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bstract

resently, the most promising family of lead-free piezoelectric ceramics is based on K0.5Na0.5NbO3 (KNN). Lithium doped KNN ceramics show
igh piezoelectric properties at room temperature. An issue of particular interest for medical applications is the temperature stability of the
roperties because of the need for repeated sterilization process at around 140 ◦C. A concern with Li-doped KNN is that the properties may not be
hermally stable because the orthorhombic–tetragonal phase transition temperature is close to the room temperature. We report on electromechanical
roperties of KNN-modified with 3–6 atomic % Li, measured by resonance technique in function of temperature from 20 to 140 ◦C, during two

eating and cooling cycles. The piezoelectric coefficients d31 and radial coupling coefficients kp are decreased up to 30% of their initial value after
he first heating cycle. However, after the second cycle, the properties stabilize. The depoling is smaller in compositions that do not undergo a
hase transition in the examined temperature interval.

2007 Elsevier Ltd. All rights reserved.

Biom

L
c
d
k
c
t

i
m
a
t
f
T
t
p
t
t

eywords: Lead-free ceramics; Dielectric properties; Piezoelectric properties;

. Introduction

The most widely used piezoelectric ceramics are lead oxide
ased ferroelectrics, especially Pb(Zr,Ti)O3 (PZT). PZT exhibits
igh piezoelectric properties close to a morphotropic phase
oundary (MPB) between rhombohedral and tetragonal phases.
ypical compositions can contain up to 60% lead by weight.

Because of lead toxicity, the current legislations in Europe1

equire gradual removal of lead from electronic components.
ood candidates to replace the lead based piezoelectric ceram-

cs, are compositions based on potassium sodium niobate
amily (K, Na)NbO3 or KNN. This solid solution exhibits an

PB between two different orthorhombic phases at around
0:50 K–Na, accompanied with an increase in the piezoelectric
roperties.2,3 Nevertheless, the electromechanical properties of
NN ceramics are significantly lower to those of PZT.
Recently, modified KNN ceramics, obtained by replacing
he A and/or the B site cation of the ABO3 perovskite struc-
ure, have shown to exhibit properties comparable to those
f PZT ceramics.4 In particular, KNN ceramics modified by
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edical applications

iNbO3,5,6 LiTaO3
6,7 or SrTiO3 exhibit a thickness coupling

oefficient kt > 50% and the converse piezoelectric coefficient
33 around 200 pm/V for the Li substituted ceramics, and a
t > 50% and d33 over 300 pm/V for the Li and Ta-modified
ompositions.4 A d33 over 400 pm/V has been reported in tex-
ured (K,Na,Li)(Nb,Ta)O3 ceramics.6

In doped materials, the maximum properties were reported
n compositions containing about 6% Li4–6 and this maxi-

um has been attributed to the presence of an MPB between
n orthorhombic and a tetragonal phase. On the other hand,
he thermally induced phase transition between these phases
or this composition occur close to the room temperature.4

wo questions can be posed: first, whether the high proper-
ies reported in these materials are due to a thermally induced
hase transition near room temperature, or are due, as in PZT,
o the presence of a phase transition in function of composi-
ion, independent of the temperature. The second, and closely
elated question concerns the fact that the domain configuration
hanges on crossing the orthorhombic–tetragonal phase transi-
ion temperature during temperature cycling. This may lead to

artial depoling of samples, which is of a considerable practical
mportance. For medical applications, for example, the probes
ontaining piezoelectric transducer sometimes need to be steril-
zed at temperatures close to 140 ◦C. Comparable temperatures

mailto:Evelyn.Hollenstein@epfl.ch
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ay be encountered during the probe fabrication. Ideally, for
ransducers operating at room temperature, the initial room tem-
erature properties should be recovered after repeated thermal
ycling.

The goal of this paper is to investigate the thermal behaviour
f the electromechanical properties of KNN ceramics that show
levated properties near the room temperature. Successive ther-
al cycles similar to those used during the sterilization processes

re performed and piezoelectric properties are measured during
he cycling using the resonance technique.

. Experimental

Lithium-modified KNN ceramics of compositions (K0.5−x/2
a0.5−x/2Lix)NbO3 (with x = 0.03, 0.05, 0.06, 0.07) were pre-
ared by solid state synthesis from K2CO3 (99.997%), Na2CO3
99.997%), Li2CO3 (99.999%) and Nb2O5 (99.9985%,) starting
owders, which were dried at 200 ◦C prior to use. After separate
illing, the powders were mixed together with the aid of ZrO2

alls for 24 h in isopropanol. Two calcinations at 825 ◦C for 4 h,
eparated by attrition milling, were then performed to get a good
ompositional homogeneity. Finally, the powders were pressed
nto 15 mm diameter pellets and sintered in air, at temperatures
etween 1065 and 1095 ◦C, with a short dwell time of 10 min to
void grain growth.

The sintered samples were ground and polished to obtain an
spect ratio suitable for resonance measurements. Cr–Au elec-
rodes were sputtered onto both parallel surfaces of the disks. The
amples were subsequently poled at 50 ◦C and under 50 kV/cm
or different times (ranging from 5 to 15 min), optimized for the
ifferent compositions. To minimize aging effects, the resonance
easurements were performed at least 3 days after the poling.
hin copper wires were glued with silver paste on each elec-

roded surface, and the samples were supported only by these
ires during the resonant measurements. Two thermal cycles

rom 20 to 140 ◦C were made with each sample, and properties
ere measured during the heating and cooling.
Radial mode electromechanical coupling coefficients kp,

iezoelectric coefficient d31, permittivity and mechanical coef-
cients sE

11, s
E
12 and Poisson’s coefficient were determined by

he IEEE resonance method8 using an impedance analyzer HP
194 (Agilent, USA). Piezoelectric d31 and kp were determined
sing resonance method described in detail in Ref.9
The thickness mode coupling coefficient could not be reliably
easured with the IEEE technique because of numerous spuri-

us modes that interfered with the thickness mode resonance at
igh temperatures.

a
e

e

able 1
lectromechanical properties of the (K0.5−x/2Na0.5−x/2Lix)NbO3 ceramics at room te

i (%) 3 5
418 420

E
11 (m2/N) 10.5 × 10−12 10.5 × 10−12

E
12 (m2/N) −4.27 × 10−12 −3.60 × 10−

p 0.348 0.520

31 (pC/N) −38 −59

31 0.189 0.299
ig. 1. Dielectric properties of lithium-modified KNN ceramics for (�) 3% Li,
©) 5% Li, (�) 6% Li and (() 7% Li.

. Results and discussion

As shown in Table 1, the initial electromechanical properties
t room temperature are in good agreement with the previous
eports,5 confirming the enhancement of the properties in this
omposition region. Note that, as is the case with PZT, the prop-
rties do not peak at the same composition.10 The dielectric
ermittivity at room temperature increases with Li concentra-
ion, indicating the decrease of the orthorhombic–tetragonal
hase transition temperature with increasing Li concentration.
his is also an indication that the effect of the phase transition

emperature shift on the permittivity is probably stronger than
n MPB effect.

The temperature dependence of the permittivity, shown in
ig. 1, confirms the presence of a phase transition in the tem-
erature region between 20 and 140 ◦C for compositions with
% and 6% Li. The composition containing 3% lithium has a
hase transition temperature from the orthorhombic to the tetrag-
nal structure higher than 140 ◦C. In the case of 7% lithium
eramics, the orthorhombic to tetragonal phase transition tem-
erature is located below room temperature. The apparent peak
n permittivity visible for this composition in Fig. 1 between 40
nd 60 ◦C is present only in poled samples and powder diffrac-
ion indicates the tetragonal structure at room temperature. The
eramics with 3% and 7% Li thus do not change crystal structure
nd remain, respectively, orthorhombic and tetragonal over the

xamined temperature interval.

The temperature dependence of the electromechanical prop-
rties of the MPB composition (K0.47Na0.47Li0.06)NbO3 are

mperature obtained with the resonance technique before thermal cycling

6 7
480 760
11.4 × 10−12 12.8 × 10−12

12 −4.21 × 10−12 −5.54 × 10−12

0.474 0.486
−59 −76
0.266 0.259
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Fig. 2. Electromechanical properties of (K0.47Na0.47Li0.06)NbO3 ceramics: (a) permittivity, (b) mechanical compliance sE
11, (c) radial mode coupling coefficient kp

and (d) piezoelectric coefficient d31.

Fig. 3. Planar coupling coefficient of Li-modified KNN ceramics around orthorhombic–tetragonal phase transition temperature, for (a) 3% Li, (b) 5% Li, (c) 6% Li
and (d) 7% Li.



4096 E. Hollenstein et al. / Journal of the European Ceramic Society 27 (2007) 4093–4097

F two d
3

s
o
o
t
m
t
m
a
c
s
c
o

t
(
i
L
o
c
c
c
C
(
o
p
e
k

f
i
t
t
1
c
a
c
t
v
n
p

4

c
i
h
o
p
b
p
t
l
a
k
i
s

A

F

R

ig. 4. Planar coupling coefficient of (K0.465, Na0.465, Li0.07)NbO3 ceramics for
0 kV/cm for 15 min with field cooling.

hown in Fig. 2. Thermal hysteresis of the dielectric permittivity
f about 30 ◦C during heating and cooling cycles is indicative
f the first-order phase transition between the orthorhombic and
etragonal phases. It should be noted that for each measure-

ent, the temperature was stabilized for at least 10 min. All
he other electromechanical properties measured show a maxi-

um at the temperature of the phase transition. A decrease of
bout 30% of the piezoelectric coefficient d31 and the radial
oupling coefficient kp can be noticed after the first cycle. Con-
idering the properties after the first and the second heating and
ooling cycle, no additional significant decrease in properties is
bserved.

The radial coupling coefficient in function of the tempera-
ure for all the compositions is shown in Fig. 3. The depoling
decease in kp between 20% and 30%) during the first heat-
ng cycle is stronger for the two compositions, 5% and 6%
i, going through a phase transition in the temperature range
f the measurement. The same behaviour is also seen in the
ase of the piezoelectric coefficient d31. In the case of the
eramic with 3% Li, the thermal cycling doesn’t affect the radial
oupling coefficient, as well as the other properties obtained.
onsidering the tetragonal ceramic (7% Li), a small depoling

a decrease of about 10% of the piezoelectric properties) in
bserved. After the second heating and cooling cycle, when the
roperties are stabilized, this composition exhibit the best prop-
rties among the examined ceramics with d31 = −69 pC/N and
p = 0.41.

The poling conditions (50 ◦C, 50 kV/cm) used were the best
ound for these ceramics, however, as the poling temperature lies
n the temperature range of the measurements, there is a concern
hat depoling may be related to a relatively low poling tempera-
ure. Another poling has been performed on a 7% Li ceramic, at
50 ◦C, with a field of 30 kV/cm applied for 15 min, with field
ooling. The electromechanical properties after poling are not
s good as for the low temperature poling, as can be seen in the
ase of the radial coupling coefficient in Fig. 4. After cycling the

wo samples up to 140 ◦C, the properties stabilize at the same
alues. At least for this composition the poling conditions do
ot seem to affect the thermal stability of the electromechanical
roperties.
ifferent poling conditions: (a) at 50 ◦C, 50 kV/cm for 15 min and (b) at 150 ◦C,

. Summary and conclusions

The electrochemical properties of lithium-modified KNN
eramics have been measured as a function of temperature
n the interval from room temperature to 140 ◦C during two
eating and cooling cycles. For the compositions, which cross
rthorhombic–tetragonal phase transition at the examined tem-
erature range, the depoling is strong (piezoelectric properties
eing decreased by about 20–30%) while the decrease of the
iezoelectric properties in the case of ceramics which remain
etragonal or orthorhombic in the examined temperature range is
ower than 10%. After cycling, the best piezoelectric properties
re obtained for composition with x = 0.07: d31 = −69 pC/N and
p = 0.41. As the decrease of the properties is significant, there
s a need to look for new compositions with a better thermal
tability of the electromechanical properties.
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