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ABSTRACT

Acoustic emission from ferroelectric crystals, which is mainly associated
with the P-E hysteresis loop during polarisation reversal, has been
studied with the general objective of providing reproducible acoustic
emission sources which can be used repeatedly to enable studies of tlie
basic physical nature of acoustic emission and hence to enhance its

application in non-destructive testing.

Acoustic emission phenomena have been observed in several ferroelectric
materials, as a function of applied electric field, sample thickness,
and sample temperature. The crystals studied have included PbgGegOii,
Pbs-xBaxGegOii solid solutions, TGG, BaTiOg and Rochelle salt. Most
acoustic emission activity takes place at the approach to the saturation
region of the hysteresis loop which is discussed in terms of domain wall
movement and coalescence of domains. An interesting feature found in
Pb"Ge”0ii and Pb5 xBa%Ge30ii alloys is the existence of an abrupt electric
field threshold for the production of acoustic emission above whicn the
emission increases dramatically as tne field is further increased.
Acoustic emission measurements suggest that this threshold field
corresponds with that required to produce the onset of sideways motion
of the domain walls. The threshold field has also been found to show a

strong dependence upon sample thickness and temperature.

Acoustic emission produced by ferroelectric crystals during polarisation
reversal provides a powerful new method of studying ferroelectric proper-
ties and the polarisation reversal process in ferroelectric materials.

In addition this technique can be used as an alternative to optical and
electrical netnods of making gquantitarive measurements of the threshold

electric field and domain wall dvnamics.
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CHAPTER 1

GENERAL  INTRODUCTION




1. GENERAL INTRODUCTION

Acoustic emission‘involves short duration elastic stress waves
internally generated during dynamic processes in various materials,
The estimated rise times of these pulses range from microseconds to
nanoseconds (Gillis, 1972)., The dynamic processes may result from
either an externally applied stress or some other unstable situation,
The actual source of the stress waves depends on the material. It
may be dislocation or crack motion in a metal, interparticle movement
in a solid, or fibre breaking in a composite or wood. In some cases
the acoustic emission may be loud enough to be heard without
amplification; a familiar example of this is the creaking of timber
subjected to loads near failure; such sounds from the timber can be
used as indicators of the impending failure of wooden structures.
Therefore, emissions from other materials, which are not audible to
the human ear could contain useful information. The use of acoustic
emission to characterise and evaluate the integrity of engineering
structures under load is exciting much interest in the scientific
and engineering community, because it is one of the first non-
destructive testing methods capable of detecting active flaws which
may ultimately lead to failure of a material or structure [Liptai et
al (1971); Hartbower et al (1972); Cross, Loushin and Thompson (1872);
Liptai, Harris and Tatro (1972); and Ying et al (1974)]. Acoustic
emission is well suited to fundamental studies of deformation
[Kuribayashi, Kishi and Horiucht (1979); Kishi, Tanaka and Horiuchi
(1977); Jax (1977); and Kiesewetter and Schiller (1976)]. Martensitic

phase transformations have been found to be active sources of acoustic



emission, Such emissions have been found to be particularly copious
sources [Lambson et al (1977); Dunegan and Green (1972); Speich and
Fisher (1972); Brown and Liptai (1972); and Liptai, Dunegan and

Tatro (1969)]). There are excellent review articles describing
acoustic emission in the literature in various areas, such as:

the sources and propagation of acoustic emission signals [Schofield
(1972); Tatro (1972); Egle and Tatro (1967)], factors affecting
acoustic emission response from material [Dunegan and Green (1971),
(1972)}), waveforms and frequency spectra of acoustic emission signals
[Egle and Brown (1975); Breckenridge, Tschiegg and Greenspan (1975);
Curtis (1974); Stephens and Pollock (1971); Pollock (1968); and

Egle and Tatro (1967)], and a general review on acoustic emission can

be found in Lord (1975).

A limited number of papers concerning acoustic emission from ferroic
materials have been published in the literature., The only work on
acoustic emission from ferroelectric materials is that reported by
Buchman (1972). He has observed acoustic emission from ferroelectric
BaTiO3 both as a function of the applied electric field in the polar
phase at an operating frequency of 0.03 Hz and when the crystal goes
through the phase transition in the region of about 116°c, Spanner
(1970) has pointed out that there might be acoustic emission
associated with the magnetisation process in ferromagnetic materials.,
A ferromagnetic specimen (a nickel 200 rod 3 in in diameter and

1 ft long) was taken round the B - H hysteresis loop. The application
of the magnetic field produced acoustic emission counts; no additional
counts were observed when the field was reduced to zero. Upon

application of the reverse field many emissions were produced.



Again no emissions were observed when the field was reduced to zero,
The number of acoustic emission counts he observed depended very
strongly on the rate of application of the solenoid current. Acoustic
emission in this case occured only on the steep parts of the

hysteresis loop.

Full realisation of the potential applications of the acoustic emission
technique is retarded by lack of understanding of many fundamental
aspects of the phenomena involved:

(i) sources of acoustic emission and the way in which they operate

remain ill-defined, and

(ii) wave propagation characteristics and the way in which they
degenerate into geometrical resonances of the structure are
unknown,

The prime objective of this work is to undertake the physical studies

required to answer these questions at least in part.

For work on the fundamental nature of acoustic emission, it is
necessary to have a reproducible stress wave source which can be

used repeatedly. Ferroelectric and ferroelastic crystals act as such
a source, In the present work acoustic emission has been observed

in ferroelectric crystals, including PbsGe30;3, Pbs-yxBaxGe30;; alloys
at different composition x, TGS, BaTiO3, and Rochelle salt near the

saturation region of the hysteresis loop.

Acoustic emission technology in its present state is ready for
application to a variety of problems facing materials engineers and
scientists, Equipment necessary to support this work is available

in either a pre-packaged or components selectable form. In practice



the experimental data are largely dependent upon the equipment used
and the settings selected by each individual observer, The operating
principle of the equipment used here and the experimental set-up to
study the acoustic emission from ferroelectric, together with the
determination of the frequency spectrum of the acoustic emission

signals using fast Fourier transform are described in Chapter 2.

As part of the present programme and in order to relate both the
acoustic emission study with that of ferroelectric behaviour, the
ferroelectric and other physical properties of the ferroelectric
crystals have been studied in Chapter 3. The dependence of some
ferroelectric parameters with sample temperature and sample thickness
for a number of ferroe;ectric crystals has also been investigated.

In Chapter 4 a detailed study of the acoustic emission signals as a
functicn of the applied electric field for different amplifier gains,
including the effect of sample geometry and temperature together
with frequency analysis results are presented. These results

(e.g. acoustic emission activity, acoustic emission amplitude signal
and threshold electric field) are discussed and related to the

ferroelectric work in Chapter 3.



CHAPTER 2

EXPERIMENTAL TECHNIQUES

FOR ACOUSTIC EMISSION DETECTION




2.1 INTRODUCTION

This Chapter describes the techniques for preparation of the.
ferroelectric specimens for acoustic emission experiments.

The techniques of crystal orientation, cutting, polishing and
silver electrode deposition and also the coupling of the
ferroelectric crystal to the acoustic emission transducer are
described. Tne operating principles of the equipment used and
the experimental set-up to study the acoustic emission from
ferroelectrics as a funption of temperature and at different
electric field applied across the ferroelectric crystals will
also be described in this Chapter. Tne determination of the
frequency spectrum of acoustic emission signals, using the fast
Fourier transform with the basic theory of Fourier transform

is also discussed.



2,2 SPECIMEN PREPARATION

2.2,1 Requirements

Defects in any crystalline lattice generally cause deformation.
In ferroelectric crystals defects affect domain wall movements,
the polarisation reversal process, and therefore, influence their
behaviour as acoustic emission sources (ionamad, Lambson, ifiller
and Saunders, 197%a). The first ferroelectric crystals studied
were imperfect and turned out to be very noisy acoustic emission
sources and the results were not reproducible. The preliiminary
studies showed that to obtain reproducible acoustic emission,
highly perfect crystals are required. Single crystals of the
ferroelectrics, Triglycine sulphate (TGS), Lead Germanate
(PbsGe30y;) and Lead Germanate Barium doped with different
composition (Pbs_yBay,Ge30;)) have been provided by Dr G. R. Jones®
of R.S.R.E., Malvern, These crystals are used as pyroelectric
sensing elements in the infrared vidicon (Jones, Shaw and Vere,
1972); (Houlton, Jones and Robertson, 1975) and (Watton, Smith
and Jones, 1976); and are probably the most perfect ever grown

of these materials.

For the acoustic emission experiments, thin plates of these crystals
must be prepared. Preparation consists of cutting with precise

orientation, polishing and coating with electrodes.

% The author would like to thank Dr G. R. Jones of R.S.R.E., lialvern
for providing the ferroelectric crystals.



2,2.2 X-Ray Examination and Cutting

Good optical-quality large single crystalline boules of PbgGe30j,
and Pbs_,Ba,Ge30;; which have been provided by Dr G. R. Jones of
R.S.R.E., Malvern were grown by Czochralski technique. The sizes

2

of these boules ranged from about 0.7 x 0,7 cm” cross-sectional

2 cposs-sectional area and

area and 4 cm in length to about 4 x L cm
10 cm in length. Plate samples: either rectangular (about 2 x 1.5 cm?
area of different thickness, from about 0.3 mm to 3mm); or circular
(radius sbout 1 cm) have been cut from these boules. An uncut

boule was mounted on a suitable goniometer with cyanoacrylate glue,
which forms a strong bond very quickly. The boule was then aligned

by back reflection X-ray Laue photography zlong the three-fold z-axis
(the polar axis) as shown in Figure 2.1, After crystallographic
orientation, the goniometer was transferred onto a slow speed diamond
saw and two parallel cuts normal to the polar axis were made.

This method is suitable for plates of thickness of about 2 mm.

When thinner sections were cut from small non-cylindrical boules,
cracking often occurred. This was due to stress from the growth

faces on the boules which cause rapid cracking from the edges and was
partially alleviated by mounting the orientated boule in cold resin,
which acted as a support for the thin partially cut section during

the remainder of the cutting. After cutting, the samples were

stress relieved by lightly polishing the edge, and were then mounted

for polishing,



Figure (2-1) ; Laue photograph of taken on

the C plate (z-axis).

Figure (2-2): Laue photograph of TGS, X-ray beam incident
in [piC* direction, which is perpendicular

to the polar axis.
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2.2,3 Polishing

Polishing of thick éamples was carried out using a precision jig of
a Logitech PM2 precision polishing machine. The jié consisted of
a stainless steel mounting plate and conditioning ring. The
crystal was mounted using cyanoécrylate.adhesive around the edgeé
of the mounting plate, hence the front face was ﬁolished parallel to-
the béck face. The preparation was carried out on cast iron and
solder lapping plates, which were kept flat to within 2 microns
over 20 cm, with these it was.possible to polish to within 2" arc
parallelism, The crystal was first lapped on 600 grit aloxite on
cast iron, then semi-polished on 14 micron diamond on solder using
Hyprez fluid as a lubricant. With thinner samples however,
difficulty was encountered in polishing, especially with the barium
doped crystals, Stress from growth faces and edges caused the
sample\to break up very easi}y. Discussion with R.S.R.E. provided
a new technique involving eliminating stress. The sample was
trepanned using a fast rotating brass cutter with carborundum in
water as a cutting medium; the cylinder of the material

thus obtained was then lapped, i.e. the outside was polished using
600 grit aloxite and diamond compound on a soft napped cloth, such
as "Microcloth' or 'Lam Plan'. Slices were cut from the cylinder
using the diamond saw. Cut slices were then placed inside a Tufncl
template, and the template was placed in a jig. The whole arrangement
was then placed on a wax plate and either semichemically polished
using 'Cyton' fluid, or polished with aluminium oxide (0.3 micron)

suspended in ethanediol,
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TGS was polished by a similar technique, but it should be noted that
for polishing this material, water may only be used in very small
quantities. Water polishing, using aluminium oxide and a very
small amount of water on.a silk or soft napped cloth was quite
satisfactory, but over-polishing would give rounded edges and an
'orange peel' effect on the surface. Diluted alcohol may be
substituted for water for a slower, more controlled polish., TGS
cleaves in a plane perpendicular to the polar axis and therefore,
does not require cutting, The Laue photograph of TGS is shown in
Figure 2,2, where the X-ray beam incident in [OlO] direction, which

is perpendicular to the polar axis.

2.2.4 Silver Electrode Deposition

After polishing, the specimen was cleaned with acetone for coating
with silver by vacuum evaporation, The specimen was put under a
vacuum of less than 0,001 torr for about one hour. A thin circular
film of silver electrode was deposited on one side of the crystal

by evaporation from a colled tungsten basket using a thin silver

wire source, This was done by using a thin brass circular plate
mask of known area on that side. This procedure was repeated with
the other side of the crystal using a larger mask area. Both
electrodes were carefully coated with a very thin layer of silver dag

to protect them from damage.

A copper lead was attached to the top electrode, using conducting

silver dag. The lower electrode was connected by a thin strip of silver
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dag to the upper part of the crystal and the second lead connected
to thisj; then good coupling between the crystal and the transducer

could be made.

The area of the upper electrode was measured to within * 0.001 cm?,
using a photographic technique. The electrode was photographed
beside a reference of known length (area); the complete photograph,
including the scale, was then enlarged to about 20 times its actual
area. The enlarged electrode area with the reference area was then

measured and thus the actual area of the electrode could be obtained.

2.3 TRANSDUCER AND COUPLING

2.3.1 Transducer

A transducer converts the mechanical energy into an electrical signal
which is suitable for amplification and further signal processing.
Most transducers used for acoustic emission experiments contain a
piezo-electrical element, The most common of these is a type of

lead zirconate titanate (PZT-5).

Three types of transducefs are often used for acoustic emission
detection: single ended, differential, and balanced output (Brown
and Liptai, 1972). The best type of transducer for acoustic
emission detection is the differential type, because its sensitivity

to external radiated noise is minimum, In our work, two different
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kinds of differential type transducers have been used. The first
transducer was a resonant one (D 140B - Dunegan/Endevo). The

second transducer was a wide frequency flét response model (FAC 500 -
Acoustic Emission Technology Corporation). When an acoustic
emission signal arrives at the transducer, it causes the crystal to
vibrate in its resonance modes, The strongest of these is génerally
the fundamental thickness resonance, in which the thickness of the
crystal is equal to half a wavelength, The resonance peaks of the
crystal transducer are generally sharp (narrow bandwidth), thus the
action of such a transducer on the emission signal is equivalent to
that of a narrow band filter whose centre frequency is equal to the
fundamental resonance frequency of the transducer, and no information
regarding the frequency of the energy pulse arriving at the
transducer can be obtained. The resonant transducer D 140B which
was used, had a bandwidth of 100 to 500 KHZ and a nominal centre
frequency of 225 KHz as shown in the frequency response curve in
Figure 2,3, Frequency information may be obtained using a commercial
piezoelectric transducer with a wide frequency response, such as
FAC-500. This transducer has a wide flat response from about 0,1MHz
up to 2 MHzZ as shown in the frequency response curve in Figure 2.4,
The advantage of the resonant transducer is its high sensitivity for
acoustic emission signals compared to the flat response transducer

(see Figures 2,3 and 2.4).

Methods are available for calibrating transducers (Leschek, 1975),
(Hill and Adams, 1977), and spectral calibration of acoustic emission
using Helium gas jets (McBride and Hutchison, 1976). Both transducers
which were used in our work were calibrated at the supplying company

by an ultrasonic technique using a known standard transducer.
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2.3.2 Couplant

A factor influencing the detected emission signal, which may be
considered as part of the transducer respdnse,is the effect of the
transducer-specimen interface. A couplant fluid is used to expel
air or voids, which may restrict full surface contact between the

specimen and transducer,

Two categories of coupling materials were used in this work,

(1) Highly viscous sticky materials that couple transverse or
torsional waves as well as bulk and extensional waves emanating

from the source, and,

(2) Less viscous materials that sustain only the bulk and

extensional waves (silicone grease).

A couplaht in the first category may, on heating, fall into the
second category. Therefore, to detect the maximum amount of
acoustic emission from a specimen, a couplant that remains highly
viscous after heating is desirable, if acoustic emission at higher

temperatures is to be detected.

The influence of couplant medium and thickness on the received
acoustic emission burst has been studied theoretically and
experimentally by Hill and El-Daridy (1977). Their results indicate
that, for certain couplant media, variation in acoustic emission
transducer coupling thickness can lead to a variation in the system
sensitivity, the detected acoustic emission burst, and consequently

most of the acoustic emission measurement parameters,
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2,3,3 Coupling Procedure

The aim.of the couplant is to produce a uniform thin boﬁd between
the transducer and thé specimen, It is essential that the specimen
and the transducer are clean and free from dust, and washing with
acetone ensures this. The coupling procedure adopted consisted of
spreading a small amount of the couplant on both the transducer

(or the waveguide, if used), and the specimen. The specimen-
transducer interface was then warmed by a not air blower and by

gently pressing the specimen to the transducer, a bond obtained.

2.4 ACOUSTIC WAVEGUIDE

In most of the acoustic emission experiments which havé been done
in this work the specimen was coupled directly on the transducer.
In other cases, an acoustic waveguide was used, especially for high
temperature experiments to keep tne transducer remote from the heat
of the furnace in which the specimen was kept. An acoustic
waveguide is a mechanical structure along which an elastic stress
wave can propagate from a sensing location contacting the medium
being monitored, to a receiving location for transmitting the
elastic stress wave (Anderson et al, 1972). Such waveguides take
the form of metal rods, tubes or wire bundles. The acoustic
waveguide, which was used in this work (the schematic diagram of the
waveguide is shown in Figure 2.5) was an aluminium rod of diameter

5 cm 2t the lower part where the transducer is coupled and 1.9 cm
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in diameter at the upper part of the waveguide where the specimen
was coupled, the length.of this waveguide was 24 cm. A thin layer
of black paint was used to cover the upper surface of the waveguide
for insulation from the lower electrode of the specimen from the
waveguide arrangement (which is grounded). The transducer was
coupled using silicone grease and was supported by four strong

spiral springs to the waveguide arrangement.

2.5 PREAMPLIFICATION, AMPLIFICATION AND SIGNAL PROCESSING

The signals from the transducer are typically of the order of a

few microvolts. Thus high gain-low noise amplification is required
before signal processing., A piezoelectric device is primarily a
charge generator, highly sensitive to capacitive loading from cables
and amplifiers. Therefore, it is common practice to connect the
transducer output to a cable as short as possible with very little
total capacitance, and then to a preamplifier with a low impedance
for transmission to another amplifier. The power amplifier fills
the requirement of additional amplification as well as increased
current output to drive conditioning equipment, such as recorders,
counters, frequency spectrum analyser, etc. Filtering for bandpass
and high pass or low pass or both, is generally required. Because
most transducers have multiple Qensitivity peaks (aside from the
natural resonance) at least one of these peaks is utilized and
accentuated through the use of filters, The high pass filter is

used to avoid extraneous low frequency noise,



17

In general there are two basic commercial acoustic emission
monitoring systems (Brown and Liptai, 1972). The first is based on
a technique known as 'ring-down counting'. An acoustic stress

wave in the testpiece will cause the transducer to oscillate at its
resonance frequency. The resultant signal is, ideally, a decaying
sine wave, Each time the signal exceeds a selected trigger level,
one count is recorded by the counter, so each emission may produce
more than one countj the larger the emission the more counts
produced. Thus the total of acoustic emission counts is an
amplitude weighted measure of the total emission detected during the
test (Figure 2.6). The second acoustic monitoring system is based
on integrating the ring-down envelope, thus integrating the acoustic
emission burst above a certain threshold level, Therefore, each
acoustic emission burst will count one event (Figure 2.7). Both
systems have been extensively used. The disadvantage of the simple
threshold method is that information regarding actual number of
events is lost, but, emissions of inifial high amplitude are weighted

in number of counts with respect to smaller emissions.

In our work, the preamplification, amplification, filtering and
signal processing were carried out using a TEK 105 (or AECL 105)
Stress Wave Emission'Processor, which is based on integrating the
acoustic emission burst above a certain level. The TEK 105 (or

AECL 105) consists of two units: a preamplifier and signal processor.
The preamplifier gives 40 dB gain over a bandwidth of 20 kHz to

2 MHz, The signal path then goes through the filters which are set

either to one of the known bands or use open bands, giving 20 kHz



Figure (2.6) : Schematic of a damped sinusoid signal, showing

Figure (2.7):

threshold voltage.

Threshold of
count level
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Acoustic emission counting. (a) Acoustic emission as

amplified, (b) result of passing acoustic emission through

a frequency counter; (c) result of integrating the acoustic

emission bursts; and (d) result of passing integrated acoustic

emission bursts through a frequency counter.
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to 2 MHz response. The variable gain amplifier-which follows
allows a further 65 dB of gain to be applied to the signal, giving
a total of 105 dB available, The signal is then fed to a fast
comparator direct, or via an envelope detector which integrates a
signal burst into a single event which is used for event counting.
The schematic and block diagrams of the TEK 105 are shown in

Figupe 2.8,

2.6 FREQUENCY ANALYSIS

An understanding of the nature of the acoustic emission produced by
a certain process requires experimental determination of the
frequency spectrum of the acoustic emission signal. The resonance
acoustic emission transducer possesses a strong resonance peak and
it would act as a narrow band filter on the emission signal.
Therefore, it is necessary to use an acoustic emission transducer,
which has a broad band response and a relatively uniform sensitivity
(such as FAC-500, see Figure 2.4), The instrumentation should

also have a flat response over the frequency range of stﬁdy.

There are two main ways of processing the emission signal to give a
frequency spectrum, one analogue, the other digital. Conventional
analogue frequency analysers are designed to process repetitive
signals, by recording the output of a narrow band filter as its
centre frequency is swept over the desired frequency range. The

sweep rate is much slower than the duration of a typical acoustic
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emission and thus to obtain frequency spectrum, the emission signal
must be repeated many times while the chosen frequency band is

swept (Swingler, 1979),

The other way which is used for frequency anaiysis is to digitize
the emission signal and feed the information to a computer, which
will evaluate the Fourier transform numerically. In our work a

new signal processing system equipment was used which is based on
the second technique, and the frequency analysis information was
obtained directly in more detail and without needing a main computer.

A description of the signal processing system is given below:

2.6,1 DL 920 Transient Recorder

The DL 920 transient recorder is a digital instrument designed to
capture single shot or low repetition signals and present them for
continuous display on an oscilloscope or Y/t plotter., For complete
utilization of its capabilities, the transient recorder may be
connected to a digital recording device so that the digital
equivalent of the record may be obtained. One of its méin
applications is to record unique signals. Once the waveform has
been digitized and stored in the memory, it will remain there
permanently untilAé new record is made, When a signal is recorded
it is stored as a number of equally spaced points representing the
amplitude of the waveform at discrete mcments in time. During

recording, each sample of the signal is converted into a digital

number and stored in the memory. In the case of the DL 920 transient
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recorder there are 4096 words of memory. Data from either the whole
of the memory or one half of the memory is reconstructed via a

digital-to-analogue converter,

As with any sampling instrument it is necessary to consider the sample
interval and its relationship to the frequency content of the signal
to be recorded. As the number of samples in a record is fixed to
2000 or 4000 in this instrument (2048 or 4096 if the digital is used)
a change in record length (sweep time) is accompanied by a change in
the sample interval., The sample interval is calculated as being

one four-thgusandth part of the sweep time, and defines the maximum
and minimum frequencies that may be recorded for any given sweep time.
The bandwidth of the DL 920 transient recorder is 20 MHz with a

minimum resolution of 4.8804 KHz per point.

2,6,2 DL Micro 4 Signal Processing System

In a DL micro 4 signal processing system,the DL 40@Déignal analysis
system and DL 450 microprocessor are combined to provide an on-line
digital processing system for the storage and analysis of waveforms
in both the time domain and frequency domain. It is designed for
use in a variety of scientific applications involving signal
averaging, Fourier transform, or other statistical processes. The

DL 4000 consists of a DL 400 store, DL 403 display controller and

DL 409 transient recorder interface units. This combination with
the DL 920 transient recorder can result in very high speed averaging

with a bandwith of 20 ¥Hz, The DL 400 memory module incorpofates
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a random access integrated circuit memory of 1024 or 4096-20 bit
words., The DL 403 display controller provides horizontal, vertical
and trace modulation signals to drive a CRO and XY plotter. Data
is generally displayed as a waveform defined by a series of discrete
points positioned according to their addfess and digital value in
the memory. The memory may be displayed as 1,2 or 4 traces, each
of which has an independent vertical position control to aid
comparison between each other., The DL 409 series 900 transient
recorder interface enable the transfer of digital data from the
memory of the transient recorder to the DL 400 memory. The DL 450
microprocessor provides powerful off-line data processing facilities
and inter-active display functions for data which has been acquired
and analysed on-line in the DL 400, It is based on a general
purpose LSI microcomputer chip and therefore is capable of performing
manipulations of high complexity. The microprocessor is provided
with a standard set of programmes which produce the basic DL 450
arithmetic and display functions. The microprocessor carries out
calculations on data stored in the DL 4000 and then returns it for
display. Special attention has been given in the dééign to obtain
a comprehensive and sophisticated display on the CRT for both
analogue and digital data. In order to achieve maximum efficiency
of operation, the DL 450 is continuously processing data and
calculating parameters, the results of which are stored in the

DL 4000 and displayed concurrently with analogue waveforms derived
from the DL 4000 data store, The microprocessor is also used to
calculate parameters associated with special display functions and

any one or part of a memory subgroup can be selected for this display.
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As mentioned previously, the signal processing system for acoustic
emission signals gives a lot of useful information concerning
different processes when analysing the acoustic emission waveform
signal in both time domain and frequency domain. The DL 450 used
for such purposes enables Fast Fouriér Transforms (FFT) and

associated programmes to be carried out such as:

(a) R.FFT FFT on Real data.

(b) I.R.FFT Inverse FFT on Real data.

(c) C.FFT FFT on complex data.

(d) I.C.FFT Inverse FFT on complex data.

(e) Cosine bell windowing programme.

(f) Limited cosine bell windowing programme (Sharp bell).
(g) Initialisation without windowing.

(h) Normal display of real and imaginary data.

(i) Power spectrum display.

(j) Amplitude display,

(k) D.C. correction programmes.,

(1) Cursor address readout calibration in terms of frequency.

(m) Square root.
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2.6.3 Basic Theory of Fast Fourier Transform

2.6.3.1 Fourier Transform

The Fourier transform is very important in all forms of signal
processing, It is often made use of explicitly as a processing tool.
For some time the Fourier transform has served as a bridge between
the time domain and frequency domain. It is possible to go back

and forth between waveform and spectrum with enough speed economy

to create a whole new range of applications for this classic
mathematical device (Bregland, 1969). The Fourier transform has
long been used for characterising linear systems and for identifying

the frequency components making up a continuous waveform.

The Fourier transform pair for continuous signals can be written in

' the form:
= —i2nft -
X(f) = f X(t) e dt eececsceseveenree (2.1)
Val i2nft -
x(t) : f X(f) e df ® ¢ 000 OGO RNOOSOLOLIEPOCCOETDLIYS (2’2)

for =2 < £f< ©, -w< t ® and i=4-l.

X(f) represents the frequency-domain function;

x(t) is the time-domain function.
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2,6.3.2 Digerete Fourter Transform (DFT)

When the waveform is sampled, or the system is to be analysed on a

digital computer, it is the finite, discrete version of the Fourier
transform that must be understood and used. The analogous discrete
Fourier transform pair that is applied to sampled -versions of these

functions can be written in the form:

N-1 .
-i2mwjk/,
X(j) = ﬁl' Z x(k) e 1‘ 0000000 OBNOEB OISO (2.3)
k=0
N-1 ‘s
_ i2mjk/,
x(k) - Z x(j) e N ® 0 0 00O P OO OSSOSO TSINIOS (2.4)

j=
fOI‘ j=0’ l, se e N-l. k:O’ l, seey N-l
Both X(j) and x(k) are, in general, complex series,
. ( 217i/N) 1
When the expression \e is replaced by the term W, and ﬁ-x(k)

by A(k), the DFT transform pair takes the form:

N-1

-jk
X(3) = Z A W eereeenrennneens (2.5)
k=0
N-1
+jk
x(k): Z X(j) wN ..............'..v(z's)

3=0
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A straightforward calculation using equation (2.5) or (2.6) requires
N2 operations, where 'operation' means a complex multiplication

followed by a complex addition.

2.6,3.3 Fast Fourier Transform (FFT)

-

The fast Fourier transform is simply an efficient method for computing
the DFT. The FFT can be used in place of the continuous Fourier
transform only to the extent that the DFT could before, but with a
substantial reduction in computer time., A derivation of the
Cooley-Tukey FFT algorithm for evaluating equation (2.5) can be

found in Cooley and Tukey (1965). The algoritim described in
Cooley-Tukey iterates on the array of given complex Fourier

amplitudes and yields the results in less than (N/2) logyN operations
without requiring more data storage than is required for the given
array A. Alternatively, the FFT algorithm is used for computing

equation (2,6).

In summary the FFT can reduce the time involved in finding a discrete
Fourier transform. For example, for N = 1024, this represents a

computational reduction of more than 200 to 1. (Bergland, 1969).
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2.6.3.4 Real and Complex FFT

The FFT programmes analyse sampled analogue waveforms or time series
in the DL 4000 store and produce results in terms of frequency
spectrum. The input signal can be analysed in terms of its
frequency components and their relative magnitudes. A sinusoidal
waveform can be represented as in Figure 2,9, as having a magnitude
of A and phase angle 6 relative to reference Y., The signal can be
resolved into two components at right angles, A cos 6 and A sin 8.
These are known as the Real and Imaginary components of the waveform
respectively. If the input data is available in the form of these
two components, it is called complex input data and complex FFT
(CFFT ) could be performed with the real components in one channel (A)
and the imaginary component in another channel (B). In most
applications involving the DL micro 4 only the real FFT will be used.
The FFT results are always in a complex form. One address location
will contain Real data R and another address will contain Imaginary

data I, where R = A cos @ and I = A sin 6,

2.6.3.5 Subsidiary Programmes

For complete signal analysing, it is essential to do some subsidiary
programmes associated with FFT of a given waveform signal; this

is described below:
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(n) Windowing

Window techniques can be used to measure tne Fourier transform or

the power spectrum of the samples of a waveform (Helms, 1971).

A sequence of equally spaced samples of the waveform is multiplied

by a sequence of weignts obtained from the window function by
sampling it. The discrete Fourier transform of this sequence of
products 1is then computed with tne aid of tne fast Fourier transform.
This eliminates the discontinuities and reduces the waveform to =zero
at the edges of the sampled trace. Two types of windowing programmes

can be used: (1) Cosine bell, and (2) Sharp bell.

The schematic diagrams for the cosine and sharp bells are snown in

Figure 2.10.

(b) Power Spectrum

This programme is for use after the FFT programme when it converts
the results to a power spectrum in the real part of the display.

The power spectrum is calculated as follows:

t I-
pIS - TTT==="
wnere R = Real part
I = Imaginary part

g
I

Block size
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Figure (2,10): Schematic diagrams of (a) the ‘cosine bell,
(b) the sharp bell.
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(c) Amplitude Spectrum

This is also for use after FFT programmes when it can be used to
present the results in terms of an amplitude spectrum and it can be

calculated as follows:

Amplitude = (R" +

(d) Frequency Spectrum

The most important result wanted from the analysis of acoustic
emission signals is the frequency spectrum of a given emission.
It can be found after the FFT programme, or preferably after the
subsidiary spectrum or amplitude programmes have been performed.

The frequency values can be calculated using the following procedure:

The sample interval from the transient recorder must be considered
with the block size N used in the DL micro 4 signal processing
system. The frequency components can be calibrated using the
displayed cursor address on the screen. Scan left and right are
used to position the cursor on data of interest. To explain how the
frequency 1is calculated using the sample interval and block size,

let us take this example:

Example : Assuming the signal which was captured by the transient
recorder at a sweep time of 0.2 ms for number of samples of 4000

points in this record (see Section 2,6.1 ).
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The time taken for each sample interval is:

—————— = 0.5 X 10 7 sec

Therefore the bandwidth of the system is

= 20 X 10" Hz
0.5 X 10"7 sec

Suppose (N), the block size, to be 4098. Therefore, every point
of the cursor address on the screen will represent:

20 X 10~
________ = 4.88043 kHz

If there 1is a peak in the frequency spectrum at cursor address 50

and 145, these will correspond to 244 kHz and 708 kHz respectively.

Finally, in addition to these programmes, there are other useful
programmes which can be used in signal processing techniques such
as Real mean and Imaginary mean, which are usually used before FFT.
These programmes calculate the mean value of the real part and
imaginary part (in the case of complex FFT) of the input waveform
and subtracts it from the waveform. The programmes are especially

useful when there is a large d.c. component in the input signal.
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2.7 HYSTERESIS LOOP CIRCUIT AND ACOUSTIC EMISSION

MONITORING SYSTEM

Ferroelectric crystals of TGS, Pb"CegOii and its isomorphous form
Pb”.”Ba”GegOii which were prepared (see Specimen Preparation in
Section 2.2) and taken round the ferroelectric hysteresis loop
while the acoustic emission was monitored. A suitable circuit
for the production of the hysteresis loop and its visualisation
on an oscilloscope is illustrated in Figure 2.11, which is a
modification of that introduced by Sawyer and Tower (1930)

(see Section 3.3).

The ferroelectric crystal was positioned on an acoustic emission
transducer (see Transducer and Coupling in Section 2.3), which

is connected to an acoustic emission processing system (see
Preamplification, Amplification and Signal Processing in Section
2.5). Thus the acoustic emission signal was superimposed
synchronously together with the hysteresis loop and can be seen on
the same oscilloscope trace which has the Y-amplifier switched to

the sum mode.
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2.8 EXPERIMENTAL SET-UP

A block diagram of the equipment used to detect the acoustic emission
in a ferroelectric undergoing hysteresis as a function of the
applied electric field and the polarisation is given in Figure 2.12,
which shows the lay-out used for making measurements at a given,
fixed temperature. The specimen was coupled directly to the PZT
transducer (either the resonance or the flat response transducer,
see Transducer and Coupling in Section 2.3). Both the specimen
and the transducer were kept in a cylindrical pyrex container of

14 cm diameter and 20 cm height, surrounded by another cylindrical
container (large Dewar flask) of inner diameter 20 cm and height

40 cm, filled with oil. The specimen temperature was kept constant
to within * 0.2 °C, using a thermostatic control device which
consisted of a contact thermometer immersed in the oil. The contact
thermometer was connected via a relay to a heater which was kept in

the o0il in the bottom of the outer container as shown in Figure 2.12.

Acoustic emission signals picked up by the transducer were amplified
with a preamplifier of 40 dB, then fed into an amplifier with
selective filters, which could be adjusted to the required gain

(see Section 2.5). The amplifier output was connected to a chart
recorder so that the actual acoustic emission could be recorded

when necessary over a predetermined number of hysteresis cycles.

Another important experimental arrangement — that for measurements of
acoustic emission as a function of temperature — is illustrated in

Figure 2.13. The specimen was positioned cn the acoustic waveguide
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(see Acoustic Waveguide in Section 2.4) using a Couplant (as discussed
in Section 2.3.2). The upper part of the acoustic waveguide with
the specimen was kept in a tubular furnace, while the lower part of
the waveguide with the transducer was kept outside the tubular
furnace, so that the transducer was kept remote from the heat. In
addition to that, the transducer was kept cool using a small air
electric fan. The contact thermometer in this case was inserted
into the tubular furnace from the top, its bulb was kept near the
specimen to control the specimen temperature which could then be
adjusted. Two chromel/alumel thermocouples were used to measure the
specimen temperature which was recorded using a digital thermometer
(Comark digital thermometer - 5000), the first thermocouple was
embedded in the waveguide as near as possible to the specimen, the

second thermocouple was put on the top of the sample but insulated

from it using a very thin mica sheet. Fibre glass wool was used to
insulate the tubular furnace from the surroundings. In this case
the temperature kept constant to within + 0.257C. By use of this

set-up, a ferroelectric crystal could be taken up in temperature
and through its Curie point, while the electric field applied across

its electrodes could be varied at each temperature value.

As mentioned before, for both types of experiments an oscilloscope

was used in the ’Y-axis' sum mode, so that the acoustic emission
output could be displayed superimposed synchronously on the hysteresis
cycle. A gate unit system was sometimes used to inhibit noise
counting, except for selected parts of the hysteresis loop; this

device also brightened up the oscilloscope trace for the
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corresponding period; the position and length of the gate were
adjustable, A block diagram of the complete gate unit is shown

in Figure 2.14 (This gate unit was built by E.F. Lambson).

2.9 EFFECT OF THE WAVEGUIDE ON BOTH ACOUSTIC EMISSION

SIGNALS AND FREQUENCY ANALYSIS RESULTS

Acoustic emission measurements are usually carried out by coupling
the sample directly with the transducer, but when high temperature
acoustic emission measurements are required the waveguide is used.
However, the effects of the waveguide on acoustic emission
measurements are insignificant for two reasons: (i) the coupling
between the waveguide and the transducer is good because the
transducer is attached firmly by four strong spiral springs (see
Figure 2,5), and (ii) the waveguide material is aluminium which has
a low attenuation so that the acoustic emission signals can be
transmitted without distortion., Detection of acoustic emission
signal has been measured with and without using the waveguide for
Pby.7Bag.3Ge30;; from room temperature up to 50°C. Both acoustic
emission results for a given temperature are almost the same and the

difference between both measurements is insignificant.

To investigate the effect of the waveguide upon the frequency spectrum
results, use is made of simulated acoustic emission signals,
obtained by dropping small ball bearings or by gently tapping the

waveguide, The power spectrum result of the simulated acoustic
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emission signal is shown in Figure 2,15, The figure shows only two
frequency components at a very low frequency range; i.e. at cursor
address of 4 and 17 which correspond to frequencies about 20 kHz and
83 kHz. Referring to the schematic diagram of the waveguide in
Figure 2.5, the two possible resonance frequencies due to the

waveguide are:

v, 6.3 x 10°

fl Z - Z e———— = 13.1 kHz
2d, 2 x 24
v, 6.3 x 103

£ ——— = ——— = 105 kHz
2d, 2 x 3

where VA is the velocity of sound in aluminium (6.3 x 10° cm/sec),
dy is the total length of the waveguide, and d, is the distance
between the transducer and the flange of the waveguide (see Figure

2.5).

From these results it is seen that the measured frequency components
of the simulated acoustic emission signals using a frequency
analysis technique are in agreement with those of the theoretical
results., However, both results indicate that there is no effect
from using the waveguide since the resonance frequency of the
waveguide is at a very low frequency range compared to the frequency
components of acoustic emission signals from PbsGe30;; crystals

(see Figures 4.64 and 4.67).
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Figure 2.15:

0.8 1.2 1.6 2.0 2.4
FREQUENCY (MHz)

Power frequency spectrum of a simulated acoustic emission
signal obtained by gently tapping the waveguide. The
cursor address which corresponds to waveguide resonance
frequencies due to d1 and d, (Figure 2.5) are at

4 and 17.
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2.10 ERRORS IN ACOUSTIC EMISSION MEASUREMENTS

As will be describedAlater, acoustic emission activity from a ferro-
electric crystal is a result of sideways domain wall‘movement.

Such domain activity is dependent upon:

(i) the history of the crystal;

(ii) the condition and environment in which the crystal was grown; and
(iii) the application of a known electric field across the polar axis
of the crystal at a certain time,

All these factors lead to sources of errors when detection of acoustic
emission measurement is carried out at subsequent times., However,
these errors can be minimised by considering the following points:

(i) Before taking any acoustic emission measurements, the ferro-
electric crystal should be left for about 1 hour while a fixed electric
field is applied across it (the value of the applied field must be
above that which corresponds to saturation polarisation region) so that
the acoustic emission activity can be stabilised for a given time
interval;

(ii) Starting from the threshold field for the onset of the acoustic
emission, the average of the total acoustic emission counts for a 10
second interval at a fixed voltage for a given number of times

(usually 6 to 10 times) is found (see Figure 2,16);

(iii) The values of the average acoustic emission counts when the field
is increasing which are found in (ii) are then averaged with the
corresponding values when the field is decreasing (see Figure 2,16 and

Table 2.1).

It can be seen from the figure and the table that:
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TABLE 2.1 : Typical acoustic emission measurements taken from the data

in Figure 2,16

-

Meén Average of Total Acoustic Total
v E Emission Coﬁnts fcr a 10 second iZii:gic
Volts kV/cm Interv§1 *~1°° Ciﬁgizlgzr
Increasing |Decreasing Average Hysteresis
Field | . Field: Cycle
460 6.32 4,3 1.9 3.1 6.2
470 6.45 6.5 3.8 - 5,15 10.3
480 6.59 10 6.0 8 16
490 6.73 19 U 16.5 33
500 6.87 30 16 23 46
510 7.00  ug 26 37 7y
520 7.4 76 46 61 122
530 7.28 105 1 ey 85 170
540 7.41 140 105 122 24y
550 7.55 175 130 152 304
560 7.69 215 165 190 380
580 7.96 300 255 277 554
600 8.24 295 340 318 636
620 8.51 490 435 463 426
640 8.79 565 520 542 1084
660 9,06 620 570 595 1190
690 9,47 660 630 - Bu5 1290
720 9,89 680 660 670 1340
760 10.53 690 680 685 1370
800 10.98 710 - 710 1420
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(i) Acoustic emission counts for any 10 second interval and at any
given electric field taken with either increasing or decreasing fields
are almost the same as each other; |

(ii) The average total acoustic emission counts for a given electric
field taken with field increasing is in fairly good agreement with that
obtained at the same electric field when the measurement is taken with
field decreasing.

However, the differences in acoustic emission counts with increasing
and decreasing fields are mainly due to the differences in the voltage
settings across the sample between the increasing and decreasing field
measurements. The resolution of the voltmeter used here for this
setting is 10 volts and hence a 10 volts interval is difficult to set
exactly in a voltage range between 500 volts to 800 volts, i.e. about

1.2% to 2% from the actual value.

Another source of error in acoustic emission measurement arises from
the instruments used. For instance, the supply voltage source which is
applied across the crystal does not give an absolutely stable voltage
value, especially if the acoustic emission measurement is carried out
for a long time at that electric field; a 5 to 10 volts drift is
noticed. This voltage drift causes a variation in acoustic emission
counts particularly at applied electric fields only slightly above the
threshold field. For more reliable acoustic emission measurements, all
the equipment used here (e,g. Tek 105, Transient Recorder, DL micro 4
signal processing system, etc) needed to be switched on at least 1 to 2

hours before taking any acoustic emission measurements.
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CHAPTER 3

GENERAL FEATURES OF FERROELECTRIC CRYSTALS AND

THEIR BEHAVIOUR WITH THICKNESS AND TEMPERATURE
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3.1 INTRODUCTION

The phenomenon of ferroelectricity was so named because of a formal
similarity with ferromagnetism, However the similarity is purely
phenomenological: just as ferromagnetic materials exhibit a
spontaneous magnetism and hysteresis effects in the relationship
between magnetisation and magnetic field, ferroelectric crystals
show a spontaneous electric polarisation and hyéteresis effects in
the relation betweén polarisation and electric field. The Chapter
first describes the general features of ferroelectric crystals and
their crystallography and the measurement of some ferroelectric

parameters such as spontaneous polarisation and coercive field.

As part of the present programme, the ferroelectric behaviour and

some physical properties of the ferroelectric PbgGe30;; and lead‘
barium germanate solid solutions Pbs-xBa,Ge30;; of various barium
concentrations have been studied in detail. Temperature and sample
thickness dependence of some of the ferroelectric parameters of the
PbgGe30;; and Pbs-yxBayGe3013 alloys have also been studied. Im
addition, ferroelectricity in triglycine sulphate (TGS) and measure-
ments of some of its ferroelectric parameters are also found. The
results are compared with other work which may give useful information

about the behaviour of these ferroelectric crystals that can be

related to the acoustic emission results in the next Chapter.

7
s
s
4
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3.2 CRYSTALLOGRAPHY AND DEFINITION OF FERROELECTRICS

3,2.1 Crystal Classes

Crystals are commonly classified into seven systems: triclinic,
monoclinic, orthorhombic, tetragonal, trigonzl, hexagonal and cubic.
These systems can again be subdivided into point groups (crystal
classes) according to the symmetry with respect to a point. There
are 32 such crystal classes, and 11 of them possess a centre of
symmetry. Any point may be described by coordinates x,y,z with
respect to the origin of symmetry. A centrosymmetric crystal is

one in which a hypothetical operation which moves each point x,y,z
to -x,-y,-2z causes no recognisable difference. The centrosymmetric
crystals possess no polar properties., If, for example, a uniform
stress 1is apyp.ied to such a centrosymmetric crystal, the resulting
small movement of charge is symmetrically distributed about the centre
of symmetry in a manner which brings about a full compensation of
relative displacements. The application of an electric field does
produce a strain, but the strain is unchanged on reversal of the
field. This property is term 'electrostriction' and occurs naturally

in all substances, crystalline or otherwise,

The remaining twenty-one crystal classes do not have a centre of
symmetry; they are termed non-centric. All except one (432)
exhibit electrical polarity when subject to stress (and its converse,
the production of stress by application of an electric field).

These effects are linear with reversal of the stimulus resulting in

a reversal of the response, and are termed the direct and inverse
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piezoelectric effects respectively. 0f the twenty piezoeleétric'
crystal classes ten are characterized by the fact that they have é
unique polar axis. Crystals belonging to these classes are called
polar because they possess a spontaneous polarisation. The
spontaneous polarisation is in general temperature-dependent and its
existence can be detected by observing the flow of charge to and from
the surfaces on change of temperature. This is the 'pyroelectric
effect! and these ten polar classes are often referred to as the

pyroelectric classes,

A pyroelectric crystal is sazid to be ferroelectric when it has two
or more orientational states in the absence of an electric field and
can be snifted from one to another of these states by an electric
field. Any two of the orientation states are identical in crystal
structure and differ only in electric polarisation vector at null
electric field. Understood in this definition is the fact that the
polar character of the orientation states should represent an

absolutely stable configuration in null field.

3.2.2 Curie Temperature

A typical ferroelectric usually possesses a spontaneous polarisation
Py which decreases with increasing temperature T to disappear
continuously, or more often discontinuously, at a Curie point TC.
However, since polar crystal classes do not always belong to systems
of lower crystal symmetry than non-polar classes, transitions from

non-polar to polar phases as a function of increasing temperature can,
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and do, occasionally occur (e.g. in Rochelle salt). Nevertheless,
for most known ferroelectrics, the onset of ferrocelectricity occurs
as a function of decreasing temperature. A ferroelectric phase
change represents é special class of structural phase transitions
marked by the appearance of a spontaneous polarisation. Above the
Curie point the approaching transition is often signalled by a
diverging differential dielectric response or permittivity €, which
varies with temperature in an approximate Curie-Weiss manner

e =C (T - To)—l’ where T  is the Curie-Weiss temperature and C is
the Curie constant. This T, is equal to the Curie temperature T, only
for the case of a continuous transition. The phase which transforms
to the ferroelectric form at T  is termed paraelectric. As defined
in Section 3.2.1, below Tc, in the absence of the applied field,
there are at least two directions along which the spontaneous

polarisation can develop.

3.3 GENERAL FEATURES OF FERROELECTRIC CRYSTALS

As mentioned in Section 3.2, thé primafy feature distinguisﬁing
ferroelecfrics from other pyroelectrics is that the spontaneous
polarisation can be reversed, at least partially, with_an applied
electric field. The first demonstration of polarisation reversal was
by dielectric hysteresis (Valasék, 1920). The observation of the
hysteresis loop using a modification of the circuit introduced by
Sawyer and Tower (1930) is frequently used for identification‘of

ferroelectrics, The circuit used in this work is illustrated in
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Figure 3.1, Here, an alternating voltage of 50 Hz is applied

across the ferroelectric crystal plate (that is, along the polar axis).
As this applied electric field increases through a maximum, and then
decreases through zerb to a maximum in opposite sense, the crystal
polarisation traces out the hysteresis loop, as shown schematically

in Figure 3.2. Starting with the virgin specimen, at low field
(portion OA of the curve), it behaves like an ordinary dielectric
(usually with high dielectric constant), i.e. the polarisation
increases linearly with the increasing applied electric field. If

the electric field increases further, the polarisation will increase
rapidly and non-linearly (portion AB) and then linearly again into

the saturation region (portion BC)., When the applied electric field
is reduced, the polarisation decreases at a slower rate than that of
the initial increase and follows the path CD,. When the field is
reduced to zero a finite amount of polarisation P, (OD) is still
present, This is known as the remanent polarisation. The extra-

v polation of the linear portion, BC, of the curve back to the polaris-
ation axis represents the value of the spontaneous polarisatﬂoﬁ P

- (OE). In order to annihilate the overall polarisation of the crystal,
it is necessary to apply an electfic field in the opposite (negative)
direction, | The value of the field required to reduce P to zero (OF)
is called the coercive field Ec. Further increase of the field in
the negative direction will, of course increase the polarisation in
this direction (FG), and the cyclé éan be completed by reversing the
field direction once again (GHC). The area within the hysteresis
loop is. a measure of the energy required to twice reverse the

polarisation,
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Figure 3.2 : Schematic diagrams of hysteresis loops in
ferroelectric specimens (a) multi-domain crystal

(b) single domain crystal.
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The relation between P and E is thus represented by a hysteresis loop
(CDGHC), which is the most important characteristic of ferroelectric
cry;tals. The essential feature of a ferroelectric is thus not the
fact that it has a spontaneous polarisation, but rather the fact that
this spontaneous polarisation can be reversed by means of an electric
field. The coercive field, defined by Figure 3.2 as the field at
which the net polarisation is zero, is also a function of the frequency
of the alternating field since there is some switching time associated
with polarisation reversal. The shape of the loop consequently is
affected by the dependence of switching time on the applied electric
field. The first quantitative experiments determining the time and
field dependence of polarisation reversal were carried out by

Merz (1954) on BaTiOj3. .

3.4 MEASUREMENT OF SPONTANEOUS POLARISATION AND COERCIVE

FIELD IN FERROELECTRICS

Applieé electric field strength, spontaneous pplariéation, and the
coercive field, are parameters which play an important role iﬂ the -
behaviour of ferroelectrics, and precise measurements of these must be
achieved. These parameters can be found from the hysteresis loop
which, is represented on thé screen of an oscilloscope (see Section 3.3
and Figure 3.1). The method used is‘explained in Figure 3.3. One
pair.of plates of a CRO is used to measure the potential across the
sample (proportional fo the applied electric field),<while the other

pair of plates measures the charge across a reference capacitor in
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Figure 3.3 : Schematic diagram for the circuit used to

find P and E .
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series with the ferroelectric crystal. This charge is proportional
to the charge on the crystal and hence to the polarisation.

Therefore, referring to Figure 3.3:

VC = lc Xc CECRCIE NN B I B B I N I I B N N (3.1)

Vy = lc XP LRI IR R 2 B I IR B A S B (302)
VX

Vx = i (XC+XI')’ ic = ® 0 0005000000000 (3.3)

VX
% = X
© x +x. ©
[ r
therefore, V. = V_ 1if X > X
c X (&) r
VC th
The applied electric field E = - = — @0 e 0o e 0see0eance (3."")
d d
Using (3.1) and (3.2), we have:
V' Vy
’_C‘ = _— or v C = V C 00000 scescerrs0srcrece (3-5)
c ¢ y r
X X
(o] r
i.e. Vy =V C / C. = g / Cr

where q is charge on Cc or Cr'
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q = PA

where P is the polarisation and A is the area of the electrode.

Therefore:

PA
Vy = e—
CI‘
V. C
OP P : y I‘ ® & 00 0 2000 0 0989000 00900 (3.6)
A

Using equations (3.4) and (3.6), the instanteous polarisation, the
corresponding coercive field, and the applied field strength can be
found. To find the spontaneous polarisation and the coercive
field, a set of readings of the instantaneous polarisation and the
corresponding values of the applied electric field across the sample
is ‘necessary, starting from low electric field and increasing the
applied electric field gradually. The value of the spontaneous
polarisafion is the intersection of the linear part of the P-E curve
at ‘' E = 0, as shown in Figure 3,2, The coercive field E, can be
found as defined in Figure 3,2, Thus by plétting the values of
the instantanous.polarisation with the corresponding values of the
instantaneous coercive field Bc can be found. Ec is the value
which corresﬁonds to the spontaneous polarisation value obtained as

described above,



Lo

Example:

Calibration of the X and Y plates of the oscilloscope which was
used to depict the hysteresis loop with a standard voltage source

gives the following results in a PbgGe30;; crystal.

169.5 (volts r.m.s.) / division

<
1]

0.1919 (volts/division)

<
}]

Also given values of:

A = 0.215 cm? (electrode area)
d = 0.076 cm (crystal thickness)
Cr = 4,40 yF (reference capacitor)

Each horizontal division on the CRO is equivalent to an applied

electric field strength given by [from equation (3.4)] :

1
169.5 x 2 (2)2 1
E = P
0.076 1000

6.308 kV/cm per division
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Each vertical division on the CRO is equivalent to an instantaneous

polarisation given by equation (3.6):

1 0.919 x 4.4

0.215

3.812 (uC.cm 2) per division.

The values of the instantaneous polarisation P, the corresponding
values of Ec, and the applied electric field strength E measured
from the hysteresis loop, are tabulated as shown in Table 3.1.
From the results of this table, P is plotted against E, the results
being shown in Figure 3.8. As shown in this Figure, the last
five readings taken with the highef values of E correspond to the
linear part of the P-E curve. Using the least mean square
method for these last five points, we find that the interesection
of the linear part at E = 0 is equal to 4,77 ‘uC.cm 2, yhich is
the value of the spontaneous polarisation. 'The slope m = 0.164
uC.(Kv.cm) !, which is AP/AE. " The correlation of this linear
part is found to bé 0.9995, From the definition of E, in

Figure 3.2, E, is found to be 3.50 kV.em™1,



TABLE 3.1

Typical readings for measurements of E, Ig and E. for the crystal

given as an example.

il s [ ] %]
r.m.s. div. kV.cm™ ! div. | kV.cm™1 div. | uC.cm™
55 0.15 0.95 a _ 0.06 0.23
80 0.22 1.42 0.2 1.26 0.11 0.42
108 0.33 2,05 0.28 1.73 0.215 0.82
135 O.41 2.59 0.38 2.40 0.66 2.51
160 o.u8 3.06 O.uy4 2.74 0.90 3.u43
215 0.65 4,10 0.54 3.41 1.2 4,57
270 0.81 5.11 0.63 3.94 1.375 5.24
320 0.98 6.15 0.73 4,57 1.475 5.62
375 1.13 7.10 0.78 4,89 1.55 5.91
430 1.28 8.10 0.83 5.2 1.6 6.10
540 1.60 10.10 0.93 5.83 1.69 6,44
670 2.0 12.61 1.03 6.47 1.79 6.82
805 2,38 14,98 1.13 7.10 1.9 7.24
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3.5 FERROELECTRIC DOMAINS

3.5.1 rDomains in Perfect Ferroelectric Crystals

In an ideally perfect ferroelectric crystal, the existence of
domains can be understood on the basis of qualitative energetic
considerations, Suppose that we start from a perfect, non-
conducting, insulating ferroelectric crystal, which is required

to have a uniform spontaneous polarisation throughout. Then the
charges induced on the external surfaces will create a depolarising
electric field. Such a depolarising field makes it impossible

for the crystal to remain in the uniformly polarised state. The
result is a destruction of the uniform polarisation: the crystal
is consequently subdivided into region, or domains, having
antiparallel directions of spontaneous polarisation, a state which
is energetically more stable because if_reduces the depolarising
field. However, this process, will not proceea indefinitely,
because a certain amount of energy is going to be stored in the
boundary layers or ;walls"between the domains. When the overall
wall energy has increased to the point of balancing the decrease

in energy of.the depolarising field, then an equilibrium configuration
is reached and this becomes the stable domain configuration at the

temperature considered.
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‘3.5.2 Domains.in . Real Ferroelectric Crystals

In a real crystal, the domain configqution resulting from the
energetic balance mentioned above is hardly stable at any temperature.
A real crystal is never an ideal insulator: the charges induced by
the spontaneous polarisation are partially compensated by bulk and
éurface conductivity. Furthermore, a real crystal contains a
relatively large number of vacancies, dislocations and impurities.
These imperfections disturb the uniformity of the polarisation and,
therefore, of the depolarising field. So, the domain configuration
observed in a given crystal is the result of a compromise between
the energetic requirements of an ideally perfect crystal and the
perturbing effects of conductivity, strain, and imperfections,

The latter effects may proceed very slowly with time, and therefore

the observed domain configuration may be metastable and ageing

effects may be apparent.

It should be emphasized that one of the most important factors
affecting an observed domain pattern is the way in which the domains
are created when the crystal is cooled through the Curie temperature.
The process of domain formation at this temperature involves
nucleation. The nucleation process is also dependent on strains and
imperfections, and the domain pattern which is formed at first does
not always correspond to an absolute minimum of the free energy.
Therefore this state may only be metastable and the domain wall

configuration can exhibit further changes.
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The domains are separated by domain walls, often only one unit-
cell in thickness, Certain ferroelectrics like PbgGe30;,

and TGS have only two possible orientations for the polarisation,
so that the domain wélls always separate antiparallel domains

. and are therefore called 180° walls. Other ferroelgctrics like
BaTiO3, have more than two possible polarisation orientations

for the domains, and therefore a more complicated domain

structure may occur. This gives rise to two different types

of walls, namely those separating antiparallel dipoles (180° walls)
and those separating dipoles at right angles to each other

(90° walls).

At high fields the ferroelectric specimen may form a single
domain; A true single domain crystal is characterised by an
almost rectangular hysteresis loop (see Figure 3.2b); for a
multidomain crystal the different domains will reverse their
polarisation at a different field strength, so that the corners
of the loop will be rounded. For the PbgGe30;; and TGS
crystals used in the present work, the top side of the hysteresis
loop is parallel to the electric field axis. Therefore, these
materials are close to being perfect single domain crystals when

polarisation is saturated.



51

3.5.3 Observation of Domalns

Terroelectric domains can in many cases be directly observed by
optical techniques using polarised light. It‘may be possible to see
the domains because differently orientated domains rotate the plane

of polarisation of the light throﬁgh different angles. A number of
observation techniques have been developed for revealing domain
structure. The usefulness and resolution of each of these techniques
are described in detail in Lines and Glass (1977). Two important
methods which have been successfully used to study 180° domains in
PbsGe30;) and are also used for some other ferroelectric crystals.,

The first method is the optical rotation which is unusual since only

a few ferroelectric crystals have such a property. Optical activity
of ferroelectric PbsGe30); crystals was studied by Iwaski and Sugii
(1971); they found the optical rotatory power along the CH axis of
the crystalp = % 5° 35'/mm. Dougherty, Sawaguchi and Cross (1972)
studied the domain structure in c-cut plates of Pb3Geg0;; using this
method, The second method for observation of domains is the X-ray
topographic technique which is based on anamalous dispersion of X-rays
causing a difference between X-ray intensity reflected from the positive
and negative ends of domains. Sugii et al (1972) have observed 180°
domains in PbsGe30;3 crystals using this method. 180° domains for a number
of otheryferroelectric crystals have also been studied using this
technique such as TGS (Petroff, 1969; Takahashi and Takagi, 1978a,b)

and BaTiO3 (Akaba et al, 1979).
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3.6 MECHANISM OF POLARISATION RﬁVERSAL

In Sections 3,2 and 3.3 it is shown tgat a ferroelectric is capable

of taking up one of two different polarisation states (which are
represented by the points D and H on the hysteresis loop in Figure 3.2)
and that an electric field can switch the ferroelectric from one state
to the other state, To study the mechanism of polarisation reversal,
two types of technique can be used, namely optical and electrical.

The optical techniques consist of the direct observation of moving
domains and are not very reliable for the study of fast switching.

The electrical techniques allow the study of switching up to very

high speeds. As will be described in the next Chapter domain
activity and domain wall movements in ferroelectrics could be sources
of acoustic emission, thus the mechanism of polarisation reversal in
PbsGe30;7, TGS and BaTiO3 may explain some acoustic emission results

in ferroelectrics,

The first qualitative experiments to determine the time and field
dependence of polarisation reversal were carried out by Merz (1954)
on BaTiOj. The experimental procedure involved applying a step-
function field to the crystal and measuring the displacement current
density J = (dp/dt) as a function of time. This procedure is still
the most direct method for studying the switching behaviour of
ferroelectric crystals, ©Piezoelectric and pyroelectric techniques
(Chynoweth, 1956) are useful since they give a quantitative'ﬁon-
destructive measurement of polarisation. There has been a great

deal of experimental and theoretical work on the mechanism of
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polarisation reversal and domain dynamics., Most of the work has

been done for TGS and BaTiOj.

For BaTiO3 the switching time follows an exponential law:

ts‘ ea/E oo 0000000800000 (3.7)

for fields from 1 to 15 kV/cm; while at higher fields up to 100 kV/cm

( Stadler, 1958; 1962):
.t IE ® & 9 ® 00000 0a s o0 e (3.8)

where a is the activation field and the index n is about 1.5 for
BaTiO3. The constants a, n and the constants of proportionality

are usually temperature dependent, In TGS (Palvari and Kuebler, 1958;
Fatuzzo and Merz, 1959; and Wieder, 1964), the field dependence‘of
switching time is somewhat more complicated than in BaTiO3. At low
values of the applied field the switching time follows an exponential
law, like that of equation (3.7) but with a different value of the
constant a. At higher fields the curve l/ts versus E shows an
inflection point above which l/tS varies linearly with E. Similar
work has been carried out for PbsGe3_,Siy 033 with different Si
compositions (Suzuki et al, 1978), they found similar behaviour to that

of equation (3.7) and (3.8) given by:

e

cececssesssescnsnsss (3.9)

L
T t_
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The value of the activation field a is 19 kV.cm ! and t_ is 3.2 msec
for x = 0 (corresponding to pure lead germanate) and for
7 XV.em ! < E< 25 kV,em 1, In the higher electric field region,

the switching time follows the relation:

t = constant x E-B

s T e 0 s0 0000000000000 (3.10)

The value of B is 2,5 for x.= 0 and it seems to have an increasing
tendency with increasing x.  Dougherty et al (1972) have also

studied the switching mechanism of PbsGe30;3. They used both
semitransparent metal and liquid electrodes and they indicate that the
switching is accomplished at slower speed by extensive sideways motion.
For low d.c., fields where the switching process can be observed by

cinematography, the switching time given by the relation:

't‘! (E-Eo)-a sesesssscseevseretee (3.11)

where EO = 3 kV/cm for E in the range 3 < E(kV/cm)< 50, and a = 1.5.
However, they found a wide variation of these constants from sample

to sample,

Polarisation reversal can be accomplished either by the growth of
existing domains antiparallel to the applied field, by domain wall
motion, or by the nucleation and growth of new antiparallel domains,
The domains can grow either along the polar direction or by sideways
motion of 180° domain walls, In BaTiO3 complete polarisation
reversal has been accomplished by the nucleation of a single domain
followed by sideways motion of the 180° domain wall across the entire

crystal (Miller, 1958)., Direct measurements of the domain wall
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motion and switching current showed that the wall velocify in BaTiOy

varied as:

v = v_e cesessssscscesseces (3.,12)

where § is the activiation field which appears to depend on the

defect concentration of the crystal (Miller and Savage, 1958),

and v_ is the extrapolated wall velocity for E = =, This field
dependence of v is in agreement with the bulk switching rate of
equations (3.7) for BaTidz and (3.3) for PbgGe30;;. The wall
velocity v is temperature dependent. Savage and Miller (1960) reported
that the velocity of the sideways 180° domain wall motion in BaTiOj

was measured over a temperature range from 25°C to 100°C as a function
of the applied field, and increases by about four orders of magnitude
with this increase in temperature, The switching time tg and

coercive field Ec of BaTiO3 vary with the crystal thickness (Merz,

19856) as:
dO
o = aO l+a_ s 0800000 sssersss e (3013)
d
E. = E_ 1+-§-9) B € P 119

where do is a constant called the surface layer thickness and a is the
activation field which determines the switching time according to
equations (3.7, (3.9) and (3.12). These relationships were found to be
approximately valid (Callaby, 1966) until the thickness d became
sm=ller than the surface-layer thickness do when the switching behaviour

became independent of thickness.



In TGS, in contrast to BaTiO3, the activation field a as well as
the coercive field were independent of the crystal thickness, and it
appears that skin properties of the bulk crystal are not significant

(Palvari and Kuebler, 1958; Fatuzzo and Merz, 1959).

During the present study it has been found that acoustic emission
measurements in PbgGe30;; show marked acoustic activity during the
polarisation reversal process dependent on sample thickness and which
can be related to the mechanism of polarisationreversal mentioned in

this Section (this will be discussed in detail in Chapter U4).

3.7 BARKHAUSEN PULSES

Acoustic emission is not the Barkhausen effect, altnough there are
close relations between the two phenomenon. Barkhausen pulses were
first observed in ferromagnets (Barkhausen, 19139)., Later experimental
work showed that the changes in magnetisation which take place
suddenly in large group of atoms account quantitatively for the whole
change in magnetisation which corresponds to the steeper part of the
hysteresis loop (Bozorch, 1929). An analogous phenomenon was
noticed in ferroelectrics where the displacement current observed
during the reversal of the spontaneous polarisation of a ferroelectric
is often accompanied by transient current pulses; thus it is an
electrical not an acoustical phenomenon current pulses. These
pulses in ferroelectrics still bear Barkhausen's name. In an

extensive study of BaTiO3, Chynoweth (1958) ccunted typically 103 to
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10~ Barkhausen pulses during complete polarisation reversal. The
total change in the pulses corresponded to only a small fraction

(10 ~ to 10 *) of the total charge switched. Tne pulse heights
increased with the crystal thickness and linearly with the applied
electric field, while they were practically independent of temperature
(between room temperature and 94°C). The total number of pulses in
a given crystal was independent of the applied electric field and
temperature. From these observations Chynoweth concluded that tne
pulses were associated with the nucléation and forward growth of
wedge-shaped domains tnrough the crystal, wnile the remainder, and
majority of the switching current was due to sideways motion of the

domain walls.

Although Barkhausen pulses are electrical pulses, it is likely that
the phenomenon which produce them also give acoustic emission.
Spanner (1970) has pointed out that there might be acoustic emission
associated with the magnetisation process in ferromagnetic materials
and this seems to be the acoustic effect accompanying the Barkhausen

magnetic effect.
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3.8 FERROELECTRICITY AND SOME PHYSICAL PROPERTIES OF

PbgGe,0,, AND ITS ISOMORPHOUS ALLOY SERIES Pbg_, Ba Ge,0,,

S5-x""X

Ferroelectricity in PbgsGe30;; was discovered in 1971, independently by
Twasaki et al (1971) and by Nanamatsu et al (1971). Iwasaki et al
(1972) reported the Curie temperature of PbsGe30;; to be 177°C and a
spontaneous polarisation of aboﬁt 4.8 uC.cm™2 at room temperature.
Different values of the coercive field have been reported in the
literature: 14 kV.cm ! (Nanamatsu et al, 1971); 23 kV.em ! (Iwasaki

et al, 1971) but also a much lower value of 2-5 kV.cm ! (Panchenko

et al, 1977)., Detailed studies of dielectric constant, piezoelectrity
.and other properties related to the ferroelectricity in PbgGe30;; have
also been reported by Iwasaki and Sugii (1971), Yamada et al (1972),
Uchida et al(1972) and Malinowski et al (1977), who indicate that the
phase transition at the Curie point is of the second order. Ferro-
electricity and some other physical properties in Pbg_,Ba,Ge30;;
single crystals have been reported by Strukov et al (1977) and the use
of these crystals as pyroelectric materials in the pyroelectric camera

tube has been reported by Watton, Smith and Jones (1976).

Parameters such as coercive field, spontaneous polarisation, dielectric
constant, Curie constant and many other properties of ferroelectric
crystals depend on crystal quality, geometry, history and many other.
circumstances., Because of the discrepancies reported in the
literature, it is essential to measure these parameters in the actual
bcrystals used in the present work; this allows a direct examination

of acoustic emission measurements in terms of ferroelectric properties.
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3.8.1 Crystallographic Properties N

At room temperature the crystal belongs to the trigonal crystal class
P3., The number of formula units per unit cell is three (Iwasaki et
al, 1972). The polar axis of the crystal is found to be parallel to
the [001] direction of the hexagonal unit cell of the trigonal phase.,
A Laue photograph taken on a ¢ plate at room temperature is shown in
Figure 2,1, Although this shows a sixfold axis at a first glance
there are a few diffraction spots which do satisfy the threefold
symmetry but not sixfold, The lattice constants of PbgGe30;; at room

temperature have been measured by two research groups:

a = 10,250 8, c = 10.685 8 (Iwasaki et al, 1971)

10.624 8 (Newnham et al, 1973).

10.190 &, ¢

a

Lattice constants at 200°C were measured by Iwata (1977) using a single
crystal X-ray diffractometer in an electric furnace. He obtained the

following values: a = 10,260 R, c = 10.696 K (at 200°C).

At a temperature of 177° C, PbsGe30;; undergoes a phase transition

from the ferroelectric phase with P3 symmetry to é-ﬁgéaelectric phase
with P6 symmetry (Iwasaki et al, 1971); (Malinowski et al, 1977).
Neutron diffraction and X-ray diffraction have been used to determine
the crystal structure of PbgGe30;; in the ferroelectric and paraelectric
phases (Iwata et al, 1973; Iwata, 1977; Newnham et al, 1973; and
Cross, 1973)., They made a detailed study of the atomic coordinates

and the bond lengths between atoms in both phases (P6 and P3).  The

structures are complicated and drawings of both phases can be found

in their references.
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3.8.2 Temperature Dependence of Dielectric Properties

We now turn to a description of some physical and ferroelectric
properties of the crystals used in the acoustic emission studies and

the apparatus used to measure them.

3.8.2.1 Deseription of the Equipment Used

‘The dielectric constant €33 (along the polar axis) for Pb5Ge3611 and
Pbs-xBaxGe30;;] single crystals has been measured as a function of
temperature at a frequenéy of 1592 Hz (10" rad/sec) using a Wayne Kerr

Universal Bridge B221. The specimen was attached to an insulating

' glass holder using high temperature Araldite. The holder, with the

specimen was‘then immersed in silicone oil in a test tube (this avoided

stirring the liquid right next to the sample) which was itself

immersed in a vessel also containing silicone oil. The whole

arrangement was put on a hot plate. The temperature of the silicone
oil bath was controlled using a contact thermometer immersed in the
silicone oil and this was connected to the hot plate via a relay.

Temperature gradients in the silicone oil were minimised by using a

magnetic stirrer, The temperature of the sample was recorded to

within + 0,1 °C.using a Comark 5000 digital thermometer, and the
thermocouple sensor was put as near as possible to the sample in the
test tube, The rates of heating and cooling the sample were very
slow to ensure thermal equilibrium between the sample and the silicone

oil in the inner test tube.
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3.8.2.2 Results .and Discussion

The measurements of the dielectric constgnt €33 along the polar axis
for PbgGe301y, Pby gBag,)Ge301), Pby,7sBag,25Ge30)) and
qu,fBao,3Ge3011 are shown logarithmically as a function of
temperature in Figure 3.4. As seen from the curves, the dielectric
cons?ant of each sample shows a pronounced anomaly at the Curie
temperature T,. In PbsGe30;; a sharp peak is observed at the Curie
temperature; the peak is less sharp in the case of Pb,,gBag,1Ge30;;
whilé, even broader peaks are observed in Py 75Bag,25Ge30;; and

Pby, 7Bap 3Ge30;;. It is also found that for PbsGe30;; and
Pby.9Bag, 1Ge30;; there is only 1° C thermal hysteresis with
temperature increasing or decreasing, while in the case of
Pbu.7sBao;25Ge3011 and Pby,7Bap, 3Ge30;1 there is thermal hysteresis
of 5 and 6° C respectively. From the dielectric constant measurements
it is possible to find the Curie tempefature for each sample. The
Curie temperature and the values of the dielectric constant at room
temperature and at the Curie temperature for each sample are

collected in Table 3.2.

In ferroelectfics the temperature dependence of the dielectric
constant above the transition temperature can usually be described by
the Curie-Weiss Law [% =c (T - To)-l], where C is the Curie constant
and To the Curie-Weiss temperature. To see whether the Curie-Weiss
Law is satisfied in thé case of the ferroelectric cystals which have
been used in this work, the inverse of the dielectric constant e33
of each sample is plotted as a function of temperature in Figure 3.5

for PbsGe30;) and Pby,gBag,1Ge30;1; and in Figure 3,6 for
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Pby,75Bag,25Ge30;1 and Pby,7Bag,3Ge3033. The Curie-Weiss Law is

satisfied for each sample and the ratio of gradients of the two lines,
one below and the other above the transition temperature are given in
Table 3,2, It can be seen from Figures 3.5 and 3.6 and Table 3.2 that

for PbsGe30;; and Pby,gBap,)Ge301y, T, is very close to T,, an

o
indication that the transitions in these ferroelectric crystals are
close to second order, " As the barium concentration increase the
transition appears to be close'to a first order transition where the
Curie-Weiss temperature To is widely separated from the Curie
temperature Tc (Figure 3.6). Moreover, a larger thermal hysteresis
with temperature increasing or decreasing is observed with these

highly barium doped crystals (Table 3.2). According to the Landau
theory, the ratio of the slopes of-%és against T above and below the
transition should indicate the order of transition [-2 for second order
and -8 for a first order transition (Landau, 1965)]. However, the
values of the ratio of the slopes for the ferroelectric crystals which
have been used in the present work were - 3,55, - 5.55, - 5,34% and

= 3.20 for PbsGe30y;, Pby, 9Bagp,1Ge3011, Py,75Bag,25Ge30;; and

Pb,,7Bag, 3Ge30;) respectively; that is around - 4., For pure PbsGe30p;
Nanamatsu et al (1971) found a slope ratio of - 4 and Curie constant

of 1,2 x 10* °C at frequency of 1 MHz; our results are in agreemenf
with these findings (Table 3.2); but Cross (1973) found a slope ratio
below - 2 for both PbgGe30;; and Pby, gBag,;Ge30;; samples. There is
some evidence that the ferroelectric crystals used in the present work
may have a tricritical point at which the order of the transition

- changes from first order to second order at a certain temperature and

pressure (Miller et al, 1980),



63

Mansingh et al (1979) have studied the electrical conductivity and
thickness dependence of the dielectric constant at 1, 10 and 100 kHz
of PbsGe30;; for different electrode materials, They have found that
the dielectric constant decreases slowly and then more rapidly with
decreasing thickness for each given frequency. We now turn to work
carried out on thickness dependence of ferroelectric properties in our

ouwn crystals,

3.9 THICKNESS . DEPENDENCE OF THE FERROELECTRIC PARAMETERS IN

Pb5633011

The properties of ferroelectric crystals are often dependent upon sample
thickness, Therefore it is essential to study thickness dependence

of such parameters of PbsGe30j; in the actual crystals used in the
present work, to correlate and compare the results with those of the

thickness dependence of acoustic emission.

A number of ferroelectric crystals of PbgsGe30;; have been prepared of
different thicknesses and have been taken round the ferroelectric
hysteresis loop at different applied electric fields (see Section 3.3).
Figure 3.7 shows a photograph of hysteresis loops for a number of these
PbgGe30;;, samples of thickness ranging from 0.323 cm to 0.029 cm and

at different applied electric fields (from 2 kV.cm™! to 10 kV.em™!).

. For each sample the shape of the hysteresis loop depends on the electric

field applied across the polar axis., For a thicker sample the hysteresis'
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loop becomes more rectangular (as in Figure 3.2b) at a lower applied
electric field than that for a thinner sample and the same thing is

also observed for the saturation polarisation.

From the photographs of the hysteresis loops (Figure 3.7), the values
of the instantaneous polarisation, instantaneous coercive field and
the corresponding applied electric field are measured for each sample
using the procedure described in Section 3.4. Plots of the instan-
taneous polarisation versus the applied electric field for different
sample thicknesse; are shown in Figure 3.8. These curves show three
different types of behaviour of the instantaneous polarisation
depending on the applied electric field. First is a linear part from
zero to a certain low field (0A as shown in schematic diagram in
Figure 3.8); the extent of the linear region depends on sample
thickness, Second, a non-linear behaviour (region AB) and third
again linear (region BC). This behaviour of the polarisation with the
applied electric field can be explained by the existence of the.domains.
When a low electric field is applied across the polar axis of the
crystal, the polarisation behaves as in an ordinary dielectric and the
applied electric field in this region is not enough to switch any
domains in the direction of the field. When a higher electric field
is applied, the domains who polarisation are in the direction of the
field enlarge, and domains whose polarisation are in the direction
opposite to the applied electric field switch to the direction of the
applied electric field; therefore in this region there will be a
large change in the polarisation due to switching of domains — into

the field direction; thus the behaviour in this region is sharp and
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non-linear. In the third (high field) region the specimen may form
a single domain and the increase in the polarisation with field arises
from the normal polarisation mechanism, as in ordinary dielectrics
without any domain switching process, so that the polarisation is
linear again with the applied electric field., It is also shown in
Figure 3,8 that the thicker the sample the sharper the increase in the
polarisation in the non-linear regionj; furthermore for a thick sample
the non-linear region starts and finishes at a lower applied electric
field compared to that for thinner samples., This means that for
thicker samples the alignment of domains with the applied electric
field needs less electric field than for thinner samples when a slow
rise of polarisation is observed with the applied electric field.

The extrapolation of the linear part of each curve intersects the
‘polarisation axis at a point which is almost the same for each sample;

thus the value of the spontaneous polarisation is thickness independent.

The slopes of the upper linear part of the'P—E curve (AP/AE) in the
polarisation saturation region have values which are higher for
thicker samples and are lower for thinner samples. This indicates that
for a thicker sample, the change in polarisation is large for a certain
value of the applied electric field and when sample thickness becomes
less the change in polarisation for the same value of the applied
electric field is less, Other important factors which depend on
thickness are the coercive field E. (which has been measured as

mentioned in Section 3.4) and the value of the electric field E, at

L
vhich the P-E dependence starts to be linear (see the schematic diagram
in the same Figure 3,8). These two parameters are low for thicker

samples and become larger with thinner ones.
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All the results measured for these parameters at room temperature are
collected in Table 3.3, Using the least mean-square method for the
linear part of the P-E curves, the spontaneous polarisation, the
goodnéss of fit (correlation) and the slope (AP/AE) are presented for
each~sample. Also shown in the table are the values of Bc and Ez.
The values of Ec’ Ez and (AP/AE) are plotted versus sample thickness
in Figure 3.9 a,b and c. This figure shows that the dependence of E,
and EL are non-linear and become smaller with sample thickness while

(AP/AE) becomes higher with sample thickness.

In order to define the thickness behaviour of Ec and E, and to compare

L

the results with those for BaTiO3 and TGS, Ec and E, are plotted versus

L
the inverse of thickness as shown in Figure 3.10., The coercive field
Ec has a linear relationship with the inverse of the sample thickness
for thick samples down to a sample thickness of approximately 0.076 cm,
below this the coercive field dependence\on thickness is much less.
This behaviour is similar to that of the coercive field with inverse of

thickness dependence found in BaTiOj (Callaby, 1966; Merz, 1956; see

also Section 3.6). From Figure 3,10 and applying the equation:

E

¢ = E (+d, /4d) . cosesssessevcsassess (3.14)

Ey

Elo (l+d£o/d) ® 000000 00 0O PRSI COEO O (3.15)

it is found by using least mean square method for the linear part of
Ec against 1/d, that Eco = 1.54 kV.em™! which is the coercive field
for bulk crystalline PbgGe30;;, and the corresponding value of d.qo i§
0,086 cm, the goodness of fit in this case is found to be 0.9999,

The values of E  and d_ for BaTiO3 were found to be 0.6 kV.cm! and

0.01 cm respectively (Callaby, 1966). For E,, we have also found a

2’



TABLE 3.3

Thickness dependence of some ferroelectric parameters for

. ~ o
PDSGe3O11 at room temperature (24 C).

Least mean square values for
Sample : - El at
P-E linear dependence part which P-E |
thicknaess EC
: starts to
Slope of P .
e Correlation P-E curve S , |be linear kV/cm
r AP Coul |pCoul/cm . ‘
AE KV.cm kv/cm
0.323 0.9970 1.062 4.766 2.6 2.0
0.209 0.9991 0.406 4.782 3.0 2.25
0.143 0.9973 0.342 4,585 4.4 2.6
0.076 0.9995 0.164 4.77 6.7 3.5
0.057 0.9992 0.136 4.82 6.6 3.65
0.029 0.985 0.054 4.82 12.5 3.75
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linear relationship with the inverse of sample thickness (Figure 3.10).
Using the same procedure as that for E_, the value of E,, for bulk
crystalline PbgGe30;; is found to be 1,86 kV.cm'l, and the goodness of
fit in this case is 0.9897. As can be seen in the figure, the |

correlation and experimental error is less satisfactory for E, than it

L
is for Ec- Panchenko et al (1977) studied and analysed the behaviour
of switching parameters of PbsGe30;; as a function of the number of
switching cycles and sample thickness. They found that the acfivation
field (which determines the sideways wall velocity) decreases non-
linearly with sample thickness, in fact, if their results of the

activation field are plotted against the inverse of the thickness, a

linear dependence can be obtained.

We conclude that in PbsGe30;; E, and BZ’ and the activation field a
show a linear dependence with the inverse of sample thickness

(for Ec only for samples thicker than 0.076 cm). The results for
PbsCe30;1 are similar to those of BaTiO3 (Merz, 19563 Callaby, 19663
Stadler, 1962; Savage and Miller, 1960 but are different from those
of TGS where the coercive field as well as the actiQ;;ion field is

found to be independent of the crystal thickness (Palvari and Kuebler,

1958; Fatuzzo and Merz, 1959).
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3.10 TEMPERATURE DEPENDENCE OF FERROELECTRIC PARAMETERS OF

PbsGe30y, and Pbs_xBax663011 ALLOYS

Rl

Temperature strongly influences the beﬁaviour of ferroelectric crystals
especially such physical properties as: spontaneous pol;risation Pé,
coercive field E, activation field a, domain wall velocity, Ez, AP/AE,
dielectric constant, etc. In general, for ferrqelectric crystals at
the Curie temperature a phase transition occurs and then the crystal
has completely different properties in the new state. We have studied
in Section 3.8.2 temperature dependence of the dielectric constant e33‘
for a number of crystals of Pbs_xBaxGe3011 alloys. These crystals wewre
of compositions PbsGe30;;, Pby_gBag_1Ge3011, Pby 75Bap, 25Ge30;1, and
Pbu.7Bao;3Ge3011. The temperature dependences of a number of other
ferroelectric parameters Qf the same crystals used in the acoustic
emission studies were néeded since these give mﬁch useful information
concerning the behaviour of these ferroelectric crystals and may help

us to understand the acoustic emission results.

The principal effect of the barium doping is to reduce the Curie
temperature from that of PbsGe30j; itself (Watton et al, 1976). Most

of the ferroelectric parameters can be found directly from the hysteresis
loop which has a definite shape and size that characterises every
ferroelectric crystal. Hence, it is important to study the effect of
temperature on the hysteresis loops at different applied electric fields.
Photographs of hysteresis loops for PbsGe30;3 are shown in Figure 3.11.
These photographs were taken at different applied electric field;

(from 1.37 kV.cm ! to 12.36 kV.cm™!) as a function of temperature
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(from room temperature up to 180°C). Also, Figure 3.12 shows__
photographs of hysteresis‘loops for a Pby 75Bag, 25Ge30;) crystal at
electric fields from 5.5 kV.cmf1 to 13.75 kV.cm™ ! taken at different
temperatures (from room temperature up to 98.5°C). We caﬁ see from these
two photographs how the shape of the hysteresis loop depends on the
applied electric field at a fixed temperature; the hysteresis loop
becomes more rectangular with increasing applied electric field. If the
temperature is slightly increased, the same shape is observed at—a
smaller applied electric field value. The effect of changing sample
temperature while a fixed field is applied can be seen by considering
one row in these figures, for example that at E = 4,12 kV.cm ! for
PbsGe301; (Figure 3.11) and that at E = 8.25 kV.cm ! for Pby, 7sBag, 25
Ge3013 (Figure 3.12)., At low temperature the hysteresis loop is not.
rectangular (this means tbat the sample has not reached the saturation
polarisation region). .Then, when the temperature is increased,

still keeping the applied field fixed, the loop becomes more
rectangular, Further increase of temperature causes the loop to change
to that more typical of a multidomain crystal and finally to that
characteristic of a linear lossy dielectric when the Curie temperature

is reached and exceeded.
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3.10.1 Temperature Dependence of Spontaneous Polarisation

From the photqgraphs of the hysteresis loops for Pb5Ge301j'(Figure 3.11),
Pby_75Bag, 25Ge3011 (Figure 3,12) and similar ones for Pby_9Bag,1Ge301)
and Pby 7Bag, 3Ge3011, the instantaneous polarisations have been measured
at different applied electric fields and as a function éf temperature

by the methods described in Section 3.4, The results are shown in
Figures 3,13, 3.14, 3.15 and 3.16 for PbsGe30;;, qu_gBao‘lGeéoll,
Pby_75Bag,25Ge3011 and Pby 7Bag, 3Ge30;) respectively. It is seen from
these sets of curves that the behaviour of the instantaneous polarisation
with the applied electric field at any temperature (except at the Curie
temperature and above it) can be divided into three different regions.,
First is the linear P-E dependence (shown as a dotted line in

Figure 3,16), range which starts from zero and goes up to an applied
electric field, the value of which depends on temperature and on the
barium concentration. In the second region there is a non-linear P-E
dependence (see the steep part of the curves in Figures 3.13, 3.14, 3,15
and 3,16). In this non-linear region and at low teé;;;;tures the change
in polarisation as a function of applied electric field is sharp, while
at higher temperatures a slower rise of polarisation with the applied
electric field is observed, Furthermore this non-linear region étarts
and finishes at a lower electric field for higher temperatures. This
means E,, the field at which the P-E curve starts to be linear, becomes
smaller with temperature until the Curie Temperature T, is reached,

when Ez is zero; at gnd above T, there is a linear dependence of
polariéation with the electric field, In the third region at higher
applied electric fields the P-E curve is again linear; this regisn

corresponds to saturation polarisation,



POLARISATION ( uC. cm'z)

( Temp.
in °C
22
~_-£1 40.5
» 64
5r o
»
93
124
4l 150
7
3 | 175
180
2k
1}
'
1 1 W |
[0 5 10 15

Figure 3.13

APPLIED ELECTRIC FIELD .(kV/cm)

Dependence of the instantaneous polarisation on the
applied electric field as a function of temperature
in PbSGe3011.

for each curve. Sample thickness 0.103 cm and

electrode area 0.27 cmz.

The temperature in oC is shown



Temp.
in °C
23.5
5 — __f] 44.5
_ ol
" 68.5
» ]
~ /A
o A 94
24 r / :
o A
A
I
§ 119
e ‘
5 1
% ' o 136
(@] ()
“3F 148
156
2 -
1 =
d
'l [ 1
0 5 10 15

APPLIED ELECTRIC FIELD ( kV/cm )

Figure 3.14 : Dependence of the instaneous polarisation on the applied

electric field as a function of temperature in

o
Pb4°9Ba0.1Ge3011. The temperature in C is shown for
each curve. Sample thickness 0.092 cm and electrode

area 0.295 cmz.



_2)

( pG.cm

POLARISATION

Figure 3.15

5
Temp.
inoc
23.5
F1 40
4}k Sf A 56
(4
/ , i)
Z ~
< 84
ol
3F
93
O
)
2F ® 99
'~ Fl
1 B ’
O
/ ‘ ‘
s~ A =
V== -- 1 1 1
0 5 10 15
APPLIED ELECTRIC FIELD (kV/cm)

Dependence of the instantaneous polarisation on the

.

applied electric field as a function of temperature

. [¢] .
in Pb4.75BaU'25Ge3011- C is

\
shown for each curve. Sample thickness 0.105 cm and

The temperature in

electrode area .0.25 cm2.



CM

(D

» 0

QO® 7BAHTON

Figure 3.16:

Temp.

24
33.5

50.6
58.2

71.3

76.4

10 15

APPLIED ELECTRIC FIELD (kV/cm)

Dependence of the instantaneous polarisation on the

applied electric field as a function of temperature
o

The temperature in 1S
shovm for each curve. Sample thickness 0.085 cm and

electrode area 0.215 cm



71

From the data in Figures 3.13, 3,14, 3.15 and 3.16 and similar results
for different temperatures which are not shown in the above Figures,

the spontaneous polarisation can be found at any given temperature by

the extrapolation of this linear part of the P-E curve to the polarisation
axis., This is done by using the least mean square method. Also from
the least mean square fit the slope (AP/AE) and the goodness of fit

have been found (Table 3.4). The values of the spontaneous polarisation
are then plotted against the corresponding values of temperatures and

are shown all together in Figure 3,17. The spontaneous polarisation in
any sample is weakly dependent on T at lcwer temperatures but comes down
econtinuously to zero at the Curie temperature; hence the Curie
temperature can be determined by this method. Continuous approach of
the spontaneous polarisation to zero at the Curie point is consistent
with the near second order character of the phase transition (Malinéwski

et al, 1977).

The Curie temperature has been obtained by two different methods in the
present work, that is from the temperature depéndencegﬁgf (i) the
dielectric constant €33 measurements and (ii) the spontaneous
polarisation, Both sets of results together with the values of Ps

for Pbs_,Ba,Ge30); alloys are presented in Table 3.5, Also in the
same table are collected the values of the spontaneous polarisation at
room temperature and Curie temperatures obtained by other workers.

From the results in this Table it is possible to compare the present
work with that of other workers, Iwasaki et al (1972) measured the
spontaneous polarisation of PbgGe30;; as a function of temperature,

They obtained a spontaneous polarisation at room temperature of

4,8 uC.cm 2 and Curie temperature of 177°C, Our measurements are in
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TABLE 3.4

Some ferroelctric parameters measured at different temperatures

for PbSGe3O11 alloys at various barium concentration.
Least mean square values E
o for P-E linear depedence 1
) 2 at which
a E (&) E
% 0 o c P-E start
2] E Ps Goodness [Slope of to be
4 of fit |[P-E curve linear
pCoul/cm‘ c AP pCoul kV/cm kV/cm
AE KV.cm
22 4,940 0.9903} 0.044 5.12 8.3
40 4,422 0.970 | 0.068 3.8 6.7
64 4.303 | 0.999 | 0.061 3.4 5.7
- 93 3.97 0.980 0.058 2.6 4.3
-
e}
O
[Ta}
= 150 2.717 0.995 0.102 1.4 2.0
175 1.6 0.950 0.093 0.4 1.7 ‘
180 0.33 .998 0.170 0.0 0.0
23.5 4,28 0.999 0.049 2.55 8.0
44,5 4,12 0.964 0.045 2.45 6.4
68.5 3.85 0.999 0.049 2.26 6.3
i
o
)
. 119 2475 0.998 | 0.51 1.64 4.7
o ;
2 136 1.98 0.987 0.074 1.1 3.0
(o)}
Pl 148 1.34 0.999 0.100 0.41 1.8
™~
156 0.45 0.990 0.131 0.0 1.0

CONTINUED.



TABLE 3.4

CONTINUED

Least mean square method

0.996

E
1
o for P-E linear dependence T
o 3 at which
fé g o _ E. P-E start
a % Ps Goodness | Slope of to be
& of fit |P-E curve linear
° pCoul/cm2 r AP pCoull yv/em kV/em
AE KV.cn
23.5 3.72 0.984 0.071 8.5 13
- 40 3.58 0.999 0.066 7.7 11.9
- . T .
o
K 56 2.8 0.992 | 0.091 | 6.2 8.9
&
n .
A 71 2.3 0.993 0.113 4.0 8.0
S .
B
A 84 1.0 0.996 0.155 1.8 7.0
~ .
i 93 0.1 0.998 | 0.171 | 0.3 5.0
o
99 0.0 0.995 0.160 0.0 0.0
24 2.90 0.999 0.185 6.8 10.1
33.5 2.52 0.999 0.199 5.85 9.5
i
o 42 2.04 0.998 0.218 4,05 7.9
(28]
& _
S, 50.5 1.48 | 0.995 | 0.230 | 3.4 7.2
o
o 58 0.48 0.993 0.292 1.55 7.4
g .
5i 71 0.108 0.26 3.0
¥
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agreement with theirs,  Strukov et al (1977) measured the spontaneous
polarisation of Pbs_,Ba,Ge301; alloys at various barium concentrations
also as a function of temperature. The behaviour of the spontaneous
polarisation with temperature in their measurements is different from

tﬁe present work; their results suggest that the spontaneous polarisation
does not fall continuously to zero at the Curie temperature but that
thgre is a tail in PS-T dependence near and above the Curie temperature.
This may account for rather larger values of the spontaneous polarisation
than'that foﬁnd here and may be due to inhomogeity of the crystals used
in their work. Our own results for Pb, 7Bag 3Ge30;; do show a tail

(not so pronounced as that found by Strukov et al, 1977); however this

is the most heavily barium doped specimen and is therefore the most
likely to be inhomogenous. This suggestion-is substantiated by the
broad appearance of the dielectric constant peak for this alloy

(Figure 3.4).

3.10.2 Temperature Dependence of Coercive Field

The coercive fields for PbsGe3033, Pby 9Bag,1Ge3011, Pby 75Bag, 25Ge301)
and Pby 7Bag, 3Ge3011 have beeh found as described in Section 3.4 as.a
function of temperature (Figure 3.18). The coercive field E, shows
similar behaviour upon temperature to that observed for the spontaneous
pelarisation., In any sample E, 1s weakly dependent on temperature at
lower temperatures but comes down continuously to zero at theICurie
temperature as would be expected for a ferroelectric which undergoes a
nearly second order phase transition. For the more heavily barium

doped crystals (Pbu.7Bao.3Ge3011 and Pby 7s5Bag,25Ge3011) tails in Ec-T
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dependence have been observed near and above the Cﬁrie temperature;

this can again be attributed toAinhomogeity. The main difference
between the temperatufe depehdence of coercive field and that of the
spontaneous polarisation is that the curves for the coercive field
deéendence overlap each other - for good experimental reasons. The
values of the coercive field qc for pure and lightly barium doped
samples are lower than those for the more highly doped samples at lower
temperatures. This is likely to be due to iméurities (effect of doping).
In general the presence of defects tends to increase the coercive field
(Lines and Glass, 1977). Another reason for the overlap of these
particular coercive field curves is that E, depends on sample thickness
and the crystals used had different thicknesses, It was shown
previously in Section 3.9 that the coercive field §f PbsGe30p; itself
depends upon the thickness of the crystai (see Figure 3,10 and Table 3.3),
so we can expect this of doped crystals, The values of the coercive
fields at different temperature are collected for each sample in

Table 3,4, To find the effect of barium doping on the coercive field,
measurements have been made of two samples of almost éqﬂal thicknesses
(0.103 em for PbgGe30;; and 0,105 cm for qu.ysBag.sze3011). From

the results (Table 3.4) it can be seen that the value of the coercive
field for PbsGe30j;; is lower than that for Pby 75Bag, 25Ge303) at the
same temperatures (lower temperature)., Thus we conclude that the effect

of barium doping is to increase E_.

The measured coercive field for PbsGe30;; at room temperature in the
present work (Table 3.4) is 5,1 kV.cm !, considerably smaller than

values reported by other workers. Unfortunately, the other workers do )
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not present the thicknesses of their crystals or discuss the effect on

E Nanamatsu et al (1971) found a coercive field of 1% kV.cm ! and

c.
Iwasaki et al (1971) found a value of E, of 23 kV.cm !, The lower
value of Ec found in the present work is further evidence of the good \\\

quality of the crystals which have been used.

3,103 . .Temperature Dependence of Some Other Ferroelectric Parameters

As shown by Figures 3.13 - 3.16, Ez (the value of the electric field at
which P-E curves start to be linear) is affected by temperature and .
barium concentration., Values of Ez are collected for different
temperatures and for each crystal in Table 3.4, Also, a plot of Ez
against temperature is shown in Figure 3.193 from this Figure itis
seen that almost similar‘éurves are obtained to those of the temperature
dependence of Ec shown in Figure 5.18. Previously it was shown in
Section 3.9 that Ec and Ez have similar behaviour with sample thickness
in PbsGe30)) where a linear relationship was obtained for each of them
with inverse of thickness (in the case of Ec, the sample thickness must
be larger than 0.076 cm before the linear region is reached). Therefore,
we-conclude that E, and Ez are strongly related to each other since both

of them have similar behaviour with temperature for each particular

doping sample and with sample thickness.,

Another parameter, which can also be found in Figures 3.13, 3.14, 3,15
and 3,16 is the slope of the linear part of the P-E curves in the
saturation polarisation region. This slope gives the change in

polarisation due to a given applied electric field in the saturation region.
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All values for each crystal and for different temperatures are presented’
in Table 3.4, The results suggest that the slope (AP/AE) increases

(i) with temperature and (ii) with higher barium concentration. Hence to
induce the same polarisation with a lower electric field in the
saturation region requires eiéher an increased sample temperature or a

“higher barium concentration.

3.Nn FERROELECTRICITY AND PHYSICAL PROPERTIES OF TRIGLYCINE SULPHATE

3.11.1 Review of Ferroelectricity and Crystallographic Properties of TGS

Tri-glycine sulphate[KNH2CHZCOOH)3-H2804](TGS) was discovered by Matthias
et.al (1956), They reported the Curie temperature to be 47°%, a
spontaneous polériéation of 2,2 uC.cm~2 at room temperature and a
coercive-field of 220 V/cm at room temperature. The phase above the
transition has monoclinic symmetry and belongs to the centrosymmetrical
class 2/m. Below the transition temperature, the mi;;;;’plane and the
centre disappear and the crystal belongs fo the point group 2 of the
monoclinic system (Wood and Holden, 1957). Ferroelectricity occurs with
the polar axis along the direction of the twofold axis (monclinic b-axis).
Figure 2,2 is an X-ray Laue photograph taken along the polar axis and
shows the twofold symmetry. The phase transition is of second order

and studies on the mechanism of the phase transition in TGS have been

reported by Nakamura et aql (1970).

The monoclinic crystal has a good cleavage plane, parallel to the (010)

plane and normal to the ferroelectric axis., Thus, crystal plates
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oriented perpendicularly to the polar axis can easily be obtained by
cleaving a large crystal without requiring knowledge of the direction

of the monoclinic a and ¢ axes.

The small-field dielectric constant e, of the b-cut specimen of TGS

b
exhibits a pronounced anomaly at the Curie point (Hoshino et al, 1957).
Above the Curie point, the Curie-Weiss Law is satisfied. Below the

Curie point, the reciprocal of the dielectric constant is also a linear

function of temperature.

3.11.2 . Measurements of the Temperature Dependence of Some Ferroelectric

Properties of TGS

We now turn to a description of measurements made in the present work of
some ferroelectric properties of TGS crystals, The ferroelectric
hysteresis loop has been observed in the b-cut specimen below its Curie
temperature., Figure 3,20 shows photographs of hysteresis loops for TGS

1 4o

taken at different applied electric fields from 0.075 kV.cﬁ.
0.9 kV.em 1 as a function éf temperature (from 15°C to 51.3°C). The
characteristics (i.e. the shabe and size) of the hysteresis loop with
increasing applied electric‘fields and with changing sample temperatures
are similar to those obtained in PbgGe30;; and Pbs_xBaxGe3011 alloys
(see Figures 3,11 and 3.12) but it is noticeable for TGS that the

hysteresis loop becomes rectangular at a much smaller applied electric

field at a given temperature.

From photographs of the hysteresis loops (Figure 3.20) and similar

photographs taken at different temperatures (which are not shown in the
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Figure), the instantaneous polarisation has been measured as a function
of the applied electric field for different temperatures., Selected
results are shown in Figure 3,21, It should be noticed this set of
curves i1s obtained at much lower applied fields than those necessary
for PbsGe30;; and its barium alloys (compare the scale with those in
Figures 3.13 to 3.16), The P-E curves for TGS (Figure 3.21) can be
considered to be divided info two different regions: (i) the non-linear
region which starts almost from zero field and continues up to ah applied
electric field the value of which depends on temperature, and (ii) a
linear P-E dependence is observed beyond this field. The linear P-E
dependence in the low field region which. is observed in PbgGe303; and
Pbs_,Ba,Ce30)) alloys is not at all obvious in the case of TGS and even
if it occurs, it must exist only at a very small electric field

(within the experimental error of the measurements iess than 0,030

kV.cm™ 1),

Using the high field linear region of the P-E curves shown in Figure 3.21
and similar curves for different temperatures (which are not shown in
Figure 3,21), the spontaneous polarisation has been 55556 at any given
temperature by the extrapolation of this linear part of the P-E curve

to the polarisation axis. This has been achieved using the least mean
square method. From the least mean square fit the slope (AP/AE) and

the éoodness of fit has been found, results are given in Table 3.6,
Figure 3,22 shows the plot of the spontaneous polarisation against the
corresponding values of temperature., As the case in PbgGe30;; and
Pbs_,Ba, Ge301; Alloys the spontaneous polarisation is weakly dependent

on T at lower temperatures and comes down continuously to zero at the

Curie temperature; hence the Curie temperature can be found in this method.
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This continuous approach of the spontaneous polarisation to zero at the

Curie temperature is consistent with the second order character of the

phase transition (Nakamura et ql, 1970).

The coercive field Bc'in TGS has been found as a function of temperature
as described in Section 3.4 and it is also shown in Figure 3,22, E, does
not follow the spontaneous polarisation dependence with temperature,
however it does decrease with temperature non-linearly and vanishes at the
Curie temperature. There is a break in the curve at about 36—3760 which
seems to be a real effect in TGS: at this parti;ular temperature

- Triebwasser (1958) found a break in E, at 37°C. No break has been foupd
in the case of PbsGe30;; or Pbs_yBa,Ge30;; alloys at any temperature., A
detailed study of E, in TGS with frequency, amplitude and température has
been given by Nakatani (1972)., From the results in Figure 3.22, the
Curie temperature was measured to be 51.6°C. This Qalue is slightly
higher than those reported by Matthias et al (1956), Triebwasser (1958),
Chynoweth (1960), Gonzalo (1970) and Pykacz (1978). Their measured Curie

temperature using different techniques, ranged from 47°c to 50.5°C,

To conclude this collection of the ferroelectric paraﬁeférs éf TGS, EL

and AP/AE have been measured and the results are given in Table 3.6.

The differences between the ferroelectric properties at different
temperatures in TGS (Table 3.6) and that of PbgGe30;; and Pbs_.Ba Ge3Oy; -
alloys (Table 3.4) are obvious, The spontaneous polarisation has a
smaller value in TGS, Also the coercive fields E. and Ez are much smaller
in TGS (about 20 and 23 times smaller in that of PbsGe30;;, and 47 and 37
times smaller in that of Pby_75Bag 25Ge30;; for E, and Ez respectively

at room temperature). But the slope AP/AE is different, higher values

were obtained in TGS and these values are almost independent of

temperature,



TABLE 3.6

Some ferroelectric parameters measured at different temperatures

for TGS.
By
Least
east mean square method for Lt which
Temperature P-E linear dependence E P-E staFts
| c to be line-
P Correlation Slope of ar
s ) P-E curve '
o 2 T |AP  pCoul ,
C pCoul/cnl ~E  KV.om kv/cm kV/cm
15.0 2.30 0.997 0.78 0.256 0.350
26.5 2.02 0.993 0.92 0.178 0.290
35.2 1.86 0.995 0.73 0.162 0.200
41.5 1.572 0.981 0.54 0.110
L
45.7 1.346 0.985 0.32 0.021
47.6 0.950 0.993 0.47 0.050
51.0 0.107 0.970 0.62 0.018
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CHAPTER &

ACOUSTIC EMISSION FROM FERROELECTRIC CRYSTALS
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4.1 INTRODUCTION , o

Acoustic emission from a ferroelectric material was first observed by
Buchman (1972),who reported that stress waves at ultrasonic frequencies
are produced in BaTiO3 and TGS both near the ferroelectric-paraelectric
transition temperature and as the crystal is taken round the P-E
hysteresis loop. We have observed acoustic emission from ferroelectric
PbsGe3011, Pbs.yBa,Ge301) (with different barium dopings) and TGS as
these crystals have been cycled through their hysteresis loops at am
operating frequency of 50 Hz. In this Chapter a detailed study of °
such acoustic emission signals, including the effects of sample

geometry and temperature are described.

An understanding of the nature of the acoustic emission produced by
ferroelectric domain wall movement requires experimental determination
of the frequency spectrum of the signal. Frequency analysis
measurenments have been made on PbsGé3011 for different sample
thicknesses and at different temperatures; the results are compared
with frequency analysis using simulated acoustic emission signals

and are then related to the resonance frequency of each sample.
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4,2 ACOUSTIC. EMISSION FROM FERROELECTRIC CRYSTALS

Ferroelectric crystais are @hose which possess a spontaneous
polarisation Pg which.can be reversed by means of an electric field
and the relationship between P and E represented by a hysteresis
loop. The spontaneous polarisation and domain configuration in
ferroelectrics are temperature dependent and disappear at the

Curie temperature Tc' At Tc a phase transition occurs. This
traﬁsition from the ferroelectric state to the new state is usually
accomplished by a change of structure. To examine whether such
domain activity and change of structure in the ferroelectric crystal
at Tc produces acoustic emission, a number of ferroelectric crystals
have been examined by using an acoustic emission experimental
technique which was described in Section 2,8. The acoustic emission
meas:rements for studying the ferroelectric behaviour were made by
using two different methods: (1) listening to the noise produced
(acoustic emission) when the ferroelectric crystals were taken
through their phase transition and (ii) by taking the ferroelectric
crystals round their P-E hysteresis loops while acoustic emission was

monitored, These two methods are described below,

4.2.1 Acoustic Emission. from Ferroelectrics Undergoing Thelr

Phase Transitions

We have observed acoustic emission as Rochelle salt (Figure 4.1) and

TGS undergo their phase transitions (Lambson et al, 1977). A Rochelle
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salt crystal was coupled with silicone grease to’a transducer
(Resonance Transducer Dl“OB),usingiasimilaf system to detect acoustic
emission signals shown in Figure 2,12 (without using the hysteresis
loop circuit). Acoustic emission signals picked up by the transducer
were amplified with a gain of 75 dB. The amplifier output was
connected to én X-Y recorder so that the total acoustic emission
counts could be recorded as a function of sample temperature. Heating
and cooling the sample was carried out by using a thermoelectric
device. The sample was cooled to about (-lOOC), then heated again
very slowly through its second phase transition temperatﬁre (24°¢).

In contrast to the indium alloys which emit acoustically well below
their martensitic phase transition (Lambson et al, 1977; Liptai et al,
1968), these ferroelectric crystals exhibit marked acoustic emission
activity only at the phase transition; the levels of emission are

similar both on the heating and the cooling cycles (Figure 4.1).

4.2,2 Acoustic Emission from Ferroelectrics Undergoing P-E

Hysféresis Loop

The second technique used to detect acoustic emission from ferro-
electrics was to take the crystals through their P-E hysteresis iooPS.
Crystals of PbsGe30;;, TGS, LATGS, Rochelle salt and BaTiO3 (these
crystals are prepared as described in Section 2.2) have been taken
round their hysteresis loop whilst the acoustic emission activity was
monitored (see Sec%ions 2,7 and 2.8 and Figure 2,11). Acoustic

emission was observed from all these crystals, For ferroelectrics
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with 180° domain wall structure (PbsGe30;1), TGS, LATGS and Rochelle
salt) it was found that acoustic emission occured towards the ends of
the hysteresis loop,.at the approach of polarisation saturation,
However, in ferroelecfrics with 90° domain wall structure (BaTiO3),

acoustic emission takes place all round the hysteresis loop.

The next step is to describe a detailed study of acoustic emission
from ferroelectric crystals: PbsGé3011, Pbs.xBa,Ge30;); alloys and
TGS using the later technique of taking them through their P-E

hysteresis loops.

4,3  ACOUSTIC EMISSION FROM FERROELECTRICS PbgGes0,; AND TGS

A number of new and iniéresting findings have been made about acoustic
emission produced by feversible poling of ferroelectrics. Bursts of
acoustic emission occur twice during each cycle: the period of the
acoustic emission envelope is twice that of the a.?:‘field which is
being applied across the polar axis of the.crystal. The formation

of the hysteresis loop in TGS together with aéousticremission activity .
for different applied electric fields at room temperature and at am,
amplifief'gain of 70 dB are shown in Figure 4.2 for a crystal of
thickness 0,47 cm and electrode are 1.13 cm?, and for PbsGe303; in

Figure 4.3 for crystal thickness of 0.103 cm and electrode area of

0.95 cmz.

The intensity and duration of the emission produced during one cycle

is dependent upon the instantaneous polarisation in each crystal.



(1) E = 0.030 kv/cm (5) E = 0.475 kv/cm

|
(2) E= 0.045 kv/cm (6) E = 0.504 kv/cm
(3) E= 0,074 kv/cm (1) E= 0.534 kv/cm

I
fi

(4) E= 0.104 kv/cm (8) E = 0.564 kv/cm

FIGURE (4.2) ACOUSTIC EMISSION PRODUCED WHEN TGS CRYSTAL IS CYCLED

AROUND THE HYSTERESIS LOOP AS A FUNCTION OF THE APPLIED

ELECTRIC FIELD AT GAIN OF 70 dB (SAMPLE THICKNESS = 0.47 cm)



E =0.82 kv/cm E= 5.3 kv/cm

(2) E= 2.04 kv/cm (6) E= 5.7 kv/cm

(3 E= 3.25 kv/cm (7) E= 6.53 kv/cm

(4) E = 4.08 kv/cm E * 7.3 kv/cm

FIGURE (4.3) ACOUSTIC EMISSION PRODUCED WHEN Pb”*Ge”O0** CRYSTAL IS
CYCLED AROUND THE HYSTERESIS LOOP AS A FUNCTION OF THE
APPLIED ELECTRIC FIELD AT GAIN OF 70 dB (SAMPLE THICKNESS
= 0.103 cm) .
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A maximum acoustic emission signal is observed just below the maximum
polarisation attaihed for a certain given field strength. There is no
acoustic emission whilst the field is being'reduced from its maximum
value, that is along the flat part of the loop; this has been proved
through the use of an electronic gate to block out parts of the loop i
(see Figure 2.,14), In the flat region the ferroelectric domains are

aligned parallel to the applied electric field and remain so until

nucleation of antiparallel domain occurs,.

Acoustic emission activity onsets in TGS at a very>low applied electric
field (about 0.2 kV.cm™!, at amplifier gain of 70 dB) and increases:

~ dramatically as the applied electric field increases. Figures 4.4 and
4,5 show the acoustic emissiﬁn activity from TGS in the upper and

lower parts of the hysteresis loop respectively., - Both results were
téken at different appiied electric fields and at a fixed amélifier

gain of 70 dB.

The case of PbsGe30;; is different from that for TGS; there is no
significant acoustic emission until the applied electric field reaches
a critical and substantial value, then acoustic emissioﬁ pulses
appear abruptly, and increase dramatically as the applied electric
field is -increased beyond this critical field. This can be seen in.

| Figures 4,6 and 4,7 which show the acoustic emission activify from
PbsGe30311 at both ends of the hyéteresis~100p at different applied
electric fields and at a fixed amplifier gainm of 70 dB. For this
particular sample (0.103 cm thick), the acoustic emission is absent

until an electric field of about 4.9 kV,cm™1 is applied‘across it,

at amplifier gain of 70 dB.
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FIGURE (.4.4) detail OF ACOUSTIC EMISSION IN TGS IN THE UPPER END PART
OF THE HYSTERESIS LOOP AS A FUNCTION OF THE APPLIED ELECTRIC

FIELD AT GAIN OF 70 dB (SAMPLE THICKNESS = 0.47 cm).



(1) E = 0.237 kv/cm (5 E = 0.356 kv/cm
7 3.
(20 E = 0.267 kv/cm (6) E =0.386 kv/cm
'J
(3 "E = 0.297 kv/cm (7) E = 0.445 kv/cm
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FIGURE (4.5) DETAIL OF ACOUSTIC EMISSION IN TGS IN THE LOWER END
PART OF THE HYSTERESIS LOOP AS A FUNCTION OF THE APPLIED
ELECTRIC FIELD AT GAIN OF 70 dB ( SAMPLE THICKNESS=

0.47 cm).
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FIGURE (4.6) DETAIL OF ACOUSTIC EMISSION IN Pb”Ge”~0** IN THE UPPER END
PART OF THE HYSTERESIS LOOP AS A FUNCTION OF THE APPLIED

ELECTRIC FIELD AT GAIN OF 70 dB (SAMPLE THICKNESS = 0.103cm)
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FIGURE (4.7) DETAIL OF ACOUSTIC EMISSION IN Pb”"Ge”0** IN THE LOWER
END PART OF THE HYSTERESIS LOOP AS A FUNCTION OF THE
APPLIED ELECTRIC FIELD AT GAIN OF 70 dB ( SAMPLE THICKNESS
= 0.103 cm) .
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The acoustic emission activity at each end of thé hysteresis loop is
dependent on the characteristics of the crystal itself., For instance,
in the case of TGS, acoustic emission activity is identical for both
ends of the hysteresis loop for any value of electric field (see
Figures 4,4 and 4.5) whereas in Pbj3Geg0;), acoustic emission activity
is different at each end of the hysteresis loop for a given electric
field (Figures 4.6 and 4.7); however, the acoustic emission activity
for both ends of the hysteresis loop commenées at the same applied

electric field.

For comparison with the results of Buchman (1972), an experiment is
carried out on BaTiOj3, acoustic emission evident at all parts of the
loop, as distinct from the findings for PbgGe30;; and TGS. This is
consistent with the present model, for the latter ferroelectrics
(which have 180° domain walls) have only one diréction for sideways
wall movement. In contrast, for BaTiO3, which has 90° domain walls,
domain elimination occurs at any part o©f the hysteresis loop, since
the applied electric field can no longer be exclusively collinear

with the walls and the polarisation direction.

Subsidiary experiments have been carried out to establish firmly that
acoustic emission is indeed of ferroelectric origin and due to

domain activity. These experiments showed that:

(a) non-ferroelectric samples (such as glass, plastic, mica sheet,
paper, etc) subjected to the same experimental conditions produced

no acoustic emission,
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(b) when the electric field is applied parallel (rather than._
perpendicular) to the polar axis, these ferroelectric crystals showed
no hysteresis loop and no acoustic emission at any value of the

-

electric field, and

(c) the acoustic emission vanished in these ferroelectric crystals

at the Curie temperature Tc and is absent above Tc'

4.4 THRESHOLD ELECTRIC FIELD

4,4,1 Threshold Electric Field in PbgGe30;;

From previous measurements it is shown that acoustic emission activity
onsets in PbgGe30;; oniy when the applied electric field reaéhes a
threshold which is a éubstantial value, To measure this threshold
electric field and to find its dependence upon experimental parameters,
the following experimental technique has been devi§g§L For a given
applied electric field, the total number of acoustic emission counts
produced in a 10 second interval is measured; this procedure is
carried out 10 times for each given electric field strength and the
results arranged to give a mean of the total counts. Since there are
500 hysteresis cycles in a 10 second interval, this allowed an

estimate of the average total acoustic emission counts per hysteresis
cycle. This method is repeated.for different applied electric field -
values and for different amplifier gains, A typicél series of results
for PbsGe30;1; (sample thickness of 0.0857 cm and electrode area 0.48 cm?)

is shown in Figure 4,8, for several different amplfier gain settings;
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this Figure depicts mean acoustic emission counfs per hysteresis cyclé
as a function of electric field applied along the polar axis. Clearly,
the mean acoustic eﬁission counts per hysteresis cycle increases with
amplifier gain, and so the problem arises of finding a limiting value
of the threshold field, independent of gain. For selected count rates,
gain against applied electric field can be plotted (Figure 4.9).

Here the selected count rates are 0.1, 1.0 and 10 counts per hysteresis
cycle., It is seen that the lines on the graph can be extrapolated to
meet at a certain field, which can be taken as a realistic assessment
of the threshold electric field at‘very high gain, For this sample of
thickness 0.0857 cm, the threshold electric field is fdund to be

7.9 kV.em™3;

4.4,2 Threshold Electric Field in TGS

A similar procedure to that described above, has been carried out for
TGS to compare the results with those for PbsGe3011.. Figure 4,10 shows
a typical series of results for TGS, for several different gain settings
and depicts mean acoustic emission counts per hysteresis cycle as a
function of electric field, In fact these series of curves for TGS
have been obtained for a much lower applied electric field thanvthak
required for PbsGe30j33. TGS results are also shown in Figure 4.8 for
comparison with PbsGe303) results. Figure 4.11 shows a plot of the
amplifier gain against applied electric field for selected count rates
of 0.1, 1.0, and 10 counts per hyster;zsis cycle for TGS obtained from
Figure 4,10, In this case the lines on the graph can be extrapolated
to a point near zero electric field. Therefore, it has been established

that the threshold electric field in TGS is at most 30 V/cm.
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Figure 4.9: Gain as a function of the applied electric field for PbSGe3011
for selected acoustic emission counts rates. The extrapolated

curves indicate a threshold field of 7.9 kV/cm).
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_each curve (solid points are obtained with increasing E, while

open points are obtained with decreasing E).
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4,4,3 Threshold Electric Fleld In Ferroelecfrlé.and Threshold Stress in

Ferroelastic and Their Relationships with Acoustic Emission Measurements

Suzuki, Namikawa and Satou (1978) studied the switching velocity of
sideways motion of domain walls for PbsGe3._,Si 0;) at different
compositions (including PbsGe30;;, for x = 0). They found two
different linear regions when the logarithm of the inverse of the
switching time (the inverse of switching time is proportional to
the sideways domain wall velocity) is plotted against the increase
of tﬁe applied electric field, one region at low field and the
second at ﬁigﬁ field. At low electric field, they described the

behaviour according to the following equation:

eXP ( - a/E) ’ oo-co;-'noo.ooo-ooo (3.9)

o |
e

7]
8

where a is the activation field and t_ is the switching time at
infinite applied electric field (1/E = 0). They reported the values

of a and t_ for PbsGe30;; to be 19 kV.cm ! and 3.2 msec respectively
from their measurements. This equation holds for PbsGe30;; up to

1/E value of about 0.11 (kV/cm)™! (i.e. at an applied electric field E
of about 9 kVeem 1),  For higher electric field values, the switchgng :

time can be fitted to:

ts = Constant O E‘B (RN NN RN RN NN NN NN NN (3'10)

where B is 2.5 for PbsGe30;; and it tends to increase with

increasing x (PbsGe3.,Si,011).



89

To investigate whether acoustic emission activities can be fitted to
the same type of expressions, the natural logarithm of the acoustic
emission results for'Pb5Ge3011 from Figure 4,8 is plotted against the
inverse of the applied electric field for each gain. Two linear
dependences with different slopes at low and high electric fields are
found (Figure 4,12). These findings for a given gain are similar to
those of sideways domain wall velocity versus the inverse of the
applied electric field and we will compare the constants obtained

with those found by Suzuki et al (1978).

At low field and for a given gain, a linear dependence of logarithmic
_acoustic emission versus I/E is found, therefore we can describe the
relation of acoustic emission and the applied electric field E by a

similar equation to 3.9 given by:

Ag = Cexp (‘Yl/E) te0cevecccrecccsone (uol)

where Ag is acoustic emission counts per hysteresis cycle at a given
gain g, C and Y, are constants. Using the least mean square method
the values of Y;s for different gains. are éalculated.using equation
(4.1) from the results in Figure 4,12 and are collected in Table 4.1
From this table it can be seen that the values of y, for different
gains are all about 300 kV/cm: they are gain independent., Comparing
the values of y, found in the present .work (Table 4,1) with those

of a found by Suzuki (Equation 3.9), it can be noticed that y; has a
much higher value than their a value of 19 kV/cm. The high number
obtained from the present results arises because the onset of
acoustic emission above the threshold field is dramatic (see Figure

4,8)., However, Panchenko et al (1977) obtained values of a in the
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low field region in the range between 13 kV/cm to 200 kV/cm and much

higher values than those were found by Sinyakov et al (1975).

In the high field region there is also a linear dependencé at the
logarithm of acoustic emission versus I/E for a given gain (Figure
4,12), Thus a similar equation to (2.9) and (2.10) used by Suzuki
et al (1978) will be employed to examine the electric field

dependence of acoustic emission results given by:

1)"B
Ag - Agw('ﬁ' eecsesvecesecsscrecee ("‘02)
or

Ag = Ag. exp (—YZ/E) eecsevccccscccccnee (1}.3)

where Ag“ is acoustic emission counts per hysteresis cycle for a certain
given gain at infinite applied electric field, B8 and y, are constants.
It is shown in Figure 4.12, that the extrapolations of acouétic
emission curves to infinite applied electric field from the data in

the high field regions (Ago) intersect at a common_ﬁéiht, which farr
this particular sample of PbsGe301) is approximately 5 x 10% counts

per hysteresis cycle. Hence, the values of Ag0 are independent of

the gain, as would be expected. If acoustic emission activitiesare due
to domain wall movement then at infinite applied electric field

there is a unique value for the domain wall velocity, thus a unique
acoustic emission value must also be at infinite electric field.

These extrapolations of the acoustic émission curves to infinite field
are well represented by the dashed line indicated in Figure 4,12:

the measured acoustic emission in all the samples studied continued
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to increase according to equation (%4.3) even up to the higher electric’
fields which could be applied. There is no sign of a tendency for
the acoustic emission output to saturate at high fields; this can be

seen clearly for PbsGe30;; itself in Figure 4.8,

The value of B for different gains in PbgGe30;; can be calculated
using equation (4.2) from the straight lines in the high field region.
Also using the least mean square fit, Agn and‘YZ for different gains
are calculated using equation (4.3). fhe calculated values of B8,
Agw, and y, are presented in Table 5.1. It can be seen from this
rtable-that B has a low value for high gain and becomes lafger at
lower gains. A plot of B against gain is shown in Figure 4.13.

This figure indicates the value of 8 for very high gain is 25% 0,25
which is in agreement with Suzuki et al results of 8 = 2.5, For
Pb5Ge3dll there does appear to be a correlation between the acoustic
emission dependence upon electric field in the high field region and

the switching time dependence upon electric field,

A further correspondence between the two effects is that both the
acoustic emissipn level and the switching time when plotted against

I/E show a clear knee (Figube 4,12 and Suzuki et al, 1978, in the same
figure), For the acoustic emission results, the knees between the

low and the high field regions for different gains in Figure 4,12 are
found to be at I/E values in the range between 0,07 (kV/em)~! to

0.09 (kV/cm)™1, which correspond to E between 11 kV/cm to 14 kV/cm,
These knee positions are in fairly good agreement with the knee
observed in PbgGe30;3 by Suzuki et ql (1978) at I/E value of 0.l11

(kV/em)™1, i.e. at E = 9 kV/cm. This correlation gets better at
9
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high gain for the acoustic emission so that at 80 dB gain the knee
is at 9 kV/cm., However, for the acoustic emission results we have
found that the position of the knee depends upon sample thickness
(see Section 4.5, Figure 4.26), so that this agreement between the
present measurements and that of Suzuki et al (1978) must be treated
cautiously; it is probable that the switching time and the switching
domain wall velocity are‘also dependent upon sample thickness, this
is known in BaTi03 (Miller and Savage 1960; Merz, 1956). The
crystal used in our acoustic emission experiment is 0,085 cm thick,
while the crystal used by Suzuki et al (1978) is 0,05 cm thick.

It will be shown later that for crystals as thin as this the
thickness effects are not large (see Threshold Electric Field

Thickness Dependence - Figure 4,31).

In TGS, Toyoda et al (1959) studied the switching current density

per unit area is (is is proportional to the inverse of the switching
time which is in turn proportional to sideways domain wall velocity
(Miller and Savage, 1958))for three different temperatures (-73°c,
OOC, and 23°C) at electric fields in the range 0.35 kV/cm to about

10 kV/cm., By plotting the logarithm of is versus I/E they found that
all curves at different temperatures are alike and each'can be divided
into two linear parts, namely once again a low field region and a high
field region. They described both dependences by a similar relation

to that used for PbsGe30;; (equation 3,9) given by:

isc exp ( "Q/E) XX YRR RN REE RN NN YN (l}.l})

where is is the switching current density per unit area and « is the

activation field which has a different value in the low and high
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field regions. Fafuzzo and Merz (1959) have also studied the switching
time t, in TGS at applied electric fiélds up to 45 kV/cm. They found
three different regions of tg with E, However, the first and second
regions are similar to those observed by Toyoda et al (1958)

(Equations 3.9 and 4,.4) and the third very high field region, which
starts from about 18 kV.cm ! up to 45 kV.cm™!, of tg against E is

linear.

If acoustic emission results in TGS from Figure 4.10 are plotted
logarithmically against I1/E, two different linear dependences at low
and high fields are also obtained (Figure 4,1%)., These findings for-
a given gain are similar to those of i  against I/E in equation (4.4)‘
(Toyoda et al, 1959) or t, against E in equation (3.9) (Fattozzo

and Merz; 1959), (the third linear region of tg against E found by
Fattozo and Merz (1959) is not observed in the present work, since
this region starts at an electric field of about 18 kV/cm which

could not be reached). Hence, the two regions for acoustic emission
results in Figure 4,14 can be described by a similar equation to (3.9)

e

that is¢

(Ag)L = (Ag)L“ exp (-YJIE) low field eeccesccscccone (q’OS) ’

) exp (-YZ/E) high field 600 ces00evccnoe (406)

)y, = (Ag Heo

&

where (Ag)L and (Ag)H are acoustic emission counts per hysteresis
cycle at a given gain for the low and the high field regions
respectively, (Ag)Lw and (Ag)Hw are the corresponding acoustic
emission values at infinite applied electric field, y; and Y, are

constants. It is shown in Figure 4,14 that the extrapolations of
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acoustic emission curves in the high field regioﬁs to infinite appliedﬁ
electric field [ﬁAg)HhJ intersect at a common point which for this
particular samplé of TGS is approximately 500 counts per hysteresis
cycle, Hence, as found for PbsGe30;;, the values of,(Ag)Hp are also
gain independent; This value of (Ag)Hw for TGS of 500 counts per
hysteresis cycle is two orders of magnitude lower than that obtained

for PbgGe30p; of 5 x 10* counts per hysteresis cycle,

Using the least mean square fit, y; and v, for different gains are
ca;culated using equations 4.5 and 4.6 from the results in Figure 4.14
together with values of a) and a; at low and high field regions .
calculated from Teyoda et al (1959) which are collected in Table 4.2,
From the table it can be seen that the values of y; (low field region)
are in the range between 1 to 4.3 kV/cm. These values of Y3
(especially for high géins) have the same magnitude as that of a; of
1.84 kV/cm which is calculated from Toyoda et al (1959) in the low
field region, The values of y, (high field region) are foﬁnd to be
much smaller compared to that of a2 obtained from Toyoda et al (1959)

(see Table 4,.2).

From the acoustic emission results for TGS from Figure 4.14, the knees
between the low and the high field regions are fbund to be at 1/E
values in the range between 3.2 to 2 (kV/em)~!, i.e. at E between

0.3 kV/cm to 0.5 kV/cm., However, the knee position found by foyoda
et al (1959) at room temperature is at I/E value of 0.8 (kV/cm)7!,
i.e. at E = 1,25 kV/cm. The disagreements in these results may be due
to the commonly found variation in value of ferroelectric properties

(for example: E,, a, AP/,;, etc), from sample to sample.
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Moreover, the TGS crystals used in.both measurements are different in

thickness and this may afféct the position of the knee in both cases,

The thickness of the crystal used in our acoustic emission measurement
is 0,47 cm, while much thinner sampleé were used by Toyoda et al |

(1959) (they used TGS samples in the range 0.03 to 0.11 cm thick).

Now, we will discuss the existence of the threshold electric field and
threshold stress for sideways domain wall movement for different
ferroelectrics and ferroelastics found by mény authors and ‘their
relationship with the threshold electric field found by acoustic
emission measurement in the present work. The existence of the
threshold electric field for sideways domain wall movement has been
foﬁnd in PbsGégoll by Dougherty, Sawaguchi and Cross (1972). They
studied the switching time by a cinematographic technique and
observed that the switching is accomplished by extensive sideways
motion of the domain walls, For a certain d.c. field, the switching

time from their measurements follows the relation:

-a e
ts = (E-Eo) .‘lll....'.......... (u.7)

where E, = 3 kV/cm (threshold electric field), a is constant, and E
in the range: 3 kV/cm < E < 50 kV/cm. It is clear from this equation
that no switching for sideways domain wall mo#ement can occur unless
the applied electric field becomes higher than E,. However, they
reported that there is a wide variation in Eo from sample to sample,
Unfortunately, they do not mention the thicknesses of their samples'or
the effect on E,e As will be shown later in this work, a variation

is also observed in the threshold electric field which is calculated



96

from acoustic emission measurements; however, we have shown that the
threshold electric field depends on thickness — this may account for
the wide variations found by previous workers. In addition, we do

observe that some effects depend upon sample history.

Chynoweth and Abel (1958) studied the sideways domain wall movement in
TGS using a powder technique. They found, when electric fields in the
range 30-35 V/cm are applied to a crystal with liquid electrodes,

that polarisation is chiefly accomplished by the creation of new
domains which then expand by sideways motion of 180° domain walls.

In the present work it is found that acoustic emission from TGS onsets
at a very low applied electric field and the threshold electric field
is also measured to be a small value (approximately 30 V/cm -

see Figures 4,10 and 4.11). This finding is in agreement with

Chynoweth and Abel (1959).

The existence of a threshold electric field for sideways domain wall
-movement has been found in other ferroelectrics and ferroelastics
using acoustic emission, electrical, and optical techniques., Zammit-
Mangion (1980) has studied the dynamics of domain wall motion in
ferroelectric/ferroelastic Gd;(McOy)3. He has used a thin crystal
which is put between two polarizers and he has found that at a certain
d.c. electric field (threshold field), domain walls start to move and
at the same time acoustic emission onsets, But the most acoustic
emission activity is observed when the domain walls coalesce.
Flippen(1975) has measured the effects of electric field and mechanical
stress of domains in Gd;(MgO4)3 and has found that a threshold

electric field typically 1.4 kV/cm is required for onset of linear
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wall motion. Kumada (1969) has also observed for the same material,
using an electrical technique, that 180° domain wall movement occurs’

at a somewhat higher field, not less than about 5 kV/cm.

An experiment has been carried out on pure ferroelectric material,
lead phosphate [Pb3(PO4);] using the acoustic emission technique, and
at the same time observing the domains using a polarising microscope
(Mohamad et al, 1979a). It was observed that when the crystal was
stressed, acoustic emission appeared only when the stress reached a
certain threshold value, Simultaneously with the onset of acoustic
emission, the domain walls were observed to start into collective

motion,

Bornarel (1972) used an optical technique to establish that domain
wall vibrations are negligible in the ferroelectric KH,PO, at low
field amplitudes and that, in this ferroelectric also, a threshold

electric field must be exceeded before the domain walls move,

Fousek and Brezina (19603 196la; 1961b; and 1964) studied the movement
of 180° and 90° domain walls in BaTiO; in an altefﬁafing electric
field, They found that the domain wall starts to move if the pressure
acting on it under the influence of the electric field reaches a
definite threshold value, Their measurements made on a series of
crystals indicated that the threshold field for 90° wall is higher

than for a 180° wall,

In summary, we have found correlations between the acoustic emission
dependence upon the applied electric field for PbsGe30;; and TGS, and

the switching parameters (switching time, switching current, or
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switching velocity for domain wall mption) dependence upon the electric
field in the #ame materials, Two different dependences of both the
acoustic emission level and the switching parameters are found with
the electric fiéld and a further correspondence between the two
effects is that in both measurements a clear knee is shown. All the
equations describing the switching parameters dependence upon the
applied electric field have been fitted for acoustic emission data.
Many of the constants found from the équatidns for both measufements
are in agreement with each other, However, disagreement in some
ferroelectric properties has been found. This disagreement may be_
partially due to the commonly found variation in values of ferro-
electric properties from sample to sample, and also to the effect of
geometry of the crystal used in both measurements. Other factors -
which play an important role in influencing ferroelectric properties
are the history of each crystal used, and its condition and
environment when it was grown. All these %actors help to create

such variations in ferroelectric properties,

—_—

Therefore, it can be concluded that the production of acoustic
emission can be associated with the movement of domain walls, due to
sidewvays motion following breakaway from the surfaces or from defects,
leading to the coalescing of parallel domains and the elimination of
antiparallel domains at the approach to polarisation saturation.

This Is the process occuring in that part of the hysteresis loop

where acoustic emission is taking place (see Figures 4,2 to 4.7).

The existence of the threshold electric field (or threshold stress)

for the onset of acoustic emission has been found in PbsGé3011,
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\

Gdy(Mg0y)3, and Pb3(POy)2 and acoustic emissions are produced when the
applied electric field (or the applied stress) ié lévge enough to cause
the domain walls to move and so to act as stress wave sources. In'contrast
TGS needs a very low field to cause the domain walls to move and hence
acoustic emission onsets at a very low field (Mohamad et al, 1979b).

P

It is evident that properties such as the threshold electric field
and the acoustic emission are thickness dependent; we how turn to

discuss this.

4.5 .. THICKNESS DEPENDENCE OF ACOUSTIC EMISSION AND THRESHOLD

ELECTRIC FIELD IN PbsGes0,

Some ferroelectric properties of PbgGe30;; have been found to be
greatly affected by varying sample thicknes; and hence this thickness
variation affects the nature and physical properties of the acoustic
emission signals and the threshold electric field.. A number of
PbsGe30;; crystals of different thicknesses and having almost tﬁe same
electrode areas were used ts measure the onset of acoustic emission,
the level of acoustic emission activity, and the threshold electric
field. Each crystal was directly coupled to the acoustic emission
transducer without'using a waveguide. Both types of transducers were
used: the.resonance.one (D-140B) and the flat response transducer

(FAC-500), whose responses are shown in Figures 2,3 and 2,4,
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 4.5.1.. Dependence of Acoustic Emission with Sample Thickness N

Selected acoustic emission results from PbgGe30;; samples of different
thicknesses are shown in Figure 4,15, where photographs of>hysteresis
loops, together with acoustic emission activity are collected for
sample thicknesses: 0.323 cm, 0.209 cm, 0,143 cm, 0,128 cm, and

0,076 cm, All the mea;urements have been carried ouf»at a fixed gain
of 70 dB using the flat response transducer,. The onset of acoustic
emission for each sample occurs at a certain electric field value,
which depends on sample thickness: the thicker the sample the lowver
the applied electric field needed. However, acoustic emission starts
only when the hysteresis loop becomes rectangular in shape, that is
when the polarisation becomes saturated (see also Figure 3.7). It

can also be seen from the figure that for thick samples acoustic
emission activity is much more sensitive to the value of the applied
electric field than for thin ones; for example, compare the first
column which shows results for a thick sample (0.323 cm) with the

last column which corresponds to a thin sample (0.076 cm).
—"

The average of total acoustic emission counts per hysteresis cycle

as a function of the applied electric field has been found for a

number of samples with different thicknesses for different amplifier
gains and at a constant temperature of 2% + 0.2% using both types

of transducers. The results presented here were obtained using the
resonance transducer. Figure 4,16 to 4.22 show plots of the

logarithm of acoustic emission counts per hysteresis cycle for

PbsGe301; crystals of thicknesses: 0,323 cm, 0.208 cm, 0.143 cm, 0.128 cm,

0,076 cm, 0,057 cm, and 0,029 cm, taken at amplifier gains of
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Acoustic emission signals superimposed synchronously
together with the hysteresis loops in "b"Ge”O0™"" at a
different applied electric fields for different sample

thicknesses at room temperature of 24 C.



80 dB

1000 75 dB
, 70 dB
60dB
o
@
M
M
@
10
(kV/cm)
Figure 4.16: Mean acoustic emission counts per hysteresis cycle versus the

applied electric field for Pb*Ge”0** at room temperature.

Sample thickness 0.323 cm and electrode area 0.211 cm”.
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4.17: Mean acoustic emission counts per hysteresis cycle versus the

applied electric field for Pb5G93011 at room temperature.

Sample thickness 0.209 cm, and electrode area 0.250 cmz.
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4.18:Mean acoustic emission counts per hysteresis cycle versus the

applied electric field for Pb5Ge3O11 at room temperature.

Sample thickness 0.143 cm, and electrode area 0.257 cmz.



- "7 i
1000 p—
-
[ZJ -
-]
(&4 -
S
(&}
A
= 100~
m C
o~ N
23] ol
[ -
E L
v -
m
o -
w
=
£ 0
(@] -
(&) -
= -
@]
-~ -
0
[4p] -
=
=
m -
o
-
S' 10—
8 : 1
O R
< e
1 : A
o1l = 6 7 B 9 10
E (kV/cm)

Figure 4.19: Mean acoustic emission counts per hysteresis cycle versus the

applied electric field for PbSGe3011 at room temperature.

2
Sample thickness 0.128 cm, and electrode area 0.259 cm .
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Figure 4.20: Mean acoustic emission counts per hysteresis cycle versus the

applied electric field for Pb5Ge3011 at room temperature.

Sample thickness 0.076 cm, and electrode area 0.222 cm2.
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Figure 4.21: Mean acoustic emission counts per hysteresis cycle versus the

applied electric field for Pb5Ge3011 at room temperature.

: 2
Sample thickness 0.057 cm, and electrode area 0.230 cm .
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Figure 4.22: Mean acoustic emission counts per hysteresis cycle versus the

applied electric field for PbsGeBO11 at room temperature.

2
Sample thickness 0.029 cm, and electrode area 0.200 cm .
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80 dB, 75 dB, 70 dB, and 60 dB. Clearly, the results in these figures
show that acoustic emission for any given sample starts at a certain
applied electric field below which there is no acoustic emission signal,
This value of the electric field depends upon sample thickness.,

At a given gain it is low for thick samples and becomes higher for

thinner ones.,

Another important effect can be seen from these sets of curves (in
the steep region from Figures 4,16 to 4,22); the curves are closer
to each other the thicker the sample is., To examine this further, let
us choose two successive acoustic emission versus E curves measured
at different gains from any figure (Figures 4,16 to 4.22), In the
steep region of such curves, we can define a ratio (AE/AG)A as the
difference in the electric field (AE) divided by the change in
amplifier gain (AG) required to produce the same acoustic emission
counts, This value of (AB/AG)A is high for thin samples and becomes
lover for thicker samples for both transducers, as shown in Figure
4,23a, Howeﬁer, if the logarithm of (AE/AG)A is plotted versus 1/4
(where d is the sample thickness) (Figure 23b),an approximately linear
relationship is obtained for both transducers, For a bulk crystal
(i,e. 174 = 0), (AE/AG)A has the smallest value which is calculated
using the least mean square fit for both transducers to be 0,029

kv/(cm.dB).

From these acoustic emission results, two important points can be
discussed;
(i) For a given gain and for a certain electric field range which

depends on each sample, it is observed that a high acoustic emission
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Plots of (AE/AG)A against (a)Sample thickness d, (b) Invers

of sample thickness. Solid points are obtained using the

resonance transducer and open points are obtained using the
flat response transducer.
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activity level is found for thicker samples while a lower acoustic
emission activity level is found for thinner ones. This can be seen
clearly in Figure u.éu, where acoustic emissions for different
thicknesses are plotted all together against the electric field at a
fixed gain of 70 dB, The measured acoustic emission in all the samples
studied continues to increase even up to the highest fields which
could be applied. There is no evidence of a tendency for acoustic

emission to saturate at higher fields.

(ii) The high value of (AE/AG)A'obtained for thin samples indicates
that the acoustic emission levels of such samples are very much
dependent on the gain, while the low value of (AE/AG)A found for
thick samples shows that the acoustic emission level is less dependent
oﬁ the gain, This leads us to believe that acoustic emissions

from thick samples are of high amplitude level, while those emitted
-from thinner samples are a mixture of high and low amplitude level

signals, This can be demonstrated schematically in Figure 4.25,

We have found in Section 4.4.3 a correlation between the acoustic
emission dependence upon the applied electric field for PbsGe30;; at
different gains and that of switching parameters upon the electric

field in the same material, To search for a correlation between both
acoustic emission results and the sideways domain-wall movement with
the applied electric field as a function of sample thickness, the
natural logarithm of acoustic emission results for PbsGe30;; from
similar data in Figure 2,24 is plotted against the inverse of the applied
electric field for each sample. Two linear dependences with

different slopes at low and high field are also found (Figure 4,26).
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These results for a given sample are similar to those found for
acoustic emission at different gains versus I/E (Figure 4.,12),
Unfortunately, there is no work reported in the literature of switching
time ts or switching velocity as a function of sample thickness in
PbsGe30;) for comparison with our acoustic emission results. However,
Miller and Savage (1960) found a linear relationship of the logarithm
of the domain wall velocity against the inverse of the applied electric
field for BaTiO3 for different sample thickness. Their results
indicate that the thicker the sample the lower the electric field
needed for sideways domain wall motion, which is the same kind of
relationship as that found in our acoustic emission results (see

Figures 4,24 and 4,.26).

The low and high field regions from the results in Figure 4,26 can be
described by similar equations to 4.5 and 4,.6:

(Ad)L = (Ad)La exp (- YL/B) voonlno.o..l.c..oo.-ct (""08)

(Ad)H = (Ad)Hn exp (- YH/E) 90000 0QOCOSOEBSIOEBNOIOOESNOOSTNS (u.g)

where (Ad)L. (Ad)H are acoustic emission counts per hysteresis cycle
for a given sample thickness (d) in the low and the high field regions,

(84) (Ag)y, are the corresponding acoustic emission values at

Leo?

infinite E, and Yy are constants, It is shown in Figure 4.26

L
that the extrapolations of each acoustic emission curve in the high

field region to infinite applied electric field intersect at a point
of (A3)y, which depends on sample thickness such that the thicker the
sample the higher values of (3;),, [kAd)Hm for each sample is found

using the least mean square method - see Table 14.3].
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To define the behaviour of (Ad)Hn as a function of sample thickness, the
logarithm of (Ad)ﬂm is now plotted against d and 1/d (Figure 4.27).
A linear dependence of logarithm (Ad)Hw with 1/d is obtained;

therefore (Ad)Hw can be related to d by the following equation:

(Ad)H“ = [(Ad)H@]o exp (_ n/d) 0006006000000 (u.lo)

where [(Ad)H“]o is the acoustic emission counts per hysteresis cycle
for bulk crystal (1/d = 0) and n is a constant. Using the least mean
square fit, the slope and the intersection at 1/d = O for the straight

line in Figure 4.27, n and [(A d)Hm]o have been found and are:

n 0.17 cm, * 0,004

[(Ad)H“]o

of fit is 0,972,

1.48 x 108 counts per hysteresis cycle, and the goodnmess

The values of YL and Yy for different sample thickness described by
equations 4,8 and 4,9 are calculated using the least mean square fit
from the results in Figure #,26 and are collected in ?able 4,3,

From the table it can be seen that the value of Yy, O Yy usually
decreases with sample thickness., However,if Yy, and Yy are plotted against
d and 1/d (Figure 4,28) an almost linear dependence for each Yy, and Yy
with 1/3 is obtained (a better fit is obtained for Yy - the high field
region). These findings bear similarities to those of Panchenko

et al (1977) who studied the activation field a as a function of

sample thickness d, It does appear that the y which describes the

acoustic emission results takes the form of an activation field.
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Figure 4.27: acoustic emissin counts per hysteresis cycle

found from the extrapolation of the curves in the high field
regions at infinite E from the results in Figure *.26 versus

d and 1/4
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According to our results (Figure 4.28 a and b), Qe can describe

the behaviour of A and Yy with a as:

dLo
YL = YLO l +  — Seveveccscvesssccoe (u-ll)

YH 00 0000000000000 000 (u.12)

(1]
=<
=]
I~
=
+
a Im"‘
o
v

where YLo and Yy, are constants for bulk crystal (1/4 = 0);

(174 = 0); 4, and 4, are constants. These equations have a

similar form to that found for'“Ec and Ez in Section 3.9 (see also

Figure 3.10). Comparing the thickness dependence of Yp,» and Ec

YH
in our results with that of BaTiO3, we found a similar thickness
dependence behaviour for each a and Ec in both cases - see Section.3.6

(Merz, 1956; Callaby, 1966).

4,5.2 Dependence of the Threshold Electric Field with Sample Thickness

The threshold electric field for the onset of acoustic emission in
PbsGe30;1 has been measured as a function of sample thickness using both
transducers (D-140B and FAC-500), whose responses are shown in

Figures 2,3 and 2.4, The threshold electric field is found

(when the resonance transducer D-140B is used) from the results in
Figures 4,16 to 4,22 by the method described in Section 4.4 and the
plots of the_gain against the corresponding values of E for constant
acoustic emission rates and for different sample thickness are shown

in Figures 4,29 and 4,30, From these figures it can be seen that the
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threshold field takes a lower value with larger sample thickness,
Similar threshold field behaviour with sample thickness is found
using the flat response transducer. The plot of the threshold field
versus sample thickness for both types of transducer are shown in
Figure 4,31, In both cases the threshold field decreases non-linearly
with sample thickness. The threshold field valuesobtained by using
the resonance transducer are less than those obtained by using the
flat response transducer. This is because of the higher sensitivity
of the resonance transducer: it responds to lower levels of acoustic
emission, However, the difference between the threshold field values
obtained using both types of transducer is small for thicker samples
and becomes bigger with thinner samples. This is in agreement with
the acoustic emission results which have been presented in Section
4,5,1, where it was concluded that acoustic emission has a high
amplitude for a thick sample; now we have found that the threshold
field for the onset of acoustic emission is less dependent on the
type of transducer for a thick sample, Again this is due to the high
amplitudes of acoustic emission signals from thick samples (see

Figure 4,25),

To define the behaviour.of the threshold electric field with sample
thickness, the threshold field is plotted against the inverse.of
sample thickness (Figure 4,32). A linear relationship is found for
both transducers, For PbsGe30;) there does appear to be a correlation
between the threshold electric field and the following ferroelectric
properties when they are also plotted against 1/d: the coercive

field (E), the electric field at which P-E starts to be linear (E,)
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(see Section 3.9 and Figure 3,10) and the activation field Yy (see
Section 4,5.1 and Figure 4,28), Hence, the relationship of threshold
electric field with sample thickness d can be described by similar

equations to 3,14, 3,15, 4.11 and 4,12 used for E:, Em, Y1 and vz,

[4].

d

that is:

erreennennnenenns (4.13)

Em = [ETh]o 1+
where [BTQ]O is the threshold electric field for bulk crystal

and [éTh]o is constant. According to the results in Figure 4,32,

[éTh]o for the resonance transducer is found to be about 1 kV/cm

but has a smaller value near zero for the flat response transducer,

Finally, the values of the threshold electric field for PbsGe30p,
obtained using both types of transducer for different sample
thicknesses with the corresponding values of Ec and Ez are collected

in Table 4,4, Included in the saﬁe table are values of

[ETh]o , E and E, for bulk crystal PbsGe30yy.

- —
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4,6 TEMPERATURE DEPENDENCE OF ACOUSTIC EMISSION AND THRESHOLD

ELECTRIC FIELD IN PbsGes0;;, Pbs_,Ba,Ge;0;; ALLOYS AND TGS

Some ferroelectric propertieé of PbsGe30;;, Pbs_yBa,Ge301) alloys and
TGS have been measured and reported in Sections 3.10 and 3.11, It has
been found that variation in sample temperature has a great influence
upon the ferroelectric properties in these materials. Therefore,
studying temperature dependence of acoustic emission and the threshold
electric field gives more information which could be felated to the
ferroelectric properties, and might answer thé following questions:
(1) How do acoustic emission and the threshold electric field vary
with temperature?

(2) What is the effect of barium doping on acoustic emission and the
threshold electric field?

(3) What happens to the acoustic emission and the threshold electric
field at the phase transition?

(4) What is the effect of cycling the crystal through -its Curie

temperature on the acoustic emission and the threshold electric field?

The samples which are used in this work are the same samples which have
been used to study the temperature dependence of some ferroelectric
properties (see Sections 3,10 and 3.11); both measurements have been
carried out simultaneously, These samples are: PbsGe30p;,

Pby.9Bap,1Ge3011, Pby;75Bap,25Ge301;, Pby,7Bag,33e30;1) and TGS.

The effect of temperature upon acoustic emission in some of these
crystals can be seen by observing photographs of acoustic emissions

which are superimposed synchronously on the hysteresis cycle.
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Such results are shown in Figures 4.33, 4.3% and 4.35 for PbsGegoll,
Pby.75Bag.25Ge3011, and TGS respectively. For all the samples, the
measurements are taken at a fixed gain of 70dB for different applied
electric fields and for different temperatures during heating of the
sample. The effect of changing sample temperature while a fixed
field is applied can be seen by considering any row in these figufes.
Acoustic emission activity level becomes greater when each sample
temperature is increased, if the applied electric field is stiil
fixed; the acoustic emission_increase continues up to a maximum
level at a temperature which depends on each sample. For instance,
for PbsGe30;; a tempeﬁature in the range of 52°C to GuOC; for
Pby.7Bag.25Ge3011 a temperature in the range of 51° to 56°C, and for
TGS a tempefature in the range of 33°¢ to 37°C gave the maximum
acoustic emission activities. Further increase pf temperature causes
the acoustic emission to reduce. At and above the Curie temperature

in each case the acoustic emission vanished.

Now we will consider the temperature dependence of acoustic emission
and the threshold electric field of each crystal sepéfately in

numerical detail.
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4.,6.1 Temperature Dependence of Acoustic Emission and Threshold

Electric Field In PbsGe30yy

A circular disc of PbsGe30)1 crystal of thickness 0.103 cm and electrode
area 0,27 cm? is used here. For these measurements the flat response
transducer, attached to the waveguide to keep the transducer remote

from the heat of the furnace is used,

To find the temperature dependence of acoustic emission and the
threshold electric field numerically, the average of total acoustic
emission counts per hysteresis cycle as a function of the applied
electric field is found at different gains and for different sample
temperatures. Results can be seen in Figures §.36, 4,37 and 4,38 for
different amplifier gains of 80dB, 75dB, and 70dB at the temperatures
indicated, These measurements for each fixed temperature were taken
as the sample was cooled from 155°C to 19°C. It can be seen from
these figures that for any given gain the value of the applied electrié
field at which acoustic emission starts is dependent upon sample
temperature, This value becomes smaller as the sample temperature is
increased; this is the case for sample temperatures from 19°C up to
88°C, But when the temperature is increased beyond 88°C the value of
the applied electric field at which the acoustic emission onsets starts
to behave in the opposite way: it becomes greater witﬁ increése in
sample temperature; this is the case for temperatures of 109°c,

132°, and 155°c,

Acoustic emission dependence upon sample temperature can be seen

clearly by selecting acoustic emission results at a fixed gain and for
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different fixed applied electric fields taken at'different temperatures
as the sample is heated and cooled. From the results in Figu;es 4.36
4,37 and.4.38 (and similar ones which need not be shown here),
acoustic emission counts per hysteresis cycle are plotted against
samble.temperature~at a fixed gain of 75dB and for applied electric
fields of 12.4 kV/cm, 10.4 kV/cm and 8.8 kV/cm (Figure 4.,38), It

can be seen from this figure that acoustic emission is of low activity
at low temperatures, but increases to a maxiﬁum (at about 65° to 70°C)
aé-the sample temperature rises, Further increase of temperature
reduces the emiss;on again. The measurements were only taken up to
155°C to prevent high temperature damage to the transducer. However,
the extrapolation of each acoustic emission versus femperature curve
indicates that the acoustic emission activity vanishes at the Curie
temperature of PbsGe3033 (about 180°C)._ This has beén confirmed with
the alloy crystals which have lower Curie teﬁperatures. During the
cooling ﬁrocess, a similar acoustic emissionbﬁeha#iour with
temperature is found to that which occurs during heating, but the
maximum acoustic emission activity shifts to a higher temperature:

a relatively sharp acoustic emission activity peak is found at 85°C
for applied electric field of 12.4 kV/cm, while broad acoustic
emission peaks are found at a temperature between 110°C to 120°¢ for

applied electric fields of 10,4 kV/cm and 8,8 kV/cm,

The threshold electric field for different sample temperatures is
found for this sample by the method given in Section 4.4 and the plot
of this is shown in Figure 4,40 when the sample was heated and cooled.
At room température the threshold electric field has a value of

5,7 kV/cm,  When the sample temperature is increased, the threshold
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electric field becomes smaller until at a temperéture of approximately
70°C there is a minimum. Fﬁrther increase in temperature leads to a
higher value of the threshold electric field. At the Curie

temperature, the threshold electric field has the highest value,

During sample cooling a similar acoustic emission behaviour upon
temperature is found but the minimum threshold electric field is
observed at a temperature of 90°C which is higher than that found during
heating, Also the value of the minimum threshold electric field during
the cooling cycle is only 2.5 kV/cm, which is considerably less than

that observed during heating (3.7 kV/cm).

4,6.2 Temperature Dependence of Acoustic Emission and Threshold

Electric Field in Pbs_,Ba,Ge30;; Alloys

Pb,,qBag,1Ge301)

The sample usedvin this work is a plate of. approximately square area
of thickness 0.092 cm and of electrode area 0.29 em?. The average
of total acoustic emission counts per hysteresis cycle is plotted
againét the applied electric field for different amplifier gains of
80dB, 75dB, and 70dB, and for different sample temperatures when the
sample is heated; this is shown in Figures 4,41 (for temperatures:
24°C, 34°¢c, 45°C, and 61,5°C) and 4.42 (for temperatures: 76.5°C,
108°c, and 148°C), The measurements indicate that for any sample
temperature, acoustic emission onsets at a higher applied electric

field and the acoustic emission activity level is less than that
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of PbsGe30;; (see Figures 4,36, 4,37 and 4.38), 'However, the general
behaviour of acoustic emission upon the applied electric field is
similar to that of PﬁsGegoll. The value of the electric field at
“which acoustic emission starts for any given gain becomes progressively
smaller for tempenatures of 34°C, 45°%¢ aﬁd 61.5°C, reaching a minimum
at 76.5°C, then at temperétures of 108°C and 148°C it becomes higher
again., The dependence of acoustic emission upon temperature for a
fixed gain of 80dB and for applied electric fields of 18,45 kv)cm and
15.4 kV/cm is shown in Figure 4,43, Theée results are closely similar
to those found for PbgGe30;; (see Figure 4.39). The maximum acoustic
emission activity as the sample is heated is observed at about 80°c

to 85°C while that during cooling process is at approximately 98°c.

The threshold electric field dependence upon the temperature in this
sample (Figure 4.94) is similar to that of PbsGe30;; (see Figure

4.,40)., However, the threshold electric field at any temperature has

a much higher value than that of PbsGe30;3. The minimum threshold
electric field when the sample is heated is 11,7 kV/cm at approximately
75°C, while the minimum threshold electric field wﬁeﬁ-the sample is

cooled is approximately 9.8 kV/cm at about 115,

Pby,75Bap.25Ge301)

The sample used in this work is a circular disc of about 1 cm in radius
of thickness 0.105 cm and electrode area 0.25 cm?, Here in these
measurements, and because of the lower Curie temperature in
Pby.75Bap.25Ce3011, there is no need to use the waveguide and the

sample is directly coupled to the flat response transducer. Plots of
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acoustic emission counts per hysteresis cycle versus the applied
electric field for amplifier gains of 75dB; 70dB, 65dB, and 60dB are
shown in Figure 4.45 (for temperatures of 24.5°C, 40°c, 51°C) and
Figure 4,46 (for temperatures of 62°C, 70°c, 79°C and 84°C). The
general behaviour is that found for the other samples.‘ The minimum

in the applied electric field value at which acoustic emission starts
is at 62°C, The dependence of acoustic emission upon temperature

for a fixed gain of 75dB and for applied electric fields of 13.5 kVv/
cm, 12,1 kV/cm and 11.0 kV/cm is shown in Pigure 4,47, The maximum
acoustic emission activity is observed at 58°C, It can be seen in
this figure that the points at temperatures above about 65°C are
slightly scattered; this is due to high temperature effects on the
transducer (also, some scattered points were observed due to the same
reason in the case of PbgCe30;; above about 120%C - see Figure 4,39),
The threshold electric field dependence upon sample temperature is shown
in Figure 4,48, The minimum threshold electric field is about 8 kV/cm

and it is observed at a temperature of approximately 60°C.

Pby«7Bag.3Ge30p;

This is the last barium doped sample studied in this way; it is a
circular disc of about 1 cm in radius, of thickness 0.085 cm and
electrode area 0,215 cm?2, As for Pby.75Bap.25Ge30;1 there is no need
to use the waveguide and the sample is directly coupled to the flat
response transducer, The a@erage of acoustic emission counts per
hyesteresis cycle is plotted against the applied electric field for
amplifier gains of 80dB, 75dB, 70dB, 65dB, and 60dB and for different
sample temperatures when the samgle is heated; this is shown in

Figure 4,49 (for temperatures: 24°c, 35°C, and 44,5°C) and
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Figure 4,50 (for temperatures: 50°¢, 62°C, 72°¢, and 81°C). From these
fesults it can be seen that this sample is the most active., Its
general behaviour is that found for the previous samples. The minimum
in the applied.electric field value at which acoustic emission starts
is at uu.s°¢. The dependencé of acoﬁstic emission against sample
temperature for a fixéd gain of 75dB and for applied electric fields
of 12,5 kV/cm and 14 kV/cm is shown in Figure 4.51, It is noticed
here for this particular saﬁple that a much higher acoustic emission
activity level is obtained during the heating cycle compared to that
during the cooling cycle. The maximum acoustic emiséion activity as
the sample is heated is observed at about 45°C to 50°C while that
when the sample is cooied is at approximatel& 58°C. The threshold
electric field dependence upon temperature (Figure 4.52) has a value
of 9,7 kV/cm at room temperature, and a minimum value of 7.5 kV/cm at
about 4#3°C to #47°C while the highest value (at 80°C) is 12.0 kV/cm.
80°C is higher than the actual Curie temperature (67°C to 72°C -

see Table 3.5) measured from this sample; the reason for this will be
discussed later., During cooling, the minimum threshold electric

field of 9.5 kV/cm is observed at about 53°C, The threshold electric
field as the sample is heated is found to be less than that observed
as the sample is cooled., This differs from the results for PbsGe30;3
and Pby.9Bagp,1Ge3011, where the threshold electric field as these
samples are heated is fouhd to be greater than that as the samples

are cooled,
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Figure 4.51: Plots of acoustic emission counts per hysteresis cycle against
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crystal taken at a fixed gain of 75 dB for applied electric

fields of 12.5 kV/cm. and 14 kV/cm.
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4,6,3 Temperature Dependence of Acoustic Emission in TGS -

The TCS sample used in these measurements is a rectangular plate of
thickness 0,472 cm and of electrode area 1,13 cm?, In these measﬁre-
ments the resonance transducer is used and the sample is directly
coupled to it. Plots of acoustic emission counts per hysteresis cycle
versus the applied electric field at amplifier gains of 80dB, 75dB;
and 70dB, and for different temperatures of 15°C, 31°C, and 49;5°C are
shown in Figure 4,53, The figure shows that: (i) at any temperature
acoustic emission onsets at a very low field; and (ii) the applied
electric field at which acoustic emission starts is almost independent
of temperature. These findings are different from those observed for
PbgGe30;; and Pbs-xBaxGe30;1 alloys. However, if the same procedure
of finding the threshold electric field is used here, the threshold
electric field ié found to be very small (30 V/ecm to 40 V/cm) ard
independent of temperature, Acoustic emission dependence upon
temperature as the sample is heated and cooled for a fixed gain of
70dB and for applied electric fields of 0,6 kV/cm, 0.3 kV/cm, and

. 0.15 kV/cm is shown in Figure 4,54, The results are similar to those
found for PbsGe3033; and Pbs_xBaxGe3011 alloys. As the sample is
heated, a maximum acoustic emission activity occurs at 33°C for an
applied electric field of 0.6 kV/cm and at 45°C for applied electric
fields of 0,3 kV/cm and 0,15 kV/cm, As the sample is cooled, a well
defined acoustic emission maximum at approximately 46°C for each

applied electric field occurs,
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Figure 4.54: Plots of acoustic emission counts per hysteresis cycle against
sample temperature during heating and cooling for TGS

crystal taken at a fixed gain of 80 dB for applied electric

fields of 0.6 kV/cm, 0.3 kV/cm, and 0.15 kV/cm.
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4,6.4 . Discussion of Temperature Dependence of Acoustic Emission and

Threshold Electric Field Results

Certain general properties of the acoustic emission and the threshold
electric field upon temperature have been found to be common for all
the crystals used here (PbsGe3013, Pby.9Bap,1Ge3011, Pby.75Bag.25Ge3011,
Pby,7Bag,3Ge3011, and TGS). In all these materials, the value of the
electric field at which acoustic emission starts for any given gain
becomes progressively smaller as sample temperature is increased,

But when a certain temperature is excéeded the applied electric field
at which acoustic emission onsets starts to behave in the opposite way:
it becomés'greater with increase in temperature. The value of the
electric field ét which acoustié emission starts in the limit of a
very high gain is defined as the 'threshold electric field'; it.is
observed that the generalbehaviour of the threshold electric field
against temperature is similar for all crystals (Figures 4.40, u4,ul,
4,48 and 4.52), The measured threshold electric field at room
temperaturé, its minimum value, and its highest value at the Curie.
temperature as each sample is heated and cooled are collected in

Table 4,5, The case for TGS is different from that of PbsGe30;; and
Pbs-yBa,Ce30;) alloys in that the applied electric field at which

acoustic emission starts is very low and independent of temperature.

The effect of temperature on acoustic emission activity has been
studied for a fixed gain at certain applied electric fields as the
sample is heated and cooled (Figures 4,39, 4,43, 4,47, 4,51, and 4.54),
The general behaviour of the acoustic emission upon temperature in all

cases is found to be similar. Acoustic emission increases up to a
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maximum; in general the higher the Curie temperature, the higher the
temperature at which maximum acoustic emission activity occurs. Further
increase of temperature then reduces the acoustic emission until it
disappears_when the Curie temperature is reached and exceeded. As the
sample is cooled the maximum acoustic emission occurs at higher
temperature than that during the heating cycle (Table 4.,6), These
acoustic emission peaks in the temperature dependence of acoustic
emission level during heating and cooling cycles correspond to a balance
between thermally-activated processesAand the temperature dependent
population of domain walls (Mohamad et al, 19792). The disappearance
of the acoustic emission signal in some samples occurs at élightly
above the Curie temperature: this effect may be due to a shift of the
Curie temperature to a slightly higher temperature when a high electric
field is applied across the crystal. This has been observed in BaTiOj3
by Merz (1953) aﬁd Huibregtse and Young (1956), when the material is
driven from the paraelectric to the ferroelectric state by application

of a high field,
\_

For both acoustic emission and the threshold electric field dependences
upon temperature it can be seen that fhey behave oppositely to each
other, An increase in acoustic emission activity corresponds to a
decrease in the threshold electric field for the same temperature range.
A maximum acoustic emission activity corresponds to a minimum in the
threshold electric field at almost the same temperature., The temperature
at which the maximum acoustic emission occurs as the sample is heated

and cooled and the corresponding temperature for minimum threshold

electric field for each crystal usedare presented in Table 4,6,
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4.6.4.[.Dependence.qf“Acaustic.Emissian.Upon.Appiied,EZectric Field

As a Function of Temperature for PbsGe30y), Pbs_,Ba,Ge3011 Alloys

and TGS

We have found in Section 4.4,3 a correlation between the acoustic
emission dependence upon the applied electric field for PbsGe30;; and
TGS at different gains and that of the switching parameters upon the
applied electric field in the same materials. In Section 4.5, we
discussed the dependence of acoustic emission upon the applied electric
field for different sample thicknesses in PbgGe30;;. Now, we turn to
discuss such dependence for PbgsCe30;;, Pbg.y,BayGe30;; alloys, and TGS
for different sample temperatures. The natural logarithm of acoustic
emission results for each of PbsGe30;;, Pby,75Bag,25Ge3011, Pby,.7B3g.3
Ce30y) and TGS is plotted against the corresponding values of 1/E for
a fixed gain of 75dB and for different temperatures (Figures 4,55 to
4,59), As before, two linear dependences versus 1/E with different
slopes at low and high fields are found for PbgGe3011, Pby.7s5Bag.2s
Ce3011, Pby,.7Bag,3Ge3033. However, the measurement for TGS has been
carried out at a low gain of 75dB and for this gain only one of the two
linear dependences can be seen (see Figure 4.,14). These findings are
similar to those found for both acoustic emission at different gains
and for different sample thickness versus I/E (see Figures 4,12, 4,14
vand 4.26), Unfortunately, there is no work reported in thg literature
of switching time or switching velocity as a function of sample
temperature in PbsGe30)) or Pbs_,Ba Ge30y; alloys for comparison with
our acoustic emission results., However, Savage and Miller (1960)

found a linear relationship of the logarithm of the sideways 180°
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domain wall velocity against the inverse of the ;ﬁplied electric field
for BaTi03‘for different sample temperatures, Their results indicate
that the sideways 180° domain wall velocity increases by about four
orders of magnitude as the temperature is increased from 25°¢C to 100°cC.
The general behaviour of our acoustic emission upon the inverse of
the applied electric field for PbsGe30;;, Pby.75Bap,.25Ge30;3, and
Pby,7Bag,3Ge30;1 at different temperatures is similar to that found
for BaTiO3: the acoustic emission activity élso increases by about

3 to 4 orders of magnitude from room temperature up to a temperature
which corresponds to the maximum acoustic emission activity. Beyond
this temperature the acoustic-emission decreases again with further

increase in temperature (see Figures 4,57 and 4.58 for Pby,7Bag.3Ge3011).

The low and the high field regions from the results in Figures 4,55
to 4.59 can be described by equations similar to 4.5 and 4,6 (or

4.8 and 4,.9):

(AT)L = (AT)Lw exp ( - YL/E) ee0secsceccvcssncece (q'olu)

(AT)H = (AT)H°° exp ( - YH/E cevscescrscscessess (H4,15)

where (AT)L, (AT)H are acoustic emission counts per hysteresis cycle
for a given sample temperature T in the low and the high field regions;
(AT)Lw’ (AT)Hw are the corresponding acoustic emission values at
infinite E; vy and y, are constants. The values of (AT) (2,)

Loo? Heo?

Y and vy described by equations (4.14) and (4.15) have been calculated
for each sample using the least mean square fit from the results in
Figures 4,55 to 4,59; the results are collected in Table 4.7. From

this Table it can be seen that YL and fH.for PbsCe3011,
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Pby ,75Bag.25Ge3011, and Pby 7Bag,3Ce30;) tend to decrease with
temperature (the activation field a is found to decrease with temperature
in BaTiQ3 (Savage & Miller, 19603,‘ﬁﬁle in TGS, Y, is almost indepen-
dent éf temperature, However, most samples have not been taken above
the temperature at which maximum acoustic emission occurs. To study
what happens when this temperature is exceeded, detailed results have
been collected for Pby.7Bag.3Ce30;) (see also Figures 4,57 and 4.58).

For this material above 44,5°C (which corresponds to that for maximum
acoustic emission activity, see Figure 4,51) Yy, and Yy tend to increase

again with further increase in temperature.

Using the least mean square method, extrapolations of acoustic emission
curves to infinite applied electric field in the high field region
(AT)H°° are found and are présented in Table 4,7. These extrapolations
(AT)Hm intersect at a common point for each sample (see Figures 4.55
to 4,58). Hence (AT)Hm for each sample is independent of sample
temperature. Savage and Miller (1960) found that the sideways 180°
domain wall velocity at infinite applied electric field for BéTiO3 is
independent of sample temperature, However,‘(AT)H°° does depend on the
barium concéntration; the more barium doping present, the higher is
the value of (Ap),, obtained (see Table 4,7). In TGS (Figure 4.59)

it is also found that (AT)L@ is.independent of sample temperature.
However, the vglue of (AT)Lm in this case is two orders of magnitude

less than that in the case of PbsGe30;] or Pbs.yBayGe30;; alloys

(see Table 4,7),
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4.,6.4.2 Effect of Bartium Doping on tne Acoustic Emission Level and

tne Threshold Electric Field

It has been found previously in Section 4.5 that both acoustic
emission activity level and the threshold electric field do depend
upon sample thickness in PbgGe30,,;, so we can expect such behaviour
of doped crystals. To find whether the acoustic emission activity
level and the threshold electric field are dependent upon barium
concentration in the samples used here, it is necessary to consider
crystals with the same thickness and with the same electrode areas.
This criterion cannot be set up exactly: the pure and barium doped
samples do have slightly different electrode areas and thicknesses
(see Table 4,8); however, the variation in both of them does not

exceed 20% from sample to sample.

The activity levels of acoustic emission from the crystals used can
be observed and compared using the previous temperature dependence

of acoustic emission measurements fof a given gain and for a certain
applied electric field range (see for example Figures 4.36, 4.u1,
4,45 and 4.49); it can be.seen'from these figures that the more
barium doped the sample, the higher is the.acoustic emission activity
(see Table 4.8). This finding can also be seen from the plots of
logarithm of acoustic emission versus I/E at any temperature from
Figure§ 4,55 to 4,58, especially in the high field region. Moreover,
it is found thét (AT)Hw is larger the'higﬁer the barium doping;
(AT?Hw is smallest for PbgsGe30;; itself (see Tables 4.7 and 4.8).
Therefore it can be concluded th%t the higher the barium concentration,

the higher is the acoustic emission activity level. Suzuki et al (1978)
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found that the sﬁitching velocity for sideways domain wall movement for
PbsGe3_,Si,01; increases with x and they suggest this increase is due
to the fact that the spontaneous polarisation of PbgGe3-xSix0jp;
decreases with x. To find the effect of barium concentration upon

the threshold electric field we can look at the results in Table 4,5,
In this table it is seen that the threshold electric fields for the
barium doped sample are much greater than that for the pure compound
at any temperature; however, there is no obvious dependence of

threshold electric field upon barium doping.

4,6.4.3 Effect of Cycling the Ferroelectric Crystal Through Its

Curie Temperature

One of the most important factors affecting domain pattern is the way
in which the domains are created when the crystal is cooled through
the Curie temperature. The process of domain formation at this
temperature involves nucleation which is also dependent on strains

and imperfections. To study this and to investigate the effect of
cycling the crystal through_the Curie temperature on both the acoustic
emission and the threshold eiectric-field a Pbu.7Bao.3Ge5011'sample

has been used which is cycled through its Curie temperaturé many

times. Each time as the sample is heated through the Curie temperature
and then cooled'to room temperature and heated again, a variation in
the acoustic emissioﬁ activity and the threshold eiectric,field is
noticéd for any given temperature compared to the previous measurements.
Also, with cycling the crystal‘through'the Curie temperatufe, the shape

of the hysteresis loop becomes different and some ferroelectric
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properties change; e.g. a higher coercive field is noticed compared
to that obtained before cycling and its value is less dependent upon
temperature, A plot of acoustic emission counts per hystgresis cycle
against sample temperature for Pb,,7Bag,3Ge30;; as the éample is
cycled through its Curie temperature four times is shown in Figure
4,60, The result is compared with measurements carried out on the
same crystal for the first time in Section 4,6.2 (see Figure 4,51).

It can be seen from Figure 4,60 that, although a higher electric field
(20.8 kV/cm) is applied to the sample after cycling compared to that
(14 kV/cm) when the sample was used for the first time, the acoustic
emission activity after cycling is found to be much less than when

the sample was used for the first time. However, the general behaviour
of the curves obtained as the sample is heated and cooled for both
cases 1s similar and the maximum acoustic emission activity during
heating and cooling cycles is observed at almost the same temperature.
The temperature depéndence of the threshold electric field for thié
sample before and after being cyéled through the Curie temperature
four times is shown in Figure 4,61, The threshold electric field for
the cycled .sample at any temperature is mﬁch higher than the -original
value when the sample is used for the first time. However, the
temperatures which'corre3pond to the minimum>threshold electric field

during heating and eooling cycles are almost the same (see Table 4.6).

.The effect of cycling has also been studied in TGS, The TGS crystal-
is observed.to be less active after it is cycled many times through
the Curie temperature and as a result of cycling, the hysteresis loop

is distorted.
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Plots of acoustic emission counts per hysteresis cycle (75 dB)
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In summary, we have found that cycling the ferroelectric crystal
through the Curie temperature causes a lower acoustic emission
activity and a higher threshold electric field. However, it is
noticed that after the crystai hés been cycled through the Curie
temperature many times, the acoustic emission gradually recovers with

time if the sample is left and not used for two to three months.

4.7 FREQUENCY ANALYSIS OF ACOUSTIC EMISSION SIGNALS IN

Pb 568301 1

As a result of the dispersive nature of acoustic wave propagation in
a finite medium, the frequency content of an emission signal is
determined by the acoustic resonance of the specimen in which wave

" propagation occurs (Egle and Tatro, 1967; Stephens and Pollock, 1971).
Hence frequency analysis of the acoustic emission signals does not
give full information about the source event, Nevertheless the
information which is obtained from frequency analysis of acousfic
emission signals in PbsGe30;; as a function of both sample thickness
and sampie temperatures could be very important and may assist in
understahding the behaviour and properties of such signals. The
transducer used here for frequency analysis measurements is the flat
response transducer (FAC-500) which has a wideband frequency résponse
of 0.1 MHz to 2 MHz (see Figure 2.4). The processing of acoustic
emission signals to give the frequency spectrum can be obtained using
the DL 920 transient recorder and the DL micro 4 signal processing

system and can be summarised as follows (for details - see Section 2.6):
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1. The acoustic emission signals are captured by the transient
recorder and stored in its memory using 4096 words of memory

and sweep time of 0.2 ms.,
2, Real mean programme,
3. Sharp bell windowing programme,
4, F,F.T. programme,

5, Power spectrum programme,

Acoustic emission signals from each of the studied samples are
selected at an applied electric field just above the threshold at a

suitable gain (usually 70 dB).

4,7.! Frequency Analysis of Acoustic Emission Signals for PbsGe30;;

Crystals of DIfferent Thicknesses

Those PbsGe30;) crystals which have been used to study thickness
dependence of acoustic emission activity and the threshold electric
field in Section 4.5 are also used here for the frequency analysis
work, Each sample is directly coupled to the flat response transducer.
Typical acoustic emission signals obtained from PbgGe30;) crystals at
a constant temperature of 24°C.i 0.2°C are shown in Figure ﬁ.62.
These acoﬁstic emissionvwaveforms are found to be reproducible and
‘every sample has its own characteristic waveform which can be
distinguished from the others., Figure 4.63 shows the same acoustic
emission waveform after applyingAthe sharp bell winddwing programme;
this programme makes this waveform at the edges of the signal go to
zero.so as to eliminate the discontinuities at the edges. A fast

Fourier transform is achieved using a standard programme in the DL450



Figure 4.62:
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Typical acoustic emission waveforms from Pb*Ge”O0O%** samples
of different thicknesses captured by the transient recorder

using 4096 words of memory and sweep time of 0.2 ms. All

measurements are taken at constant temperature of 24°C “~0.2°C,
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Figure 4.63: Acoustic emission waveforms (the same waveforms in Figure

4.62) after they have undergone sharp bell windowing

programme-
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microprocessor system; finally the power spectrum programme is applied.
The power frequency spectrum results of the same acoustic emission
waveforms from Figure 4,63 are shown in Figure 4.64, It can be seen
from the figure that the power spectrum possesses sharp peaks for
samples of thicknesses 0.323 cm, 0,209 cm, 0,143 cm, and 0.128 cm;
these peaks'corvespond to the longitudinal thickness mode resonance
frequency of each sample (Table 4,9)., In the case of the thin samples
of thicknesses 0,076 cm and 0,057 cmlthese resonance peaks are broader;
in addition, many lower frequency components in the range between

VO.2 MHz to about 1.4 MHz are also.observed. To find out whether the
frequency components in the range between 0.2 MHz to about 1.4 MHz are
due to the response of the system, the following experiment has been
carried out: a simulated acoustic emission signal is used to excite
the transducer, This is done by dropping a small ball bearing |
directly on to the transducer or by lightly tapping on the transducer.
Figure 4.65§a) shows a typical waveform of the simulated acoustic
emission signal and in the same Figure, (b) shows its frequency spectrum
components, It can be seen that the frequency components of this
simulated signal are almost the same as those obtained for samples

kof thicknesses 0.076 énd 0.057 cm in the range between 0.2 MHz to

1.4 MHz and therefore the frequency components in this range are due
to the response of the system. In the case of sample fhicknesses
0.323.cm, 0,209 cm, 0,143 cm, and 0,128 cm, the lower freqﬁency
components due to the response of the system are not observed.. The
reason for this is the higher amplitudes,ét sample resonance‘frequency
of the thicker samples.compared-to that of the thinner ones. [For the

very thin sample - thickness 0,057 cm, the sample resonance frequency
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Figure 4.64: Power frequency spectra for a number of PbsG

different thicknesses.
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Figure 4.65:(a) A typical simulated acoustic emission signal captured by
the transient recorder using 4096 words of memory and sweep

time of 0.2 ms. (b) The power spectum for the simulated

acoustic emission signal in (a).
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is rather above the flat response region for both the transducer and
the filter characteristics of the Tek 105; however, at about 2.9 MHz
the frequency responses for the transducer and the Tek 105 do not fall
sharply and a reasonable measurement can be obtained] . These findings
are in agreement with acoustic emission thickness dependence results
in Section 4.5.1 (see also Figure 4,25), Frequency analysis results
for the PbgGe30;; samples are given in -Table 4,9 which shows the
cursor address of the power spectrum peak which corresponds to sample
resonance frequency and the calculated frequency of this peak (this
frequency is calculated from the cursor'address results, see Section
2,6.3.5 and the given example). Also included in the Table are the
theoretical sample resonance frequencies collected for comparison with
the measured ones., The theorgtical sample resonance frequency is
found by:

f = v/A = v/2d

where v is the velocity of sound wave for PbsGe30;; along the polar
axis direction and is taken as 3.587 x 105 cm/sec at room temperature
(Yamada et al, 1972) and d is the sample thickness. The percentage
discrepancies between the measured and the theoretical samplé
resonance frequencies are also found, It éan be seen from the table
that the measured sample resonance frequency values are-less than the‘
theoretical ones and that the differences between them are small

for thick samples and become bigger for thinper ones, This can be
explained by récalling the frequency shift of a damped oscillatéf

(Pain, 1968):
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I‘2
w? -~ w2 = —
° 2m

where LR is the undamped angular frequency (the theoretical value),

w is the damped angular frequency (the measured value), r is the
damping constant and m is the mass of the sample. In our measurements
for a thick sample, r is small and m is big, so that (mg - w?) is
very small, while for thinner sample r becomes bigger and m becomes
smaller and therefore (mg - w?) becomes larger than for thicker

samples,

4.7.2 Frequency Analysis of Acoustic Emission Signals for Ditferent

Sample Temperatures in PbgGe30;,

The PbgGe30;; sample which is used here is the same sample used to
study the temperature dependence of acoustic emission and threshold
electric field in Section 4,6,1; both measurements have been carried
out simultaneously. For these measurements the flat response .
transducer,.attached to the waveguide to keep the transducer remote
from the heat of the furnace has been used. A typical acoustic emission
signal from the PbsGe30y) sample captured by the transient recorder
using 4096 words éf memory and for'a sweeping time of 0.2 hs is shown
in Figure 4,66(a) and the same figure in (b) shows the same acoustic
emission signal after the sharp bell windowing programme has been .
applied. The shape of the signal is reproducible and is independent
of temperatufe, Power frequency spect#a for acoustic emission signals
-at different samﬁle temperatures (from room temperature up to 15490)

are shown in Figure 4,67 (a to f). For each case there are two main



(a)

(b)

Figure 4.66: (a) Typical acoustic emission waveform of Pb*Ge”0** (d = 0.103
cm) captured by the transient recorder using 4096 words of
memory and sweep time of 0.2 ms. (b) The same waveform

after it has undergone a sharp bell windowing programme»
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frequency components; the low frequency components in the range
between 0.1 MHz up to about 1 MHz and high frequency components around
1.8 Mz, The low frequency components are due to the response
frequency of the system (see Figure 4,65 b), while the high frequency
components correspond to the longitudinal thickness mode of the sample.
It can be seen from the results in Figure 4,67 (a to g) that the
amplitude which corresponds to the sample resonance frequency is weak
at room temperature and becomes stronger as the temperature is
increased, This may be due to two reasons: (i) the acoustic emission
becomes of higher activity level as the temperature increases (as
found in Section 4.6.1 - see Figure 4.39) and (ii) although the
coupling between the transducer and the sample becomes weaker for
higher tempefatures, the sample finds it easier to -vibrate at its
resonance frequency at higher temperatures, since the couplant between
the sample and the transducer becomes less viscous. Also from the
same figure it is noticed that the cursor address which corresponds

to samble resonance frequency is shifted to lower frequencies for
higher températures. The reason for this is due to the decrease in
the velocity of sound wave in the polar direction in PbgGe30;);
(Barsch, Bonczar and Newnham, 13975), The corresﬁonding frequencies
calculated from theicursor address results for different sample
temperaturés are given in Table 4,10, Included in the table are the
elastic constant for PbsGe301i along the polar direction (e33) at the
same temperatures taken from Barséh, Bonczar and Newnham (1975); the
corresponding velocities along the polar direction, and the sample
resonance frequencies (pbtained by: f = v/2d, d = 0,103 cm) for

comparison with the measured frequencies obtained from frequency
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analysis results. Finally in the table are the percentage
discrepancies betwean the measured and the theoretical sample resonance

frequencies; these show self consistency.

In summary, frequency analysis of acoustic emission signals from
PbsGe3011 for crystals of different thicknesses and for different
sample temperatures give useful information., For instance, the
thickness dependence of frequency spectra shows that higher amplitude
acoustic emission signals are observed for thick samples (as compared
to thinner ones). -Dunegan and Green (1971) have also noticed that due
to the influence of the thickness effect a higher acoustic emission
amplitude signal from specimens containing sharp cracks arises from
a thicker sample of A533 pressure vessel steel. Frequency analysis
temperature dependence measufements indicate that as the temperature
increases a pronounced shift to a lower frequency component which
corresponds to sample resonance frequency is observed, This is due
to the change in the velocity of sound in the polar direction of the
crystal and hence the elastic constant.along that direction ié also
changed. Therefore, the frequency analysis measurements can be
related to the elastic constant measurements and can be used to

measure them, if necessary,

In all frequency analysis measurements, two main frequency components
have been found; low frequency components between about 0,2 MHz to
about 1.4 ﬁHz are due to the response of fhe system; high frequency
components ‘are due to the resonance of the samples used. Hence, to
obtain the frequency spectrum of the source signai, the Fourier

transform of the output acoustic emission signal must be divided by -
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the response of the entire system, Therefore, frequency analysis
measurements indicate only the sample resonance frequency and because
all the samples used here are of finite dimensions, this can lead us
to conclude that the acoustic emission signal is a pulse having a
broad frequency spectrum which then causes the specimen to oscillate

at its resonance frequency.
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CHAPTER 4 ¢ CONCLUSIONS

Acoustic emission associated with the polarisation process in ferro-
electric crystals has been found to be a reproducible source and it
can be used repeatedly. This source can be regarded as a reference
for comparing with others, since it is reasonably easy to obtain and
the experimental technique to produce it is readily set up in any
acoustic emission laboratory. The existence of the threshold
electric field for the onset of acoustic emission has been established
in PbsGe30;; and Pbs-xBaxGegolllalloys. The acoustic emissions from
these materials are produced when the applied electric field is large
enough to cause the domain walls to move and so act as stress wave
sources. In contrast, TGS needs a very low field to cause domain
walls to move and hence acoustic emission starts at a much lower
field. This has been proved by finding correlations between the
acoustic emission dependence upon the applied electric field and that
of the switching parameters upon £he applied electric field as a
function' of each of: the amplifier gain, sample thickness, and sample
temperature. Hence, the production df acoustic emiséion can be
associated with the movement of domaiﬁ walls, dué to their sideways
motion or interaction with defects; coalescence of parallel domains
and the elimination of antiparallel domains at the approach to
polarisation saturation is a potential acoustic emission source.

A suggestion for future work is to continue with a programme whose
aim is to put this proposal fo the experimental tést. Measurements
have to be madé of the applied electrical fields required té move the |

domains sideways and the relationship between domain wall velocity and
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fields; these experiments require techniques for putting down
transparent electrodes onto ferroelectric crystals which have been in

the past carried out at R.S.R.E.

Frequency analysis of acoustic emission signals can give useful
information. However, if the response of the entire system is
considered, the frequency analysis measurements indicate only the
sample resonance frequency and because all the samples used in this
work were of finite dimensions, it can be concluded that the acoustic
emission signal decays to a pulse having a broad frequency spectrum

as the specimen oscillates at its resonance frequency.

Acoustic emission associated with the P-E hysteresis loop during
polarisation reversal provides a powerful method of studying
ferroelectric properties and the polarisation reversal process in
ferroelectric crystals. In addition this technique can be used as

an alternative to optical and electrical methods of. making quantitati?e
measurements of the threshold electric field and consequently.of

the domain wall dynamics.
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