographs of BKTC-0.3 in Figure 4.6b.

In the study of CuO-doped PZT and KNN, substitution occurs between the
Cu?* ions and the B-site cations (Cu?* replaces Zr** /Ti*" and Nb>*, respectively)
[8,9, 40]. Accordingly, acceptor doping is compensated by the formation of oxy-
gen vacancies. In general, this leads to the development of defect dipoles that
correspondingly create domain wall pinning centers, as described in Section
2.3. The pinning effect stabilizes the domain structure and limits the domain
wall movement; reducing the nonlinearity of P-E hysteresis loop. As a result,
a pinched and a double P-E hysteresis loop are developed for CuO doped PZT
and KNN, respectively [9, 40].

With respect to these studies, if Cu?* ions substitute for Ti** on the B-sites, it
is expected that a pinched P-E loop is developed. In this study, the opposite
occured as the P-E hysteresis loop became more open with additional dopants.
As already described, this indicates a reduction of the vacancy concentration;
implying occupation of vacant A-sites. However, these results need to be inter-
preted with caution as piezoelectric measurements were only conducted on two
compositions. Moreover, these observations do not suggest which A-site (bis-
muth or potassium) the ions prefer to occupy.

From the discussed results above, It is therefore believed that copper compen-
sates A-cation vacancies on A-site as well as substituting with titanium on B-sites
in CuO doped BKT.

5.2.2 Crystal phase of modified BKT materials

The X-ray diffractograms (Figure 4.5 and 4.7) of all the samples are indexed to the
tetragonal P4mm perovskite structure, which is in accordance with the literature
[5, 29]. However, the results obtained from uncrushed and crushed (and an-
nealed) samples are slightly different from each other. The X-ray diffractograms
of crushed samples provide broaden peaks at the pseudocubic (100) and (211)
reflections. These diffraction patterns are similar to that obtained in previous
reports [5, 31]. The X-ray diffractograms of the uncrushed samples, however,
shows a larger split of the pseudocubic (100) and (211) reflections. These pseu-
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docubic reflections are split into tetragonal (100) and (001); and tetragonal (112)
and (211) reflections, respectively. The reason for this deviation is not clear. The
samples were crushed and annealed above T to release potential mechanical
stress/strain effects in the material. The broad peaks may indicate that some
stress/strain effects still remain in the sample.

Pawley fitting was conducted on the X-ray diffractograms obtained from the
crushed and annealed samples, as shown in Figure 4.8. The refined lattice pa-
rameters of BKT-2 were 4 = 3.930 A and ¢ = 3.983 A, which slightly deviate
with Wefring et al.s [31] reported values (¢ = 3.933 A and ¢ = 3.975 A). The
c/a ratio of the prepared materials increased with respect to the CuO addition.
This implies that the tetragonality increases with the dopant content, suggesting
a larger spontaneous polarization in the unit cell. However, these findings must
be interpreted with caution as the refinement is not very accurate.

5.2.3 Piezoelectric and dielectric properties

The dielectric measurements of all the samples showed relaxor-like behavior
with maximum permittivity (¢'max) above 400° C, as presented in Figure 4.11.
€/ max corresponds to the pseudocubic-cubic phase transition in BKT shown in
Figure 2.13. Furthermore, it is observed that the given temperature of €' max (Tm)
declines with respect to decreasing measured frequency, which is also typical
characteristic of relaxors.

In this study, the temperature dependency of €’ for the undoped BKT-2 (Figure
4.11e) has the broadest phase transition and the smallest €'max among all the
compared samples. It has been stated that perovskite ferroelectrics with higher
content of A-site vacancies exhibit a broader phase transition and a smaller € max-
According to Bidault et al. [39], this is related to the reduced long-range polar or-
dering. It can therefore be indicated that BKT-2 has the largest amount of A-site
vacancies. In CuO-doped BKT, the higher values of €' max and the sharper phase
transition imply that the introduced Cu?* ions compensate the vacant A-sites to
create longer polar ordering. This observation further support the hypothesis
about A-deficiency in BKT materials, as discussed in Section 5.1. It is, however,
observed that no correlation is observed among the CuO-doped samples.
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The values of the relative permittivity, €/, obtained in this study, did not match
the values acquired for BKT in the literature [5, 41]. Moreover, it is seen that
the low frequency plots show a steady increase of €’ in the higher temperature
region. This behavior might indicate too high conductivity, and is especially
evident for BKT-2. This is also confirmed as the material possesses the lowest
conductivity among the measured samples (Figure 4.12¢e). The low electrical re-
sistivity of the prepared samples is further confirmed as the conductivity for un-
doped BKT-2 (lowest of all the samples, see Figure 4.12e) obtained in this work,
is higher than what was achieved by Wefring et al [31], as shown in Figure 5.1.
In the conductivity measurements at 100 kHz, a slight peak is observed around
300° C. This probably occurs due to tetragonal-cubic phase transition.

In the piezoelectric measurements, BKTC-0.9 obtained the largest value of max-
imum polarization of 8.5 yum/cm; at 70 kV/cm?. This is lower than the values
presented in previous reports [31, 42]. A possible explanation might be that the
conductivity (Figure 4.12) found in these materials are too high, as suggested in

Figure 5.1.
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Figure 5.1: Conductivity plotted against temperature, obtained by the author and Wefring
etal. [31]
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5.2.4 Density of BKT materials

It has been noted in other studies that the preparation of a dense BKT ceramic
is difficult without special techniques such as the hot isostatic pressing [5, 43].
However, BKT ceramics with a density of 97 % of theoretical density were suc-
cessfully synthesized by Wefring et al. [31] using the conventional solid state
synthesis. An identical fabrication route was used for this work, but a notably
lower relative density (even with a green body density of ~ 60%) was obtained
for BKT-0 (92 %), as shown in Figure 4.9. One possible explanation may be that
the low density is connected to the secondary phases found in the material sys-
tem. These impurities might hinder grain growth during high temperature treat-
ments. It has been suggested that the addition of excess bismuth might suppress
microcracks and enhance the grain growth [44]. However, this is not the ob-
served case in this work, as no significant increase in the relative density was
achieved for the phase pure BKT-2.

In Figure 4.9, it is observed that the CuO addition promotes the densification
of BKT. The distinct increase in relative density when going from the undoped
BKT-2 (92 %) to CuO-doped BKTC-0.3 (96 %) suggests that CuO acts as a sinter-
ing aid when added to BKT. This assumption is in agreement with other studies
[9, 10, 11] were CuO is known for having a positive impact on the densification
of different ceramic materials. This is due to the formation of a liquid phase at
the sintering temperature. The liquid phase increases the density by wetting the
solid, providing a capillary force that drag the grains together. Moreover, the vis-
cous flow increase the transport rate responsible for grain coarsening and den-
sification [45]. Note, however, that the effect is most evident for small amounts
(< 0.3 mol%) of CuO as the relative density seems to be unaffected by further
addition. It can therefore be suggested that a saturation limit occurs at approxi-
mately 0.3 mol% CuO addition.

The SEM images of BKTC-0.6 and BKTCO0.9 (Figure 4.6c and 4.6d) show that the
pores are not equally distributed, as some ares contain more pores than others.
This indicates that the samples are inhomogeneous, which is in accordance with
the discussed case in Section 5.1.
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Concluding remarks and
further work

In this work, BKT ceramics with 0 - 2 mol% of excess A-cations, and 0.3 - 0.9
mol% of CuO (BKTC-x, x = 0.3 — 0.9) additives, have been prepared using the
conventional solid state synthesis. The preparation of nominal stoichiometric
BKT (BKT-0) results in a small degree of B-rich secondary phases. These sec-
ondary phases are removed by the addition of 2 mol% of excess A-cations, con-
firming that BKT-0 is A cation deficient.

The density obtained for BKT-0 is 92 % of the theoretical density. This value is
not increased with the addition of excess A-cations. BKT with 0.3 mol% of CuO
addition achieves the highest density and are measured to be 96 %, while the cor-
responding values for BKTC-0.6 and BKTC-09 are 94 % and 95 %, respectively.
This proves that CuO acts as a sintering aid at low concentration of dopant.

The structural characterization of all investigated materials shows that the ma-
terials are indexed to the tetragonal perovskite structure, where the lattice pa-
rameters slightly increase with increasing CuO content. The dielectric measure-
ments confirmed the relaxor-like behavior as a broadening of the maxiumum
relative permittivity, €,,,, at the ferroelectric to paraelectric phase transition are
observed for all compositions. Moreover, the temperature of €, decrease with
decreasing frequency. The value of the relative permittivity of CuO doped mate-
rials are found to be higher compared with the undoped BKT-2. The piezoelec-
tric measurements show that BKTC-0.9 develops the most open P-E hystereses
loop obtaining the largest maximum polarization of 8.5 ym/cm?, while the more
narrow P-E hystereses loop of BKTC-0.3 obtained a value of 7.1 ym/cm?. The
SEM images of the CuO doped samples shows that the B-rich secondary phases
gradually redevelops with the increasing CuO content. From these results, it is
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suggested that the Cu?* ions both reduces the vacancy concentration by incor-
porating into vacant A-sites, and substitute the Ti** ions on B-site.

The results from this study provided some information about the effect of CuO
doped BKT. For further work, the BKT materials should be prepared with higher
density and without secondary phases to achieve more consistent data, as well as
lowering the conductivity of the materials. The A-site occuppancy (bismuth and
potassium site) should also be further investigated as this was not understood

in this work.
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Appendix A

Dielectric measurements
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Figure A.1: The relative dielectric permittivity for: (a) BKT-2; (b) BKTC-0.3; (c) BKTC-0.6;
(d) BKTC-0.9, as a function of frequency and temperature (heating curves, 25° C to 600°
C). The experimental data are incosistent due to noise.
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