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Abstract

For more than 40 years, PZT family has been the best established group of piezoelectric ceramics, with a wide variety of compositions,
optimised for different applications. It has been divided into hard and soft materials, each of the main groups divided again into subgroups,
standardised and widely available in these classical types.

The recent developments within the medical field includes, besides 3D diagnostics, new therapeutical applications using high intensity
focused ultrasound (HIFU), requires for the latter a hard material type to handle necessary signal level. However, it is also desirable to have,
at the same time, higher dielectric constant in order to match electrical impedance.

Besides electrical matching, acoustic properties of ceramics are important in order to optimise performance of transducers based on PZT.
Mismatch between acoustic properties of PZT and environments, in which transducers have to work, have been overcome by adding matching
layers a/o backing and creating composite structure using time consuming and costly dice and fill processes or similar.

Finally, high content of lead in PZT has in the light of EU’s environmental policy towards sustainable materials, a substantial effort was
made to replace PZT by lead free materials.

This paper presents, besides two new hard materials with dielectric constant of 1900 and 2800, also an additional version of these materials
with engineered structure, where the acoustic impedance has been reduced to approximatelyl5 M Rayleigh. Typical properties for the new
materials including lead free ceramics will be presented.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction sible candidates for innovation, being materials or technolo-
gies, due to high cost either of capital investment or chemical
Lead titanate lead zirconate ceramics family has beeningredients.
developed over more than four decades. The basic compo- Time to the market is another factor defining return of
sition was modified by a number of different substituents the costly development effort. Close collaboration with end
in order to meet requirements of a growing number of users and fast response time to the marked needs are condi-
applications. tions for success and ensure more efficient introduction of
Technology based on mixed oxides method, still domi- new products. Recently, new emerging products within high
nating in industry, has been upgraded by improved powder intensity focused ultrasound (HIFU) created interest foranew
processing routes and by pressure assisted densification. generation of hard materials, optimised for this application.
New market signals indicate that sustainability has be- Examples of such new materials will be given in this paper.
come a part of the strategy for a new product generation  To comply with the demand for sustainable products, the
and requirements for design and materials. At the same time,lead content in PZT can be either completely eliminated or
global competition makes it necessary to sharply monitor cost significantly reduced. Both routes will be illustrated in the
of manufacturing, forcing industry to reject some of the pos- paper.
Success criteria for development are defined by timing,
Tk Tel.s +45 49 12 71 00, cost and performance of the new product.
E-mail addressww@ferroperm-piezo.com. High cost of composites consisting of PZT and polymer
URL: http://www.ferroperm-piezo.com. phase, manufactured by dicing and filling method together
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with their relatively narrow operating temperature range, Backing Electrodes Matching layers
have been limiting the use of such materials despite their sat- P 2 and 1

isfying performance. Alternative composite manufacturing N \

process has been developed resulting in significantly lower

cost materials with extended operating temperature range. As

these engineered structure materials do not contain the soft

polymer phase, they can be also attractive when prepared T Ceramic

from hard type PZT for high signal operation. Properties of @

the engineered structure soft and hard type piezoceramics are

shown in the paper. Fig. 1. Schematic representation of KNN based transducer for medical ap-
plications.

2. Sustainable piezoceramics 3. Lead-free ceramic

Reduced effect of lead on environment can be obtained ei- Pz61 is the potassium sodium niobate composition se-
ther by eliminating or reducing the content of lead in the prod- lected after the recent completion of LEAF project for com-
uct or by improving the products performance. As a result, mercialisation. It offers attractive properties when compared
volume of the hazardous substance, necessary to maintain théo lead metaniobate, both for low frequency and resonant ap-
correct function of a given device, containing such a product, plications agizz andk; have same or higher values than those
will be reduced. Finally, cost of components is an important, of K81 (seeTable J. Its relatively high sound velocity af-
often a key factor in design of new devices. The cost factor fects acoustic properties of KNN, which is not an advantage
limits therefore, practically, the use of pressure assisted den-in terms of matching transducer acoustically to most of en-
sification methods, such as hot pressing, hot isostatic pressingZironments (se€ig. 1). On the other hand, it makes it easier
or forging a/o, if using those means significantly increased to manufacture components for high frequencies, when com-
cost. pared with porous and mechanically weak lead metaniobate.

To eliminate lead totally, compositions of piezoelectric The work carried out during the project indicates possibilities
materials alternative to PZT have to be considéred® to extend this niobate family by additional compositions, e.g.
At present, however, no ideal replacement for PZT has with higher dielectric constafto create a choice of materials
been found. None of the investigated candidates such asoptimised for different applications. Still, based on present
barium titanate or bismuth titanate offers properties even experience, properties cannot be expected to provide a direct
close to those of PZT (seEable 1.1 In addition, neither ~ replacement for corresponding PZT family.
bismuth nor barium is a completely safe alternative to
lead. Ferroperm piezoceramics working within fifth Frame
Project LEAF (lead-free piezoelectric ceramics based on 4. Modified PZT compositions with improved
alkaline niobates) took a different approach and focused onperformance properties by means of innovative
materials consisting of ingredients completely non-toxic. technologies
Alkaline niobates have been known since the sixties,
however, due to a problematic densification, they were not  Medical arrays for 2D diagnostics are often based on
common among users of piezoceramics. The number ofso-called one to three composites, i.e. ceramic plates are
compositions tested and reported in literature was limited produced by dice and fill method and cut into elements
and reported mainly for compositions densified by means of sometimes as small as pn. Their commercialisation ap-
hot pressing. Properties were only attractive when comparedproximately 10 years ago triggered development of ceramics
to lead metaniobate, another porous, highly anisotropic with very high dielectric constant in order to compensate for
ceramic used mainly for non-destructive testing (NDT) the tiny size of individual elements and their very low ca-

transducers. pacitance. 3203HD from CP®ecame market standard and
Table 1

Comparison of various types of piezoelectric ceramics

Parameter o (glen®) e3r tans Tc (°C) ko ke daz (10712CIN) Qum

PZT type 1 (Pz26) 7.70 1300 0.003 330 5D 047 290 >1000
PZT type 1 (Pz27) 7.70 1800 0.017 350 .59 047 425 80
Barium titanate 5.70 1450 0.02-0.10 130 .3® 038 190 600
Bismuth titanate (K15) 7.20 145 0.010 >600 .06 015 >18 100

Lead metaniobate (K81) 6.20 300 0.01 400 KD 030 85 N/A

Lead free (Pz61) 4.30 600 0.030 400 30 40 60-80 20-30
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Fig. 2. (a) Textured ceramic process. (b) Microscope picture of a textured ceramics.

reference, offering besides very good piezoelectric proper-
ties, high dielectric permittivity and nice dense microstruc-
ture, another feature important for materials to be cut. Single
crystals PMN-PT and PZN-PT could be alternative, offer-
ing a/o electromechanical coupling of 90% and nice
gether with other attractive features, however, high cost and
until recently poor reproducibility put limitations on their
commercialisatiot. The idea of improving technology of ce-
ramics, so that thanks to a higher degree of ordered structure
properties closer to those of relaxor single crystals would be
obtained, led to investigations on textured ceraficysee
Fig. 2) and sinter forgin§ (seeFig. 3.

Both technologies result in materials with improved prop-
erties. Textured ceramics, however, still require further work

dielectric permittivity of 5-6000. The challenges here are to
maintain Curie temperature, which usually drops as mate-
rial is modified in order to increase permittivity, at minimum
160-170C, and to have sufficiently high coercive field in or-
der to avoid depolarisation during, e.g. assembly. The more
general trend goes towards miniaturisation of devices based
on piezoceramics. This market includes medical devices as
well, single element transducers. The medical market for di-
agnostic arrays is less price sensitive and is relatively low
volume and opens, therefore, for using expensive raw materi-
als such as scandium and indium to obtain desired properties.
Other medical applications will challenge the material sup-
pliers, working on ceramics for new requirements, to modify
their products by mainly process improvements.

on process parameters such as degree of texturing, which is

a function of volume and orientation of seed crystals and the
remaining ceramic tape, but also more conventional proces

parameters such as densification of these structures. Forging,
one of pressure assisted sintering techniques, whilst resulting

in improved properties, adds substantial cost to the product.

The application driven development depends on the mar-
ket's interest and will often be based on a push—pull relation-
ship between the end user and the supplier. Medical device
market is a good example how such a relationship affects the
material development.

The medical market works on the next generation of diag-
nostic devices, 3D arrays, leading to ademand for even highe

Sinter Forged KNN
1h @ 1050°C & 6kN

Pressureless sintered KNN
1h @ 1050°C

Fig. 3. Comparison of sinter forged KNN and conventionally sintered KNN
(high density is here shown by a higher degree of translucency).
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5. New materials for therapeutic applications

Whilst ultrasound based medical diagnostics devices are
well established and cover, besides already mentioned ar-
rays systems, for e.g. obstetrics, gynaecology, cardiology a/o,
small often portable equipment for bloodflow and heart rate
control. As new countries develop their welfare, new health
care units are organised to serve local societies. Well estab-
lished societies in Europe and Japan are ageing, creating
a need for costly hospitalisation to increase. This situation
has created an increasing interest for new treatment meth-
ods, based on use of ultrasound and replacing traditional
surgery. Ultrasound therapy based on the principle of high
intensity focused ultrasound is in many situations expected to
replace surgery, thus minimising the impact of the operation
on human body and reducing the hospitalisation time needed
after treatment, which will minimise additional cost emerg-
ing from social development. The reported experiments show
positive effect of ultrasound on treating cancer tumours and
healing of wounds or broken bones. HIFU in treatment of
prostate tumours, another old age disease, is already devel-
oped and commercialised.

The traditional group of hard PZT materials, developed for
maritime or industrial applications, was optimised for rela-
tively low frequency and bulky devices. The new medical
applications require materials with different properties. At
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Table 2

Comparison of new HIFU materials (Pz52, Pz54) with a standard PZT type 1 maltiied/(vww.ferroperm-piezo.com

Parameter p (glcn®) e3r tans Tc (°C) ko ke daz (10-12C/N) Qm

Pz26 (type 1) 7.70 1300 0.003 330 0.57 0.47 290 >1000
Pz52 (HIFU) 7.30 1900 0.003 250 0.61 0.53 420 550
Pz54 (HIFU) 7.80 2800 0.003 225 0.59 0.48 500 1500

the same time, as the new therapeutic devices follow the gen-volume percent and pore size. The process opens for possi-
eral trend towards miniaturisation, their structure has to be bilities to modify more or less any traditional bulk ceramic,
fine grained. Low dielectric and mechanical losses are to be offering physically lighter components.
maintained in order to handle the energy needed during the As a result, the acoustic impedance of such a modified
ultrasonic treatment, however, significantly higher dielectric material is significantly lower and the number of matching
permittivity than that of type 1 materials is desired to match layers, needed in transducers in order to obtain better signal
electronics. Finally, the operating temperature range shouldtransmission to a human body, is reduced. Again, transducer
not be significantly reduced, which again, limits the possible assembly is simplified and the overall cost reduced. Engi-
degree of freedom in modifying the basic compositions (see neered structure ceramics are not a complete replacement for
Table .12 one to three composites prepared by the dicing and filling
technique, but they do offer a good alternative in many appli-
cations. Besides much lower cost, they have a wide operating
6. Engineered structure ceramics temperature range as they do not contain polymer phase and
can be used with standard screen printed silver electrodes. As
Engineered structure ceramicae an example for modi- ~ materials are modified already at powder stage, piezoceramic
fying properties by process modification. By using a carefully components can be formed by pressing into, more or less, any
controlled volume of a combustible additive to the powder, shape. Following manufacturing steps are similar to those of
the resulting content of porosity in otherwise fully densified standard ceramics and do not involve additional cost. Engi-
ceramic can be defined in advance, both with regard to theneered structure ceramics have good mechanical properties

Table 3

Comparison of lead metaniobate Pz35 with new low acoustic impedance materials Pz3@tRz@&\{w.ferroperm-piezo.com

Parameter o (glcn?) £3r tans Tc (°C) ko ke da3 (1012 C/N) Qm

Pz35 5.70 220 0.006 500 0.05 0.34 100 15-20
Pz36 5.70 610 0.003 350 0.26 0.52 230 500
Pz37 5.70 850 0.017 350 0.25 0.50 340 50

64 Elements

Fig. 4. Jometf transducer. Miniaturized, high-frequency medical ultrasound which in this case is shown by an intravascular catheter.
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and can be machined and handled exactly as conventionaB00°C and barrier layers blocking migration of lead have to
piezoceramics (seBable 3.12 be developed.

7. Piezoceramics in miniaturised integrated devices 8. Conclusions

Miniaturisation supports sustainable development policy. = The examples of applications given in this paper are based
It can be implemented by means of devices based on the prin-on development in the medical device market. It could be
ciple identical to the traditional devices, just smaller. Minia- as well hardware technology, sensor-automotive market or
turised catheters are good examples of such products (seeobotics. Miniaturisation is a general trend, no matter the
Fig. 4). They use traditional high quality piezoceramics, ex- application. At the moment, the focus is on material de-
tensively machined and assembled. They are an example ofelopment; however, in the future, implementation of new
a highly sophisticated product. or improved materials in the devices based on technologies
Another example can be a simple disposable doppler enabling integration is to take place. Thick film technol-
(bloodflow measurement) device used to monitor patients af- ogy is a good candidate to provide a feasible and relatively
ter surgery. Here, its cost is a crucial factor for its implemen- fast route to commercialisation. The principle is the same
tation, even that benefit seems to be obvious, reduced risk ofeverywhere—timing, cost reduction coupled with improved
acquiring contagious disease during hospitalisation. or atleast comparable performance. Close collaboration with
In a small device, smaller volume of harmful substances end users is to mutual benefit.
is used. This simple fact requires, however, extensive de- The development has not been identical in different parts
velopment of material technology, if the performance of of world. Whilstin Europe and Japan, the environmental as-
miniaturised devices has to be comparable to the traditional pects were dominating; improved performance was the most
devices. important factor affecting material or technology choice in
Market drive is towards lower cost products enabling im- United States.
plementation of disposable, preferably small, transducers. To
achieve that, new technologies such as thick fifhsve to
be introduced. Screen printing technology, traditionally used Acknowledgement
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