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Abstract

Lead-free Naj 5Ky sNbO; (NKN) and Nag 475K .475Li00sNbO; (NKLN) ceramics doped with CuO were prepared by the mixed oxide route. The
powders were calcined at 850-930 °C and sintered at 850-1100 °C. Small additions of CuO reduced the sintering temperature and increased the
density to 96% theoretical. Cu first appears to enter the A site then the B site. In NKLN the orthorhombic—tetragonal and tetragonal—cubic phase
transitions are approximately 150 °C lower and 50 °C higher, respectively than in NKN. With increasing addition of Cu to NKN and NKLN the
remanent polarization (P,) increased and coercive field (E.) decreased. NKLN prepared with 0.4 wt% CuO exhibited a saturation polarization
(Pyar) of 30 wC/cm?, remanent polarization (P,) of 27 wC/cm? and coercive field (E.) of 1.0 kV/mm. CuO caused the NKLN ceramics to harden

considerably; the mechanical quality factor (Q,,) increased from 50 to 260, ds3 ~ 285 and piezoelectric coupling factors were >0.4.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Lead-based piezoelectric ceramics have been an industry
standard for many decades and are widely used in actuators,
sensors, and transducers because of their excellent electrical
properties.! However, there is growing environmental concern
about the use of lead in such products and the EU has already
introduced legislation to restrict the use of a range of hazardous
substances which is directly relevant to the piezoelectrics.” As
a consequence there has been much activity to find and develop
lead-free electroceramics with comparable piezoelectric prop-
erties to the lead containing ceramics. Alkali niobates, based
on sodium potassium niobate, Nags5KosNbO3 (NKN) have
emerged as one of the most promising candidates as lead-free
piezoelectric ceramics because of their strong ferroelectric-
ity and high Curie temperature.> The piezoelectric properties
of NKN ceramics have been further improved for practical
applications by formation of solid solutions with LiNbO3,*
LiTaO3, LiSb03, CaTiO3,” SrTiO3,% BiScO3,” BiFeO3'” and
BaTiO3.!! In seeking solid solution formation, part of the drive
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has been to develop morphotropic phase boundaries (MBP),
where optimum piezoelectric properties have been obtained in
the traditional PbZrO3—PbTiO3 (PZT) system. !

With the high volatility of sodium and potassium compounds
above 800 °C it is difficult to obtain high density NKN ceram-
ics using conventional fabrication processes. To overcome such
limitations alternative approaches have been explored includ-
ing hot-pressing,!! high energy milling,'> and spark plasma
sintering.!* A prime requirement for the miniaturisation in many
systems is a low sintering temperature, and this is particularly
true for multilayered structures where silver is the intended
electrode material.l® Sintering aids such as Zn0,15 Cu0,16.17
V,05,'8 MnO, ! have also been employed to improve the sinter-
ability of NKN ceramics. CuO is now established as an effective
sintering aid for NKN-based ceramics, enabling liquid phase
sintering at temperatures around 960 °C and able to modify the
microstructure and piezoelectric properties. %17 To achieve even
lower sintering temperatures (~900 °C), CuO has been used in
conjunction with ZnO."3

Compounding NKN with other perovskite structure
phases frequently yields enhanced properties. Saito et al.?’
demonstrated that in the systems NKN-LiTaO3 and
NKN-LiTaO3-LiSbO3 piezoelectric properties approach-
ing those of PZT could be obtained near the MBP. Similarly,
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combining NKN with mixed lithium Ta/Nb perovskites>! or
simply LiNbOs* yields very encouraging properties. In the
latter case NKN-LiNbO3 (or NKLN) ceramics have exhibited
high d33 values around 230 pC/N.?? In the present study NKN
and NKLN ceramics (with additions of CuO) prepared by the
mixed oxide route were investigated. The NKLN composition
selected was NKN + 5 mole% LiNbO3 on the basis of its high
ds3 values.?? The primary objective was to understand the role
of CuO additions on the sintering behaviour, microstructure
and properties of NKLN ceramics. Direct comparison is made
to the properties of the base material NKN to highlight the
effect of Li in the structure.

2. Experimental

Nag5KosNbO3 (NKN) and Nag475Kq.475Li0.0sNbO3
(NKLN) ceramics were prepared by the conventional mixed
oxide route. The starting materials were high purity metal oxide
or carbonate powders, NboOs (>99.9%), K,CO3 (>99.8%),
Na;CO3 (>99.8%), LioCO3 (>99.99%), and CuO (>99.9%).
The carbonates were dried at 250°C for 6h prior to use,
then all the powders were weighed according to the required
compositions and mixed for 24 h using propan-2-ol and zirconia
media. The powders were calcined at 850-930 °C for 4 h then
CuO (0.075-0.8 wt%) was added, wet milled for 24-48h
and dried. Pellets were prepared by pressing powders in a
10 mm diameter die at 100 MPa, then sintering at 850°C to
1100 °C for 2-18 h and finally cooling to room temperature at
180 °C/h.

Product densities were determined from weight and dimen-
sion measurements. The crystal structures were examined by
X-ray diffraction. This was undertaken using a Philips Ana-
lytical, X pert-MPD, employing Cu K, radiation under the
conditions 50kV and 40 mA. The samples were scanned at 0.03°
intervals of 26 in the range 10-120°; the scan rate was 0.01°
265~ L. Following identification of the peaks, Rietveld refine-
ment was carried out using the Topas?® refinement programme.
The initial atomic coordinates for the NKN crystal structure were
taken from Kumada et al. 2*

For microstructural examination, by scanning electron
microscopy (SEM) (Jeol 6300 and Philips XL30, equipped with
energy dispersive spectrometers (EDS) for chemical analysis),
the sintered surface of the ceramics were first carbon coated.
Selected samples were ground then polished down to 0.25 pwm
diamond paste followed by polishing with OPS (colloidal silica
suspension) for 5 h, then chemically etched with hot sulphuric
acid.

For dielectric and piezoelectric measurements, the disc
shaped samples were ground on SiC paper to reduce the thick-
ness to less than 1 mm and coated with silver paste. Dielectric
constant, loss tangent and impedance were determined by
use of an Impedance Analyser (HP 4192A) at frequencies of
10Hz to 10 MHz; samples were heated from room tempera-
ture to 600°C in a Carbolite (MTF 9/15/130) tube furnace.
Polarization—electric field (P—E) hysteresis measurements were
undertaken using a Sawyer-Tower circuit, with a high volt-
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Fig. 1. The effect of CuO content and calcination temperature on the density of
NKN ceramics: (¢) calcined at 850 °C, (B) calcined at 890 °C, (A) calcined at
930°C.

age amplifier, at 2 Hz with temperatures ranging from 25 °C
to 150 °C.

3. Results and discussion
3.1. Densification

It was difficult to densify the pure NKN ceramics; product
densities were less than 4.0gcm_3, well below 90% of the
theoretical density of NKN. Additions of CuO to the starting
mixtures readily improved the density of the NKN ceramics.
The final density was also sensitive to the calcination tempera-
ture. In earlier investigations, calcination temperatures ranging
from 850°C to 930°C have been used.*!>! In the present
study, increasing the calcination temperature from 850 °C to
950 °C resulted in an almost linear increase in sintered density,
achieving a maximum of 95% theoretical density for a calci-
nation temperature of 930°C and 0.15 wt% CuO (Fig. 1). For
CuO doped NKN ceramics, the optimum sintering temperature
was found to be 1090 °C. For the Li-bearing specimens, the
effect of CuO additions on the densification behaviour of the
NKN + 5 mole% LiNbO3 (NKLN) is shown in Fig. 2. It was
found that when lithium was present in the NKN formulation, the
CuO additions significantly reduced the optimum sintering tem-
perature. High density ceramics (95% of theoretical) could be
obtained by sintering at 890 °C with up to 0.8 wt% CuO (Fig. 2).
In both cases (with and without Li addition) the presence of CuO
appears to enhance densification of NKN-based ceramics by a
liquid phase mechanism.!>?> This will be addressed in more
detail in a later section.

3.2. X-ray diffraction analysis

X-ray diffraction (XRD) analysis of the base composition
(NKN prepared with 0% CuO) confirmed an orthorhombic struc-
ture. In contrast, for the NKLN the Rietveld refinement revealed
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Fig. 2. The effect of sintering temperature and CuO content on the den-
sity of NKLN ceramics: (4) NKLN+0.2CuO, (M) NKLN+0.4CuO, (A)
NKLN +0.8CuO.

that two structures coexisted, orthorhombic and tetragonal; for
example Fig. 3a shows the spectrum for NKLN + 0.4 wt% CuO,
which has been indexed according to the data of Kumada et al.>*
Refinement of the spectrum for undoped NKLN showed 60%
could be attributed to orthorhombic and the rest to the tetrago-
nal phase. The CuO doped NKLN samples showed very similar
XRD spectra, but there were changes in the peak positions
and intensities. For example, Fig. 3b shows the changes in
position of (01 1)orthorhombics (1 00)orthorhombic, (00 Dyetragonal
and (01 O)etragonal peaks as a function of CuO additions to
NKLN ceramics (with NKN data included for comparison pur-
poses). The data show that for up to 0.2 wt% additions the
NKLN peaks are displaced to lower angles, but for higher lev-
els of CuO additions (up to 0.8 wt%) these peaks are actually
displaced back to higher angles, towards the peak positions
recorded for undoped NKLN. Since the ionic size of Cu®*
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Fig. 3. XRD spectra of CuO doped NKN-based ceramics: (a) NKLN + 0.4 wt%
CuO; (b) enlarged low angle spectra showing data for: (@) NKN, 9H)
NKLN +0.2CuO, (a) NKLN +0.4CuO, (x) NKLN +0.8CuO (subscripts o and
t on the indices for individual peaks refer to orthorhombic and tetragonal struc-
tures, respectively). The dashed vertical line in (b) has been inserted for clarity.

(rcu?*:0.87 A) is smaller than the size of the original A-site
jons (rg'*:1.52 A, rva'*:1.16 A, 1131%:0.90 A)20 then the dis-
placements of the peaks upon doping suggests that Cu initially
enters the A site and then for the higher levels of CuO additions
(0.2-0.8 wt%) it then enters the B-site. Accurate determinations
of orthorhombic to tetragonal phase ratios and lattice parame-
ters must await appropriate high resolution synchrotron radiation
XRD investigations.

3.3. Microstructural analysis

SEM analysis of as-sintered surfaces, and polished and etched
surfaces provided information about grain growth and domain
structures in the ceramics. The low density, undoped specimens
generally exhibited grain sizes in the range of ~5-30 pum with
much evidence of abnormal grain growth. The additions of CuO
aided microstructural development and tended to reduce abnor-
mal grain growth. Fig. 4 shows SEM micrographs of polished
and etched surfaces of an NKN + 0.2 wt% CuO sample sintered
at 1090°C for 4h. The grain size varies between 2 um and
15 pm (Fig. 4a). The higher magnification image of the same
sample (Fig. 4b) shows herring-bone type and water mark type
ferroelectric domains. The domain structure of the base material
NKN is very similar to that of CuO-doped NKN prepared with
low levels of CuO (0.075-0.2 wt%). Domain structure images
would therefore be almost identical; for this reason they have
been omitted. However the undoped material has very low den-
sity ~80% theoretical making it difficult to produce high quality
samples and clear domain images.

In the context of NKN, having an orthorhombic structure,
the primary direction of polarization is [1 1 0] and there are 12
possible directions of polarization. The angle between two polar-
ization vectors can be 60°, 90°, 120° or 180°. The domain walls
for 60° and 120° type domains are on (1 1 0) and the 90° type
domains on (100). Consequently they all appear as lamellae.
The 180° domain walls do not lie on specific atomic planes and
therefore appear as cured boundaries. Using piezoelectric force
microscopy (PFM), Cho et al.?’ identified the lamellar domains
in their NKN based ceramics as 60°, 90° and 120° types; curved
(180°) domains were also present.

Our NKLN and NKLN+0.2wt% CuO samples showed
herring-bone and water mark type structures (Fig. 5a and b)
as in the NKN+0.2wt% CuO. The NKLN+0.4wt% CuO
and NKNLN + 0.8CuO samples showed different morphologies
(Fig. 5c¢ and,d). This suggests that CuO additions modify the
domain structures in NKLN ceramics. The NKLN composition
is at a morphotropic phase boundary (MPB). The microstructure
should consist of 90° and 180° type domains for the tetragonal
phase (for a tetragonal ferroelectric the direction of polariza-
tion is [00 1] and there are six direction of polarization and
two possible 90° and 180° domains) and 60°, 90°, 120° and
180° type domains for the orthorhombic phase. Herber et al.?8
characterized the domains of a MPB phase of NKN modified
by Li(Nb,Ta,Sb)O3 substituted by PFM. They reported similar
lamellar patterns as those present in our NKLN. Herber et al.
found that the ferroelectric domains of the orthorhombic phase
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Fig. 4. SEM micrographs of the polished and etched surface of NKN + 0.2 wt% CuO showing (a) the distribution of domains and (b) high magnification image

showing herring-bone type and water mark type ferroelectric domains.

and tetragonal phase coexist as adjacent layers separated by
{110} planes.

When NKN is prepared with CuO additions a secondary
phase develops at the grain boundaries. EDS analysis confirmed
that this phase has a composition close to K4CuNbgO,3, as
reported by other authors.?%-30 In the case of NKLN, a secondary
phase was also formed at the grain boundaries (Fig. 6) as an
extensive interconnecting network. EDS analysis revealed only
Cu and O in the sample. However, since Li cannot be detected by
EDS it is likely that the second phase which greatly lowered the
sintering temperature of NKLN is essentially a eutectic phase
between CuO and Li,O since there four eutectic compositions
in the CuO—Li,O binary system®! with the melting temperatures
between 830 °C and 930 °C. As we successfully produced high

density NKLN ceramics with a sintering temperature of 890 °C
it seems likely that the eutectic was CuO and LigCuQOy4 at about
16 mole% CuO which have eutectic temperature of 880 °C.

3.4. Dielectric properties

All NKN and NKLN samples showed broadly similar dielec-
tric properties in terms of the temperature dependence of
relative permittivity and loss tangent. With increasing tem-
perature there were three clear regions, separated by firstly
the orthorhombic—tetragonal phase transition and then the
tetragonal—cubic phase transition. For undoped NKN the two
transition temperatures (Fig. 7) were found at 220 °C and 420 °C,
respectively. These values are consistent with previous studies

Fig. 5. Ferroelectric domain patterns for NKLN ceramics as function of CuO content: (a) 0.0 wt%, (b) 0.2 wt%, (c) 0.4, wt% and (d) 0.8 wt%.
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Fig. 6. SEM image and EDS spectra of the Cu-rich second phase in
NKLN + 0.4 wt% CuO sintered at 920 °C.

of NKN.>12.13 The transition temperatures do not change upon
the addition of CuO (up to 0.2 wt%), in agreement with the find-
ings of for example Park et al.,’? but increasing additions of
Cu increased the relative permittivity at the tetragonal to cubic
phase transition (7¢). This increase is possibly due to the higher
density of the doped NKN (Fig. 1) rather than the substitution
of low levels of Cu in the NKN lattice.

Introduction of LiNbO3 into NKN, even at the 5% level,
caused the orthorhombic/tetragonal transition temperature to
be reduced by approximately 100 °C, the tetragonal/cubic tran-
sition temperature to be increased by about 50°C, and the
relative permittivity to be reduced at all temperatures (Fig. 7).
These trends are in agreement with the data reported by Guo
et al.?2 and Higashide et al.33 However, Hagh et al. 30 found
that additions of LiTaO3 and LiSbO3; to NKN caused both
transition temperatures to be reduced by approximately 150 °C
(the orthorhombic/tetragonal to 34 °C and tetragonal/cubic to
264 °C), thus bringing the orthorhombic—tetragonal transition
close to room temperature. The addition of CuO to NKLN
slightly reduced the relative permittivity (Fig. 7), in agreement
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Fig. 7. Temperature dependence of relative permittivity of NKN and NKLN
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Fig. 8. Temperature dependence of dielectric loss for NKN and NKLN ceram-
ics: (#) NKN+0.2CuO, (W) NKN+5LN, (4) NKN+5LN+0.2Cu0, (x)
NKN + 5LN +0.4CuO, (*) NKN + 5LN + 0.8CuO.

with studies of a range of Cu doped alkali niobate systems,
where there was a distinct lowering of ¢, especially at the Curie
point.3%-3435 Most investigations of the alkali niobate systems
have found the tetragonal to cubic Curie temperature to be insen-
sitive to additions of Cu.303*3> A rare exception was Li et al.>®
who reported a small change in the Curie temperature (~4 °C) at
the level of 0.3 wt% Cu additions. In agreement with Lin et al.®
and Hagh et al.3® we did not observe a significant change in the
orthorhombic—tetragonal Curie temperature, except at the very
highest doping levels, where the T,_; was displaced to lower
temperatures, possibly suggesting that Cu additions stabilise
the tetragonal phase. In the dielectric loss data (Fig. 8), it is
clear that the substitution of 5mole% LiNbO3 into NKN led
to a sharp reduction in the dielectric loss around the transition
temperatures and the subsequent addition of Cu significantly
reduced the dielectric loss of NKLN from room temperature to
above the Curie temperatures. Although 5 mole% substitution
of LiNbO3 into NKN has considerably lowered the orthorhom-
bic to tetragonal phase transition to ~80 °C when there is added
Cu, the XRD data confirms that there is still a significant frac-
tion of orthorhombic phase present. To achieve full conversion
to tetragonal phase near room temperature would require much
more than 5 mole% substitution of LiNbO3 into NKN.

3.5. Piezoelectric properties

Undoped NKN samples showed high dielectric loss and
high coercive field (E.) values; it was difficult to apply elec-
tric fields greater than 2 kV/mm without breakdown occurring.
Fig. 9a shows the room temperature polarization—hysteresis
(P-E) loop for NKN ceramics prepared with 0.2wt% CuO
additions, sintered at 1090 °C for 4 h. There was comparatively
little difference for samples sintered up to 12 h. The additions
reduced dielectric loss and E,; electric fields up to 4 kV/mm
could readily be applied to the samples (Fig. 9a). Typically
the samples exhibited P, and E. values of 0.18 C/m~2 and
1.5kV/mm, respectively, which are comparable with the best
published data for CuO doped NKN ceramics.!>2%30 Similar
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Fig. 9. Polarization—electric field response of NKN- and NKLN-based ceramics: (a) NKN +0.2CuO sintered for 4 h, (b) NKLN +0.2CuO sintered at 920 °C, (c)
NKLN + 0.4CuO sintered at 890 °C, (d) NKLN + 0.8 CuO sintered at 890 °C; data collected at 4 kV/mm (feint line) and data collected at 7 kV/mm (bold line).

polarization—electric field (P-E) responses were observed for
the NKLN ceramics. Samples prepared with additions of CuO
exhibited well saturated P—E loops with reduced hysteresis loop
areas, brought about by the reduction of E, and increase P, as
shown in Fig. 9b—d. The P-E response of CuO added NKLN was
insensitive to the sintering temperature range of 920-1000°C
(Fig. 9b shows data for samples sintered at 920 °C). For NKLN
samples sintered at the lowest temperature of 890°C the E.
reduced to less than 1kV/mm and the saturation polarization
characteristics sharpened further (Fig. 9c). As the CuO addi-
tions were increased to 0.8 wt% the breakdown field increased to
a maximum of 8.0 kV/mm (Fig. 8d). The highest value achieved
for P, was 0.28 C/mm~2, and this was by the use of 0.4 wt%
additions of CuO.

In both NKN and NKLN ceramics the addition of CuO to
the starting formulation improved densification by generation
of the K4CuNbgO»3 and (Li—Cu) rich secondary phases, respec-
tively (which in turn enabled lower sintering temperatures),
and improved dielectric and piezoelectric properties. Park et
al.,32 working on NKN prepared with ZnO and CuO additions,
attributed the superior piezoelectric properties to the hardening
effect of Cu®* ions. !¢ If this is correct then it would be expected
that Cu would be incorporated into the perovskite structure. If
Cu enters the A site, then copper (a 2+ ion) replacing Na or K
or Li (1+ ions) would act as a donor. On the basis of simple
Kroger-Vink analysis Hagh et al.>* argued that this would give
rise to A site vacancies to achieve charge balance. In contrast,

for Cu entering the smaller octahedral B site in place of Nb,
Hagh et al.>* suggested that oxygen vacancies would be gen-
erated. In this way they proposed that the hardening of their
NKN-LiTaO3-LiSbO3 ceramics was caused by the generation
of oxygen vacancies. Such a mechanism is also consistent with
the present dielectric loss data for NKN and NKLN ceramics,
where additions of CuO led to a reduction of the dielectric loss.
However, Hagh et al.’* noted that the anticipated increase in
coercive field (E.) did not occur on Cu doping and therefore
concluded that Cu probably entered both the A- and B-sites of
the perovskite structure. This had been suggested earlier by Li
et al.?? on the basis of the change of lattice volume as a function
of CuO additions. They suggested that at low levels of doping,
the Cu?* is incorporated in the A-site and then at higher levels
it substitutes in both sites. Our XRD data (Fig. 3), for the move-
ment of the (00 1) and (1 1 0) peaks upon doping would support
the model of Li et al.>” An additional effect of the incorpora-
tion of Cu into the structure could be domain wall stabilisation.
Park et al.’? suggested that the substitution of Cu causes the
piezoelectric hardening of NKN and a side effect is the pinning
of domain walls by the increased population of oxygen vacan-
cies, thereby stabilising the domain walls; this in turn is manifest
by an improved mechanical Q value. There is very little direct
evidence of site occupancies for additives in piezoelectric mate-
rials. However a recent study Eichel et al.3” found evidence of
Cu?* behaving as acceptors, entering the B sites of both PZT
and NKN.
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Fig. 10 shows the effect of CuO additions on the d33 and Q,,
of NKLN ceramics. There is a remarkable increase in Q,, from
50 to 260. The hardening of NKN based ceramics upon addi-
tions of CuO has been reported for a number of systems.!6-30-3
In addition to lowering the sintering temperature and improv-
ing densification, the hardening or improvement in Q,, is one
of the main benefits of CuO additions. In contrast the d33 val-
ues decreased with CuO additions (Fig. 10). For NKLN ceramics
prepared with 0.2-0.4 wt% CuQ, both Q,, and d33 values are rea-
sonably high. The main extrinsic contribution to the dielectric
and piezoelectric properties of ferroelectric ceramics is domain
wall motions.>® We have shown that CuO additions modify the
domain structure (Fig. 6). Although it has not been quantified itis
probable that the modification alters the density of different type
of domains and this in turn affects the Q,,. The incorporation of
Cu ions as acceptor dopants also act to reduce the dielectric and
mechanical losses through domain pinning as discussed above.
Finally, Fig. 11 shows the effect of CuO additions on the cou-
pling factors k, and k; for NKLN ceramics. Both parameters
reduce as CuO is added but the reduction is minimal at 0.2 wt%
CuO. At this level of doping both d33 and Q,, are also accept-
ably high (Fig. 10), pointing the way for a particularly useful
formulation.

4. Conclusions

The addition copper oxide to Nags5Kgs5NbO3 (NKN) and
Nag 475Ko.475Li0. 05 NbO3 (NKLN) improved densification of the
ceramics (to over 96% theoretical) and reduced the sintering
temperature to below 900 °C by a liquid phase mechanism,
giving rise to a second phase in NKN of K4CuNbgO33.

NKN prepared without CuO exhibited an orthorhombic struc-
ture, whilst in NKLN two structures coexisted, orthorhombic
and tetragonal. In undoped NKLN the relative proportions were
approximately 60% orthorhombic and 40% tetragonal phase.
Displacements of the XRD peaks upon doping suggests that Cu
initially enters the A site and then at higher levels (0.2-0.8 wt%
CuO additions) it enters the B-site.

The use of CuO additions aided microstructure development,
reducing abnormal grain growth giving grain sizes in the range
2-15 pm in NKN. Domain structures were of the lamellar type
and water mark type for NKN and NKLN, respectively. The size
and distribution of the domains were affected by Cu content.

In NKN ceramics the orthorhombic—tetragonal and
tetragonal—cubic phase transitions occurred at temperatures of
approximately 225 °C and 410 °C, respectively. The introduc-
tion of LiNbOj3 into NKN, even at the 5% level, caused the
orthorhombic/tetragonal transition temperature to be reduced
by approximately 150°C, the tetragonal/cubic transition
temperature to be increased by about 50 °C, and the relative
permittivity to be reduced at all temperatures.

CuO doped NKN and NKLN ceramics retain strong fer-
roelectricity, with an increase in remanent polarization and
decrease coercive field with the amount of additive. For example,
NKLN prepared with 0.4 wt% CuO sintered at 890 °C exhibited
a saturation polarization (Pg,) of 0.30 C/m?, remanent polar-
ization of 0.27 C/m? and coercive electric field of 1.0 kV/mm.
Increasing the CuO to 0.8 wt% raised the breakdown field to
a maximum of 8.0kV/mm. As CuO was added to NKLN the
ceramics hardened considerably, Q,, increased from 50 to 220
and the other piezoelectric properties remained consistently high
(d33 =285, k; =0.42 and k; =0.45).
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