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Abstract

The microstructures of 8 model Ag-based electrode pastes, fired on to PZT using commercial firing schedules, have been examined using
SEM with EDS, and the electrical performance of these systems investigated. The effects of three different bonding addltiyéxu@|
and a lead boro-aluminosilicate glass frit) were investigated both individually and together. The additives were found to be vital for good
bonding. In unfritted systems eutectic reactions between the additives, the electrode Ag, and the PZT dominated the microstructural evolution,
the loss of Pb from the ceramic being of particular importance. In fritted pastes the glass frit dissolve@thami was able to draw the CuO
to the interface, allowing reaction to occur. Electrical testing showed the unfritted systems to exhibit increased dielectric losses atsfrequencie
<10,000 Hz due to Pb loss resulting in interfacial polarisation.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction empirical nature in which these technologies have evolved,
that if one system works well, then there is further benefit in
Electrode metal pastes for electrical contact with elec- using the additives together. Much of the work done on the in-
troceramics typically contain bonding additives to facilitate teraction of these additives with the substrates on which they
bonding at the metal-ceramic interface. For dielectric materi- are used has focused on the ceramics used for printed circuit
als these additives usually fall into three main categoFies. board applications (e.g. ADs and AIN). A series of studies
bonded pastes contain 2—-10wt.% of a glass frit, typically a of various binary glasses on perovskites such as Baait@
borosilicate/aluminosilicate, its role being to melt, be drawn CaTiO;'™ have been undertaken. In general, glasses rich
to the substrate by capillary action, wet the ceramic, and in network formers (e.g. 803, Si0O;) facilitated reaction at
form a physical bond with the electrode metéux bonded the interface, whereas glasses rich in network modifiers (e.qg.
pastes contain 1-5wt.% of a melting oxide phase (typically PbO, BpO3) did not.
Bi20O3), its role being to be drawn to the metal-ceramic inter- ~ The conduction mechanisms (and the effect on these of
face, and to wet and/or penetrate into the grain boundaries ofdopants) for lead zirconate titanate (PZT) have been studied
the ceramicReactivebonded pastes contain a small amount by many authors.” It has been proposéthat the conductiv-
(0.1-1wt.%) of a reactive oxide, typically CuO or CdO, to ity within undoped PZT is p-type, and that this resulted from
facilitate reaction at the interfacklixedbonded systems are  vacancies on the Pb site, caused by the loss of PbO during
probably the most commonly used, containing more than onesintering. These Pb vacancies become ionised (to promote
(usually all) of these additives, the theory being, due to the localised electroneutrality), generating holes. Use of donor
dopants also promotes Pb vacancies as well as contributing

« Corresponding author. Tel.: +44 114 2225474; fax: +44 114 2225043, Cconduction electrons (reducing the p-type conductivity). The
E-mail addressw.e lee@sheffield.ac.uk (W.E. Lee). use of acceptor dopants (such as those used in the hard PZT
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of this study) increase the number of oxygen vacancies, and1K, 10K, 100K, 500K, and 1 MHz, at room temperature. In
contribute holes to the conduction process (increasing p-typebetween measurements made at each frequency, the machine
conductivity). For this reason soft PZTs are more electrically was recalibrated with respect to open and short circuits to
insulating than hard PZTs. take into account frequency effects on impedance measure-
Little published research has examined the microstruc- ment. The electrical measurements were performed on two
tures of metal electrode—electroceramic interfaces and everindependently prepared samples for each system. The mean
less has correlated the microstructures to the electrical be-dielectric loss was then calculated from these two measure-
haviour. Commercial hard PZTs were used along with 8 Ag- ments.
based electrode pastes of increasing complexity approaching Limited impedance spectroscopy measurements were un-
commercial compositions. The Ag pastes contained from onedertaken to distinguish potential electrode effects. Room
to several oxide additions enabling the effect of each oxide temperature performance was determined using a Hewlett-
and their synergistic effects on microstructures and electrical Packard HP 4192A LF Impedance Analyser. A single sample
properties to be determined. of each system was evaluated over the range 5Hz to 2 MHz,
with an ac amplitude of 100 mV, taking 10 measurements per
decade, without bias. A single sample (paste 1/@00was
2. Experimental method evaluated under the same conditions but with a dc bias of
5, 10, and 15 V. The data were analysed using in-house soft-
Commercial substrates of hard PZT doped with Sr and Fe, ware, with the data corrected for sample geometry. This sam-
were polished and ultrasonically cleaned in methylated spir- ple was also tested using a Solartron 1260 Impedance/Gain
its. Ag based electrode metal pastes 1-8 with compositionsPhase Analyser, with a Solartron 1296 Dielectric Interface, to
given in Table 1were screen printed on to the substrates. measure the impedance at an elevated temperaturé Q302
An organic vehicle containing two hydrocarbon resins, one and at room temperature (for comparative purposes). An ac
cellulose resin, and two different grades of glycol solvents amplitude of 100 mV was used over the frequency ranges
controlled the rheology of the electrode pastes. The samplesl Hz to 1 MHz, and 0.1 Hz to 100 Hz. The data corrected for
were then fired using schedules comparable to those used irsample geometry were analysed using Solartron Impedance
industry. From room temperature the samples were heated atmeasurement software.
10°C/min to 150°C, held for 12 min to burn off the organic
vehicle, heated at 1®/min to the target temperature (700,
800, and 900C), held for 1 h, before returning to room tem- 3. Results and discussion
perature at 10C/min. Samples were cut and polished in cross
section, and sputter coated in carbon to avoid specimen charg3.1. Microstructural analysis
ing. The microstructures of the electrode—electroceramic in-
terfaces were then characterised using scanning electron mi- For each electrode paste 1-8, fired at each temperature,
croscopy (SEM) and energy dispersive spectroscopy (EDS).EDS revealed some interchange of mass across the interface
The SEMs used were a Camscan series 2A (operating atbetween the metal and ceramic, with Ag in the PZT and Pb,
20kV), and a JEOL-6400 (operating at 20 kV), both with Zr, and Tiin the Ag electrode, local to the interfacel(m).
Link Analytical EDS systems (beryllium window) and capa- Diffusional penetration of Ag up to 10Q0m into PZT has
ble of secondary and back-scattered electron imaging (SEIbeen reported by Slinkina et&using a radio tracer method.
and BEI). A probe size of <0.0bm diameter was used, with  EDS (detection limit >0.1wt.% Ag) is unable to detect the
a likely interaction volume of <fumd. low concentrations of Ag found by these authors at this depth
Samples were also produced for electrical testing. These(~1000wm) in the current work.
samples consisted of 7.4mm 3.4mm x 1.25mm PZT
blocks with fired screen printed electrodes of pastes 1-8 on3.1.1. Unfritted pastes
each ofthe 7.4 mm 3.4 mmfaces. LCR measurementswere  Electrodes containing Ag alone (no bonding
performed on a Hewlett-Packard 4284A Precision LCR Me- additives—paste 1) generally resulted in poor bonding,
ter. An ac field strength of 1V was used in each case. The with extreme delamination/{g. 1a) for samples fired at
dielectric loss (tad) was measured at frequencies of 20, 100, 700°C, and significant interfacial cracking for samples

Table 1

Compositions of Ag-based electrode pastes 1-8

Paste Composition Paste Composition

1 Ag 5 Ag + glass frit ¢-8 wt.%)

2 Ag + BipO3 (5 wt.%) 6 Ag + BpOg3 (5wt.%) + glass frit -8 wt.%)

3 Ag + CuO (1 wt.%) 7 Ag + CuO (1 wt.%) + glass frit@ wt.%)

4 Ag + BipO3 (5wt.%) + CuO (1 wt.%) 8 Ag + BiO3 (5wt.%) + CuO (1 wt.%) + glass frit¢8 wt.%)

Glass frit composition~10 wt.% SiQ, ~13 wt.% AL Oz, ~62wt.% PbO, and-13 wt.% B,O3.
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Fig. 1. (a) SEI of paste 1 (no additives) with extensive delamination {€)0(b) BEI of paste 2 (Ag + BiO3) showing an interfacial Bi-rich liquid (light
phase) and limited grain boundary penetration (0 (c) BEI of paste 4 (Ag + BiO3 + CuO) with deeper penetration of the Bi-rich phase, and prevalent
unreacted CuO (70CC), (d) BEI of paste 3 (Ag + CuO) with no CuO left in the bulk electrode (90p and (e) BEI of the plan view microstructure of paste
3(900°C), showing the formation of light lath-like phases and (f) EDS of lath-like phases.

fired at 800°C. By 900°C the electrode adhesion improved, with extensive penetration (>30m) of the Bi-rich phase
probably due to a Ag-PbO eutectic that is able to form intothe PZT (similar to the microstructure showrHig. 1c).
from ~820°C (Fig. 2). The effect of B}Os3 is dependent ~ When BpOs is included in the electrode paste with CuO
on the presence of other additives and firing temperature.(paste 4), the temperature of liquid formation appears lower.
When BpOs is the only bonding additive (paste 2), fired Samples fired at 700C (Fig. 1c) do not contain a continuous
at 700°C, a continuous Bi-rich (liquid) phase forms at the Bi-rich phase at the interface, with deeper grain boundary
interface Fig. 1b), penetrating the grain boundarie® and penetration of this Bi-rich liquid phase into the ceramic. A
3um into the ceramic. BO3 has a melting temperature of  similar grain boundary penetrated microstructure is seen at
~825°C, which would suggest that the liquid phase is the 8/900°C for paste 2.

result of a eutectic reaction, likely to beJdB;—PbO, which The behaviour of CuO is less affected by the presence
can form from~600°C. This continuous interfacial liquid  of BipO3. For pastes 3 and 4, unreacted CuO is abundant
phase is missing from the samples fired at 800/9Ddue to throughout the electrode microstructure (as sedfign 1c)
conditions more favourable to grain boundary penetration, for samples fired at 700/80C. When fired at 900C there is
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Fig. 2. (a) Phase diagram of the binary system PhO%-f5),pseudobinary Ag-PbO—CuO phase diagram with a 20Cu0/80PbO mola’ratio.

a distinct difference, with no unreacted CuO within the elec- out the electrode bulk. Since the glass frit was designed for
trode microstructureHig. 1d). Instead, EDS reveals traces of firing at ~800°C, the viscosity of the glass at 700 may

Cu in the electrode Ag itself, at the interface, an#-3pm be too high to flow through the network of pores to the
into the PZT. CuO, with a melting temperature of 1026 electrode—ceramic interface. After firing at 8@ the de-
would require interaction with other phases to melt. This tectable glass frit elements (Pb, Al, Si) were all detected with
change in state of CuO occurring between 800 and°@00 increasing concentration as the interface was approached.
may be due to a combination of the Ag—PbO eutectic (from This is generally accepted as the ideal scenario and would
~820°C)° and a Ag—PbO-CuO eutecti(Fig. 2a and b), suggestthatthe glass is drawn towards, and interacts with, the
respectively, which can form from 75C. The formation of substrate, perhaps by capillary action through the voids in the
this lower temperature eutectic may not be possible at this electrode microstructure. The interaction with the substrate
temperature if the PbO levels in the bulk electrode are too and the glass is also known to have a role in drawing the frit
low (if the process is kinetically slow). The formation of the to the interface. Yajima and Yamaguthfound that a glass
Ag-PbO eutectic at the interface could be a pre-requisite, frit within a Ag electrode paste was preferentially drawn to
by facilitating increased transport of PbO into the electrode an Al,O3 substrate, when compared to the frits behaviour on
bulk, to making the melting of CuO possible. The detection a Ag substrate, under identical conditions. The interaction of
of Cu within the PZT would suggest that interaction occurs the frit with the AbOz was believed to be instrumental in this
with the ceramic in this melted state. Initial tests performed behaviour. After firing at 900C all of the detectable glassy

on the first reactive pastes in the 1970s (U.S. Patent 3 799elements were found, but dispersed throughout the electrode
890) suggested that the optimum temperatures were the temthickness. Plan view analysiBi§. 3) of fritted systems fired
peratures of decomposition of the reactive agent (2@2fr at 900°C showed phases likely to be glass on the surface of
CuO). The eutectic melting of CuO may lower the optimum the PZT (seen through voids in electrode coverage), and on
temperatures by reducing the effective temperature of decom-the electrode surface. Similar glass pools have been observed
position. Plan view analysis of the range of unfritted systems
revealed the formation of lath-like grains on the surface of the
electrode Fig. 1e). These laths were found predominantly in
sample fired at 900C, and some at 80CC, and had a com-
position as shown ifrig. 1f. It is believed that these lath-like
phases are PbO based (a result of PbO loss from the PZT
substrate).

Frit-rich

phase on
substrate LN phase on
3.1.2. Fritted pastes - s | clectrode
The firing temperature of the electrode affected the be- ' p '
haviour of the glass frit. In each case the presence (or other-
wise) of B could not be detected, being too light an element =~
for the Be window EDS detector, making Al, Pb and Si the
detectable species. After firing at 700the only elementthat  Fig. 3. Micrograph of the plan view microstructure of paste 3 fired on to the
could be detected by EDS was Al which was found through- substrate at 90TC, showing the lack of formation of lath-like phases.
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Fig. 4. (a) Electrode microstructure for paste 7 fired at80showing a dark reaction product (EDS shown) (b) at the interface.

by Chung and Kim2 They found that by increasing the frit  €xhibited significantly higher losses at lower frequencies
content within a Ag electrode the densification rate could be (<10,000 Hz). The unfritted systems were also affected by
increased. The densification rate can also be increased byifferences in firing temperature, with a general increase in
increasing temperature (reducing glass viscosity). The vis-low frequency loss with temperaturBig. 6a and b show
cosity of a typical soda-lime-silica glass can change by a representative room temperature plots of real and imaginary
factor of 1000 over an interval of 10€,13 which willhave ~ capacitance (Gand C) versus frequency for pastes 4 and 8,
corresponding effects on the densification rate. This is why respectively (having been fired at each of the target tempera-
the temperature used for glass frit bonding should be con-tures).Fig. 6a (paste 4) is representative of unfritted sytems
trolled stringently. Plan view analysis also showed the fritted andFig. 6b (paste 8) is representative of fritted systems. The
microstructures to be virtually free of the lath-like crystals Pplots show moderate variationsinimaginary capacitance. The

seen for unfritted system§ig. 3). variations occur between samples fired at specific tempera-
The effectiveness of other additives when incorporated in tures for particular pastes, primarily in unfritted systems, and
fritted pastes was variable. The glass dissolved th®Bad- occur at frequencies below 401(° Hz. In fritted systems

ditions to the extent that Bi-rich phases were rare, even for the variation in C is notably lessFig. 7a shows room tem-
samples fired at 700C. The efficiency of BiOs asabonding ~ perature plots of real and imaginary capacitanceaf@ C’)
additive in this form is questionable, the bonding mechanism Vversus frequency for paste 1/900, unbiased, and under dc
under these conditions is likely to be frit bonding, just by a biasing of 5, 10 and 15 V. The biasing in each case flattens the
modified glass composition. CuO is less easily dissolved, andC” curve. Fig. 7b shows unbiased plots of real and imaginary
is improved in effectiveness when used in tandem with the capacitance (Gand C') versus frequency for paste 1/900,
glass frit, which is able to draw the reactive oxide to the inter- at room temperature and 102, measured using a solartron
face under certain conditions. Highly viscous glass may be dielectric interface. They show an order of magnitude in-
too resistant to flow to reach the interface effectively, whereas crease in imaginary capacitance when measured &tL02

low viscosity glass may be too fluid to draw the reactive oxide

to the interface. When fired at 80Q a dark non-continuous

reaction product formed at the interfadéd. 4a) and EDS 4. Further discussion

(Fig. 4b) revealed it to be Zr- and Cu-rich. When fired at

700°C, CuO is more prevalent in the electrode microstruc-  Different composition electrolyte/insulator electrode in-
ture, which may be due to the glass being too viscous to per-terfaces polarise in various ways when subjected to an electric
form this role effectively at this temperature, being designed field.* A key feature, apart from the metal electrode com-

for use just below 800C. position, is the constitution of the grain boundaries within
the PZT. The properties of the PZT grain boundaries local
3.2. Electrical measurements to the interface will be modified by migration of impurities

introduced in the electrodeIn addition further rearrange-

Graphs showing the dependence of dielectric loss on fre- ment of dopants, vacancies, and other impurities/defects will
quency for electrodes fired on to the substrates at 700, 800,arise on application of an electric field. The firing tempera-
and 900°C, are shown irFig. 5a—c, respectively, for pastes tures employed are above PZTs Curie temperature (2850
1-8 (labelled P1-P8). In general, the fritted samples (P5-P8so the component will be depoled. Even low concentrations
in the graphs) experienced low losses (<0.004) with little of impurities can have a substantial effect on the properties
dependence of frequency, or on the temperature of firing. although they may become concentrated at interfaces where
This contrasted sharply with the unfritted samples, which the driving forces for diffusion are high&?.
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Fig. 5. Dielectric loss dependence on frequency for model pastes 1-8 for samples fired af @) (B)@00°C, (c) 900°C.

A significant factor in PZT production is Pb loss. Zheng et increase in Ag content of the PZT from 500 to 7&Dcould,
al.’® showed that St dopants had a destabilising effect on however have been related to Pb loss.
the PZT, promoting PbO loss. Pb loss was a feature in each  Pb loss will produce structural Pb vacancies and pos-
of the unfritted systems of this study. Indeed, formation of sibly O°~ vacancies depending on whether the Pb combines
eutectics with PbO was a substantial feature in the microstruc-with oxygen ejected from the material or from the atmo-
tural development of these systems. Pb loss from PZT leavessphere. The mechanism by which dielectric loss occurs de-
cation vacancies within the perovskite crystal structure some pends on the way in which charge neutrality is maintained
of which are likely to be filled by Ag having similar ionic when PB* ions are lost from the PZT structure. Charge neu-
radii to Pb (Ag" 1.26A, PR+ 1.20,&). Slinkina et al® ex- trality can be maintained in three ways. Firstly, by loss of
amined diffusional penetration of Ag in PZT doped with Nb 0%~ (which combine with P%' to form PbO). The presence
(soft PZT) concluding that most of the Ag penetration ob- of oxygen ions between cations and cation vacancies (and
served (after firing an Ag-coated pellet) was along PZT grain the energy barrier that would need to be overcome for the
boundaries although they did not address Pb loss and potentwo to interchange) hinders conduction through cation mi-
tial diffusion of Agt into vacant PB" sites. The reported  gration. It follows that an increase in the number of oxygen
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Fig. 6. Unbiased room temperature impedance spectroscopy measurements showing the respamse@fv@th frequency for (a) paste 4 (unfritted), and
(b) paste 8 (fritted) samples. Units of &d C’ are Fcnt?.

vacancies, together with an increase in the number of cationoccur). This means that there would be a requirement for
vacancies would allow increased freedom of movement of recombination with further oxygen from the atmosphere to
Agt, 0% and PB* ions. Since in this study the samples had produce further PbO. This is energetically favourable, in air,
been heated above PZTs Curie temperature, had not been reat the temperatures investigated. Secondly, charge neutrality
poled, and had been returned to room temperature at a sloncan be maintained by ionisation of vacancies left by theé Pb
rate, it can be assumed that a low energy configuration hadNeglecting the effects of Ag diffusion, if more PB* ions
been attained. However, as long as there is an increased numare lost from the PZT structure local to the electrode than
ber of PB* vacancies and © vacancies, then there is in- 02~ ions then vacancies on the A site can become ionised (to
creased potential for ionic conduction. The number 6fO  promote electroneutrality), which generates holes. This phe-
ions lost from the structure may be lower than the number nomenon is believed to be a source of the p-type conductivity
of PE?t ions (if Agt diffusion occurs or ionised vacancies seen in PZT. Thirdly, charge neutrality can be maintained by
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Fig. 7. Impedance spectroscopy measurements for sample with paste 1 fired®&t $fdving the response of @nd C' with frequency for (a) room
temperature measurements for unbiased, and for 5, 10 and 15V dc bias, and (b) unbiased measurements at room temperatQréuaimh IgRartron
dielectric interface). Units of Cand C are Fcn?,



1654 L.J. Ecclestone et al. / Journal of the European Ceramic Society 25 (2005) 1647-1655

a change in valency of remaining structural ions (e.¢?'Pb  4.2. Polarisation processes
to PB).17 Both the PBt ion and the vacancy can move un- . o _ _
der application of an electric field and so can contribute to  In dipolar polarisation mechanism a vacancy (induced by

ionic conduction. The location of Pb ions on a PB' site an aliovalent dopant or impurity) effectively rotates around
could also act as a donor impurity, which generates electrons the impurity (which has an effective positive charge) as the
reducing p-type conductivity. metal ions hop onto it. This causes rotation of the dipole and

Since the Pb loss generally increased low frequency di- is @ source of dielectric loss at3a.(° Hz. The production
electric losses (increased conductivity) the first two of these Of these dipoles could increase the losses due to dipolar rota-
processes are the most likely. There is potential for both ionic tion. However, these losses tend to peak at higher frequencies
and hole conduction but the results of the present study do notthan those seen in this study. A second mechanism: interfa-
allow these mechanisms to be distinguished. The dielectric cial polarisation, where charges (electrons or ions) pile up at
loss behaviour does, however, suggest that a frequency deperintercrystalline boundaries, is relatively slow, usually taking
dent polarisation process (involving holes or ions) occurs pre- place at frequencies<lHz, but having some influence at up
dominantly in unfritted systems, resulting in increased lossesto 10* Hz. The explanation that fits best with the electrical

at frequencies <10,000 Hz. data Figs. 5-7 is that of interfacial polarisation consistent
with greater levels of P~ and oxygen vacancies which leads
4.1. Trends in dielectric loss measurement to enhanced Af and PB+ movement, or increased ionised

vacancy (and hole) generation. This effect is similar to the dc

It is clear from the dielectric loss measurements taken of conduction source of dielectric loss, the movement of charge
the 8 model paste systems fired at the three different temper-carriers on application of an electric field, but with a barrier
atures Fig. 5) that the addition of the glass frit substantially that will only allow carriers to travel a limited distance. As
reduces the losses sustained in the lower frequency rangethe field is reversed the charge carriers move in the opposite
and also maintains these low losses as the firing temperaturalirection and the cycle begins again.
increases. To prove that these losses were real electrode ef- The dc biasing experiments undertakeig( 7a) flattened
fects further impedance analysis was undertaken. Much ofthe C’ response of the sample, effectively reducirfgs@low
the room temperature derived data, specifically in thelot 10*~10 Hz indicating a reduction in dielectric loss. The use
(versus frequencysig. 6), mirrored the general trends seen of dc biasing reduces the losses attributable to interfacial po-
in dielectric loss. For unfritted systems there was a trend for larisation, since the mobile charge carriers would be drawn
C’ to increase with electrode firing temperature at frequen- to, and held at, the boundary by the dc field. The low ampli-
cies below 16-10° Hz. For fritted systems the response of tude ac field would then have little impact in moving these
C’ is flatter across the lower frequency range, and is also lessmobile charge carriers away from the boundary against the
affected by firing temperature. These are both similar to the dc field.
trends seen for dielectric loss measured with an LCR meter  The microstructural and electrical evidence suggests that
(Fig. 9. the presence of the glass frit in the electrode paste reduces

dc biasing was used to further investigate the performancePb-loss. Potential reasons for this are: the vapour pressure
of paste 1/900C. Biasing in each casé-ig. 7a) flattened of the glass frit (in particular the PbO within it) is higher
the C’ response effectively reducing’®elow 1¢—10 Hz. than that of the PZT so hindering Pb loss from the PZT
This could be the result of a reduction in losses. Measure-in a PbO-rich atmosphere; the presence of glass frit in the
ments taken at 102 for paste 1/900C show that at higher ~ Ag electrode affects the concentration gradient of Pb/PbO
frequencies bulk processes dominate but that at lower fre-at the interface and throughout the bulk electrode; and a
quencies there are electrode effedtgy( 7b) with signifi- simple physical sealing effect of the glass. The differences
cant increases in’Gvhen compared to measurements taken in Pb concentration profile will affect the diffusion kinet-
at room temperature. This indicates that the low frequency ics at the interface. Ficks laws indicate that a concentra-
effects measured using the LCR meter to determine dielec-tion gradient is a driving force for diffusion. In the unfrit-
tric losses are actual electrode effects. The dielectric lossesed systems, since there is initially no Pb within the elec-
in unfritted systems were significantly higher at lower fre- trode, there will be a large concentration gradient at the in-
quencies (<10,000 Hz) than those seen for fritted systems.terface which will be a driving force for Pb to diffuse into the
In addition, as the firing temperature of the system was in- electrode.
creased, there was a corresponding increase in lower fre- The combination of microstructural analysis and electri-
quency (<10,000 Hz) losses. In general, therefore, it appearscal measurements has detailed the individual effects of the
that the loss mechanism is most effective at the lowest fre- inorganic additives used, and their performance in combi-
quencies, becoming gradually less effective as the frequencynation. The most significant additive is the glass frit which
of oscillation is increased, until a value®f.0,000 Hz where  controls conditions at the interface governing electrical prop-
it no longer has time to occur before the polarity is reversed erties so that measured values were as expected for this grade
again. Increasing the electrode firing temperature also ap-of PZT. When other additives are used in combination with
pears to facilitate further losses. the glass frit they tend to dissolve in it, effectively producing
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