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Abstract

We prepared (K 5sNay s)NbO; (KNN) ceramics with the addition of 1 mass% ZrO, with the aim to hinder the exaggerated grain growth encountered
in KNN. Both KNN and KNN-ZrO, ceramics sintered at 1115 °C and 1125 °C, respectively, had relative density exceeding 95%. KNN had a bimodal
microstructure, with a population of fine grains of a few 100 nm and the large grains of about 20 wm, while the microstructure of KNN-ZrO, was
fine and uniform, with the median grain size of 0.3 um and the largest grains of about 1.3 wm. We attribute the refinement of the microstructure
to the matrix grain-growth inhibition by ZrO, addition. The influence of ZrO, is twofold: sub-100 nm sized ZrO, particles, located at the KNN
grain junctions hinder the matrix grain growth. Additionally, the enrichment of the boundary regions of the matrix grains with Zr relative to the
grain interiors, confirmed by TEM/EDXS analysis, is also a probable reason for the decreased mobility of the grain boundaries. The dielectric

permittivity and losses, measured at 10 kHZ, and piezo ds; constant of KNN-ZrO, are 905, 0.04 and 100 pC/N, respectively.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The research on lead-free piezoelectric ceramics as a possible
alternative to widely exploited lead-based complex perovskites
such as Pb(Zr, Ti)O3 (PZT) and Pb(Mgp 33Nbg 67)O3-PbTiO3
(PMN-PT)-based materials has been stimulated by the increased
consciousness for health and environment protection. The group
of materials based on K 5NagsNbO3 (KNN) has been inten-
sively studied especially since the discovery of the compositions
modified with lithium and tantalum with piezoelectric proper-
ties comparable to those of commercial PZT materials.! The
KNN itself has got a moderate piezoelectric response, i.e. d33
between 80 pC/N and 100 pC/N after normal sintering®> and
almost 150 pC/N in the case of spark-plasma sintering.* Due to
its biocompatibility it could be used for medical applications.’

The difficulties related to undoped KNN are sintering and
control of microstructure and/or stoichiometry. The temperature
range of atmosphere-sintering of KNN is narrow and close to its
melting point at 1140 °C, spanning from 1100 °C to 1120 °C.3%7
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Our previous study of the microstructure of KNN ceramics sin-
tered at 1100 °C with 94.9% of theoretical density revealed a
bimodal distribution of grain sizes with fine micrometer sized
grains and a fraction of large grains ranging up to a few 10 wm.
Sodium-deficient niobium-rich second-phase inclusions were
also determined in the microstructure.® A bimodal grain size
distribution was observed by Zhen and Li® in Li-doped and
Li/Ta-codoped KNN and attributed to volatilization of sodium
oxide. The same authors further reported a core-shell structure
of coarse grains of KNN and Li/Ta codoped KNN. The core
consisted of oriented nanosized subgrains and the shell of larger
subgrains. They proposed that the growth of the coarse grains
was mediated by volatilization of alkalines (sodium oxide) and
formation of liquid phase.” Bimodal microstructure of KNN was
also reported by Du et al.”

KNN ceramics have got adequate piezoelectric and mate-
rial properties for ultrasonic medical transducers.'? To improve
sensitivity and consequently resolution, the transducer should
operate at higher frequencies, therefore the thickness of the
piezoelectric element, a ceramic disk, should be low.!! Ceram-
ics with a non-uniform microstructure are difficult to cut to
small dimensions and also fine grinding and polishing of thin
disks may be a problem. Therefore the aim of our work was
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to prepare dense fine-grained KNN ceramics with atmosphere
sintering. Fine-grained microstructure should also yield higher
mechanical strength and consequently it would allow easier sur-
face finishing. Although it has been demonstrated that the grain
growth of KNN can be decreased by the addition of different
aliovalent dopants, as for example Sr or Mg,'>3, or Li/Ta,? the
idea in this work was to add second-phase inclusions which
would limit grain growth of the matrix phase.

Zirconia inclusions effectively inhibit grain growth of alu-
mina matrix, with the prerequisite that all four-grain junctions
of the matrix grains should be filled with zirconia particles,
which is at >5vol.%, but even a lower amount decreased
the ratio of the largest to the average grain size.!> The addi-
tion of ZrO, in the amount of 1mass% (or 1.3vol.%) to
(Pbg.94S1(.06)(Zrg 52 Tig.48)O3 ceramics caused a decrease of
the matrix grain size, increased flexural strength and yielded
piezoelectric properties only slightly lower than of PZT itself.
Increasing the addition of ZrO, up to 8 vol.% improved the
strength but deteriorated the piezo-response.'# According to our
knowledge, there are no data on (K,Na)NbO3-ZrO, phase rela-
tions. However, as both ionic radius and coordination of Nb>*
and Zr** are similar,!> chemical interaction between the two
phases should be considered as well.

In this work we added 1 mass% of zirconia particles to the
synthesized KNN powder. We investigated the influence of
zirconia addition on the density, phase composition, microstruc-
ture, dielectric permittivity and piezoelectric d33 coefficient of
the ceramics.

2. Experimental

Ko.5Nag 5sNbO3 (KNN) was synthesized from the binary per-
ovskite compounds. KNbO3 and NaNbO3 were prepared by
milling niobium oxide (99.9%, Sigma—Aldrich) and potassium
tartrate (Ko C4H404-0.5H,0, >99.5%, Fluka) or sodium tartrate
(NayC4H404-2H;0, >99.5%, Riedel de Haén), respectively, in
an attrition mill with yttria-stabilized zirconia (YSZ) balls for
4h in acetone. The powder mixtures were heated at 700 °C in
case of KNbO3 or 650 °C for 4 h in case of NaNbO3 and milled
for 4h. The equimolar mixture of KNbO3; and NaNbO3 was
wet-milled for 1h, calcined at 950 °C for 4 h and milled again
for 4 h.

Zirconia powder (99.96%, Tosoh) in the amount of 1 mass%
was added to the synthesized KNN powder. The blend was
homogenized in a planetary mill in acetone for 15 min. This
mixture is further denoted as KNN-ZrO,.

The KNN and KNN-ZrO, powders were uniaxially pressed
with 300 MPa and sintered at 1115 °C and 1125 °C for 2 h in air,
respectively.

The samples for microstructural analysis were mounted in
epoxy, grinded and polished using standard metallographic tech-
niques. The polished samples were thermally etched at 50 °C
below the sintering temperature for 30 min. Plan view TEM
samples were prepared by mechanical thinning, dimpling and
ion milling using 3.8 keV argon ions.

Density was calculated from mass and dimensions of ceramic
pellets.

The microstructures were analyzed by scanning electron
microscope JEOL 5800 (SEM) and an analytical electron micro-
scope JEM 2010F (TEM). Both microscopes were equipped with
aLINKISIS 300 energy-dispersive X-ray spectrometer (EDXS).
Due to strong overlapping of the Zr(L) and Nb(L) lines in the
case of SEM-EDXS (20 kV), analytical electron microscopy was
used. Using 200kV accelerating voltage and Si—Li detector the
Na Ka, K Ka, Nb La and Zr Ko spectral lines were used for the
quantitative TEM-EDXS analysis. Single crystals of KNbO3 and
NaNbO3 were used as reference materials to improve the accu-
racy of the quantitative SEM/EDXS analysis, especially when
analyzing sodium.%16

Thermally etched samples were analyzed by a field emis-
sion SEM (FE-SEM, Supra 35 VP, Carl Zeiss). The digitalized
microstructure was processed with the Image Tool software!”
to obtain the areas of more than 200 grains. The grain size was
expressed as Feret’s diameter. The roundness factor R was cal-
culated as the ratio 4wA/P?, where A is grain area and P its
perimeter. '3

For electrical characterization gold electrodes were sputtered
on the polished disks with 6.5 mm diameter and 0.6 mm thick-
ness. Capacitance and tan § were measured at 10 kHz (Hewlett
Packard 4192 LF Impedance Analyzer). The samples were poled
at 100°C with 2kV/mm and 6.5kV/mm for KNN and KNN-
ZrO,, respectively. The piezo d33 constant was determined by a
Berlincourt piezo d33 meter (Take Control).

3. Results and discussion

The geometrical density of KNN-ZrO; ceramics is
4.30gcm™3, which is comparable to 431 gecm™> (95.5% of
theoretical density) obtained for pure KNN.

SEM micrographs of the fracture, polished and thermally
etched surfaces of the two materials are collected in Fig. 1. The
fracture surface of KNN reveals a non-uniform microstructure
with regions of both trans- and intra-granular fracture (Fig. 1a).
We can distinguish grains, ranging from about a micrometer
up to a few 10 wm. The SEM-BEI image of the polished sur-
face shows the dark-grey matrix phase with pores, which are
non-uniform in size and in distribution (Fig. 1b). The content
of porosity estimated from the polished microstructure is much
larger than the value obtained from the geometrical calculus of
density, which is 5%. We assume that in the process of grind-
ing and polishing the sample experienced pullouts which could
explain the presence of regularly shaped voids in the microstruc-
ture. We observed some light-grey second-phase inclusions,
marked with an arrow, but their area was too small for an exact
analysis.

The thermally etched surface reveals a strongly bimodal
microstructure, consisting of cube-shaped grains ranging from
a few 100 nm to about a micrometer, and a population of large
grains of sizes of up to a few 10 wm (Fig. 1c). Note that the sam-
ple is over-etched, but with lower etching times the boundaries
of the fine grains could not be discerned.

The fracture surface of KNN-ZrO, is predominantly trans-
granular (Fig. 1d). The polished microstructure contains
uniformly distributed sub-micron pores and some light-grey



B. Malic et al. / Journal of the European Ceramic Society 28 (2008) 1191-1196 1193

Fig. 1. Fracture surfaces (a and d), polished (b and e) and thermally etched microstructures (c and f) of KNN and KNN-ZrO, ceramics. (a and b), (d and e): SEM-BEI;

(c and f): FE-SEM micrographs.

second-phase inclusions (Fig. 1e). EDXS analysis of the matrix
phase yielded the composition corresponding to 10.24 at.% Na,
10.23 at.% K and 21.07 at.% Nb. The Na/K and the (Na + K)/Nb
ratios were 1 and 0.97, the latter slightly lower than the the-
oretical value of 1. The second-phase inclusions contained a
lower amount of Na in relation to K and to Nb, namely the
Na/K and the (Na+ K)/Nb ratios were 0.74 and 0.85, respec-
tively (Table 1). A sodium-deficient and niobium-rich secondary

phase with the Na/K and (Na+ K)/Nb ratios equal to 0.30 and
0.60 was determined by SEM/EDXS in the microstructure of
KNN, sintered at 1100 °C for 24 h.® The deficiency of sodium
in KNN-based ceramics was also observed by Zhen and Li.}
Zr could not be detected by EDXS which we attribute to its
low content, homogeneous distribution in the matrix phase, and
to overlapping of the characteristic Nb La and Zr Lo spectral
lines.

Table 1

Elemental composition of the matrix and secondary phase in KNN-ZrO; ceramics determined by SEM/EDXS analysis
At.%* Na/K (Na+K)/Nb
Na K Nb

Nominal composition 10 10 20 1 1

Matrix 10.24 £0.50 10.23+0.0.05 21.07 £0.05 1.00 0.97

Second phase 7.85+0.64 10.59+0.20 21,6540.02 0.74 0.85

4 The at.% of Na, K and Nb were normalized assuming ABOj3 stoichiometry. The results are the average of three analyses at different locations on the sample.
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Fig. 2. Thermally etched microstructure (a) and grain size distribution (b) of
KNN-ZrO; ceramic. N: number of grains, D: Feret’s diameter.

100 nm

Fig. 3. Bright field TEM image of the perovskite grains with flat grain boundaries
and well discernible ferroelectric domains in KNN-ZrO; ceramic.

Fi

Fig. 4. Bright field TEM image of a ZrO; grain in a [0,1,—1] zone axis located
at the junction of KNN matrix grains. Inset: selected area electron diffraction
(SEAD) pattern of the ZrO; grain.

The thermally etched surface of KNN-ZrO, ceramics con-
sists of uniform sub-micron grains (Fig. 1f) and is in strong
contrast to the bimodal microstructure of KNN (Fig. 1c). The
predominantly cuboidal shape of the grains is clearly discernible
atahigher magnification (Fig. 2a). Note that the matrix and ZrO,
grains cannot be distinguished. The grain size distribution is uni-
modal, with the mean grain size equal to 0.32 +0.22 wm. The
largest measured grains do not exceed 1.3 wm. The roundness
factor R, which describes the deviation from a perfectly circular
shape, is 0.67 (Fig. 2b).

Fig. 5. High-resolution TEM image of a boundary between two perovskite
grains. SAED pattern performed on the boundary was indexed with monoclinic
KNN unit cell (PDF: 77-0038). It shows reflections of KNN grains in [0,0,—1]
and in [0,—1,2] zone axis.
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Table 2
Dielectric permittivity and losses measured at 10kHz and piezoelectric d33
constant measured with Berlincourt meter of KNN and KNN-ZrO, ceramics

£ tan 8 dzz (pC/N)
KNN 580 0.08 80
KNN-ZrO; 905 0.04 100

A detailed study of the microstructure of the KNN-ZrO;
ceramics was further performed by transmission electron
microscopy. The morphology of cube-shaped grains with flat
grain boundaries and ferroelectric domains is discernible in
Fig. 3. This observation is in agreement with an earlier study
of KNN ceramics sintered at 1100 °C® and TEM study of 0.95
Ko.5sNag sNbO3, —0.05 BaTiOj3 sintered at 1060 °C.!° The ZrO,
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Fig. 6. TEM/EDXS spectra of the KNN grain interior (a) and of the region close
to the KNN grain boundary (b). The spot size was 5 nm.

inclusions of around 50 nm in size were found at the junctions
of the matrix grains (Figs. 3 and 4). The SAED confirmed the
monoclinic structure of ZrQ,.20

A high-resolution TEM analysis of the matrix revealed
clean grain boundaries, with no segregation of second phases
between the grains (Fig. 5). We could not detect the sodium-
deficient secondary phase inclusions observed by SEM. It
is possible that they were etched in the process of sample
preparation.

We further investigated a possible interaction between the two
phases. The analysis of four matrix grains consistently yielded a
higher content of Zr in the 5 nm region close to the grain bound-
ary in comparison to the grain interior (Fig. 6). The enrichment
of the grain boundary region in zirconium can be explained by
the diffusion of zirconium in the perovskite lattice. Having in
mind that the ionic radius and coordination chemistry of Zr ions
are similar to Nb, we can expect a limited solid solubility of
Zr in Ko 5Nag sNbO3; with Zr+ occupying the Nb>* sites in the
perovskite lattice. Consequently vacancies should form in the
O-sublattice.

Such defect structure in the boundary region of the grain could
impede KNN grain growth. It has been shown for BaTiOj3 that the
non-uniform distribution of the dopant within the grain interior,
and with a higher concentration of the dopant in the boundary
region, limits the grain growth. Examples include BaTiO3 doped
with Nb,2! Bi/Nb,2? Ce,23 La,?* and Mg.25

We further measured the dielectric and piezoelectric prop-
erties of KNN and KNN-ZrO; ceramics. The dielectric
permittivity, losses and piezo d33 constant of KNN are 580, 0.08
and 80 pC/N, in agreement with reported data.>? The respective
values for KNN-ZrO, are 905, 0.04 and 100 pC/N (Table 2).
Note also that the KNN-ZrO; sample could be poled with a three
times higher electric field than the KNN. We can connect higher
dielectric permittivity and piezoelectric d33 coefficient of KNN-
ZrO; ceramics with the observed changes in microstructure in
comparison to KNN. Matrix characterization of the KNN-ZrO,
ceramics is being carried out from impedance measurements at
resonance on three-sample geometries?® and will be published
separately.

4. Summary

We have shown that the addition of a small amount of ZrO,
particles effectively hinders the grain growth of Ko 5sNag sNbO3
ceramics during sintering in air. We attribute the refinement
of the microstructure to two processes. The zirconia particles
located at the matrix grain junctions decrease the mobility of
the matrix grain boundaries, however in our case the amount
of ZrO; is too low to fill the majority of grain junctions. By
TEM/EDXS we detected enrichment of KNN grain boundary
regions relative to the grain interior which we attributed to a
limited solubility of Zr in the perovskite lattice. We connect
this defect structure of the grain boundary regions with the hin-
drance of the matrix grain growth. The dielectric permittivity,
losses and piezo dz3 constant of KNN-ZrO; are 905, 0.04 and
100 pC/N.
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