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Abstract

(Li/Na/K)(Nb/Ta/Sb)Os; lead free piezoelectric materials (LTLS), “pure” or doped by 1 mass% ZrO,, were elaborated. The sintering was investigated
both by classical way and buried in a powder-bed in order to prevent the alkali-elements losses. The effects of doping and of these processes on
densification and piezoelectric properties (ds3, k and k,) were studied. The results demonstrated that the final densification is enhanced for
ZrO, doped samples. The sintering in powder-bed clearly enhanced the piezoelectric properties. The best results corresponds to ds; = 180 pC/N
and k; ~45-50% for non-doped samples and, ds3 ~ 150 pC/N, with k &~ 45-50% for ZrO, doped samples. Finally, the ultrasonic properties of
piezoelectric transducers based upon these materials were also investigated experimentally and theoretically. The results clearly demonstrated that
their bandwidth and sensitivity are suitable for use in piezoelectric transducers and comparable with similar PZT based transducers.

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

Actually, PbZr(j ;) Ti,O3 (PZT) and lead-based compounds
constitute the best family of piezoelectric and ferroelectric mate-
rials suitable for integration in devices, such as actuators, sensors
and ultrasonic transducers. However, at the present time, there
are some restrictions based upon European directives and thus
lead-based piezoelectric materials are only tolerated for piezo-
electric devices.! Asa consequence, new lead-free materials are
actually the aim of a lot of studies and several recent papers made
an inventory of the compounds actually considered as potential
candidates for the replacement of PZT.>*

Among the different materials available, the alkali-niobates
are considered as very promising. As a consequence, over the
past few years, much attention has been given to the lead-
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free compounds based upon solid solution between NaNbO3
and KNbO3. However, around the composition Ko sNag 5;NbO3
(KNN) their piezoelectric properties are especially interesting
because of the occurrence of a morphotropic phase bound-
ary (MPB) similar to the one of PZT.> Unfortunately, KNN
presents several problems related to sintering and thus, the PZT
compounds were preferred because they are easier to elaborate
by classical ceramic processes. However, the major drawbacks
of KNN ceramics are (i) difficulties in sintering by classical
ceramic routes and in the control of the microstructure, (ii) the
volatility of alkaline elements and (iii) high sensitivity of the
properties to stoichiometry.® Similar solid-solutions based upon
KNN were also recently investigated or re-investigated, such as
KNN-LiNbO3 or KNN-LiTa03.”'? For all of them, a general
trend can be evidenced: (i) the evaporation of (at least) one of
the alkali constituents of the MPB involve an evolution of the
chemical composition and the formation of secondary phases
that results in poor properties and (ii) this mechanism is asso-
ciated with abnormal gain growth, these two phenomena being
probably correlated. 314
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The research in alkali—niobates was recently boosted, since
a paper in Nature 1> reported exceptionally high piezoelectric
coefficients for textured ceramics prepared by a complex pro-
cessing method in the system (Na/K)NbO3-LiTaO3-LiSbOs.
As for “pure” KNN, this system corresponds to the occurrence
of a MPB, with d33 values around 370—415 pC/N for textured
ceramics, associated to Curie temperatures higher than 250 °C.
Examination of the corresponding paper evidenced that inter-
esting properties were also obtained for samples elaborated
by a conventional ceramic route: dzz higher than 200 pC/N
and Curie temperature greater than 200 °C. But this paper is
quite short and at the present time, if we compare this sys-
tem to the lead-containing materials such as PZT (more than
12,000 papers published since 1960), only few data are avail-
able concerning this complex perovskite compounds of the
(Li/Na/K)(Nb/Ta/Sb)O3 system.lS’26 In addition, even less data
are reported about the properties of these materials in real trans-
ducer configuration.>’~2° As a consequence, the ceramic process
related to this complex system needs to be investigated, in order
to verify if they lead to reproducible piezoelectric properties
suitable for the elaboration of ultrasonic transducers.

For this purpose, we retained the composition, of global
formula (Ko 38Nag 52Li0,04)(Nbo 86 Tag,1 Sbp.04)O2,97. Indeed, in
addition to excellent piezoelectric properties (d33 values up to
~200pC/N) '8, the authors reported that the sintering was easier
for this non-stoichiometric composition (K-deficient) than for
the stoichiometric one. Unfortunately, they also noticed that the
sintering problems are similar to the one observed for “pure”
KNN: alkali evaporation associated to the occurrence of a sec-
ondary phase of tetragonal tungsten bronze structure (TTB), as
for LiTaO3 and LiNbO3 modified KNN. 1314

In another way, it was demonstrated for “pure” KNN that
doping by ZrO, can hinder the exaggerated grain growth.3? As
a consequence, we retained the doping by ZrO; as a possible
way to solve the sintering problems of such materials. However,
the control of the alkali content in such samples is also a key
point in order to obtain suitable properties. As a consequence,
a method already known for lead containing compounds was
also used: some of the (Li/Na:K)(Nb/Ta/Sb)O3 samples were
sintered surrounded by a powder bed of the same composi-
tion.

Thus, the aim of the present study is (i) to search for the
best sintering conditions for ceramics of the abovementioned
composition with or without ZrO, addition in order to evidence
for the role of doping, (ii) for both compositions, to study the
effect of sintering atmosphere (powder bed) on the piezoelectric
properties and (iii) to test the piezoelectric properties of the best
ceramic samples in an ultrasonic transducer configuration.

Table 1
Process and composition for the different samples.

2. Elaboration and characterization of the samples

As noticed in the introduction, two different compositions
were retained for the present study: The first of them was
used as a “reference” material and have a the global formula
(Ko38Nap 52Lip,04)(Nbg g6 Tag,1 Sbo.04)O2,97. It will be hereafter
named LTLS. The second one was obtained by adding 1% mass
710, and will be named as LTLSZ.

Both kind of samples were sintered by two different pro-
cesses (Table 1): either by a classical way (LTLS and LTLSZ) or
covered by LTLS powder which can act as a source of alkaline
elements during sintering (LTLSb and LTLZSb) and thus pre-
vents their evaporation. For our best sintering conditions, one
sample was also elaborated with only 0.1% mass ZrO, (LTL-
SZc) using the powder bed process, in order to appraise the role
of the doping content.

All the samples were elaborated by solid state reaction using
high purity (>99%) K,CO3, Na;COs, LioCO3, NbyOs, TayOs,
Sb,0Os5 (LTLS, LTLSb) and ZrO, (LTLSZ, LTLSZb and LTL-
SZc). As previously noticed in a recent study concerning the
effect of milling process,?! particle size analysis performed by
laser granulometry (Cilas 1064) revealed that the raw materi-
als have very different particle size. As a consequence and in a
similar way to this study, the raw materials were first separately
ball-milled in ethanol using agate balls, in order to optimize their
particle size distribution. After milling, the mean diameters were
similar for the different powders (=1 pwm).

As the alkali carbonates are hygroscopic, they were system-
atically dried at 200 °C for 2h before using them. All these
precursors were then weighted according to the desired compo-
sition and homogenized by ball-milling in ethanol during 3 h.
The obtained powders were then calcined at 700 °C for 2h,
milled again during 3h and dried before any use. After reac-
tion and milling, particle size measurement showed a mean
diameter around 2 pm. The crystalline phases were checked by
X-ray diffraction (Siemens D5000, 6/26 configuration, Cu Ko
radiation, rear monochromator).

The obtained powders were then pressed into disks (0.5 tons
pressure ~43 MPa) and sintered at various temperatures rang-
ing from 950 to 1035°C for 8h. In order to perform all the
characterizations, batches of five pellets were systematically
sintered. Then, one of the pellets was crushed and checked by
X-ray diffraction. The remaining sintered disks were then rec-
tified in order to obtain parallel surfaces. Their densities were
measured both by geometrical measurements and helium pyc-
nometry (Micromeritics AccuPyc 1330).

In order to perform electrical characterization, metallic elec-
trodes were elaborated using platinum paint (Ferro, 6402-1001)

Sample name LTLS LTLSb

LTLSZ

LTLSZb LTLSZc

Global formula (Ko38Nag 52Lig,04)(Nbo, g6 Tag,1 Sbo.04)02,97,

Doping / /
Sintering Normal Powder bed

1 mass % ZrO;
Normal

1 mass % ZrO;
Powder bed

0.1 mass % ZrO,
Powder bed
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sintered at 1000 °C for 30 min. For piezoelectric measurements,
the samples were poled at room temperature in silicon oil under
DC field (1-7kV/mm). Piezoelectric constants d33 were then
measured by a dzz-meter (Piezotest PM 300). The electrome-
chanical coupling coefficients (planar and thickness modes)
were determined in a first approximation by the measurement of
the resonance—antiresonance frequencies (HP4194 A impedance
analyzer) on the basis of IEEE standards at room temperature.>?
For the best samples, the experimental electrical impedance
curves were also fitted with the KLM equivalent electrical
Scheme?? which allows extracting simultaneously dielectric,
piezoelectric and mechanical parameters of the corresponding
mode.

Finally, the performances of these materials were evaluated
in real conditions using a single element transducer and sim-
ulations integrating the best ceramic pellets. The experimental
results deduced from the electroacoustic response of the trans-
ducer were compared with the theoretical behavior (with KLM
model). Moreover, a similar transducer, where the piezoelectric
element was replaced by a standard PZT, was simulated and its
performances were compared to the one obtained for our sam-
ples. The results showed the interest of the developed lead-free
ceramics for transducer applications.

3. Experimental characterization and discussion
3.1. X-ray diffraction

The calcined powders as well as the sintered pellets were sys-
tematically checked by X-ray diffraction (Fig. 1). After the initial
calcination of the precursors, X-ray diffraction patterns revealed
that: (i) the desired perovskite phase was formed but the diffrac-
tion peaks are quite large, which implies probably an imperfect
ordering and (ii) a secondary phase, of tungsten—bronze structure
(probably K3LisNbsOg5), was also detected. After the sinter-
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ing, this secondary phase was totally suppressed and only the
perovskite phase was evidenced. The occurrence of a similar
secondary phase was previously reported for non-stoichiometric
samples of the same formula sintered for the same time '8 but
contrary to these results, we did not detect the TTB phase after
sintering.

For the sintered samples, no noticeable difference was
detected between the samples sintered in powder-bed and the
other ones, suggesting that the “b” process does not modify
drastically the crystalline structure. In order to evidence for
the influence of sintering temperature and doping, we selected
three samples corresponding to LTLS (1000 and 1035 °C) and
LTLSZ sample (1035 °C). A careful examination of the splitting
of the pseudo-cubic perovskite peaks indicates that the structure
is modified by these two parameters (cf. for example the splitting
of the 200 pseudo-cubic, Fig. 1).

For LTLS materials, the room-temperature symmetry was
reported as corresponding to a morphotropic phase boundary,
associated to the coexistence of both tetragonal and orthorhom-
bic symmetries.'® An evolution of the symmetry with the
sintering time was also demonstrated.'®% So, the exact sym-
metry is difficult to evidence, but the room-temperature X-ray
diffraction diagrams correspond more to orthorhombic symme-
try, since the 200 peak is splitted in more than two lines (probably
three). Another argument for this assumption is the occurrence
of two phase transitions above room temperature, as we will see
later, which can be attributed respectively to the orthorhombic-
tetragonal and tetragonal-cubic phase transitions.'® So the most
probable symmetry at room temperature for the refinement of
X-ray diffraction pattern is orthorhombic, even if the occurrence
of some tetragonal phase cannot be totally excluded.

Another difficulty in the examination of the diagrams is that
the exact space group for the room temperature form is not
known. Since the compounds are ferroelectric, they must belong
to a non-centrosymmetric point group. As a consequence, for
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Fig. 1. X-ray diffraction pattern of powder samples: after calcination (LTLS NS), after sintering at 1000 °C (LTLS) and after sintering at 1035 °C (LTLS and LTLSZ
1%Zr0,). The Miller indices correspond to a pseudo-cubic unit cell and the intensities are in arbitrary units (a.u.).
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Table 2

Lattice parameters (calculated by the “pattern matching” method).

Sample a (A) (£0.0005) b (A) (£0.0005) ¢ (A) (£0.0005) Volume (A3) bla cla c/b
LTLS1000 3.9453 3.9648 3.9980 62.5 1.005 1.013 1.008
LTLS1035 3.9393 3.9617 3.9928 62.3 1.006 1.014 1.008
LTLSZ1035 3.9449 3.9657 3.9887 62.4 1.005 1.011 1.006

the examination of the evolution of the X-ray diffraction pat-
terns, we retained the Pmm?2 space group (non-centrosymmetric
group and no diffraction conditions). The calculation of the lat-
tice parameters was performed using the “pattern matching”
method using the Fullprof suite (Table 2). As it can be observed,
there are only small differences between the three samples and
their unit-cell volume remains sensibly constant. The increase
of the sintering temperature has only a limited influence (LTLS
1000 °C and LTLS 1035°C): the “a” parameter is a little bit
decreased, while the “b” and “c” parameters are only slightly
reduced. If we consider the role of the ZrO, doping (LTLS
1035 °C and LTLSZ 1035 °C), a slight increase of the “a” and
“b” parameters is observed, while the “c” parameter is clearly
decreased. Thus, we can conclude that the Zr** ion is incor-
porated into the crystalline lattice (solid solution). As its ionic
radius (72 pm in 6 coordination number) is larger than the one of
Nb>*, Ta>* (64 pm) and Sb>* (60 pm),3* the distortion of the BOg
octahedra (due to the B ions) is reduced by this substitution. If we
consider that LTLS materials are similar to lead based materials
(PZT) or to BaTiOs, this distortion is directly correlated with fer-
roelectricity. Thus, this doping will clearly modify the physical
properties of these compounds, such as the Curie temperature.

3.2. Effects of ZrO; doping and sintering atmosphere on
densification

Preliminary study of LTLS and LTLSZ by dilatometric
measurements (not shown here) showed that the densification
starts around ~900°C for LTLS and ~1000°C for LTLSZ,
while the maximum shrinkage rate occurs in the temperature
range of 11001150 °C for the two compositions. These results
are coherent with published results concerning (i) Li doped
and Li/Ta-co-doped KNN 033 and (ii) (K,Na,Li)(Nb,Ta,Sb)O3
ceramics elaborated by “classical” ceramic route.'®1° As a con-
sequence, we studied the effect of sintering temperature between
950 and 1125 °C, since higher temperature resulted in the partial
melting of the corresponding pellet.

3.2.1. Effect of ZrO; doping

For the LTLS samples, which constitute the “reference”
series, the best densification occurred for a sintering temperature
of ~1000-1050 °C, but the relative density of the correspond-
ing sample (Fig. 2) was only of 85%, indicating the occurrence
of some porosity. For 0.1 mass % ZrO, (LTLSZc, 1 point at
1035 °C), the result is similar to the one of LTLS (84% rela-
tive density). For LTLS, the maximum value is quite small and
lower than the one previously reported for the same composition
(~98%) but the reported results '® corresponds to samples which
were cold-isostatically pressed before sintering, which is not the

case for our samples. The densities of our samples measured by
helium pycnometry (4.4—4.6 g/cm?) showed that the “bulk” den-
sity, i.e. density of the constituting material, is close to the values
measured on powders (4.69). This fact indicates that the lack of
densification is mostly due to open porosity, as confirmed by the
examination of the microstructure by FE-SEM pictures (Fig. 3).
Higher sintering temperature (1125 °C) induced the occurrence
of “huge” open porosity. Considering the size of the open pores
observed here, such phenomenon can be attributed unambigu-
ously to the occurrence of a gaseous phase, probably generated
by the evaporation of alkali elements, as already evidenced for
Ta modified KNN.!314

For the LTLSZ pellets (1 mass % ZrO;), the maximum rela-
tive density is higher than the one of LTLS batch but only for a
narrow range of temperatures (1025-1050 °C) and reaches 95%
at 1035 °C (Fig. 2). The effect of ZrO, doping on densification is
thus clearly evidenced. Similar results were previously reported
for unmodified KNN.30 In this study, the authors detected, for a
thin region close to the grain boundaries, the diffusion of zirco-
nium in the perovskite lattice. As a consequence, the substitution
of Zr** for Nb>* induces the occurrence of vacancies in the oxy-
gen sublattice. This substitution has to different effects: (i) the
grain growth is impeded and (ii) the occurrence of vacancies
increases the diffusion at the grain boundaries and thus promotes
the sintering process. A similar effect is probably observed here:
the grain-boundaries region is affected by the doping and thus the
sintering mechanism is modified and the densification increased.

Howeyver, a behavior similar to the one of LTLS series was
observed by FE-SEM (Fig. 3): some large open porosity was
induced in the pellets for higher temperature sintering (1075 °C).
Thus, even if the sintering process is improved by the doping,
the evaporation of alkali elements is not impeded, particularly
for the high temperatures.
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Fig. 2. The relative densities of ceramic pellets (based upon geometrical densi-
ties) as a function of sintering temperature.



G. Lévéque et al. / Journal of the European Ceramic Society 31 (2011) 577-588 581

L.TLS7 1035°C

LTLS 1075°C

P

LTLSZ 1050°C

. ¢

LTLSZ 1075°C

Fig. 3. Microstructures of LTLS and LTLSZ samples for different sintering temperatures (the magnification is different for some samples).

3.2.2. Effect of sintering atmosphere

In order to study the effect of sintering atmosphere on alkali-
elements evaporation, some samples were sintered with the
green pellets buried in LTLS powder. Such a process generates
around the samples an alkali-rich atmosphere which could pre-
vent the alkali losses originating from the pellets. The relative
densities of corresponding samples, respectively named LTLSb
(3 points) and LTLSZb, sensibly have the same values that the
one of LTLS and LTLSZ samples (Fig. 2). So, if this process has

an effect, it does not change drastically the final densities of the
samples.

3.3. Piezoelectric properties

3.3.1. dz3 piezoelectric coefficient

Before the measurements, the pellets were poled using
a continuous DC voltage applied for 30min in silicon
oil at room temperature, afterward the occurrence of the
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Fig. 4. Evolution of the piezoelectric coefficient d33 as a function of sintering
temperature.

resonance—antiresonance signal was checked and the d33 value
measured. This process was repeated up to the occurrence of a
ds3 constant value. Logically, we did not succeed in poling the
porous samples sintered at temperatures higher than 1050 °C,
since electrical breakdown occurred. For the other samples, the
sintering temperature dependence of the d33 piezoelectric coef-
ficients for LTLS, LTLSb, LTLSZ and LTLSZb is represented
in Fig. 4. Surprisingly, the non-doped samples of the LTLS
batch, which presents only poor values of relative density (85%
maximum), gave better d33 values than for the LTLSZ samples
(85-95% relative density).

Considering the role of the sintering atmosphere on piezo-
electric properties for non-doped samples, the effect of the “b”
process is clearly evidenced, since the values obtained by this
way are higher than the one obtained for “classical sintering”.
The best values were obtained for the LTLSb serie and reached
180 pC/N, which is similar to reported values for the same com-
position (195 pC/N'®) but lower than the best values reported
for this complex system (308 pC/N'6).

Concerning the 1 mass % ZrO; doped samples (LTLSZ sam-
ples), the highest value (110pC/N) was obtained for the pellets
corresponding to the best sintering temperature (1035-1040 °C,
90-95% relative density). As a matter of comparison, the LTL-
SZb pellets, which density does not differ from the LTLSZ one,
gave higher values of d33 (120 pC/N at 1035 °C) using the same
polarization conditions (5.5-6 kV/mm). So, as for non-doped
samples, preventing the alkali losses by the “b” process clearly
enhances the d33 values.

So, we can suppose that a lower content of ZrO, combined
with the bed-powder process could be interesting. For this pur-
pose, we prepared a sample (LTLSZc) containing only 0.1 mass
% ZrO; with the same conditions of sintering (1035 °C — 8 h).
In this case, the d33 value (150 pC/N) is better than the one of
the LTLSZ (110 pC/N) and LTLSZb (120 pC/N), but smaller
than the best one obtained for the LTLSb samples (180 pC/N,
1000 °C).

As a consequence, we can extract several information from
these results: (i) even if the densification is enhanced by 1 mass
% 71O, doping, the corresponding piezoelectric coefficients are
not reinforced by this substitution, since our best result (180
pC/N) was obtained for a non-doped sample (ii) the densification

by the ‘b” process (i.e. green pellets buried in LTLS powder dur-
ing sintering) resulted in higher piezoelectric coefficients (both
for doped or undoped samples) and (iii) properties for the ZrO,
doped samples, combining the “b” process and a 0.1 mass %
ZrO, gave the best piezoelectric (150 pC/N), but this one are
lower than for LTLS samples (180 pC/N).

3.3.2. Electromechanical coefficients k; and k,

The values of electromechanical coupling factors k;, (planar
mode) and k¢ (thickness mode) have been first estimated for
disk samples using the measurements of electrical impedance
as a function of frequency (IEEE standard 32). For example, to
calculate the thickness coupling factor, the following relation
was used:

kt:z.étan (n.fp _ fs)
2 f 2
where f; is the series resonant frequency at which the con-
ductance reaches the minimum and f}, is the parallel resonant
frequency at which the resistance reaches the maximum. These
results are represented in Fig. 5 as a function of sintering temper-
ature for the five batches. Again, only few results are available
for the LTLS samples since they were difficult to pole, but the
effect of sintering in powder-bed is again clearly evidenced. This
is not the case for the LTLSZb samples (only 2 points): the cor-
responding coupling coefficients seem to be lower than the one
of LTLSZ. In the case of LTLSZc (0.1 mass % ZrO»), k; and kj,
are similar to the values of LTLZSb for the same temperature.
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Fig. 6. Experimental complex electrical impedance and admittance of LTLSZc sample (black dashed lines) at fundamental resonance (LTLSZc4 sample, Table 3).
In the frames, the first harmonic (experimental: black dashed lines, theoretical: grey solid lines) is represented.

The best values obtained for our samples (IEEE standard) are:
for LTLS k¢ ~ 50% and kj, ~ 35%, for LTLSb k; ~ 47-50% and
kp ~45%, for LTLSZ ki ~ 46-48% and kj, ~ 28%, for LTLSZc
ke~ 50% and ky ~ 46%.

As shown of Fig. 6, the determinations of the fundamen-
tal resonance and antiresonance frequencies are difficult to
obtain with accuracy for several samples, where multiple peaks
appear in the resonance frequency range. As a consequence,
in order to minimize the possible errors on the determination
of several related parameters, a complementary characteriza-
tion was also performed for the best samples (LTLSb, LTLSZb
and LTLSZc). This characterization was based on a fitting
process of the complex electrical impedance as a function of fre-
quency with the equivalent electrical scheme KLM.3? Moreover,
this characterization allows obtaining dielectric and mechan-
ical losses. To avoid uncertainties on the determination of the
parameters (longitudinal wave velocity, anti-resonant frequency,
thickness coupling factor and losses), the first overtone is used
for the fitting process (as shown in frames in Fig. 6).3¢ The
thickness of the silver electrodes is in the range 10-60 pm
according to the considered samples and has been also taken
into account in the calculation of the electrical impedance
with the KLM scheme, in order to deduce only the proper-
ties of the piezoelectric material. The results for the thickness
mode are summarized in Table 3 and compared to a commer-
cial PZT sample. These simulations demonstrate that k; values
determined directly by the first method (from IEEE standards)
are overestimated compared to the results obtained with the

KLM scheme (method 2): for LTLSb 32-37% against 47-50%,
for LTLSZb ~40-42% against 46-48% and finally for LTL-
SZc ~40-42% against ~46%. The influence of variations in
several parameters such as thickness or electrode area of piezo-
electric disks on deduced properties was studied for similar
configurations. Results showed that the influence of these varia-
tions on extracted parameters of Table 3 were relatively low. In
particular for the ki, the variations have been evaluated around
£1.5%. Details to obtain these possible error values are given
in Ref. 37

For the planar mode, the calculation was performed only for
the LTLSb samples but the results are similar; the k, values
calculated using the method 1 (40-45%) are also overestimated
if compared to the calculated values (38—40%). The conclusion
of this study is that (i) the k;, and k¢ values of these materials are
of the same order of magnitude for both modes (i.e. 35-40%)
and (ii) the ZrO; doping at low level (0.1 mass %) improve the
properties of such materials, which are consequently interesting
but lower than the values of k, and k; for commercial PZT (for
example 59% and 47% for PZ27 Ferroperm 3%).

3.4. Thermal evolution of the properties

3.4.1. Dielectric constant and losses

In order to study the effects of ZrO, doping on electrical prop-
erties and phase transitions, the dielectric constant, &, and losses,
tan(§), were measured as a function of temperature (Fig. 7) for
three samples corresponding to increasing ZrO, content: LTLSb
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Table 3
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Piezoelectric characteristics of the ceramic samples (®: sample diameter, d33: piezoelectric coefficient, kp; and ki : planar and thickness coupling factor deduced
from the method 1 (from IEEE standard), e33%/¢¢: dielectric constant at constant strain, ¢;: longitudinal wave velocity, ki»: thickness coupling factor deduced from the
method 2 (with KLM scheme), f,: anti-resonant frequency, d,,: mechanical losses measured at f;, &.: electrical losses measured at f,, LTLSbS, bold letters: sample

used for transducer fabrication).

Sample & (mm) Relative density  ds3 (pC/N)  kp1 (%)  ku (%)  e33°/eg ¢ (mfs) ko (%) fo MHz) Z(MRa) 8y (%) b (%)
(%) (£1) (£5%)
LTLSb2 12 84.6 175 44.0 47.6 400 7370 33.5 4.2 28.8 49 4.0
LTLSb3 12 84.1 170 40.8 454 310 7700 37.3 44 29.8 6.8 4.5
LTLSb5 20 78.7 175 37.7 52.5 370 7150 344 3.9 26.2 5.2 24
LTLSb6 20 79.4 170 39.3 50.3 390 7360 32.0 4.1 27.2 5.7 4.3
LTLSb7 20 82.0 190 37.7 474 420 7345 31.9 4.0 27.7 6.6 1.0
LTLSZb5 20 91.9 130 20.7 40.8 545 6040 21.6 2.8 23.1 5.0 4.0
LTLSZb2 12 91.0 145 24.2 42.1 600 5915 24.3 2.9 25.2 6.8 2.7
LTLZc4 12 83.9 140 329 46.5 260 5485 40.2 2.7 20.2 3.6 2.7
LTLSZc5 20 82.2 150 33.6 50.2 230 5415 41.8 2.7 19.9 5.8 3.0
PZ27 Ferroperm [37] / / 425 59.2 47 914 3906 47 / 30 / 1.7

(0% ZrOy), LTLSZc (0.1 mass % ZrO;) and LTLSZb (1 mass %
Zr03). All the curves look quite similar and present two anoma-
lies, corresponding respectively to the orthorhombic — tetragonal
(=~60-70 °C) and tetragonal — cubic phases transitions (375 °C
for LTLSb).!6

The ZrO, doping have different consequences on the
dielectric anomalies: (i) the Curie point is depressed
(375°C — 345°C — 290 °C), together with a similar decrease
of corresponding anomalies for the tan(§) curves (ii) the value of
the dielectric constant at the maximum of the phase-transition
peak is decreased and the corresponding peak is enlarged
(iii) the Curie constant (measured at 1kHz) is also modified:
C=1.82x 10°K~! for LTLSb, C=1.78 x 10° K~! for LTLZc
and C=2.29 x 10° K~! for LTLSZb and (iv) the amplitude of
the dielectric anomaly close to room temperature is reduced
while the value of the dielectric constant at room temperature is
increased of ~20-25%. Such modifications clearly correspond
to a structural change and confirm that the Zr** jon is incor-
porated into the crystalline lattice, as we previously observed
by X-ray diffraction. As for other perovskite systems, the sub-
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Fig. 7. Evolution of the dielectric constant and dielectric losses as a function
of temperature (black circles: LTLSb undoped, red triangles: LTLSZc 0.1 mass
% ZrO, and blue squares: LTLSZb 1 mass % ZrO;). (For interpretation of
references to color in this figure legend, the reader is referred to the web version
of this article.).

stitution by a larger ion induces a decrease of the amplitude
of the peak associated to the ferroelectric — paraelectric phase
transition, together with an enlargement of this peak.>>°

In addition, the dielectric losses at room temperature are also
modified: the 0.1 mass % ZrO, addition (LTLSZc) increased the
value of tan(8), while for the 1 mass % ZrO; sample (LTLSZb),
the value is lower than for undoped-material, probably because
the temperature of the orthorhombic —tetragonal phase transition
is also modified by the Zr** addition.

Howeyver, the modifications observed here confirm that the
Zr** ion is incorporated into the crystalline lattice, as we previ-
ously observed by X-ray diffraction.

3.4.2. Electromechanical coupling coefficients

In order to obtain some information concerning the evolution
of the piezoelectric properties between room temperature and
Curie temperature, the evolution of the resonance—antiresonance
curves for thickness and radial mode was measured. The cor-
responding coupling coefficients were then calculated (first
method) for two samples: LTLSb (undoped material) and LTL-
SZb sample (1 mass % ZrO,). The results are represented Fig. 8.
As for the dielectric constant, two anomalies are observed:
The first one, around ~50 °C, corresponds to a decrease of the
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Fig. 8. Evolution of k, and k; with temperature for LTLSb sample (sintered at
1000 °C) and LTLSZb samples (sintered at 1035 °C).
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coupling coefficients and is associated to the orthorhombic —
tetragonal phase transition. The second one corresponds to the
disappearing of the polar behavior of the ferroelectric material
at the Curie temperature.

For the undoped sample, the variation of both coupling coef-
ficients is quite large at the first phase transition but a value of
~35% was still obtained for k; at 250 °C.

In we consider the doped samples and as previously noticed
for the dielectric properties: (i) the amplitude of the first anomaly
is reduced by the ZrO, doping and (ii) the Curie temperature is
lowered. For the planar mode, as slow decrease of the coupling
coefficient was noticed but a value of ~13% was still obtain at
250 °C. For the thickness mode, the coupling coefficient remains
at sensibly constant level (*~35%) up to 280 °C which is only
70 °C below the Curie temperature.

As a consequence, the stability of the thickness mode is
enhanced by this doping, even if the value of &, is lower than
for “pure” material: the k; value varies only from ~38% at room
temperature to ~36% at 250 °C. Since the thickness mode is
the one which is used for ultrasonic transducers, such a stability
of the coupling coefficient is particularly interesting. Indeed, an
empirical law generally used for piezoelectronic devices con-
siders that ferroelectric ceramic materials can only be used up
to 2100 °C below their Curie temperature, because of the rapid
decrease of the polarization close to the Curie point. Here, the
stability range is extended close to Curie temperature in a more
efficient way than previously reported.?3

4. Single element transducers
4.1. Transducer fabrication and characterization

For an evaluation of the performances of these materials in
conditions of use, a single element transducer was manufactured
using one sample of the LTLSb batch (LTLSbS sample, Table 3).
The backing was fabricated with an epoxy resin loaded with

Fig. 9. Picture of the elementary transducer integrating the LTLSb sample
(LTLSDbS sample, Table 3).

tungsten particles. It was directly molded and polymerized on the
lead-free piezoelectric disk. No matching layer was added in the
front face. This structure was integrated into isolated housing.
A coaxial cable with a characteristic impedance of Z=50 Q2 was
used for the electrical connection to the generator (Fig. 9). The
pulse echo response was measured in a water tank on a metallic
target at 3 cm and represented with the corresponding frequency
response in Fig. 10.

4.2. Transducer simulations and discussion

The experimental electro-acoustic response was then com-
pared with the one obtained theoretically using the KLM
scheme. For this, the data of the piezoelectric element (Table 3)
and an acoustical impedance of the backing of 16 MRa were
used (Fig. 11). The characteristics are summarized Table 4.
Theoretical and experimental results are in good agreement.

Similar theoretical configurations with the KLM equivalent
electrical scheme were used to simulate the behavior of single
element transducers with different piezoelectric elements. These
simulations will allow situating the efficiency of lead-free piezo-
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Fig. 10. (a) Experimental (black dashed line) and theoretical (red solid line) electro-acoustic responses; (b) corresponding normalized frequency responses of the
LTLSb sample based transducer (For interpretation of references to color in this figure legend, the reader is referred to the web version of this article.).
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Fig. 11. Simulated electro-acoustic time responses of transducers (LTLSb: grey solid line, standard PZT: Black solid line, modified PZT: black dashed line, LTLSZc:

grey points).

electric materials developed here, in comparison with standard
piezoelectric materials such as PZT. To have comparable results
with the previous simulation, the thickness of the piezoelectric
element was adapted to keep a resonant frequency at 2.2 MHz.
Moreover, the area of the piezoelectric element was modified
to obtain the same electrical impedance values at the resonance
frequency (depending mainly of the dielectric constant of the
piezoelectric material). This allowed in a 50 Ohm electrical
matching to have comparable results in terms of transducer sen-
sitivity. The acoustical impedance of the backing is unchanged
at 16 MRa. A standard PZT (Pz27) was used as a reference, 3’ but
in a first simulation, the k; was artificially decreased at the same
value as the one of the sample LTLSb (34.4%). This is the only
change in all the data of the Pz27. Characteristics of the corre-
sponding electro-acoustic response showed that the sensitivity
and bandwidth are comparable in both cases. The electroacoustic
responses of these different simulations are given in Fig. 11.
Table 5 gives the simulated transducer characteristics. When
the right value of k; is used for the Pz27 (47%), the corresponding
configuration delivered the highest characteristics with a sensi-
tivity of 5.6 dB higher than the lead-free transducer (LTLSb)
but the bandwidth is comparable, essentially due to slightly

Table 4

Characteristics of the experimental transducer based upon LTLSb (f; = center
frequency of the response, BP (—6dB)=bandwidth at —6dB, BP
(—20dB) =bandwidth at —20dB).

Sample LTLSb5 £, (MHz) BW (—6dB) (%) BW (—20dB) (%)
Experimental 22 45 110

Theoretical 2.2 45 115

Table 5

Characteristics of the simulated transducers (k;: value of thickness coupling
factor chosen for each simulation; Z: acoustical impedance of each piezoelectric
material; Amax: normalized maximum sensitivity (at f¢) (in comparison with
transducer using the Pz27 data); BW (—6dB): relative bandwidth at —6 dB;
BW (—20dB): relative bandwidth at —20 dB).

Sample k z Amax  BW(=6dB) BW (—20dB)
(%) (MRa) (dB) (%) (%)

LTLSb5 344 260 -56 45 118

“modified”

Pz27 344 300 -47 39 104

Pz27 470 300 0 47 120

LTLSZc5 418 199 -17 55 134

higher acoustic impedance for the PZT that for the LTLSb sam-
ple. Finally, the fabricated sample with the highest k; obtained
(LTLSZc5 with ky=41.8%) was also used to simulate a final
configuration. The results showed that this material becomes
competitive with the PZT. The sensitivity is relatively closed
but due to a lower acoustical impedance (due to material com-
position but also the porosity content), the bandwidth is higher.
As a consequence, this material appears as very promising for
the future development of lead-free piezoelectric materials for
ultrasonic transducers. Several works have already published
with KNN based compositions where single element transduc-
ers have been fabricated, evaluated and compared to PZT-based
transducer.”’-* Comparison between these results are difficult
(for example depending of the choice of acoustical impedance of
the backing), but similar conclusion are given between the lead-
free and PZT based transducers, even if any sensitivity value
is given. Moreover, the lead-free ceramic has a relatively high
longitudinal wave velocity making it especially suitable for high
frequency transducer applications.>’

5. Conclusion

The aim of this study was (i) to search for the best sintering
conditions for (Li/Na/K)(Nb/Ta/Sb)O3 ceramics, with or with-
out ZrO; addition, (ii) for both compositions, to study the effects
of sintering atmosphere (powder bed) on the piezoelectric prop-
erties and (iii) to test the piezoelectric properties of the best
ceramic samples in a transducer configuration.

Concerning the ceramic process, we demonstrated that the
densification is improved by ZrO, doping, but does not pre-
vent the evaporation of alkali elements, as “huge” porosity
was observed for high sintering temperature both for doped
or non-doped samples. The interest of sintering the pellets
in powder-bed was also studied: no noticeable difference was
detected in the relative densities of samples sintered at the same
temperature with or without powder-bed process. However, the
effect of powder-bed process was clearly evidenced on the piezo-
electric properties: the values of d33 and coupling coefficients k;
and k;, are clearly enhanced when compared to samples sintered
by “normal” process.

The interest of a limited addition of ZrO, (0.1 mass %)
was also evidenced: the ds33 value of the corresponding sam-
ple LTLSZc (150 pC/N) is lower than the one of “pure” LTLSb
sintered by the powder-bed process, but the values of k; coeffi-
cients (40-45%), which are the most important parameters for
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transducers used in thickness mode, clearly have the same order
of magnitude than the one of non-doped samples (45-50% for
the best samples). In addition, even if k; coefficients are a little
bit lower than the one of non-doped samples (45-50% for the
best samples), their thermal stability is enhanced since the ZrO»
doping reduces the evolution due to the phase transition close to
room temperature.

The experiments and simulations performed on transduc-
ers based upon these materials clearly showed that they are
very interesting for devices elaboration (competitive with the
PZT), particularly the 0.1 mass % doped sample: even if d33
and k; values are lower than the one of commercial PZT, main
characteristics of transducers integrating these materials are
comparable or higher than in the case of PZT based-transducers.
The main explanation of this high performance is found in the
acoustical impedance value which is lower than the PZT. The
acoustical adaptation between the transducer and the propa-
gation medium (typically water) is naturally improved in this
case. The density of this class of materials (3700-3900 kg/m?)
is lower than the one of PZT (=7700 kg/m3). This fact alone is an
advantage since the weight of the devices could be reduced com-
pared to the PZT based devices. As a second consequence of this
reduced density, the velocity of the ultrasonic wave is enhanced
(5400-7700 m/s) compared to the PZT values (3900 m/s). This
value is also interesting: same thickness of the piezoelectric ele-
ment will induce a higher resonance frequency, allowing the
device to be operated at higher frequency than for a PZT ceramic.

So we can conclude that this class of lead-free materials is
very promising for the replacement of PZT in piezoelectronic
devices and will probably be intensively investigated in the
future, even if a lot of problems related to ceramic process must
be resolved before their use in commercial applications.
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