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Abstract A successful fabrication process of textured
ceramics by homo-template grain growth (HTGG) is
described. Two samples fabricated with this technique were
characterised. Functional properties obtained are competi-
tive with for example a thickness coupling factor over 50%.
Different characteristics were compared with those obtained
by a unit cell model previously developed for piezocompo-
sites and extended to the case of two piezoelectric phases.
Behaviours of several connectivities (0-3, 3—0 and 3-3) are
calculated and results show that the spatial arrangement
does not have a great influence on effective parameters. A
transducer based on a textured ceramic sample has been
fabricated and characterised. The measured performance
shows the efficiency of these new piezoelectric materials.
Finally, electroacoustic responses of identical single ele-
ment transducer configurations have been simulated. They
show that a sensitivity increase of 3dB can be obtained at
equivalent relative bandwidth of 40% with textured ceramic
sample in comparison with PMN-PT ceramic used as a
matrix in the textured ceramic.
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1 Introduction

The association of several materials having different
properties (e.g. elastic, dielectric,...) has allowed to combine
several advantages of constitutive material that no single
constituent can deliver. This principle has been applied to
piezoelectric materials at the end of 1970s by Newnham
et al. [1] where the concept of connectivity to classify the
spatial arrangement between phases in a piezocomposite
has been introduced. This concept can be extended, with
several assumptions, to the case of two piezoelectric phases
such as in textured ceramics. Piezoelectric single crystals
(such as PZN-9%PT or PMN-32%PT) are largely studied
because of very high electromechanical coupling factors,
but the fabrication in large dimensions with constant
properties is difficult which is an important issue for
transducer fabrication. A trade-off can be found with highly
oriented ceramics where electromechanical properties can
approach those of oriented single crystals. The fabrication
of such materials in large dimensions is possible with the
process used here.

In the following section, the fabrication process of
textured PMN-PT ceramics obtained by homo-template
grain growth (HTGG) will be described. The fabricated
samples have electromechanical properties between those
of the two constitutive materials (polycrystalline PMN-35%
PT and single crystal templates PMN-25%PT). Behaviour
of the dielectric losses as a function of frequency is also
discussed.

The modelling of an inhomogeneous media (where the
properties are constant in each phase) as a homogeneous
material which is characterised by a single set of effective
constants merged in electroelastic moduli for piezoelectric
materials is known as a homogenisation method. Such
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Fig. 1 Optical microphoto-
graphs of PMN-PT textured
ceramics displaying texture
fraction of 0.95, recorded on as-
sintered surface (a), and pol-
ished sample, displaying texture
fraction of 0.7 cut perpendicular
to the disk surface (b)

modelling requires all the properties of each phase, their
geometries, morphologies (size, form, orientation, distribu-
tion) to be known. All these characteristics are very difficult
to obtain simultaneously and a majority of models assumes
that the overall average is replaced by a volume average on
a representative elementary volume which is small in
comparison with the sample and large with regard to the
microstructure. The model used in Section 3 is based on this
hypothesis. Additional assumptions and restrictions related
to the textured ceramics are also specified. Several effective
parameters are calculated for three connectivities and
compared with experimental results.

With a textured ceramic sample, a simple ultrasonic
transducer has been fabricated and characterised. Finally, to
quantify the interest of using textured ceramic, several
simulations of electro-acoustic responses of standard single-
element transducers with the KLM scheme [2] have been
performed with different piezoelectric materials.

Residual matrix grain
(crystal boundaries) Typical cubic crystal

0pri00 200 300
]

Typical grown cubic grain

2 Fabrication process

PMN-PT relaxor textured ceramics were prepared by in situ
template grain growth with tape casting [3, 4]. Seeds in the
shape of (1-x)PMN-xPT cubic single crystals with
composition close to x=0.25 were obtained by the flux
method. Perfect cubic crystals of 50x50%x50 um® were
selected as templates.

Nanosized (1 —x)PMN-xPT:Mn perovskite matrix powder
(x=0.35) was first prepared by solid-state reaction via
Columbite method and then milled using continuous attri-
tion milling with micro beads. Nanosized PMN-PT: Mn
powders exhibiting the BET surface areas of 12-20 m%/g
and 5 wt% of templates were mixed with organic binder to
obtain homogenous slurry (initial proportion of nanopowder
is 60 wt% in the organic binder). The mixture was tape cast
using the doctor blade technique to obtain tapes of 150 um
thick. Orientation of the templates was obtained during tape
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Table 1 Characteristics of two textured ceramic samples.

Sample Ammd) Vi (%) pkegm?) £ (MH2) v (ms™ k (%) 5/ Som (%)
1 124 0.6 30 8,060 6.9 4,580 51 1,305 1.8

2 124 0.7 40 8,060 5.9 4,500 49 1,400 5.1

4, electrode area; f, Lotgering factor; V; single crystal volume fraction; p, density; f,, anti-resonant frequency; v;, longitudinal wave velocity; k;,
thickness mode coupling factor; €‘§3 / €o, dielectric constant at constant strain measured at f;; d,,,, mechanical loss factor.

casting. Green tapes were dried, stacked, laminated and cut
into disks (diameter of 16 mm, thickness of 0.5 to 1 mm).
Tape stacks were sintered between 1150 and 1200°C for
different durations under O, in PbO-rich atmosphere. All
ceramics exhibit a density in the range 93-95%.

Orientation and microstructure of PMN-35%PT textured
ceramic were investigated by X-ray diffraction spectra
(XRD) and optical spectroscopy. XRD spectra, recorded
on raw and polished ceramic surface exhibit an intensity
increase of the (001) diffraction peaks revealing the
orientation of PMN-PT ceramics. A <001> texture fraction
of PMN-PT tape cast textured ceramic was estimated by the
Lotgering method from spectra recorded with 6/20 X-ray
using a Seifert MZ-IV goniometer in the Bragg-Brentano
geometry. The Lotgering factor (f) describes the degree of
texture of the scanned surface area.

Depending on sintering conditions, textured tape cast
ceramics display a texture fraction from 0.3 to quasi
complete (001) texture (f=0.95) in the cubic phase. The
orientation relationship [5] between grains was investigated
by a w-scan of the {001} peak recorded on polished
surface. The full width at half maximum (FWHM) of the
peak is equal to 9° and 6° for samples displaying texture of
0.7 and 0.96, respectively. Therefore, we can conclude that
orientation distribution of {001} direction in textured
ceramics is very small and out of plane alignment is good.

Optical microphotograph (Fig. la) of the sample,
displaying f=0.95, reveals a nearly complete pavement of
cubic crystals with residual matrix grains at the crystal
boundaries. The growth area around the pristine crystal
templates can be clearly observed: crystal cores appear in
black and the periphery in white [6]. It is important to note
that the analysed surface is about ~1 cm® and the
penetration depth of X-ray at 20-40 keV is a few microns.
The texture fraction was determined on a polished surface
sample and, for that, approximately 100 pm thick of ceramic
was removed. The Lotgering factor measured on the polished
surface is equal to that obtained from the as-sintered surface.
Optical micrographs (Fig. 1b) of a sample, cut perpendicular
to the disc surface show large grown cubic grains. The
initial green ceramic layers could easily be observed by the
superposition of grown cubic grains in the ceramic
thickness. Thus, the orientation of ceramic matrix along
the (001) axis was obtained in all considered volumes.

3 Functional characterisation and modelling
3.1 Characterisation

Two textured ceramic discs with different Lotgering factors
have been characterised to deduce properties related to the
thickness mode. Using the geometrical characteristics
(electrode area and thickness) and the density of the different
samples, a fit of the experimental electrical impedance of a
piezoelectric element in free resonator conditions [7] allows
to determine other parameters. The experimental set-up is
composed of a HP4395A impedance analyser and its
impedance test kit with a spring clip-fixture where the
piezoelectric samples are placed under free resonator con-
ditions. Complex electrical impedance curves of one of the
two samples are represented in Fig. 2 around the funda-
mental resonance and also at the 5th overtone. All the
parameters deduced are given in Table 1. The two samples
have a thickness coupling factor around 50% which is
higher than that of standard PZT ceramics.

Moreover, measurements have been performed on two
overtones (the 3rd and 5th) on one sample (number 1; see
Fig. 2 for the 5th overtone). Using these fits, the behaviour
of mechanical losses as a function of frequency (between 6
and 34 MHz) has been deduced. If a linear dependence is
assumed, the variation of 3.1x10°> MHz ' is obtained.

4+ —p
b
¥
1
Matrix
Inclusion 1 —
«
*]
«—» 7 a
a 1
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Fig. 3 Definitions of the unit cell with different connectivities for
textured ceramics. Coordinate system is added (3: poling direction)
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Table 2 Characteristics of PMN-35%PT ceramic and PMN-PT single
crystal.

Material p (kg m™) v (msh ke (%) £ / o
PMN-35PT 8,060 4,740 43 2,650
PMN-PT SC 8,060 4,610 62 925

p, density; v, longitudinal wave velocity; k,, thickness mode coupling
factor; €§3 / €9, dielectric constant at constant strain measured at f,.

This slope is relatively high in comparison with those
measured on a standard PZT (7% 10 * MHz ' for Ferroperm
Pz27) [8] and on single crystals in which losses are quasi-
constant [9]. The heterogeneity of the microstructure in
textured ceramics (as shown in Fig. 1) probably contributes
to increase the mechanical losses.

3.2 Modelling

A textured ceramic can be described by a unit cubic cell
where one phase is represented by a single inclusion in the
rest of the cell (matrix). The spatial arrangement between
the two phases changes the effective properties of the
composite material. With this modelling, the shape of the
single inclusion can be easily adapted to change the con-
nectivity [1]. In the Fig. 3, if only inclusion 1 is considered
the cell represents the 0-3 connectivity where the properties
of the inclusion are those of the single crystal and the
properties of the matrix are those of the polycrystalline
PMN-PT ceramic. For the 3—0 connectivity, the properties
of the inclusion and those of the matrix are simply
switched. If the inclusion 2 is now considered alone in the
cell, the 3-3 connectivity can be modelled. Electroelastic
moduli of the textured ceramics are calculated as a function
of single crystal volume fraction for each of these

3000 T T T T T T T T T

- 0-3
= 3-0

2500

2000

€33 5/80

1500

1000

500 \ \ . \ \ \ \ . \
0 0.1 02 03 04 05 06 07 08 09 1

SC Vi
Fig. 4 Dielectric constant at constant strain (£33°/€,) as a function of
single crystal volume fraction for three connectivities. Experimental

data is added (hollow circle: sample 1, solid circle: sample 2 from
Table 1)
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Fig. 5 Electromechanical coupling factor in thickness mode (k) as a
function of single crystal volume fraction for three connectivities.
Experimental data is added (hollow circle: sample 1, solid circle:
sample 2 from Table 1)

connectivities. For this, the values a and b (Fig. 3) are
easily related to the volume fraction of single crystal in the
material. The different steps for the calculation are detailed
in [10, 11]. A generalisation of the series and parallel
analysis developed for 2-2 connectivity (stack of alterna-
tive layers of single crystal and ceramic) with a matrix
resolution is used. The cell described in Fig. 3 is decom-
posed in blocks where each block corresponds to an
intermediate material in 2-2 (or 1-3) connectivity. Between
the two phases, rigid boundaries are assumed and anisot-
ropy of the effective electroelastic moduli is similar to that
of the single crystal phase.

This modelling assumes that only two phases with con-
stant properties co-exist in the material whatever the
volume fraction of single crystal. Two compounds have
clearly been distinguished by XRD analysis [5, 12].
Moreover, the orientation distribution in textured piezo-
electric polycrystal is not taken into account [13] but using
XRD analysis, a low orientation distribution is observed on
the samples studied here, as mentioned in Section 2.

Fig. 6 Photographies of (a) textured ceramic sample (number 1); (b)
transducer based on textured ceramic sample (number 2)
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Fig. 7 Experimental electroacoustic response of the transducer
integrating a textured ceramic sample (number 2)

Simulation of effective properties of the textured ceramic
requires the knowledge of material constants of the two
phases (PMN-PT single crystal and ceramic). Unfortunate-
ly, electroelastic moduli of single crystal cubic templates
with typical sizes between 50 and 100 um for the side are
not available. Published data on a material with close
composition (PMN-29%PT) measured on larger samples is
used [4, 14]. Moreover, a self-consistence between tensor
components is necessary for the modelling and complete
data of PMN-33%PT has been used [15, 16]. For the
random ceramic (PMN-35%PT), standard characterisations
with several samples having different geometries have been
used [4, 17]. According to all the component tensors of the
two phases, a few parameters such as the thickness
coupling factor and the longitudinal wave velocities are
deduced and given in Table 2.

As mentioned in Section 2, the Lotgering factor has been
used to quantify the degree of oriented structure at room
temperature with a non-destructive X-ray diffraction meth-
od [5]. The single crystal volume fraction is used as a key
parameter in the modelling. For several textured ceramic
samples, relation between the Lotgering factor values and
volume fractions of single crystal phase in samples has
been studied. For this, imaging analysis has been performed
on the surface of samples to calculate the percentage of
single crystal material and due to good homogeneity in the
volume of single crystal distribution (observed on cross
section sample, Fig. 1b), a non-linear relation has been
extended to the volume fraction. In Table 1, and using this

Table 3 Characteristics of the three simulated transducers.

relation, volume fractions of single crystal have been
deduced from the Lotgering factor for the two samples.
Figures 4 and 5 represent evolutions of the dielectric
constant at constant strain and thickness coupling factor as a
function of single crystal volume fraction (SC V) for three
simulated connectivities (0-3, 3—-0 and 3-3). Results show
that small variations appear between the connectivities and
so the arrangement between phase does not seem to be
predominant for the effective properties, contrary to
piezocomposites based on one piezoelectric phase and one
inert phase (typically a polymer) [11]. These results show
clearly that in all cases, a high volume fraction of single
crystal and consequently a high degree of texturing is
essential to significantly increase the performance (in
particular the thickness coupling factor which represents
the major parameter to deliver high transducer perfor-
mance) of the textured piezoelectric ceramics. In Fig. 4,
experimental values of the two samples are found to be
lower than the predictions. The main explanation can be the
porosity which has been observed in the samples but not
taken into account in the modelling. This porosity tends to
decrease the dielectric constant and the corresponding value
is probably higher in sample 1 than in sample 2. For the
thickness coupling factors (Fig. 5), values measured for the
two samples are in the same order as the predictions but
uncertainties in the input data have a significant effect.

4 Ultrasonic transducers
4.1 Fabricated transducer

The main objective of the transducer fabrication described in
this paragraph is to demonstrate the feasibility and compet-
itive performance of the textured ceramic sample. Conse-
quently, an arbitrary transducer backing has been chosen. A
simple transducer composed of a backing made with epoxy
resin loaded with metallic particles (the corresponding
acoustical impedance is 8 MRa) and the textured ceramic
sample 2 has been manufactured. No matching layer has
been added. Electrical contacts on the front and rear gold

Material in transducer ~ Z, (MRa)  Z, (MRa) Z; (MRa) e, (um) ¢ (um) BW(-6 dB; %) BW(-20dB; %) IL (dB)
1 PMN-PT SC 37.2 6.5 4.0 325 76 44 80 0
Sample 1 375 6.5 43 330 73 40 73 -3
3 PMN-35PT 38.2 6.5 44 345 75 39 70 )

Z,, acoustical impedance of the piezoelectric element; Z;, acoustical impedance of the backing; Z;, acoustical impedance of the matching layer; e,
thickness of the piezoelectric element; e;, thickness of the matching layer; BW(—6dB), relative bandwidth at —6 dB; BW(-20 dB), relative
bandwidth at —20 dB: IL, insertion loss (normalised with single crystal transducer).
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Fig. 8 Superimposition of sim-
ulated electro-acoustic responses
of three transducers with the
same centre frequency

(6.4 MHz) based on textured
ceramic (sample number 1, grey
solid line), PMN-PT ceramic
(black points), PMN-PT single
crystal (black solid line)

- N

Amplitude (a.u)
4 o

-2

electrodes of the piezoelectric disc have been made and the
two elements have been put in an insulating housing.
Photographs of the textured ceramic disk and transducer
using this element are shown in Fig. 6. The electro-acoustic
response measured in a water tank on a metallic target is
represented in Fig. 7. The centre frequency is at 5.5 MHz
and the bandwidths deduced respectively at —6dB et —20 dB
are found to be 29 and 100%. This result demonstrates large
possibilities of applications of textured ceramics.

4.2 Results and comparison

To compare more precisely the performance of a transducer
based on piezoelectric textured ceramic, the KLM scheme
[2, 18] has been used to calculate the electro-acoustic
responses and corresponding properties of three transducers
composed of a backing with the same acoustical impedance
(6.5 MRa), a piezoelectric element and a matching layer
adapted to a water propagation. The first and third trans-
ducers used respectively the properties of the PMN-PT
single crystal and PMN-PT ceramic for the piezoelectric
element (Table 2). The second transducer used the pro-
perties of the textured ceramic sample (number 1, Table 1).
For these simulations, the dielectric constant being different
between piezoelectric materials, the transducer performance
has been calculated independently of electrical environ-
ment. The centre frequency is the same in the three cases and
has been fixed by the thickness of the textured ceramic
sample. For the two other ones, the thickness has been
adjusted to keep a value of 6.4 MHz. Finally, an optimisation
approach has been used to calculate the thickness and
acoustical impedance of the matching layers [19]. This
method defines a performance index (PI) composed of
sensitivity and bandwidth parameters of the transducer. The
weighting of each parameter in the PI depends on the
application (here for medical imaging [20]). The transducer
parameters and then the PI are calculated from the electro-
acoustic response obtained with the KLM scheme. In
minimising the PI, the matching layer parameters are
deduced. Table 3 summarises the data obtained and Fig. 8
gives the superimposition of the three corresponding
electro-acoustic responses. The large difference between
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the thickness coupling factors of the PMN-PT single crystal
and ceramic delivered a variation of 6 dB of the sensitivity
and also a slight increase of the bandwidth. Logically,
intermediate results are obtained for the second transducer
with a sensitivity 3 dB higher in comparison with the third
transducer. Finally, a margin remains for the textured
ceramic, since by further increasing the degree of texture,
another 3 dB could be gained.

5 Conclusion

Fabrication of piezoelectric ceramics by homo-template
grain growth was briefly recalled. Two samples with
different degrees of texture were characterised (microstruc-
ture and functional properties). Experimental results were
compared to a model previously developed for piezocompo-
sites with one inert phase which is here extended to two
piezoelectric phases. Several additional studies will be
necessary to improve the modelling, in particular taking into
account the effect of porosity in the samples on the effective
parameters. Moreover, the poling step has a large influence
on electromechanical properties and optimisation in the
fabrication process will also be an important point to increase
performance. At this stage, measured electromechanical
properties are already higher than those of standard PZT or
PMN-PT ceramics with for example a thickness coupling
factor over 50%. These encouraging results have been
confirmed through the fabrication of a first transducer based
on textured ceramic sample and through simulations of
electro-acoustic responses of different transducers with same
centre frequency. Results show that at equivalent —6 dB
relative bandwidth (40%), sensitivity using textured ceramic
is increased by 3 dB in comparison with a transducer
integrating a PMN-PT ceramic disc which has the same
properties as the initial matrix of the textured ceramic.
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