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This final report summarizes the work on "Ferroic Shape Memory

Materials, and Piezo:Pyro Electric Oriented Recrystallized Glasses”
carried out at the Materials Research Laboratory of The Pennsylvania
State University under ARO Contract No. DAAG46-84-K-0002.

In this program a new family of electroceramic materials--grain
oriented "polar glass-ceramics” were developed. An extensive study of
piezoelectric and pyroelectric properties of a number of polar glass-
ceramics was carried out. From the work carried out in this contract
period, several polar glass-ceramic compositions useful for pyro-
electric detectors and hydrophones have been identified. This report
includes the papers published or submitted for publication in 1985 and
1986 (Appendices 1 to 7) and a copy of the Ph.D. thesis entitled "Study
of the Piezoelectric and Pyroelectric Properties of Polar Glass-
Ceramics™. A brief description of the work done is given in this
introductory section.

The preparation and properties of polar glass-ceramics were
investigated in this work. Polar glass-ceramics consist of well-
oriented crystallites of a polar but nonferroelectric crystalline phase.
From the work carried out in this program it is clear that glass-

ceramics offer several advantages for use in piezoelectric and

pyroelectric devices. In this work, glasses were prepared from LijO-

§105,-B203, Ba0-Ge0,-TiO,, Ba0~$i0,-TiO; and SrO-Si0,-Ti0,; systems and

were recrystallized to obtain polar glass-ceramics with crystallites of

Li28i20g5, LipS8i03, LijB409, BayTiGeyOg, BayTiSisOg or SrpTiSisOg
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oriented along their polar c-axes. The oriented region of the
crystallites was 200-500 ym from the surface of glass-ceramics.
Dielectric, piezoelectric and pyroelectric properties of glass-ceramics
are in close agreement with the respective single crystal properties.
Glass-ceramics in the fresnoite family are excellent candidate materials
for hydrophones. Magnitudes of hydrostatic piezoelectric coefficient dp
(~100x10~3vm/n) and dielectric constant (~10) of fresnoite glass-
ceramics are comparable to the corresponding values of polyvinylidene
fluoride. The electro-mechanical coupling coefficients kp and ki were
in the range 15 to 20% (Appendix 1).

The polar growth behavior of cyrstallites from glass matrix depends
on the original composition of glass. This property can be exploited to
tailor the piezoelectric and pyroelectric properties of polar glass-
ceramics. A connectivity model, based on the principles of series and
parallel connectivity models has been described to predict the piezo-
electric and pyroelectric properties of polar glass-ceramics (Appendix
1.

Pyroelectric properties of a number of polar glass ceramics were

studied. The dielectric and pyroelectric properties of several com-

positions in the systems Lij0-5i0,-B,03, Ba0-5i0,-TiO5, and SrO-SiOj-
TiO, were investigated. The pyroelectric figures of merit of polar

glass-ceramics are approximately 40 to 60% of those of LiTa03, and look

very promising for pyroelectric devices (Appendix 2).
Since the piezoelectric and pyroelectric properties of glass-

ceramics in the fresnoite family were promising, a detailed study of

properties of Ba;TiSi;Og and BajTiGeyOg single crystals was carried out.

Single crystal x-ray work was done to refine the crystal structure
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parameters of BajTiSi,Og to investigate the origin of unusual properties
of BapTisiy0g.

The dielectric, piezoelectric and pyroelectric properties of
fresnoite (BasTiSizOg) single crystal and polar glass-ceramics were
studied in the temperature range -150 to 200°C. The sign of pyro-
electric coefficient is positive at room temperature and becomes
negative at 190°C. The dielectric constant, pyroelectric coefficient
and planar coupling coefficient show a maximum value at 160°C and the
frequency constant shows a minimum at the same temperature. The
probable reasons for the anomaly in these properties were investigated
(Appendix 3).

Crystal structure parameters were refined from single crystal x-ray
intensity data collected on BayTiSizOg at 24 and 300°C. Anisotropic
refinements in space group P4bm yielded residuals of 0.035 and 0.042 at
24 and 300°C, respectively. Pyroelectric measurements give a room
temperature pyroelectric coefficient of +10 qu'z K-l. A structural
mechanism for the pyroelectric effect is proposed in terms of large
oxygen displacements. A sign reversal in the pyroelectric coefficient
occurs at 160°C, perhaps caused by the cancellation of primary and
secondary effects (Appendix 4).

Polar SrpTiSijsOg glass-ceramics were prepared by recrystallizing
glasses in a steep temperature gradient. The dielectric, piezoelectric
and pyroelectric properties were studied as a function of temperature in
the temperature range -150 to 200°C. The sign of the pyroelectric
coefficient is positive at room temperature and is attributed to the

dominance of the secondary pyroelectric effect over the primary effect.

Anomalies were observed in the dielectric, pyroelectric and piezo-
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electric properties and a large hysteresis was observed in all these
properties. Probable causes for the anomalies were investigated

(Appendix 5).

Measurement of the dielectric permittivity €33, the pyroelectric
coefficient p3 and the piezoelectric planar coupling kp and frequency
constant Ny, in single crystal BajTiGeOg show clear evidence of a
heretofore unobserved first order phase change which occurs at -50°C on
cooling and near 0°C on heating. The balance of evidence suggests that
the transition is to a reorientable but irreversible ferroelectric
phase, involving a tilt of the prototypic polar c axis. The inversion
of the sign of the pyroelectric effect reported earlier near 135°C was
confirmed and is attributed to the changing balance between primary and
secondary components in the pyroelectric coefficient (Appendix 6).

Our earlier studies showed that fresnoite (Ba;TiSi;Og) glass-
ceramics with oriented crystallites are promising candidate materials
for pyroelectric detectors and surface acoustic wave devices. A
detailed investigation of the properties and microstructure of glass-
ceramics in the Baj_,Sr,TiSi;Og solid solution was carried out. Glasses
of several compositions were prepared and recrystallized through a
heating schedule to produce an oriented region of crystallites per-
pendicular to the surface, 100-500 pum in depth. Their dielectric and

piezoelectric properties were studied (Appencix 7).
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APPENDIX 1

New Glass-Ceramics for Piezoelectric and Pyroelectric Devices
A. Halliyal, A.S. Bhalla, R.E. Newnham and L.E. Cross

(To be published in P. McMillan Memorial Book on Glass-Ceramics,
Edited by H. Lewis)
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NEW GLASS-CERAMICS FOR PIEZOELECTRIC AND PYROELECTRIC DEVICES

Arvind Halliyal, Amar S. Bhalla, Robert E. Newnhanm

and Leslie E. Cross

Materials Research Laboratory
The Pennsylvania State University

University Park, Pennsylvania 16802
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1. Intraduction

The advantages of glass-ceramics for preparing large, complex,
pore free bodies have been exploited in the electronics industry
for a variety of applications. New glass forming techniques which
utilize fast quenching'techniques have expanded the range of glass
forming materials and the number of their applications (McMillan

1979).

Recently, mainly through the work in our laboratory, it has

f-ﬁdéu“rq=iige§;thdt glasses with suitably selected composition can

" be :ecryst#liized into a polar glass-ceramic form, which can then

be used as a thermal or a pressure sensing element (Gardopee et
al. 1980, 1981). 1In these glass-ceramics the crystalline phase is
polar and the crystallites a£; aligned in a polar parallel array.
The macroscopic polarity thus developed gives rise to both
pyroelectric and piezoelectric activity with characteristics
markedly different from those which are realized in poled
ferroelectric ceramics. Extensive investigations have been
carried out to evaluate the properties of these glass~ceramics for
pyroelectric and piezoelectric devices (Halliyal et al. 1984a,
1984b) and they seem to be promising candidate materials for such
devices as pyroelectric detectors (Halliyal et al. 1986)
hydrophones and surface acoustic wave devices (Lee et al. 1984).
In this article, the work done in the last decade on polar glass-
ceramics is reviewed. Merits and demerits of ferrcelectric and
non-ferroelectric materials are briefly discussed in the next
saction. The earlier work done on ferrcelectric glass-ceramics is

also described. The advantages of preparing polar materials by
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glass-ceramic route are described an& guidelines for selection of

glass compositions are presented. Later sections describe the
preparation conditions, some useful glass compositions, heat
treatment methods and microstructure. The dielectric and
pyroelectzric properties are described in sections 7 and 8. The
piezoelectric p:opezties'ot glass-ceramics and their evaluation
for hydrophones are given in section 10. A connectivity model to
predict and tailor th; properties of polar glass-ceramics is

discussed in section 11.

2. Eerrgelectric and Nopn Ferxqelectric Materials

A large number of ferroelectric single crystals and ceramics
are available at present for use in piezoelectric and pyroelectric
devices (Herbert 1982). 1In ﬁ;iycrystalline form, the polar axes
in individual crystallites are normally oriented at random. An
essential feature of ferroelectric ceramics which makes them
usable for piezoelectric and pyroelectric applications is the
ability to reorient the polar axes in individual crystallites
under a strong electric field so as to impart long-range remnant
polar order (the process called poling). In polar but non-
ferroelectric ceramics this orientability is not possible, so that
randomly axed ceramics of these materials do not exhibit piezo-
electric or pyroelectric properties. In non-ferrocelectric single
crystals also, if there are polar twins, it is not possible to
switch the twins to a single domain pattern and they cannot bhe
used in devices. Quartz is used extensively in frequency control

devices. A number of non-ferrocelectric but polar single crystals
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(Li2B409 (Shorrochs et al. 1981), BayTiGep0g (Kimura et al.

1973), BayTiSizOg (Ito et al. 1981, Yamauchi 1978, Kimura 1977))

show excellent piezoelectric properties and look promising for
surface acoustic wave (SAW) devices.

Although electrical pola@ility makes the ferroelectric
materials usable in ceramic form, it also carries several dis-
advantages. Since there is by definition a family of equivalent
orientations in each crystallite, the material can also depole,
either spontaneocusly with time, giving rise to the well-known
aging phenomenon or under high electrical or mechanical drive
fields leading to instability in response and drift in sample
dimensions. Engineers must necessarily put up with these
inconveniences for the advantages of low expense, simple
formability and large size which are available in conventional
ceramics.

The present work on polar glass-ceramics was started with the
intention of exploring the possibilities of preparing non-
ferroelectric ceramics with polar properties. The glass-ceramic
route provided an interesting possibility of developing polar

order in a ceramic, as discussed in the next section.

2.1 Eerxgelectrigq Glass-Ceramics
In the last two decades research workers at Corning, Bell
Telephone Laboratory and in Japan have investigated a number of

ferrocelectric glass-ceramic systems in which ferroelectric

crystallline phases were BaTiO;3, LiTaO3, NaNbO3, PbgGe3013,

PbTiO3, etc. (Herczog 1964, 1973; Borrelli 1967:; Borrelli and
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Layton 1969, 1971; Layton and Herczog 1969; Layton and Smith 197S;

Glass et al. 1977(a), 1977(b); Takashige et al. 198l1). The main

emphasis in this work was on the study of dielectric and electro-
optic properties as a function of composition, heat treatment and

grain size. By controlling the crystallite size to values below

0.2 um transparent ferroelectric glass-ceramics have been prepared

which show a large electro-optic effect. Weak pyroelectric

responses have been measured in glass-ceramics containing either

LiTaO3, LiNbO3 (Glass et al. 1977a) or NaNbO3 crystalline phases.

Takahashi and co-workers (Takahashi et al. 1975, 1979) dem-

onstrated a simple method of preparing PbsGe3017 single crystals

from a glass of similar composition. They first prepared a glass
of composition PbgGe3_,Siy0;; (0 $x $1.5) by melting. A few
pliéces of glass were then remelted and annealed to obtain thin
plate-like crystals with the polar c-axis oriented perpendicular
to the surface. They showed that the pyroelectric figure of merit
of these monocrystals was comparable to LiTaO3. It should be
noted, however, that the material obtained after recrystallization
was more like a single crystal than a glass-ceramic.

Apart from the papers referenced above there have been very
few studies of the dielectric and electro-optic properties, and no
detailed work seems to have been done on the piezoelectric and

pyroelectric properties of ferrcelectric glass-ceramics. OQne of

the reasons for this is the difficulty in electrical poling of
glass-ceramics. Very few ferrcelectric materials are good glass
formers. This necessitates the incorporation of a large percent-

age of a network former in the composition for glass formation.

\f.' ‘.--- . " 0P X \ N ASEREY

NIRRT AN SRR N NG E W WO WA 0 W A WY



After recrystallization, if there is a glassy phase of low
dielectric conatant between the crystallites, electrical poling is
generally very difficult. For this reason, it is often much
simpler to prepare ferroelectric ceramic materials by powder

processing and sintering methods.

2.2 Ppolar But Nonferrpelectric Glass-Ceramics

In nonferroelectric ceramics the domain configuration cannot
be changed by externally applied electric field. The polar order
mus; be built in during the processing stage. Gardopee and co-
workers (Gardopee et al. 1980, 1981) demonstrated the possibility
of preparing a polar but nonferrocelectric material through the
glass-ceramic route. This}w&g achieved by crystallizing a glass

in such a manner that the crystallites had both crystallographic

and polar orientation. The system chosen was Lij0.2Si0; and the

polar phase obtained after the recrystallization was LizSisOg

(orthorhombic point group mm2). It had previously been shown by
Rindone (Rindone 1962a, 1962b) that in lithium silicate glasses
LiyS8is0g crystals grow with a high degree of orientation with
respect to the surface of glass. Needle like crystals forming a
thin layer near the surface have their c-axes perpendicular to the
sample surface. X-ray diffractometer patterns taken on surfaces
of recrystallized samples, confirmed a high degree of preferred
orientation. If all or most of the Lij;SisOg crystallites in the
glass-ceramic show similar polar orientation, it is obvious that

we obtain a glass-ceramic which will exhibit the polar properties

of single crystals. It was demonstrated by Gardopee (Gardopee et

Lo h il v R S ke
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al. 1981) that the degree of orientation of crystallites can be
improved remarkably if well-polished glass samples are
crystallized in a large temperature gradient. These grain-
oriented glass-ceramics showed substantial pyroelectric responses,
thus confirming the polar orientation of the crystallites. The
piezoelectric properties of these glass-ceramics were, however,
very weak. We call such a glass-ceramic with pyroelectric
properties, a polar glass-ceramic. A schematic which defines a
route to obtain polar glass-ceramics is shown in Pig. 1. It is
Clear that the above procedure provides an interesting and novel
technique to prepare grain oriented polar but nonferrcelectric
glass-ceramics. In this technique, the poling problems
encountered in ferrocelectric glass-ceramics are avoided. 1In
addition the problem of depoling and aging do not arise because
polar glass-ceramics aéc nonferrocelectric and since they do not
have a Curie temperature, they can be used at high temperature
also. All the glass-ceramics described in this paper are polar

but not ferrocelectric.

2.3 mmﬂmmm;mmm;n&zm;

The domains in an unpoled ferroelectric ceramic are randomly
oriented with polarization vectors pointing in all directions as
shown schematically in Fig. 2, where all the grains are assumed to
be single domain grains for simplicity. Application of a voltage
ac:css.the ceramic causes most of the domains to line up with

their polarization vectors more nearly parallel to the field (Fig.

lb). The grain structure of grain-oriented glass-ceramic is




similar to that of a poled ceramic (Fig. lc).. Thus a poled

ferrcelectric ceramic and grain-oriented polar glass-ceramic
belong to the same conical point group, em. For piezoelectric,
dielectric, and elastic phenomena, this is equivilent to hexagonal

symmetry 6mm. For this symmetry there are five independent
elastic coefficients, (syi, S12/, 813+ 333, S844); three independent

piezoelectric constants (d33, d33, d3s); two independent
dielectric constants (K;;, K33) and one pyroelectric coefficient

(p3) (Nye 1957). By convention, the X3 direction is chosen to be

e, b et .
e
.

the polar axis, normal to the surface of the recrystallized pé}é}%
glass-ceramic. Additional nonzero coefficients are :olatedlt; -
these by symmetry. In order to evaluate the usefulness of polar
glass-ceramics in devices, it is necessary to measure the above

-

properties and compare them with other commonly used materials.

3. Selection of Glass Compositions
Several factors had to be considered before making a proper
choice of the systems for the present study. The system chosen
should satisfy the following criteria.
(1) The crystalline phase must belong to one of the polar
point groups.
(2) It should form a glass easily.
{(3) The crystallites in the glass-ceramic should show both
crystallographic and polar orientation after processing.
(4) The glass-ceramic should have good mechanical strength.

Each of these four criteria are discussed in detail in the

following sections.
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3.1 PRolar Systems

Of the 32 crystallographic point groups, only 20 show
piezoelectric properties and 10 of these 20 piezoelectric classes
are pyroelectric (or polar). The ten polar point groups are 1, 2,
3, 4, 6, m, mm2, 3m, 4mm, and 6mm (Nye 1957). For the present
study only qrystalline phases belonging to one of the above polar
point groups are considered so that both pyroelectric and piezo-

electric properties could be studied.

3.2 @iass Formation

For ease in processing, only compositions which form glasses
readily by air quenching were considered. This places a major
restriction on the number of systems that can be studied since the
glass composition must then contain at least one glass former such
as Si0z, GeOy, B203, or P20s.. If new fast-quenching methods like
splat cooling or twin roller quenching are used for preparation of
glasses, the number of polar systems that can be studied will be

much larger.

3.3 Crystallographic and Polar Orientation

All the systems examined in the present work were non-
ferroelectric. To achieve glass-ceramics with polar properties,
the crystallization must be carried out in such a way that the .
individual crystallites possess both crystallographic and polar
orientation. This requirement limits the number of systems that

can be studied since many of the polar systems might form glasses
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easily but they may not yield glass-ceramics with crystallographic

and polar orientation.

To satisfy this criterion a logical approach would be to
select polar glass-forming systems which are known to re-
crystallize along a preferred direction. Even if a glass
crystallizes along a preferred direction, but fails to show any
polar orientation, it will not exhibit either pyroelectric or
piezoelectric properties. Since information concerning the
crystallographic or polar orientation of polar glass forming
systems is lacking, a number of systems were tested in order to
select a few which satisfy this requirement. If the crystal
structure is highly anisotropic with molecular chains of layers,
there is a strong possibility-that the crystallites may grow along
a preferred direction. But it is difficult to predict apgiori
whether the crystallites will show polar orientation or not.

Polarity must be determined by experiment.

3.4 Phyasical Propartimss of Recrystallized Glass-Ceramics

Once the chosen polar system satisfies the criteria for glass
formation together with crystallographic and polar orientation,
the last but equally important criterion is the recrystallization
behavior of the system. If the glass-ceramic shows both
crystallographic and polar orientation, but the individual
crystallites are not bonded together by the glass matrix as in the
case of LijSij0g (Gardopee et al. 1981) again the system is not of
much use for practical devices. This is particularly true in the

present study since the objective of the work was to prepare large
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area glass-ceramics with uniform properties. The glass-ceramics

should have reasonably good mechanical strength to prepare samples

for measurement.

3.5 Selection of Polar Glass Forming Systems

Polar glass forming systems that were tested during the course
of the present work are listed in Table 1. The systems that were
examined fall into four groups. The systems in group A did not
form glass when stoichiometric compositions were melted. Group B
systems formed glasses, but the recrystallized glass-ceramics
lacked good mechanical strength. Glasses of group C were
hygroscopic. Systems of group D formed good glasses, but the
recrystallized glass-ceramics did not show crystallographic or

-

polar orientation.

Hence the first task was to prepare optimized glass
compositions which formed glasses easily and recrystallized
uniformly with maximum crystallogzraphic and polar orientation.

Among the systems listed in Table 1, the systems that partially

satisfied the criteria are Ba,TiSijOg, BayTiGeyOg, LipSisOs,

Li»Si03, and LijB409. However, acceptable glass-ceramics were not

obtained from glasses of stoichiometric compositions in any of
these systems. Hence a wide range in compositions was
investigated for each system to arrive at compositions which
satisfied all four requirements. Further, various modifying
oxides such as Pb0O, Ca0Q, 2n0 and SrQO were added +- _uiimize both

the electrical and mechanical properties.
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Data concerning crystal structure, melting point, point group
symmetry and polar axes of the above materials are given in Table

2.

4. Preparation of Glass-Ceramics
4.1 Glaas Melting
Reagent grade chemicals (silicic acid $i07.nH0, GeO3, LipCOj3,

BaCO3, CaCO3, TiOz, H3BO3, PbO) were weighed and mixed by ball

milling in alcohol for 8 to 10 hours and then dried. Glass
batches of approximately 50 gms were melted in a platinum crucible
in an open atmosphere using an electric globar furnace. Melting

tcmpiraturca for different compositions were in the range 1200 to

1450°C. The melt was rntaineg in the furnace for 4 to 8 hours for
fining and homogenization.

The fined glass melt was air quenched by pouring it into
graphite molds to form cylinders of approximately 0.8 to 1 cm in
diameter and 1 to 1.5 cm in length. The cylinders were cooled to
room temperature and examined for cracking, devitrification and
other defects using the optical microscope. If the glass samples
contained small air bubbles, the batch was remelted and further
fining was carried out to remove the bubbles from the melt.
Thermal stresses were partially relieved by annealing the glasses

for 12 hours well below the nucleation temperature toc avoid bulk

nucleation in glasses. (Li30-5i0,+B,03 glasses were annealed at
400°C and BaO-TiO;~GeO; and Ba0O-Ti02-Si0; glasses were annealed at

500°C and 600°C respectively).

.....
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K For crystallization studies, glass samples were prepared by

i grinding and ﬁolishinq one surface of the glass cylinders. The
samples were ground using an abrasive diamond wheel, followed by

. polishing with 400 and 600 grit silicoﬁ carbide powder, and later

with 12 and 3 ym alumina powder. The final polishing was done

using 1 pum diamond polishing paste. The polished samples for

crystallization studies were disks approximately 1 cm in diameter

and 1 cm in length.

PO o A e

4.2 Crystallization of Glasses

o .

-

Differential thermal analysis (DTA) runs were made with glass

-
»’

powders to determine the crystallization temperature.

i

s

Two types of crystallization treatments were used in the

- -
g

-

b present study. Heat treatments in which the entire sample was

-

uniformly heated to the crystallization temperature are termed

"isothermal crystallization."” Heat treatments in which the glass

samples were recrystallized in a temperature gradient are called

I A

"temperature gradient crystallization.™ To obtain polar glass-

5

ceramics with well orientated crystallites and good mechanical

CHBNTLA L

strength, many different heat treatment cycles were carried out.

The effect of nucleation on oriented growth of crystallites was

-

studied by crystallizing glasses after heating through a

B o

S -

nucleation step.

Recrystallization in a temperature gradient was carried out by

X
2
L]

),

o The direction of crystallization was parallel to the direction of

.
[}
]
[]
Al
L
'

positioning the polished glass samples on a microcope hot stage.

temperature gradient. The crystalline phases in the glass-
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ceramics were identified by powder x-ray‘diffraction (XRD)
patterns. The degree of preferred orientation of crystallites in
the glass-ceramic was evaluated from XRD patterns recorded on
surfaces normal to the direction of temperature gradient. The
surface XRD patterns were compared with powder diffraction
patterns obtained from randomly oriented crystallites to determine

the relative degree of orientation.

5. Compositions of Glasses
The systems selected for detailed study were Ba,TiSi,Og,

BasTiGey0g, S1i,TiSis0g, LisSisOg and LijsB409. A wide range in
composition and additives were tested for each system to obtain
glass-ceramics with optimized properties. A list of compositions
tested is given in Table 3. ;he glass formation characteristics,
mechanical strength, and approximate pyroelectric coefficients are
also listed in the table. Out of several compositions tested,
only those which yielded polar glass-ceramics with desired quality
and substantial pyroelectric activity were selected for carrying
out detailed study.

In the fresnoite system, for example, the melting point of
stoichiometric composition is very high (>1450°C) and hence it was
not easy to prepare glass of stoichiometric composition. 1In
addition the recrystallization of the glasses was not uniform and
the mechanical strength was poor. To overcome these problems,

different ratios of Ba0, Si0, and TiQ0; were tested to improve the

crystallization. The composition which gave reasonably good

glass-ceramics was 2Ba0-35i0,-TiO,. However, for this compoisiton
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also, it was necessary to further improve the physical properties.
Several different substituents were tried for BaO and TiOz to
improve the properties (Table 3). Addition of a small amount of
PbO, Ca0 or SrO helped in obtaining glass-ceramics with good
physical properties. With most of the other substituents, there
was no problem with glass formation but there was no improvement

in crystallization behavior. Additions of Al,03, K20 or MnOp

helped in obtaining well-crystallized glass-ceramics, but the
measured di3 coefficient was zero for these glass ceramics,
indicating very poor polar orientation of the crystallites.
Similar studies were carried out for other compositions listed
in Table 3. Optimized compositions are listed in Table 4. The
crystallization temperatures as determined by DTA runs- and the
crystalline phases identified from powder XRD patterns are also

presented in the table.

6. Heat treatment and Microstructure
The ideal microstructure of polar glass-ceramics would consist
of well-oriented crystallites extending between both sides of the
glass-ceramic. Different heat treatment schedules were tried to
achieve this goal.
Generally nucleation and crystallization begins first at the
surface of glasses because of the imperfect nature of the surface '
structure (McMillan 1979). The bulk nucleation process does not
begin until later. The ideal way to obtain polar glass-ceramics

with oriented crystallites would be to start nucleation on the

surface of the glass and allow the crystalliﬁes to grow into the
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bulk of the sample, thereby avoiding as far as possible bulk
nucleation and the growth of spherulites.
It is clear that the following factors should be considered in
order to obtain glass-ceramics with oriented crystallites.
(1) The glasses should not contain nucleating agents which
stimulate bulk nucleation.

(2) The surface finish of glasses should be as flat as

possible.

(3) The heat treatment process should be such that the
crystallization takes place primarily by surface
nucleation since this promotes oriented growth.

(4) Bulk nucleation and crystallization produces randomly
oriented spherulites and should be avoided:; this may be
possible if the bulk’nucleation step is completely
avoided.

It is obvious that if the glass is heat treated under
isothermal conditions, both surface and bulk crystallization can
start simultaneocusly and hence the oriented growth of crystallites
will stop when crystallites growing from the surface encounter
randomly growing crystallites in the bulk of the sample.

It has beaen shown by several workers that directional crystal-
lization is possible in amorphous materials if the crystallization
is carried out in a temperature gradient. Gardopee (Gardopee et.
al 1980, 1981) crystallized Li;0-25i0; glasses in both isothermal
and temperature gradient environments and showed that temperature

gradient crystallization produces glass-ceramics in which the

oriented region of crystallites is larger. Thermal gradient




crystallization technique has been used to produce oriented

crystallites of CdGeAs, (Sekhar and Risbud 1981, Risbud 1979), and
Naj$i03 (Melling and Duncan 1980).

XRD patterns were taken on as crystallized surfaces of glass-
ceramics listed in Table 4. The ratio of Igg2/I211 (for fresnoite

glass-ceramics) or Igg2/Ig4o (for lithium silicate and lithium

borosilicate glass-cseramics) was taken as a measure of the
preferred degree of orientation of crystallites. The ratio was
greater than 100 for all glass-ceramics indicating highly oriented
growth of crystallites. In all cases the polar ¢ axis of the
crystallites was perpendicular to the initial crystallizing
surface.

Glass samples were czysta}}ized in both isothermal and
temperature gradient environments and x-ray and microstructure
studies were carried ocut to assess the degree of preferred
orientation of crystallites carried out as a function of depth

from the initial crystallizing surface.

The glass composition selected for detailed study was LijO-
25102-0.22n0, for which the nucleation and crystallization
temperatures were 480° and 600°C, respectively. The isothermal
heating cycles used are shown in Fig. 3. Heating cycles A, B and
C did not include any nucleation step whereas heating cycle D
included a nucleation step. The only difference between heating '
cycles A, B and C is the different upper crystallization
temperature. In cycle E, the sample was heated slowly at a
uhiform rate up to the upper crystallization temperature. Glasses

were crystallized by following one of the heating c?cles similar
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to those shown in Fig. 3. The ratio of Igg2/Ig40 was determined

as a function of depth and plotted for different heat treatment
cycles (Fig. 4). Several obsservations were made from this study.

(1) The degree of orientation of crystallites was high
(I002/I040 > 100) up to a depth of about 50 um for both
temperature gradient and isothermal crystallization, for
all heating cycles.

(2) In the case of heating cycles in which there was enough
time for nucleation (cycles D, E) the orientation of
crystalliﬁes decreases very fast with.depth from the
initial crystallizing surface. Typically, the orienta~
tion becomes completely random at a depth of about
200 ym. The orientation of crystallites is worse for the
isothermally crystalzizcd samples. The reason for this
is clear from the discussion given in the previous sec-
tion. The nucleation step tends to promote bulk crystal-
lization in the case of isothermally crystallized sam-
ples. The bulk crystallization is spherulitic and thus
there is no preferred orientation of crystallites. The
oriented surface crystallization will continue until the
crystallites encounter spherulites at which point further
growth of oriented crystallites stops.

(3) In the case of heating cycles (both isothermal and tem-
perature gradient) in which there was not enough time
for nucleation (cycles A, B, C), the orientation of

crystallites was reasonably good even at a depth of

300 pm.
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For the present study, all the glass-ceramics were prepared in a
temperature gradient.

The microstructures of glass-ceramics of selected composi-
tions were examined using optical and electron microscopes.
Typically the microstructure consisted of needle-like crystallites
growing from the initial crystallizing surface into the bulk of
the sampios.

A vertical cross-secticnal view (parallel to the temperature

gradient) of Liz0-28102-0.22n0 glass-ceramic is shown in Fig.

S(a), in which the oriented q:owth ot'LiZSigos.ctystallites from

the surface and also spho:ulitos rosulting from bulk nucleation
and crystallization can be seen. The oriented region extends to a
depth varying from 200 to 500 um. Fig. S(b) shows a horizental
cross-sectional view of the same sample cut perpendicular to

temperature gradient. The diameter of the crystallites is

generally in the range 1-3 um.

7. DRialectric Properties
For dielectric, pyrocelectric and piezoelectric measurements,
disks of approximately 1 cm diameter and 0.4 to 0.8 mm thick were

prepared by sectioning the oriented region of the glass-ceramics

near the surface. The length of the crystallites was 200-500 um
extending from surface into the interior of the glass-ceramic.

The remainder of the glass-ceramic consisted of randomly oriented
crystallites. The samples were lightly polished with 3 um alumina

powder and electroded with sputtered gold films.
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Dielectric constant and dissipation factors were measured over
a temperature range from 150 to 200°C and at frequencies from 102
to 107 Hz using a multifrequency ILCR meter* and a desk top
computer.** The physical and dielectric properties of glass-
ceramics are listed in Table S. Dielectric constants lie in the
range 5-15, comparable to the values obtained in the corresponding

single crystals. The variation of dielectric constant and

dissipation factor with temperature is shown in Fig. 6 for LijO-

1.85102-0.2B203 glass-ceramics. This is typical of all lithium

borosilicate glass-ceramics. The general trend is that both the
dielectric constant and losses increase as the temperature is
raised, with the temperature dependence becoming less marked at
higher frequencies. At lower trequencies.the dielectric losses
increase with temperature, dn;Ato the increasing contribution from
ionic mobility. This trend is typical of alkali silicate glass-
ceramics (McMillan 1979).

The temperature variation of the dielectric constant of
fresnoite glass (2Ba0-3S105-TiOy), shown in Fig. 7 is featureless
in the temperature range -60°C to 220°C. The dielectric constant
increases slightly with temperature. In the case of glass-
ceramics of the same composition, a broad peak is observed in the
dielectric constant curve at around 140°C (Fig. 8a). Both the

dielectric constant and losses (Fig. 8b) begin increasing with

temperature at about 300°C. The broad peak in the dielectric

*Model 4274A and Model 4275A, Hewlett-Packard, Palo Alto, CA.

**Model 9825A, Hewlett-Packard, Palo Alto, CA.
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constant at 140°C was observed in all glass-ceramics in which
BagTisiyOg was the major phase. The cause of the dielectric
maximum at 140°C in fresnoite based glass-ceramics has been

discussed previously (Hallilyal et al. 1985a).

O-W

A direct method (Byer and Roundy 1972) was used for measuring
pyroelectric coefficients. The measurement was carried out using
a desk top computer with instrument control and data transfer
provided by a multiprogrammer interface.! The computer
controlled the heating or cooling rate through ého multiprogrammer
and the interface. Pyroelectric current was measured with a pico-
ammeter.’t The typical heating or cooling rate was 3-4°/min.
Pyroelectric coefficients wcro.calculated in the temperature range
-150 to 220°C iﬂ both the heating and cooling cycles. *

An evaluation of pyroelectric properties and pyroelectric
figures of merit of glass-ceramics for different applications is
given in this section.

Pyroeslectric effect is quite frequently used for the detection
of infrared radiation. Even though the detectivities (D*) of
pyroelectric materials are two to three orders of magnitude

smaller than those of cooled photoconductive detectors, the

tModel 59500A, Hewlett-Packard, Palo Alto, CA.

ttModel 41140B, Hewlett-Packard, Palo Alto, CA.




advantage of operating at low temperature together with lower cost

makes the pyroelectric detectors more versatile. This has led to

an extensive use of pyroelectric detectors for military and
conmercial applications including intruder alarms, forest fire
mapping and thermal imaging devices (vidicons) (Porter 1981).
Optimum property requirements for a pyroelectric target material
have been reviewed in detail by a number of authors (Herbert 19582;

Putley 1970; Liu 1976, 1980; Whatmore et al 1980). Properties of

both single crystals (such as triglycine sulfate, LiTa03,
PbgGe30,), Srp, sBap s0g) and ceramics (such as PbZrg sTig, 503,

modified PbTiO3 and PbZ2rQ03) have been evaluated for pyroelectric

devices (Whatmore et al 1980).

It is desirable, when cg;paring the properties of pyro-
eslectric materials, to define appropriate figures of merit for the
particular application of interest. A few of the commonly used
figures of merit are listed in Table 6 (Herbert 1982, Whatmore et
al. 1980). 1In general to achieve high detectivity, it is
desirable to use a material which has a high pyrocelectric co-

efficient, low dielectric constant, low dissipation factor, low

density, low specific heat and low thermal diffusivity.

Currently triglycine sulfate [TGS = (NH,CH,COOH) 3H25804] or

LiTaOq single crystals are used in pyroelectric devices. TGS has

a high figure of merit but it is water soluble and hygroscopic.
The lower Curie temperature of TGS (49°C) is alsc a disadvantags.

The figures of merit of LiTaO3 are lower than TGS but it has

advantages of a high Curie temperature and insolubility in water.
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The variation of pyroelectric coefficient p, with temperature
for a few polar glass-ceramic compositions is shown in Fig. 9 and
10. The following trends in the pyroelectric é:cperties of glass-
.coramics are evident.

(1) The room temperature pyroelectric coefficients are in the

range 5 to 10 uUC/m2°K.

(2) For lithium borosilicate (Liz0-B203-5i03), the sign of
pyroelectric coefficient at room temperature is negatié;
and remains practically constant up to 100°C. Above
100°C, the pyroelectric current is masked by large
thermal currents.

(3) For BayTiGey0g glass-ceramics, the sign of pj is
negative at room temperature and increases sharply at
lower temperatures. —The magnitude of p3 is about
8 um C/m2°K at -140°C. There ia‘ a change in the sign of
P3 at about 130°C. Above 130°C, p3 is positive and in-
creases with temperature.

(4) In glass-ceramics containing either BayTiSizOg or
SryTiSisOg crystallites, the sign of p3 is positive at

room temperature and its magnitude increases slightly

with increasing temperature. The sign of p3 becomes
negative at about 180°C, and its magnituwe increases with

temperature.

Pyroelectric properties of Ba;TiGey0g (Halliyal et al. 1985b),

BajyTisSis0g (Halliyal et al. 1985a) and LijB407 (Bhalla et al.

1986) single crystals have been studied extensively. Room

temperature pyroelectric properties of these single crystals are

DY Lot L i o . L oL 4 {4
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also listed in Table 7. It is difficult to grow defect free
LizSi20g and SrpTisSiz0g (Halliyal et al. 1985c) single crystals
and there are no reports about the pyroelectric properties of
these materials. It is clear that the values of pyroelectric
coefficient (p3) of glass-ceramics are about 80 to 90% of their
respective single crystal values.

The characteristic variation of p3 with temperature and the
reversal of its sign in Baj;TiGepOg (at 130°C) (Halliyal et al.

1985b) and in BayTiSijzOg (at 190°C) (Halliyal et al. 1985a) single

crystals has been attributed to the changing balance between

primary and secondary pyroelectric effects with temperature in
these crystals. The positive value of p3 at room temperature in

BapTiSiz0g and SrTiSij0g may be due to the dominance of secondary

pyroelectric effect. The above argument also applies to glass-
ceramics since the pyrocelectric properties of glass-ceramics are
due to the orianted crystallites of these phases.

The pyroelectric figures of merit of glass-ceramics and single
crystals are given in Table 7. The figure of merit My was not
calculated because data on thermal diffusivity are not available.
A comparison of the figures of merit of glass-ceramics with those

of commonly used pyroelectric materials is given below.

The figure of merit M; is highest for lithium borosilicate
glass~ceramics and is about one-third of LiTaO3. For glass-
ceramics in the fresnoite family M; is about one-fourth of LiTa0j.
The figure of merit M; of glass-ceramics is much lower than that
of LiTaQ3 and other pyroelectric materials, because dielectric

constant does not enter in the calculation of M;. Lithium
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borosilicate glass-ceramics have higher M3 (almost half of LiTaO3)

than fresnoite glass-ceramics because of their low density and
dielectric constants. In the calculation of Mg, both the

dielectric constant and tan § are considered. Tan § values are

very high for lithium borosilicate glass-ceramics (T0.05) whereas
for fresnoite glass-ceramics tan § values are very small (<0.001).
For calculation of Mg, the highest value of tan § (0.001) was

taken for all fresnoite glass-ceramics. Mg of lithium boro-

silicate glass-ceramics is very low because of high dielectric
losses and those of fresnoite glass-ceramics are about 25% of

LiTa03. Actual values of Mg of fresnoite glass-ceramics will be

slightly higher than the values listed in Table 7, if smaller tan

3 values are taken for the calculation.

-,

The pyroelectric figures of merit of most of the glass-
ceramics are in the range of 40 to 60% of those of LiTaO3.
Further improvement in the figures of merit of glass-ceramics can
be achieved either by fine tuning the composition or by improved
preparation techniques. Studies in our laboratory have shown that
an oriented region up to 500 um in length near the surface can be
achieved even by isothermal recrystallization of glasses. This
suggests the possibility of preparing large area targets by
heating large glass sheets in a furnace. This technique can be
apprlied only to materials which form glass easily. This, however,
limits the choice of materials to silicates, germanates and
borates if conventional glass melting techniques are followed. If

alternative techniques for glass formation (e.g., sputtered glassy
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films, roller quenching, sol-gel method) are used, it may be

possible to synthesize additional polar glass-ceramics.

9. Riszoslactric Properties

An evaluation of piezoelectric and electromechanical prop-
erties of polar glass-ceramics is given in this section, along
with the temperature variation of the electromechanical properties
of piezoelectric coefficients. Hydrostatic piezoelectric
coefficients of glass-ceramics in the fresnoite family are
presented and an evaluation of glass-ceramics for hydrophone

applications is made by comparing their properties with those of
lead zirconate titanate (PZT) and polyvinylidene fluoride (PVFj).

Piezoelectric constant d3j parallel to the crystallization

direction was measured using a Berlincourt di3 meter*. Resonance

behavior in the thickness mode and planar mode were investigated
using a spectrum analyzer.' The resonance frequency constants,
electromechanical coupling factors and mechanical quality factor Q
were determined by measuring the rescnance and anti resonance
frequencies. From these values, some of the elastic and piezo-
electric coefficients were calculated. The temperature co-
efficient of resonance (TCR) was evaluated by measuring the

resonance frequency as a function of temperature.

*Model CPDT 3300, Channel Products, Chesterland, OH.

fMéd.l 3585A, Hewlett-Packard, Inc., Loveland, CO.
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9.1 Electromechanical Properties

The electromechanical properties of glass-ceramics resonating
in the radial and thickness modes, the piezoelectric coefficients

d33 (measured by dj3-meter) and dj; (measured by resonance

technique) are listed in Table 8.

The coupling coefficients kp and ky of glass-ceramics range
between 10 and 15% and 20 to 30%, respectively. In the
temperature range -20° to 60°C, the temperature coefficient of
resonance lie between 50 to 100 ppm/°C.

In most of the piezoelectric devices, high coupling
coefficients and low TCR are desirable. For glass-ceramics, the
coupling coefficients are small compared to commonly used
piezoelectric materials (such—as P2ZT or LiNbO3) but the TCR of
some compositions are low (50 to 60 ppm/°C). The strong
dependence of TCR on composition for glass-ceramics suggests the
possibility of obtaining temperature-compensated resonators by

compositional modification.

9.2 Hydrostatic Measurements

The hydrostatic voltage coefficient g, was measured by the
method described by Safari (Safari 1984). The value of gy for
lithium borosilicate glass-ceramics was almost zerc whereas that
of glass-ceramics in the fresnoite system was comparable to the gp
values of PVF,;. Values of dielectric constant K33, d33 and gp of

glass-ceramics in the fresnoite family are listed in Table 9 along

with the calculated values of g33, dn and dpgp. A comparison of



27

the dielectric and hydrostatic properties of glass-ceramics is

given in Table 10.

The values of g) and dygy of glass-ceramics are comparable to
PVF,; and much higher than P2T. Although the values of d33 and dj
of glass-ceramics are comparatively low, the magnitudes of g33 and
gh of glass-ceramics are high because of their low dielectric
constant. The unusually high values of gy in fresnoite glass-
ceramics can be attributed to the positive d3j coefficient in
these materials. A cqmpoaipe_model has been proposed (Halliyal et
al. 19984b) tg.exglglﬁb}hgfpbéifgvt}éign of d3; in fresnoite based

on the crystal strudfﬁre of fresnoite and internal Poisson's ratio

stress. A discussion of the advantages of these glass-ceramics in
hydrophone applications will be given in the next section.
. 9.3 &application in Hydrophones
A hydrophone i1s a passive device used as a hydrostatic
pressure sensor (Safari 1984). For hydrophone applications, the
commonly used figure of merits are the hydrostatic voltage

coefficient gp and the product dypgy. Among the desirable

properties of the transducer material are:
1. High dy and gp.
2. A density suited for acoustic matching with the pressure
transmitting medium, usually water.
3. High compliance and flexibility such that the transducer
can withstand mechanical shock, and can conform to any

surface.

4. No variation of gp with static pressure.

]
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Acoustic impeaance Z can be calculated from the relation Z =

pc where p is the density of the material and c is the velocity of

sound in the medium. By measuring the thickness mode frequency

constant Ny of the material, the velocity ¢ can be calculated
from the relation ¢ = 2N;. The acoustic impedances of glass-
ceramics, PZT and PVF, are listed in Table 10.

P2ZT ceramics are used extensively as piezoelectric transducers
despite having several disadvantages. The values of gy and dpgp
of P2T are low because of its high dielectric constant (~1800).

In addition the high density of P2T (~7900 kg/m3) makes it
difficult to obtain a good impedance match with water. PZT is
also a brittle ceramic, whereas for hydrophone applications, a
more compliant maFerial with better shock resistance would be
desirable (safari 1984). PVF,; offers several advantages over PZT
ceramic for hydrophone applications. It has low density (1760
kg/m3) and is a flexible material, and although it has low d33 and
dps the dielectric constant of PVF, is low enough that large
values of piezoelectric voltage coefficients g33 and gy are
possible. Overall, this combination of properties is very
attractive and PVF,; transducers are under intensive development
(Sessler 1981). However, a major problem in the use of PVF, is
the difficulty in poling PVF,; sheets. A very high voltage is
necessary to pole PVF; (about 10 to 100 MV/m) and this places a

limitation on the thickness of PVF, transducers.

To overcome these problems, a number of composites of PZT and
polymer have been studied in recent years. A detailed description

of different kinds of composites and the principles involved can
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be found elsewhere (Newnham et al. 1980, Safari et al. 1985). 1In

a composite the polymer phase lowers density and dielectric

constant and increases elastic compliance. Very high values of gp
and dpgp have been achieved with the composite approach.

From Table 10 it is clear that the piezoelectric coefficient

d33 and dp of glass-ceramiés are comparable to PVF,, but much

lower than that of P2T. However, becaqae of the low dielectric

constant of glass-ceramics, the g33 and g} values of glass-

ceramics are considerably higher than PZT. Hence, these glass-

ceramics will be useful in passive devices such as hydrostatic

pressure sensors where gp is more important than dy. The
variation of g, with pressure was measured for glass-ceramics up

to 8 MPa. There was no significant variation of gy with pressure

-

(Ting et al 1984, 1986).

In practice glass-ceramics offer several possible advantages
over PVF,; and other ferroelectric materials for application in
piezoelectric devices. Since the polar glass-ceramics are
nonferroelectric, no poling step is involved, which is a major
problem with PVF5. Thus there will be no problem of depoling or
aging which are encountered in many ferrcelectric materials.
Hence, glass-ceramics can be used in devices operating at high
temperatures. Large area devices can be prepared by routine glass
preparation techniques, which reduces the cost of the device
significantly. Since acoustic impedances of glass-ceramics are in
the range 18-20 = 106 rayls, good acoustic matching can be

obtained with metals like aluminum. Non-destructive testing of

aircraft metals over a wide temperature range is a possibility.

R
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These glass-ceramics also look attractive for use in devices in
which glass fibers are used because of the good impedance

matching.

10. Surface Acoustic Wave Properties

In recent years piezoelectric materials have become of in-

creasing importance for SAW devices (Whatmore 1980, Mathews 1978).

High electromechanical coupling coefficient (k,z) and low tem-

perature coefficient of surface wave velocity are desirable

Gt o o g

material properties for SAW devices. Only a few piezoelectric -

materials are useful for SAW applications because an undesirable
trade off between temperature coefficient of delay (TCD) and k,z
is observed in most of the materials presently used for SAW
devices (Whatmore 1980). For example, ST-cut quartz exhibits zero

TCD but shows only weak electromechanical coupling. On the other

hand, Y-cut Z-propagating LiNbQ3 shows strong electromechanical
coupling, but exhibits a high TCD (94 ppm/°C). Other
piezoelectric materials which exhibit good piezoelectric
properties for SAW devices present severe crystal growth problems
(Whatmcre 1980).

Attempts have been made to use piezoelectric ceramic materials
for SAW devices (Ito et al 1981(a), 1981(b); Jyomura 1981, Tamura
1974) . Unfortunately, in ceramic materials the SAW propagation
losses are very high, presenting a major problem in device
fabrication (Tamura 1974). Lead titanate ceramics modified with

additives of Nd303, MnOs and Iny03 have been developed which have

zero TCD, low propagation losses and an electromechanical coupling
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of about 2% (Itc et al 198la). However, variation in the
properties of ceramics makes it difficult to use lead titanate
ceramics for SAW devices.

Since surface wave propagation in SAW devices is generally
limited to within a few wavelengths of the surface it is possible
that polar glass—-ceramics ;ith oriented ¢rystallites near the
surface might exhibit useful SAW propergies. To test this pos-
sibility, polar glass—-ceramics of modified fresnoite com-
positions were prepared and their SAW properties were evaluated on
polished surfaces perpendicular to the oriented crystallites.

For SAW ;eaauxements a number of uniform overlapping inter-
digital transducer pairs, in either single or double electrode
format, were fabricated on pq}ished surfaces of glass-ceramics.
The transducer structure had the following characteristics:
periods = 19.5, aperture = 1 mm and wavelength = 30 um. With this
arrangement several odd harmonics were detectable. At higher
frequencies SAW response was masked by excessive electromagnetic
feed through.

Figure 11 shows the SAW response for fresnoite glass-ceramics
having single finger electrodes of 30 um wavelength. Essential
features of this response are the clean (Sin x/x)2 response with
very little interference from bulk wave coupling. It was shown
that bulk wave coupling was almost entirely absent within the SAW
passband. For the response shown in Fig. 11, the insertion loss
was 30 dB and the measured center frequency was 87.96 MHz.

For qodified fresnoite glass-ceramics the SAW coupling was

about 0.8 to 1.2% and the temperature coefficient of delay was in
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the range 10 to 60 ppm/°C. However, propagation losses were high.
Work is now in progress to prepare glass-ceramics with optimized
composition and microstructure to reduce the SAW propagation loss
(Ylo 1986).

Based on preliminary results, polar glass-ceramics look prom-

ising for SAW devices. A particularly attractive feature of. the

' glass-ceramic processing route is the ease of fabrication of large

area piezoelectric substrates. Although large area lithium nio-
bate single crystals are available, they are expensive. In prin-
ciple, the glass ceramic process could be used to‘advantage for
planar processing on a much larger scale than is possible for
lithium niobate SAW fabrication. This might also help in fabrica-
ting SAW devices with more reproducible properties than ceramics.
A further advantage of tﬁ; glass-ceramic processing is that
piezoelectric p:ope:tiesvof glass-ceramics can be tailored by
modification of the parent glass-composition. The possibility of
further reducing temperature coefficient of delay and SAW at-

tenuation in fresnoite glass-ceramics by strontium doping is being

explored (Ylo 1986).

Polar glass-ceramics consist of needle-like crystallites
oriented along the c-axis in a glassy matrix phase. The excellent
piezoelectric and pyroelectric properties of glass-ceramics

(approaching the single crystal properties) indicate that the
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glass-ceramics possess a high degree of both crystallographic and
polar orientation. In this section, the growth behavior of
crystallites in glass-ceramics of different composition will be
discussed. An attempt will be made to analyze the properties of
the glass-ceramics by considering it as a composite of a crystal-
line phase and a glass.phaso. Several interesting combinations of
piezoelectric and pyroelectric properties can be achieved by

adjusting the composition and degree of crystallinity.

11.1

All the qlass-co:;;iéi“;tudicd IA ;Aq present work were
nonferrcelectric. Hence, unlike ferrcelectric materials, the
electrical twin configuration of the nonferroelectric crystalline
phases in these glaaa-cetaﬁié; cannot be switched by an externally
applied electric field. Thus both crystallographic and polar
orientation must be achieved during the nucleation stage of the
recrystallization process, and must remain unaltered during
subsequent growth of crystallites. Since the recrystallization
process takes place through surface nucleation and crystal-
lization, the initial stage of recrystallization at the surface
and its influence on the crystallographic and polar orientation of
crystallites during subsequent growth are extremely important. It
is clear that the initial crystallographic and polar orientation
are retained as the crystallization progresses from the surface
into the bulk.

During the present work an interesting effect occurred in the

polar orientation of different crystalline phases in glass-
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case of glass-ceramics belonging to the systems BajyTisSijOg,
BayTiGe0g, SrpTisSisOg, LiO-BoO3 and Liz0-8i02-B203 the sign of
d33 is positive, indicating that the positive end of the dipoles
point towards the high temperature end of the sample. For LijO-
25102, Liz0-Si02-2n0 and Liy0-SiOz-Fe203 glass-ceramics, the sign

of di33 is negative, indicating that the negative end of the

dipoles point towards the high temperature end. There are several
possible reasons for this characteristic growth behavior in the

above systems.

For glass-ceramics in the fresnoite system (BajyTiSijOg,
BasTiGe20g and SroTisSizOg) there is only one crystalline phase
present in the glass-ceramic, and d33 is positive for all the
phases. Hence this growth behavior or polar orientation (positive
d33) seems to be characterisglc of fresnoite glass-ceramics. On
the other hand, for glass-ceramics in the system Liy0-25i03, Liz0-
$102-2n0, Li20-5i02-Fe203 and Liz0-Si02-B203 the major phase is
Li28i705. Minor amounts of LiZnSiO4 and quartz were present in
Li20-8102-Zn0 system and LijB409 and Li2S8i03 in Lij0-5i02-B203
system. rh, presence of Zno, B203 or Fez03 appears to influence
the growth habit of LizSiz0s crystallites, possibly by controlling
the surface nucleation sites. The presence of LijySiO3 or LisB409
as separate phases, which are also polar phases, may be in-
fluencing the growth habit of Li3Si30g. 1In any case the present
study indicates clearly that the polar orientation of crystallites
and the resulting piezoelectric and pyroelectric properties depend

on the composition of the initial glass (Halliyal et al. 1983).
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11.2 Diphasic Glass-Ceramic Composites

A polar glass-ceramic is essentially a composite of a glassy
phase and one or more crystalline phases. If there is only one
crystalline phase, it can be considered a diphasic system con-
sisting of a crystallino'phaae embedded in an amorphous matrix.
X-ray diffraction and microstructure studies of glass-ceramics
indicate that the oriented region of crystallites extends deep
into the sample and then tapers off. However, not all the

crystallites extend throughout the thickness of the samples. The

-l

crystalline and glassy phases are partly in series and partly in
parallel connection. As the grain orientation is improved, the
length of the crystallites increases and the composite approaches

-

pure parallel connectivity. In the present section equations will

be derived for piezoelectric and pyroelectric properties of a
diphasic glass-ceramic composite.

For a composite consisting of two phases, one-dimensional
solutions for dielectric, piezoelectric and pyroelectric
properties have been presented for both series and parallel

é connectivity (Newnham et al. 1978, Skinner et al 1978). If the
dielectric constant, piezoelectric coefficient, pyrocelectric

coefficient and volume fraction of the crystalline and glass

phases are designated as lK;, ldj3, lpz, lv and 2K3, 2d,,, 2p3,
2y, :especéively, expressions -for K3, d33 and pj of the glass-

ceramic can be derived by making certain simplifying assumptions.

For the glass phase, 2d33 and 293 are equal to zero. In many

nonferroelectric glass-ceramics, the dielectric constants of
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crystalline and glass phases are roughly the same. With this
assumption it is obvious that the dielectric constant of the
composite is the same for both series and parallel connections.

Further, if we assume that the elastic compliance of

crystalline and glassy phases are the same (ls33 = 2s33), the

expressions for d3z3 and 53 reduce to the following expressions for

both series and parallel connectivity (Halliyal et al. 1983)

1y

diz = 1d33 (1)

and
P3 - 1p3 1y . (2)

The magnitudes of 1d33 and 193 of the crystalline phase itself

depend upon the degree of both crystallographic and polar
orientation of the crystallites, which is not accounted for in
equations (1) and (2). We conclude that in the ideal case of
complete crystallographic and polar orientation of the
crystallites, the magnitudes of d33 and p3 of the composite are
directly proportional to the percentage of crystalline phase,
irrespective of whether the crystallites are connected in series
or parallel. In addition, for this ideal case, if the glass-

ceramics contain a very high percentage of ciystalline phase, the

values of d33 and p3 approach the single crystal values of the

crystalline phase. The pyroelectric coefficient p3 of fresnoite

(BayTisSiyOg) and BayTiGeyOg glass-ceramics are 75 to 80% of the
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single crystal values. The lower value of p3 of glass-ceramics

can be accounted for by the lack of perfect orientation of the

crystallites. The piezoelectric d33 coefficient of the glass-

ceramics is also about 75 to 80% of the single crystal values.

11.3 uul:1snmn9nan;_Glnéa:csxamLaJxmnmudzga

Most of the compositions listed in Table 12 result in glass-
ceramics with several crystalline phases after recrystallization.
In such cases, the polar vectors in different crystalline phases
may be oriented parallel (or antiparallel) to the temperature
gradient. If we assume that the crystallites of two or more
phases preserve their characteristic growth habit in relation to
the direction of temperature gradient, then the piezoelectric and
pyroelectric properties of polar glass-ceramic containing several
phases can be predicted By the analysis discussed below. For
simplicity, an analysis for glass-ceramic composites containing
only two crystalline phases will be given here, recognizing

however, that the analysis can be extended to more than two

phases. For the signs of d33 and p3, the same convention will be

followed as defined in the previous section.
Consider a polar glass-ceramic containing two crystalline

phases. Let the dielectric constant, piezoelectric coefficient,

and the volume fraction of the two phases be 1K3, ld33, lp3, ly
and 2K3, 2d33, 2p3, 2v, respectively. Let us assume that both the

phases have similar elastic compliances (1333 = 2333) and thermal

expansion coefficients, thereby eliminating any secondary con-

tributions to the pyrocelectric effect. To further simplify the
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analysis, let us assume that the properties of glass-ceramic are

not influenced by the glassy phase (3v = 0). Irrespective of

whether the crystalline phases are connected in series or
parallel, we get the following equations for the properties of the

composite (Halliyal et al. 1983).

K3 = 1v1K3 + 2v2K3
daz = 1V1d33 b < 2v2d33

The resultant values of d3; and p3 of the composite depend

upon the sign and magnitude of the properties of individual

phases, and also upon the volume fraction of the individual

phases. Since 1d33 and 2d33 can be positive or negative at the
growth end and lp3 and 2p3 can be positive or negative, there are

16 possible cases of d33 aud p3, eight of which are listed in

Table 13. If we consider the resulting piezoelectric and
pyroelectric properties of the glass-cseramic, these 16 cases can
be grouped into four classes.

The crystalline phases have the same growth behavior in the
case of glass-ceramics belonging to class (a) and (b) and opposite
growth behavior in éases (¢) and (d). Depending on the signs of
pyrocelectric coefficients 1p3 and 293 of the two phases, we obtain
glass-ceramic coyposites with completely different piezoelectric
and pyrcelectric properties. Glass-ceramics of class (a) are
fully piezoelectric as well as pyroelectric and in the ideal case

their properties can be expected to approach those of single
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domain single crystal materials. Glass-ceramics of class (b) are
fully piezoelectric but only partially pyroelectric (or non-
pyroelectric) because of the opposite signs of 1p3 and 2p3.
Glass-ceramics of class (c) are both non-piezoelectric and non-
pyroelectric and hence are not of much interest for devices.

Class (d) glass-ceramics are fully pyroelectric but non-

% Plezoelectric. Glass-ceramics of classes (b) and (d) are in-

" teresting for piezoelectric and pyrcelectric device applications

g where the interference of the two properties may be a problem, as E
Q will be discussed below. - ' o
)

11.4 Examples of the Four Classes
3 The growth habit and the signs of pyroelectric coefficients of
M the crystalline phases can be exploited to design compositions
which give glass~ceramics with properties of any one of the four

classes just described.

Glass-ceramics in the system Lij0-5Si0,-2n0, Liz0-Si03-Fe;03,

and Li30-S10,-B703 have negative pyroelectric coefficient, but

exhibit opposite growth behavior (case ¢c). Compositions in the

quaternary system Li;0-S$i03-Zn0-B303 illustrate the reduced

pyroelectric and piezoelectric effect characteristic of glass-
ceramics of class (c). BayTiSi;Og and Ba;TiGey0g phases
crystallized from glasses of composition 2Ba0-3Si05-TiO; and BaoO-
Ge02-Ti0, respectively showed similar growth habit, but opposite

signs for pyroelectric coefficients. A glass-ceramic of

composition 2Ba0-25i0,-Ge0,-TiQ0; which gave a solid solution phase

after recrystallization had almost.zero pyrocelectric coefficient,
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but piezoelectric properties remained the same (Fig. 13). In this
case, there is no appreciable change in the piezoelectric prop-
erties, whereas the pyroelectric property reduced substantially

over a wide temperature range.

11.5 Qptimizing the Piezoelectric and Pyroelectric Properties

From the examples just presented, it is clear that glass-
ceramics with tailored piezoelectric or pyroelectric properties
can be prepared by crystallizing multicomponent glasses of
suitable composition. The growth habit of the crystalline phases
provides ; means to tailor the piezoelectric and pyroelectric
properties of the final glass-ceramic composite. Two of the cases
look especially interesting for device applications; piezoelectric
glass-ceramics which are non-;yroelectric (case b) and
pyroelectric glass-ceramics which are non-piezoelectric (case d).

In piezoelectric devices used in ambient conditions, pyro-
electric noise is usually undesirable. In hydrophone elements
fabricated from PZT-polymer composites, for instance, pyroelectric
noise can be reduced only within a relatively narrow working
temperature range (Lynn 1982).

In a similar way, piezoelectric noise interferes with the high
frequency IR pyroelectric signals. In some cases alternate
methods are used to elminate the interfering piezoelectric
voltages developed in such devices. In the case of LiTaOj3
detectors, piezoelectric oscillations are damped by embedding the
pyroelectric element in epoxy (Glass and Abrams 1970); and in PL2T

detectors, piezoelectric noise is eliminated by modifying the
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electronics (Simhony and Bass, 1979). Piezoelectric oscillations
superimposed on the pyroelectric response have been shown to have
an incubation time of 40-60 nsec, and occur after the onset of
pyroelectric signals (<40 nsec). Thus the piezoelectric
oscillations occur in the tail of the pyroelectric response, and
can be eliminated with suitable electronics.

Piezoelectric glass-ceramics which are non-pyroelectric should

satisfy the relation 1v1p3 + 2v293 = O (case b). Referring to

Table 13 candidate compositions can be found in the solid solution
of BaySiyTiOg and BajyGe,TiOg. Piezoelectric glass-ceramics which
are not pyroelectric would be useful as pressure sensors that are
insensitive to temperature changes. (Quartz is piezoelectric and
non-pyroelectric, but cannot be used to measure pressure changes
because djj + dyy + d33 = O. This is generally true for all
piezoelectric crystals belonging to non-pyroelectric point
groups.)

The second case of interest is pyroelectric glass-ceramics

which are not piezoelectric (case d). Here the requirement is

that lvldys - 2v2d33 = O should be satisfied. Candidate com-
positions may exist in the Lij0-B,03-5i07-Zn0 quaternary system

containing different amounts of 2n0O3. Such pyroelectric materials

will not be sensitive to mechanical oscillations.

12. Summary
The preparation and properties of polar glass-ceramics were

described in this article. Polar glass-ceramics consist of well-
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oriented crystallites of a polar but nonferroelectric crystalline

phase.

Glasses were prepared from Lij0-Si0;-B,03, Ba0-Ge0,~Ti0;, Bao-
$105-Ti07 and Sr0-$i0,-Ti0, systems and were recrystallized to

obtain polar glass~ceramics with crystallites of Li;SiyOs,

LipSi03, LizB407, BapTiGesOg, BayTiSiyOg or SrpTiSizOg oriented

along their polar c-axes. The oriented region of the crystallites

W

was 200-500 um from the surface of glass-ceramics. Dielectric,

piezoelectric and pyroelectric properties of glass-ceramics are in

close agreement with the respective single crystal properties.

it g a8 a2

Glass-ceramics in the fresnoite family are excellent candidate

materials for hydrophones. Magnitudes of hydrostatic piezo-

electric coefficient dh(~100x10‘3vm/N) and dielectric constant

-

(~10) of fresnoite glass-ceramics are comparable to the
corresponding values of polyvinylidene fluoride. The electro-

mechanical coupling coefficients k, and ky were in the range 15 to

20%. Several glass-ceramics showed pyroelectric figures of merit

up to 60% of those obtained on LiTaO3 single crystal. sSurface

acoustic wave properties of glass-ceramics in the fresnoite family

are promising.

The polar growth behavior of crystallites from glass matrix
depends on the original composition of glass. This property can
be exploited to tailor the piezoelectric and pyroelectric
properties of polar glass-ceramics. A connectivity model, based

on the principles of series and parallel connectivity models has

S T B TR — S 8 v »
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been described to predict the piezoelectric and pyroelectric

properties of polar glass-ceramics.
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(1) Fig. 1. Glass-ceramic route for preparing polar glass-

ceramics

. s .
LT e~

(2) Fig. 2. Domain structure in (a) an unpoled ferrcelectric

ceramic and (b) poled ferroelectric ceramic and

3

(c) polar glass-ceramic

Y

(3) Fig. 3. 1Isothermal heat treatment cycles
(4) Fig. 4. The degree of preferred orientation as 2 functicn
4 of depth for L120-28162-0.22no glass-ceramic for

different isothermal heating cycles

(S) Fig. S. Vertical (a) and horizontal (b) view of LijO-

: 28102-0.2Zn0 glass-ceramic

5 ,

o) - .

2 (6) Fig. 6. Dielectric constant (a) and dissipation factor

(b) of Lij0-1.85i05-0.2B503 glass-ceramic as a

5N

eV ]

function of temperature and frequency

LY
. a »

(7) Fig. 7. Dielectric constant of 2Ba0-3Si0,-TiO, glass as a

function of temperature and frequency

(8) Fig. 8. Dielectric constant (a) and dissipation factor

PSS

(b) of 2Ba0-38i0,-Ti0, glass-ceramic as a

-

function of temperature and frequency

oy o= 4

2N

(9) Fig. 9. Variation of pyroelectric coefficient with tem-

perature for (a) Lijy0-1.8S5i10,-0.2B,03 and

L

(b) Ba0O-Ge0,-TiQO, glass-ceramics

-
-
[

- s e -
e e -
- .

(10) Fig. 10. Pyroelectric coefficient as a function of tem-

perature for (a) 2Ba0-3Si0,-TiO; and (b) 1.9Ba0-

0.1Pb0-38i05-Ti0,; glass-ceramics
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! (11) PFig. 11. Relative amplitude vs. frequency response of
(a) surface wave and (b) bulk wave
Vertical scale 10dB/div
Horizéntal = 72-203 MHz

. (12) Fig. 12. Polar orientation--two types of growth behavior

(13) Fig. 13. Pyroelectric coefficients of glass-ceramics in
the fresnoite system; (a) 2Ba0-351i0,-TiO2

o~ Na W e

(b) 2Ba0-25i0,-Ge02-Ti0,; (c) Ba0-Ge02-TiO,

-
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Table 1. Polar Glass-Forming Systems*

a B
LizSiOg Liz8iy0q
LiyGeO3 BasTiGe,0g
\ LizGez0s ’ BayTisiyOg
LisB404 )
NajySi03
SrTisi,0q A
Li3PO4 §
c o] T
Ly
Na81,505g SrB40q
ZnP20¢ PbB 409 '
A
*All the systems are polar but nonferro-
\
electric. ;
\
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'y
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Table 3. Glass Formation and Recrystallization Behavior of Various Compositions
of Glasses.

,:w Mechanical
¢ . Glass Strength of P3 Detailed
Composition Formation Glass-Ceramics uC/m2°K  Study
‘ Ba,TiS1,0, system
*ZBaO-ZSiOZ-'I‘iOZ . hmp P — no -
» BaO—SiOz-TiO s s 2 no
e 2
S
¥ 2330-48102-T102 g P -— no
5 2Ba0-2. 55102-1 . ST:I.O2 s -] 4 no
N 2Ba0-2.8510,-1.3T10, s P — no
53
s
f 2.3Ba0-3. lSiOz-O. 7'I.’:l.02 s s (0) no
" 2330-38102-‘1‘102 . g s 8 yes
Ju
. 2Ba0-0.15Ca0-2. 9510,-T10, - g g 6 yes
. 1.6Ba0-0.4Ca0-2.8510,-Ti0, g g 6 ves
2 1.8Ba0-0.2Ca0-2510,-T10, g P -— no
§ 1.7Ba0-0. 3Sr0—38102-'1'102 g P —-— no
L4
1.6Ba0-0. 68:0-38102-'1‘102-0 .2Ca0 g g 5 yes
N 1.98a0-0.1Pb0-3510,-T10, g g 8 ves
)
X 1.6Ba0-0.4Pb0-3510,-T10, g P --- no
- 1.4Ba0-0.4Sr0-0. 2Pb0—38102-l . l'l':l.O2 g s -— no
"
:'.: ZBa0-3SiOZ-T102-O . 21(20 s s 0) no
<,
:f- 2Ba0-3s :102-21.'02 hmp -— -—— no
) 2Ba0-3510,-0.8T10,-0.2210, g p - no
> 2830—2.28102-1’102-0.2A1203 s s (0) no
¥ 2Ba0~3510,-0.8T10,-0.2Mn0, g s (0) no
23a0-38102—0 . 9'1'102-0 .18Sn0 s p == no
N 2
L!
! 1.85Ba0-0. lSBaF2-3SiOZ-T102 g P -— no
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Table 3. (Continued).
Mechanical
Glass Strength of P3 Detailed

Composition Formation Glass-Ceramics uC/m?°K Study
5323399298 system
*ZBaO-ZGeOZ-T:LO2 h — -— no
ZBaO-3Ge02-T102 s P — no
BaO-GeOZ-TiO2 g g =2 yes
BaO-Ge0,~T10,-0.1Ca0 g g -1 no
'Ba0-Ge0,-T10,-0.2Ca0 g P Tt T mmes - g
Ba0-Ge0,-0.9Ti0,-0.12r0, g P — ——
BaO—GeOz-O.9'1'102-0.05sz05 P P -—— -—
BaO-Ge02-0.8T102-0.22n0 p P — —
O.BBaO-O.ZSrO-GeOZ-TiO2 8 p — no
§£2TiSizgarsystem
*25r0-2510,-T10, ps -— - -—
ZSrO-3Si02-T102 g g 8 yes
1.SStO-O.ZBaO-Z.85102-0.1C30-T102 g g 2 yes
Li,B,0, system
*L120-23203 r P —— no
L120-23203 s s — no
L120-0.53203-0.55102 g P -— no
L£2§£29 system
*L120-28102 g P -— no
L1,0-x510, (x = 3) 8 p - no

=
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Table 3. (Continued).

. Mechanical
! Glass Strength of P3 Detailed
Composition _ Formation Glass-Ceramics wuC/m2°K Study
: Li,0-2510,-xZn0 (x = 0.1 to 0.4) g s -2 no )
»,
| L1,0-1.8810,-0.2Ca0 g P -— no
E L120-1.95102-0.1M0 (MO = Ta2 50
? PbO, Ba203, Sn02, TiOZ, PZOS’
- FezO3) o g Ty C e - —

£L12§3205 + LiZB gq) system

Lizo-(z-x)Sioz-xBZO3 (x = 0.1 to 0.7) g g -6 to -11 yes

: L1,0-1.5510,-0.48,0,-0.1A1,0, g g (0) no

: L1,0-1.6510,-0.28,0,-0.2W0, g s (0) no
L1,0-1.8510,-0.18,0,-0.1Zn0 g g (0) no '

'i 0.85L1,0-0.15Na,0-1.8510,~0.28,0, g P -— no

{ 0.8L1,0-0.2LiF-1.8510,-0.2B,0, g s -— no

1 L1,0-1.8510,-0.28,0,-0.03Y,0, g s -—- no

‘E L1,0-1.8510,-0.2B,0,-0.42,0, g s (0) no

" L1,0-1.7510,-0.28B,0,-0.0651,N, g P -— no

* Stoichiometric compositions.

(0) Piezoelectric d33 coefficient, almost zero.

b Pt I S N
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Table 3. (Continued).

-

] N
L Explanation of Symbols

(a) Glass Formation:

s

e - -~
-~

g - easy glass formation even by slow air quenching of the melt;
' no problem of rec:§stallization;
s - glass formation possible by air quenching; but some of the
samples crystallized partially:;
p - problem of recrystallization; fast quenching necessary;
L r - the melt crystallizes completely on air quenching:
4 ps - the melt separates into two phases:
hmp - high melting point (<1450°C); difficult to get rid of air
bubbles from the melt.
‘; (b) Mechanical Strength of Glass-Ceramics

g - Glass~-ceramics have good mechanical strength; possible to

prepare thin sections (200 um) by polishing;

- glass-ceramics have reasonably good mechanical strength,
but diffiuclt to prepare thin sections by polishing;

P - the mechanical strength of glass-ceramics not enough to

polish and prepare trin sections.
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Compositions, Crystallization Temperature and Crystalline Phases.

Table 4.
Glass
Melting Crystallization
Composition Temp (°C) Temperature Crystalline Phases
§E23$§32°s system
23&0—-38102-1‘102 1450 930 BazTiSiZO8
1.9Ba0—Q:1PbO-35102-T102 1450 920 Baz'riSizo8
ZBaO-O.15C30-2.98102-T102 1450 920 BazTiSiZO8
1.6BaO-0.4CaO-2.BSiOZ—T102 1450 930 BazTiSiZO8
1.6Ba0-0.ASr0-3SiOZ-TiOZO.2Ca0 1450 930 Ba2T151208
gngiGezoersyscem
BaO-GeOZ-TiO2 1400 800 BazTiGeZO8
§£2T151203 system
25r0—3$i02-'1‘102 1450 950 Sr2T151208
1.SSrO-O.ZBaO-Z.SSiOZ-O.lCaO-'l:iO2 1450 940 SrzTiSizo8
.Iiz ﬁz_o_ system
LiZO-ZSiO2 1350 585 LiZSiZO5
L120-25102-0.22n0 1350 580 L1251205+L122n5104
+a5102
552§4Q7 system
L120-3BZO3 1250 580 L123407+L1286010
L11,584,0,+11,8,9; system
L120-1.88102-0.28203 1250 605,680 L1251205+L128407
. +L1,510,
L120-1.73102-0.3BZO3 1250 595,670 L1251205+L123407
+LiZSiO3
L120—l.68102-0.43203 1250 ° 625,665 L1251205+L123407
+LiZSiO3
) - - oL TR NG LR LG G T P P TR O AN




Table 5. Dielectric and Physical Properties of Glass-Ceramics

; Specific
Density Heat K3 Tan §
Composition __glcc J/cm3°K 1kHz 1kHz
: ' L1,0-2510,-0.22n0 2.47 2.36 6.5 0.008
- L1,0-1.8510,-0.28,0, 2.34 2.39 7.0 0.05
' 11,0-1.7510,-0. 38,0, . 2.32 - 7.5 0.05
; L1,0-1.6510,-0.4B,0, 2.35 - 7.0 0.05
; BaO-Ge0,~T10, 4.78 - 15 -
)
g 2Ba0-3810,-T40, 4.01 2.06 9.0  0.001
2Ba0-0.15Ca0-2.9510,-T40, 3.98 - 10 0.001
| 1.6Ba0~0.4Ca0-2.8510,~T10, - - 10.5  0.001
3 1.6Ba0~0.48r0-3510,~0.2Ca0-T40, 3.87 - 9.8  0.001
] 1.9Ba0-0.1Pb0-33102-T102 4.05 2.04 10.0  0.001
, 2570-3510,-T10, 3.53 - 11.5  0.001
: 1.8Sr0~0.2Ba0~2.8510,-0.1Ca0~Ti0,  3.63 - 10.5  0.001
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Table 6. Pyroelectric Figures of Merit*

ol Expression Application
p/K For a quick evaluation of
material.
p/pc Current mode: a thin disc

feeding current into a low

impedance amplifier.

M, p/?cK Voltage mode: a disc
supplying voltage to a high
impedance amplifier, the
inherent noise of which
limits the sensitivity of
detector.

M, p/pKD For vidicorns

M, p/pcKl/Ztanéll2 Voltage mode: for a high
impedance amplifier when the
pyroelectric element is the
main source of noise.

*p = Pyroelectric coefficient ¢ = Specific heat per unit mass
K = Dielectric constant el = Specific heat per unit

tan § = Dissipation factor volume (=oc)

p = Density D = Thermal diffusivity
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Table 10. Comparison of Hydrostatic Properties

Glass-

Property Ceramics PVF, PZT
R 10 13 1800
d,4(10712 /N 8-10 30 450
d,, (1072 ¢/ +1.5  -18 =205
4 (10712 c/m)y 8-10 10 40
834(107% Va/N) 100 250 28
8, (1072 Va/N) 100 100 2.5
48, (1071 w?/x) 1000 1000 100
2% (10° rayls) 15-25 2-3 30

*Z = Acoustic impedance units of rayl: kg/mz.sec
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Table 12. Sign and Magnitude of d33 and Py

433 P3
Composition (10.12 pC/N) (uC/m2°K)

2380-35102-T102 ) + 7 + 8
l.9BaO—O.1Pb0-3SiOz-TiO2 + 7 + 8
ZBaO—O.ISCaO-Z.95102-T102 + 6 + 6
1.6BaO—0.4CaO-2.BSiOZ-T102 + 6 + 5.5
l.6Ba0—0.4Sr0-3SiOZ-T102-0.2 Ca0 + 6 + 4.5
BaO-GeOz-TiOZ + 6 -2
25!0-35102-T102 +14 + 8
l.SSrO-O.ZBaO-Z.85102-0.1C30-T102 +10 + 7
LiZO-ZSiO2 -1 -
LiZO-ZSiOZ—O.ZZnO -4 - 3.0
L120-1.958102-0.05Fe203 -3 -
11,0-38,0, +3 -
L120-1.88102-0.23203 + 6 -11.0
L120-1.75102-0.33203 +5 -10.0
L120“l.63102-0.43203 + 5 -10.0
Lizo-l.88102-0.1(2n0,8203) -2 -
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4 Polar ‘ Non polar
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o I
f | _ 1
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{ } |
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NEW GLASS CFRAMICS FOR PYROELECTRIC DEVICES

A, Halliyal, A.S. Bhalla*, L.E. Cross* and R.E. Newnham*
Materials Research Laboratory

The Pennsylvania State University
University Park, PA 16802

ABSTRACT

Pyroelectric péoperties of a new family of materials - polar'glass-
ceramics are described in this paper. These glass—-ceramics are prepared by
heat treating a glass to convert it into a glass—ceramic consisting mainly of
a grain oriented polar crystalline phase, The dielectric and pyroelectric
properties of several compositions in the systems Li20-8102-8203. Ba0-510,5-
Ti0,, and Sr0-5i0,-Ti0, have been investigated to obtain glass ceramics with
crystallites of Lizsizos, L1234O7, L125103. Ba,;TiGe,0g, BazTiSizos or
Sr,TiSi,0g oriented along their polar c-axis. The pyroelectric figures of
merit of polar glass—ceramics are discussed and compared with state-of-the-art
pyroelectric materials. The figures of merit of polar glass-ceramics are
approximately 40 to 60% of those of LiTaOs.

I, INTRODUCTION

Recently a new technique for preparing glass-ceramics with oriented
crystallites of a polar phase has been investigated extensively with the
objective of fabricating inexpensive large area sensor elements for
application in pyroelectric detectors and piezoelectric devicesl™4, Using a
suitable thermal processing, glass is converted into a glass-ceramic
consisting of a grain oriented polar crystalline phase in a glass matrix. The

macroscopic polarity thus developed gives rise to both piezoelectric and

sMember of the American Ceramic Society.
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pyroelectric activity with markedl& different properties from those of poled
ferroelectric ceramics. Several glass forming polar materials have been
prepared in polar glass-ceramic form and_their piezoelectric and pyroelectric
properties have been studied in our Laboratorys. Our earlier studies showed
that polar glass-ceramics are promising candidate materials for piezoelectric

3 6 and hydrophoness. The

resonators®, surface acoustic wave (SAW) devices
present paper is focusged 6n the pyroelectric properties of polar glass-
ceramics. In the next section, a brief discussion of the properties and
pyroelectric figures of merit of state-of-the-art materials is given. In
subsequent sections, the preparation of polar glass-ceramics and an evaluation
of their pyroelectric figures of merit are presented. The advantages and
limitations of preparing pyroelectric elements by glass-ceramic route are
discussed in the final section.
II. PYROELECTRIC MATERIALS

Pyroelectric effect is qu;te frequently used for the detection of
infrared radiation. Even though the detectivity (D*) of pyroelectric
materials are two to three orders of magnitude smaller than those of cooled
photoconductive detectors, the advantage of operating at room temperature and
lower cost makes the pyroelectric detectors more versatile., This has led to
the extensive use of pyroelectric detectors for military and commercial
applications such as in intruder alarms, forest fire mapping and thermal
imaging devices (vidicons)7. The optimum property requirements for a
pyroelectric target material have been reviewed in detail by a number of
authors8-12, Properties of both single crystals such as triglycine sulfate
(TGS), LiTa0;, PbgGe30;y, Sry sBajy sNby04 and of ceramics such as
PbZrg sTig 503, modified PbTiO03 and PbZrO; have been evaluated for

pyroelectric devicesll.
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It is desirable, when comparing the properties of pyroelectric materials

to define appropriate figures of merit for the particular application of
interest. A few of the commonly used figures of meritlo'11 are listed in
Table I. In general to achieve high detectivity, it is desirable to use a
material which has a high pyroelectric coefficient and low dielectric
constant, low dissipation factor, low density, low specific heat and low
thermal diffusivity. A%so the choice of material for a pyroelectric detector
is not always straightforward, it depends on the size of the required detector
and the intended frequency of operation. Environmental conditions
(particularly temperature range), maximum incident power and cost must also be
considered. The detecting element must be thin (=30 um) which means that the
material should withstand the fabrication process and handling or should be
suitable for preparing in the form of thin sheet. The dielectric and physical
properties of important pyrocelectric materials are given in Table II and their
corresponding figures of merit are listed in Table 11311-12,

Triglycine sulfate [IGS = (NHZCHchOH)3HZSO4] is used widely because of
its high figure of merit. However, it is water soluble and hygroscopic and
rather fragile, and hence demands special precautions when it is being
processed. The lower Curie temperature of TGS (49°C) is a major disadvantage.
Some of these problems can be partially overcome by using alanine doped TGS or
deuterated TGS. In spite of these problems, materials in the TGS family
remain the favored materials for applications where sensitivity is of prime
importance. .

The figures of merit of lithium tantalate LiTaO3; are lower than TGS
because of its lower pyroelectric coefficient. It has advantages, however, of
a very high Curie temperature and insolubility in water. Good quality single

erystals of LiTaO3 can be grown by the Czochralski technique, and hence it is
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used widely for pyroelectric detectors. Recent work by Whatmore et al.11'13

has shown that ceramics in the uranium doped PbZr03-PbTiO3-PbFer06 system are
very promising for pyroelectric detectors.
III. POLAR GLASS-CERAMICS

Large area targets are desirable in pyroelectric devices used in thermal
imaging such as vidicons, It is difficult to grow large area single crystals
or to prepare large area.ceramics with uniform and reproducible microstructure
and prdperties. In that respect polar glass-ceramic offer an attractive
alternative technique to prepare large area pyroelectric targets. In the
present work, glass-ceramics containing only polar but non-ferroelectric
crystalline phases were considered in order to avoid the problems asscciated
with poling and ageing encountered in ferroelectric materials. Another
advantage of using non-ferroelectric materials is that they can be used at
higher temperature unlike ferroelectric materials which lose their
pyroelectric properties above the ferrocelectric Curie temperatures.

Glass Forming Systems

To aid in the identification of useful pyroelectrics, the properties of
several polar materials were examined according to the following criteria.
(1) The material should belong to one of the ten polar point groups. (2) It
should form glass easily. (3) After processing, the crystallites in the
glass-ceramics should show both crystallographic and polar orientation. (4)
The glass-ceramic should have good physical integrity.

From several polar glass forming systems tested, six satisfied most of
these requirements. The point group symmetry, dielectric, and pyroelectric
properties of single crystals of these materials are listed in Table IV. The
pyroelectric coefficients of these materials in general are low, compared to
those of ferroelectric materials (listed in Table III), but their dielectric

constants are also lower compared to those of ferroelectric materials.
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Pyroelectric properties of these materials listed in Table IV would indicate
that these materials do have satisfactory values of the pyroelectric figures
of merit.

IV. SAMPLE PREPARATION AND MEASUREMENTS

For the present study, systems listed in Table IV were selected. DBecause
of problems associated with glass formation, cryatallographic'and polar
orientation and mechanical strength of glass-ceramics, a wide range of
composition within the system and various additives in small quantities were
tested for each of the systems in order to obtain glass—ceramics with desired
properties. Optimized compositions are listed in Table V.

Glasses were prepared by mixing reagent grade chemicals followed by
melting in a platinum crucible. The temperatures at which glass compositions
were melted are listed in Table V. The crystallization temperature of glasses
were determined by differential thermal analysis (DTA) measurements. The
temperatures where exothermic peaks were observed are shown in Table V.
Glass-ceramic sanples (approximately 1 cm in diameter)lwith oriented
crystallites were prepared by recrystallizing the glasses in a strong
temperature gradient at temperatures 50 to 100°C above the corresponding
crystallization temperatures of the glasses. Additional details concerning
the sample preparation technique can be found in References 1-5. X-ray
diffraction and microstructure studies indicated that needle-like crystals
grow from the surface into the bulk of the sample along the direction of
temperature gradient. The crystalline phases in the samples were identified
by powder x-ray diffraction patterns of glass-ceramics. For dielectric and

' pyroelectric measurements, samples of 1 cm in diameter and 0.5 to 1 mm thick

were prepared in which 200-500 yn crystallites extended from one surface into

the interior. The remainder of the glass-ceramic consisted of randomly
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oriented crystallites. The samples were lightly polished with 3 pum alumina

powder and electroded with sputtered gold film.

Dielectric constant and dissipation factors were measured over a wide
range of temperature (-150 to 220°C) and frequency (102 to 107 Hz), using
sBultifrequency LCR meters®, and a desk-top computer*s,

A direct method (Byer and noundy18). was used for measuring pyroelectric
coefficients. The neaaufenent was carried out using a desk-top computer with
instrument control and data transfer provided by a nulti-progradﬁer
interface®. The computer controlled the heating or cooling rate through the
multiprogrammer and the interface. Pyroelectric current was measured with a
picoammeter**., The typical heating or cooling rate was 3-4°/amin.
Pyroelectric coefficients were calculated in the temperature range -150° to
220°C in both heating and cooling cycles.

V. RESULTS AND DISCUSSION

The glass compositions listed in Table V are optimized compositions with
respect to pyroelectric propertiés and mechanical strength. The crystalline
phases for each composition are also listed in the table. All the crystalline
phases except Li,ZnSi0, belong to polar point groups. For glass-ceranmics
which contain crystalline phases, the measured properties represent an average
of all the crystalline phases.

The physical and dielectric properties of glass-ceramics are listed in
Table VI. The dielectric constant of glass—ceramics lie in the range § to 18§,

comparable to those of corresponding single crystals.

sModel 4274A and Model 4275A, Hewlett Packard, Palo Alto, CA.
s*Model 9825A, Hewlett Packard, Palo Alto, CA.
"Nodel 595004, Hewlett Packard, Palo Alto, CA.
**Model 4140B, Hewlett Packard, Palo Alto, CA.




The variation of pyroelectric coefficient p3 with temperature for a few
selected compositions is shown in Figures 1 and 2. The following trends in
the pyroelectric properties are evident (Figures 1 and 2 and properties listed
in Table VI and VII).

(1) The room temperature pyroelectric coefficients are in the range of §

to 10 uC/m2°K.

(2) For 1lithium borosilicate glass ceramics (Li,0-B,03-Si0,), the sign
of pyroelectric coefficient is negative and remains practically constant up to
100¢C, Above 100°C, the pyroelectric current is masked by large thermal
currents.

(3) For Ba,TiGe;0g glass-ceramics, the sign of p3 is negative at room
temperature and increases sharply at lower temperatures. The magnitude to pj
is about 8 pC/nz'x at -140°C. There is a change in the sign p3 at about
130°C. Above 130°C, p3 is positive and increases with temperature.

(4) In glass-ceramics containing either Ba,TiSi,0g or Sr,TiSi,0f4
crystallites, the sign of P3 i3 positive at room temperature and its magnitude
increases slightly with temperature. The sign of p3 becomes negative at about
180°C, and its magnitude increases with temperature.

Pyroelectric properties of Ba,TiGe0g16, BayT151,0417 and Li,B4041°
single crystals have been studied extensively. It is difficult to grow defect
free Li,Si,04 and SrzriSizoa‘ single crystals and there are no reports about

the pyroelectric properties of these materials. It is clear that p3 values of

glass ceramics are about 80 to 90% of their respective single crystal values

(Table VII). The characteristic variation of p3 with temperature and the
reversal of its sign in Ba,TiGe,0g (at 130°C) and in Ba,TiSi,0g (at 190°C)
single crystals has been attributed to the changing balance between primary

and secondary pyroelectric effect with tezperature in these crystalsl6'17.




The positive value of p; at room temperature in Ba,TiSi,0g and Sr,TiSi,Og may
be due to the dominance of secondary pyroelectric effect. A detailed
discussion of pyrcelectric properties in these single crystals can be found in
references 4, 16 and 17, The above argument also applies to glass—ceramics
since the pyroelectric properties of glass—ceramics are due to the oriented
cyrstallites of f.hese phases.

The pyroelectric qgures of merit of glass—ceramics and single crystals
are given in Table VII. The figure of merit M, was not calculated because
data on thermal diffusivity was not available. A comparison of the figures of
merit of glass-ceramics with those of commonly used pyroelectric materials
listed in Table III is given below.

The figure of merit M; is highest for lithium borosilicate glass-ceramics
and is about one-third of LiTaO3. For glass-ceramics in the fresnoite family
M; is about one-fourth of LiTaO3. The figure of merit M, of glass—ceramics is
nuch lower than that of L:l'raos and other pyroelectric materials, because
dielectric constant does not enter in the calculation of M,. Lithium
borosilicate glass-cebamics have higher M3 (almost half of LiTaO3) than
fresnoite glass—ceramics because of their low density and dielectric
constants. In the calculation of M, both the dielectric constant and tan &
are considered. Tan & values are very high for lithium borosilicate glass-
ceramics (=0.05) whereas for fresnoite glass-ceramics tan & values are very
small (<0.001). For calculation of Mg, the highest value of tan & (0.001) was
taken for all fresnoite glass-ceramics, Mg of lithium borosilicate glass-
ceramics is very low because of high dielectric losses and those of fresnoite
g€lass-ceramics are about 25% of LiTa03. Actual values of Mg of fresnoite
glass-ceramics will be slightly higher than the values listed in Table VII, if

smaller tan & values are taken for the calculation.




The pyroelectric figures of merit of most of the glass-ceranics are in
the range 40 to 60% of those of LiTa03.
VI. ADVANTAGES AND LIMITATIONS OF THE TECHNIQUE

The present work demonstrates the possibility of using new polar glass-

ceramics for pyroelectric devices. The pyroelectric figures of merit of

glass-ceramics were shown to be about half of those currently used in
pyroelectric devices. Further improvement in the figures of merit of glass-
ceramics can be anticipated either by fine tuning the composition or by

improved preparation techniques. Studies in our Laboratory have shown that an

oriented region up to 500 um in length in the glass—ceramic samples can be
achieved even by isothermal recrystallization of glasses. This suggests the
possibility of preparing large area targets by heating large glass sheets in a
furnace. This technique can be applied only to materials which formglass
easily. This, however, limits the cboice of materials to silicates,
germanates and borates if conventional glass melting techmiques are followed.
If alternative techniques for glass formation (eg., sputtered glassy films,
roller quenching, sol-gel method) are used, it may be possible to synthesize
additional polar glass—ceramics.
VII. SUMMARY

The new technique of preparing pyroelectric elements 'by glasa-ceranic
route looks promising for preparing large area targets. Polar glass-ceramics
from L1,0~S10,-B;03, BaO-Ge0,-T10,, Ba0-S10,-T10, and Sr0-S10,-Ti0, systems
have been prepared and their dielectric and pyroelectric properties
investigated. The pyroelectric figures of merit of glass-ceramics for
dj;rfomt applications look promising. Several glass-ceramics showed figures
of merit up to 60% of those obtained on Li'ho, single crystal. The present

study demonatrates the possibility of using glass—ceramics and the feasidbility

of preparing large area sensor elements for pyroelectric devices.
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Figure 1. Variation of pyroelectric coefficient with temperature for (a)

Figure 2.

L1,0-1.8310,-0.2B,03, and (b) BaO-GeO,-TiO, glass—ceramics.
Pyroelectric coefficient as a function of temperature for (a) 2Ba0-

3510,-T10,, (b) 1.9Ba0-0.1Pb0-3S10,-T10,, and (¢) 2Sr0-3S10,-Ti0,

glass-ceramics.
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Table I. Pyroelectric Material Figures of Merit.

Application

Symbol Expression Units
M, /X c/m?ex
My p/po p/po
My p/ pokD C/m°¥W
Mg p/pc K2 tan 81/2 cayg

For a quick evaluation of material

surrent mode: a thin disc feeding
current into a low impedance
amplifier

Yoltage mode: a disc supplying
voltage to a high impedance amplifier
the inherent noise of which limits
senaitivity of detector

for vidicons
: for a high impedance

amplifier when the pyroelectric
elenent is the main source of noise

p= pyroelectric coefficient
K= Dielectric constant

tan 8 = Dissipation factor

p = Density

¢ = Specific heat per unit mass

¢’ = specific heat per unit volume
(=pc)

D = thermal diffusivity

D e




Table II. Dielectric and Physical Properties of Selected
Pyroelectric Materials®.

. -
P I P o I |

K tan 8 ¢’ T D
Material (at 1 kHz) (at 1 kHz) Jlemdox 03 (10'7 nzls)

Triglycine Sulfate (TGS)

at 35¢C 55 0.025 2.6 49 2.8
Deuterated Triglycine

Sulfate (DTGS) at 40°C 43 0.020 2.4 61 2.9
LiTa0g 54 0.0006 3.2 618 13.0
Srq, soBag, sNby0g (SBN) 380 0.003 2.1 121 —_—
PZFN (Hot Pressed Ceramic)®®* 240 0.003 2.5 250 -

sMostly from Whatmore et a1.11,

**PbZr0; ceramics modified with Pb,yFeNbOg.
K = Dielectric Constant.

c'’ = specific bheat per unit volume,

tan 8 = dielectric loss.

Te = Curie temperature.

D = thermal diffusivity.
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x Table IV. Dielectric and Pyroelectric Properties.

i Material Point  Density K tan & P

‘ Single Crystal Group g/ce 1 anz 1 kHz uC/m2ex Ref.

0,‘

:' u:si:o, mm2 -— - -_ -

.

. Li,S104 mm2 - 8.8¢ 0.01¢ 21.5 14
L1,B,04 4mm 2.45 10 2.0 -30 - 15

?

| Ba,TiGe,0g mm2 4.84 11.4 <0.001 -4.0 16

i Ba,TiS1,0g 4o 4.45 11.0 <0.001 +10.0 17

] Sr,TiSi,04 4om - - -~ -

A *50 kHz.

0
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n

N

~
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;
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:
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Table VI. Dielectric and Physical Properties of Glass-Ceramics.

Specific
Density Heat ) 4 tan &
Composition g/ce J/ca’*K 1 Eﬂz 1 kHz
L1,0-28105-0.22n0 2.47 2.36 6.5 0.008
L1,0-1.8510,-0.2B,04 2.34 2.39 7.0 0.05
L1,0~1.78105-0.3B,03 2.32 - 7.5 0.05
L1;0-1.65103-0.4B,03 2.38 - 7.0 0.05
Ba0-Ge04~-Ti09 4,78 15
2Ba0-3510,-T10, 4.01 2.04 9.0 0.001
2Ba0-0.15Ca0-2.9510,-T10, 3.98 - 10 0.001
1.6Ba0-0.4Ca0~2. 8510,-T10, - — 10.5 0.001
1.6 BlO-O.4Sr0-38102-0.2000—7102 3.87 -_ 9.8 0.001
1.9Ba0~0.1Pb0-3810,-T10, 4.05 2.04 10.0 0.001
2Sr0-3510,-T10, 3.53 - 11.5 0.001
1.88r0-0.28l0-2.88102-0.10a0-T102 3.63 -— 10.6 0.001
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UNUSUAL PYROELECTRIC AND PIEZOELECTRIC
PROPERTIES OF FRESNOITE (Ba,TiSi 0,
SINGLE CRYSTAL AND POLAR
GLASS-CERAMICS
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R. E NEWNHAM

Materials Research Laboratory, The Pennsylvania State University, University
) : Park, PA 16802 U.S.A.
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WMMMMWdMR(N,T&zO.)mmwm
glass-ceramics were studied in the temperature range - 150 10 200°C. The sign of pyroelectric coefficient
ummnmwmmwﬁwnlwc Thcdwlecuwcoumt.pywelecuw
coefficient and planar coupling coefficient show a maximum value at 160°C and the frequency constant
shows a minimum at the same temperature. The probabile reasons for the anomaly in these properties are
discussed.

INTRODUCTION

"

Fresnoite (Ba,TiSi,0;) has a noncentrosymmetric tetragonal structure and belongs
to the polar point group 4mm. Single crystals of fresnoite have been grown
successfully by the Czochralski method by several workers.!-2 It has been shown that
fresnoite has electromechanical coupling factors large enough for piezoelectric
{ devices and that it is an interesting alternative substrate material for surface acoustic
‘ wave (SAW) devices.'’-3 The SAW characteristics of fresnoite are intermediate
between those of LiNbO, and LiTaO,. The pyroelectric coefficient of fresnoite is
reported to be small and positive (+10 uC/m? °K). However, no detailed studies
have been carried out regarding the temperature variation of piezoelectric and
pyroelectric properties of fresnoite. It has also been shown that polar glass-ceramics
with the fresnoite crystalline phase can be prepared by recrystallizing glasses of
slightly modified compositions.®” In these glass-ceramics, the polar texture results
from needle-like fresnoite crystals growing from the glass surface during crystalliza-
tion. The polar glass-ceramics showed piezoelectric and pyroelectric properties
comparable to the single crystal properties.

In the present work, the dielectric, piezoelectric, and pyroelectric properties of
fresnoite single crystal and glass-ceramics were studied in more detail. All of the
above properties were studied as a function of temperature in the range —150 to
200°C.

27

P ntaa”l

[ S T U T A S T e A IO N SR PP L R P



p: ] A HALLIYAL etal.
EXPERIMENTAL PROCEDURE

Fresnoite crystals were grown by the Czochralski method from a stoichiometric melt.
Crystals were grown in a platinum crucible on a (001) seed. Growth conditions were
as follows: seed rotation speed 10-15 rpm; pulling speed 1.0 mm/hr, crucible
rotation rate: 5 rpm. The resulting boules were colorless and transparent. ¢ plates
were cut from the boule and circular samples were prepared (5 mm dis, 0.5 mm
thick). The major surfaces of the samples were coated with sputtered gold electrodes.

Glass samples containing one mole of excess silica (2BaO - 3SiO, - TiO,) were
prepared by mixing reagent grade chemicals and melting the batch in a platinum’
crucible. Glass-ceramic samples were prepared by crystallizing the glasses in a large
temperature gradient normal to the surface of glass. The details of sample prepara-
tion technique can be found in References 6-8. Microstructure studies indicated that
needle-like crystals grow from the surface into the bulk along the direction of
temperature gradient. For measurements of all the properties, sections were cut
normal to the temperature gradient and gold electrodes were sputtered on the major
surfaces.

The dielectric constant and dissipation factors were measured at different frequen-
cies using a capacitance bridge. Pyroelectric coefficients were determined by the

iz -y oy LI A

() 10 a2
(2) 100 Mz
(3 1wz

LA 2
e

(a)

DIELECTRIC CONSTANT
8
L
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0-0‘ v v v i L | v ] ¥
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14 (2) 100 k2
g 004f (3) 1 Mz
é b)
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——d 4 1
°'°°o 100 200 300 400 300

TEMPERATURE (°C)

FIGURE 1 Dielectric constant (a) and dissipation factor (b) of Ba,TiSi,O, single crystal as a function
of temperature and [requency.
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FIGURE 2 Dielectric constant of 2830-35i0,-TiO, glass s fuaction of temperature and frequency.

Byer—-Roundy? technique. The heating and cooling rates employed were 4°C/min.
The electromechanical properties were determined by standard resonance tech-
niques. All the above properties were measured as a function of temperature in the
range — 150 to 200°C, both in heating and cooling cycles. Piezoelectric d,, coeffi-
cients were measured using a Berlincourt-d,; meter.

RESULTS

The dielectric constant and dissipation factor of fresnoite single crystals are shown
in Figure 1. A broad peak was observed in the dielectric constant near 160°C and
remained pncually constant above 200°C. Surprisingly, no corresponding peak was
observed in the dissipation factor curve. The dielectric losses increased at higher
temperature, probably due to conduction losses. The dielectric constant of fresnoite
glass (Figure- 2) increases almost linearly with temperature without showing an
anomaly in the temperature range —80 to 200°C. The dielectric spectrum of
fresnoite glass-ceramic (Figure 3) is very similar to that of fresnoite single crystal,
except that the dielectric constant peak occurs at 120°C instead of 160°C. In the
glass-ceramic the only crystalline phase present was fresnoite, which indicates that
the anomaly observed in the dielectric constant is an intrinsic property of fresnoite.
The difference in the temperature of about 40° in the peak positions of dielectric
constant of singie crystal and glass-ceramics might be because of nonstoichiometric
composition of glass-ceramics.




2 T T T T
[ d L
§ -
Yy 3 J
H ] @
E T t wou
g s} (2) 100 a2 -
Sl ®» 1w ]
4 " I " i A S, 1 P
() 100 200 300 400 500
TEMPERATURE (°C)
0.5 (——v——p——r—p——r———p—r—— J
€ [ (1) 10 "z
e 041 (2)100 a2 N
- F (3) 1 1
(™ 3
s ! .
£
0.0

© 100 200 300 400 3500
TEMPERATURE (°C)

FIGURE 3 Dielectric constant (a) and dissipation factor (b) of 2Ba0-38i0,-TiO, glass-ceramic as a
function of temperature and frequency.

The variation of pyroelectric coefficient p, of fresnoite single crystal as a function
of temperature is shown in Figure 4. The pyroelectric coefficient is positive at room
temperature and increases with temperature, reaching a maximum at 160°C. At still
higher temperatures, p, decrcases very quickly and becomes negative. A similar
behavior is observed in glass-ceramics also (Figure 5). The variation of polarization
(P) with temperature is shown in Figure 6, where P is arbitrarily taken as zero at
—140°C. The polarization increases with temperature in accordance with the
positive sign of p,. A broad peak in polar