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Summary

As part of the DTI programme on the development of test methods for characterisation of
advanced materials, project CAM 7 Electroactive materials properties under conditions of high
stress or stress rate, has the overall aim of defining and improving the measuring framework for
electroactive materials which will enable them to be used with greater confidence by UK industry.

This report describes an investigation of the feasibility of developing robust real-time evaluation
techniques for the assessment of fatigue of electroceramic materials:

1. The first technique of acoustic emission generation and detection within piezoelectric
materials has been successfully demonstrated as a means of assessing internal physica
processes occurring in multilayer materials and monolithic materials when driven at high
electrical fields.

2. The second method of directly observing microcracks within materials or devices has been
investigated. Optical imaging techniques are potantially capable of detecting micro-cracks,
greater then 20-30 mm in piezoel ectric ceramics.

3. The third technique of thermal imaging to monitor degradation in piezoelectric multilayer
devices was not definitive, due to the constraints imposed upon this measurement method
by the camera system that was used.

The merits of each technique are described and representative data compared for each method.
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Aims

The aim of this work package is to investigate the feasibility of developing robust real-time
evaluation (condition monitoring) techniques for the assessment of fatigue of electroceramic
materials. The evauation was performed on those piezoelectric materials which were
characterised in the earlier milestones of CAM7 project. The fatigue of PZT materials can then
be assessed using on-line monitoring techniques, which is considered commercialy very
relevant.

Objectives

The three following potential techniques have been examined. For each technique, the test
materials were either virgin materials or were subjected to prolonged periods of representative
electrical and mechanical stressing histories.

Technique |: acoustic emission generated either by the spontaneous release of sound
following domain motion or domain switching or by the growth and interaction of
nascent flaws in the materias as it is exposed to representative electrical and
mechanical stressing.

Technique 2: the change in the thermal signature of the material with time as visualised
by a therma imaging camera. Here representative piezoelectric multilayer actuators
have been mechanically damaged in an effort to demonstrate the potential of this
technique.

Technique 3: the use of optical imaging as a method of detecting microcracking in the
material. Thiswork has been conducted by the European SMT project EC-ACTUATE
partner IMMG, based in Athens, Greece. This group have developed an imaging
technique that is able to discern the formation of micron sized cracks from a distance of
many tens of centimetres.
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Executive Summary

This report aims to bring together the results from the various techniques developed to
evauate the real-time evaluation of degradation of piezoelectric materials. The work covers
the measurements performed on piezoel ectric samples and deals with the issues of degradation
monitoring of these materials.

The electrical and mechanical fatigue exhibited by many piezoelectric and ferroelectric
materials continues to limit their applications as actuators and many types of sensors and other
functional devices. The monitoring, ether in-line, on-line or off-line, of such materials
represents a major technical challenge for industry. If methods can be developed such that
unambiguous monitoring of degradation or performance may be made, then considerable
savings, both economic and environmental, can be realised.

Techniques

The use of acoustic emission (AE) generation and detection within piezoelectric materials has
been successfully demonstrated as a means of assessing internal physical processes occurring in
multilayer materials and monolithic materials when driven at high electrical fields.

Experiments on monolithics have confirmed some of the findings reported in the literature of
acoustic emission in piezoelectrics. Firstly, it is essentia that a full understanding of the
experimental set-up is developed and the possible sources of emission in the sample
determined. It has also been found that it is necessary to include a resistor in the samples’ high
voltage connection to minimise high frequency noise. In soft piezoelectric material there seems
to be a threshold below which no acoustic emission occurs, and the acoustic emission occurs
mainly on arising applied field. The acoustic emission is asymmetric between the positive and
negative going signal, most likely due to the poled nature of the material. The application of a
unipolar rather than a bipolar field almost completely halts acoustic emission. The effect of
mechanical fatigue on the acoustic emission is to reduce the AE output, suggesting that thereis
little significant mechanical damage in the form of cracks, and that ferroelectric switching is
being diminished.

It has been shown, that in multilayer actuators, the acoustic emission signal intensity depends
on both the sample heating and the degradation of the multilayer. At present, it is difficult to
deconvolute these two contributions. Further experimentation must concentrate on using lower
voltages and reduced frequencies which will act to minimise sample heating. It will also be
necessary to perform the measurements over alonger duration, as the initial period, where the
degradation rate is expected to be fast, is difficult to characterise as the sampleis ‘settling in’.

The direct observation of microcracks within materials or devices using the system at IMMG,
Greece has been investigated. Optical imaging techniques are potantially capable of detecting
micro-cracks, greater than 20-30 nm in piezoelectric ceramics. However, since the
electroceramics are brittle materials and the crack size must be comparatively large in order to
be detected, this optical imaging method can not be considered a sensitive technique to detect
early stages of degradation.

The use of thermal imaging of piezoelectric multilayers has been shown to detect the thermal
gradient caused by the combination of the self heating and the cooling of the device by the
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ambient air. If damage within multilayer actuators is typified by interlaminar or electrode
failure then it may be possible that ‘hot-spots may be caused by localised heating caused by
shorting electrodes or electrica discharges across the piezoelectric layers. However the
thermal signature is dominated by the self heating throughout the thickness of the sample and
the likelihood that a small ‘ hot-spot’ in one layer will cause a change in the thermal gradient of
the whole sample is small.

If the method is to be used to monitor degradation in piezoel ectrics then a much more sensitive
detection system will be needed, or perhaps the present methods could be used on much
thinner devices, perhaps thick or thin film devices.
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Monitoring Degradation in Piezoelectric Materials

The electrica and mechanical fatigue exhibited by many piezoelectric and ferroelectric
materials continues to limit their applications as actuators and many types of sensors and other
functional devices.

Fatigue may be described by a decay in the polarisation and coercive field, associated with
increasing electrical and/or mechanical stressing cycles. The attempts to explain the
mechanisms for fatigue in these materials have been based on intrinsic or extrinsic phenomena
including 90° and 180° domain wall motion and/or domain switching, domain pinning via space
charge effects, surface deterioration via electric discharge within pores and, ultimately, the
generation of microcracks in response to the very large strain accumulation within pores and
imperfections. Thus, piezoelectric materials may undergo a change or decay in certain
properties with time and mechanical and electrical stress. This has been discussed in a previous
NPL report ™.

Real-time evaluation of this degradation of properties is clearly of interest to many industries
that utilise piezoelectric materials as either actuators or sensors. If the functionality of real
materials and devices could be measured in real-time then this information could be exactly
correlated with the driving conditions at the time any changes or deterioration was monitored.
Even ‘off-line monitoring could yield information that would be of value to materials and
device development. It is important that the technique is robust, reliable, relatively quick and
simple to perform and of low cost if industry is to adopt it. Such a list of requirements is
formidable indeed, and the work described in this report attempts only to describe the
advantages of one technique over another. However, it may be possible for industry to rapidly
gain some insight into the various merits and limitations of the techniques and how they may be
adopted or adapted to suit their own needs.

A review of the literature reveas the dominance of certain ‘real-time’ techniques which have
been used to monitor the degradation of piezoelectric materials. Most have been based on X-
ray diffraction analysis measured in a clearly ‘off-line and certainly not ‘real-time scenario.
However, this work has been useful in producing a wealth of scientific understanding of the
phenomena associated with piezoelectric and ferroelectric degradation. Additionaly, the
degradation in thin ferroelectric films - developed for memory applications - has been
extensively studied (for example see references in Ref.1). Acoustic emission techniques have
been studied for many materials types and is a well known technique in the assessment of the
mechanical properties of metals, ceramics and polymers. However, in the assessment of the
degradation of piezoelectric properties AE has been of limited success. The technique has been
thoroughly reviewed and investigated in succeeding sections of this report. Directly monitoring
the formation of cracks - which may be described as one fina outcome from serious
degradation - has been investigated by our EC Standards Measurements and Testing Project
partner IMMG in section 2. Multilayer materials often degrade by an increasing level of inter
or intra-layer delamination when subjected to high electrical or mechanical loading. Seen edge-
on, the delamination may be viewed as the formation of micron-sized cracks. Such a system
has been invented at IMMG and demonstrated as a potential method of monitoring serious
degradation in real-time. The final real-time monitoring technique is based on thermal imaging.
Here, it is reasoned that if a piezoelectric material suffers damage through over-stressing then
the thermal properties of that part of the material may be affected. ‘Hot spots' or ‘cold spots
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may be imaged using an infrared thermal camera, focused on the material, actuator or devicein
question. Alternatively, a material which has been degraded with time or stress may gradually
become less and less effective as an actuation device, arising from a decay in fundamental
piezoelectric properties or via a build-up of limiting defects within the material. The thermal
properties may also become thus affected.

The following sections describe each technique in more detail. Results are shown and the
validity of using the techniques as real-time monitoring evaluation is discussed.
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Technique 1: Acoustic Emission Monitoring Techniques

Background

Ferroelectric ceramic materials normally contain a large number of sub-micron sized domains
with symmetry linked to the materials crystal structure. If the materia is poled (d.c. eectrical
field in excess of coercive field) then these domains may align themselvesin the direction of the
poling electrical gradient. This then produces a material with a poled domain structure and thus
the ferroel ectric becomes piezoelectric and pyroelectric. The degradation of such materials may
be manifest as loss in piezoelectric performance, permittivity, change in loss factor and many
other parameters. It has been shown that fatigue may be linked to various micro-domain and
macro-domain changes, such as, domain wall motion and pining of domain walls at impurities.

The fatigue performance may be monitored using various techniques, including X-ray
diffraction #**, strain gauge °> and Acoustic Emission ®7891011121314151617 " The XRD and
strain gauge techniques monitor changes in strain and crystallographic texture indicating a
switching of 90° domains. The AE technique has been studied since the early 70's and used to
describe the microscopic modifications and damage in ferroelectric materials and devices™.

Generally, the AE studies have shown that acoustic emission is generated through a sequence
of events including domain switching, the paraglectric to ferroelectric phase transition and
finaly microcracking *°. Additionally, electric discharges can also contribute to the AE
spectrum in some materias '®. Acoustic Emission is considered a useful tool for the
investigation of fundamental domain dynamics in ferroelectric materials. In the investigation by
Choi et a.™ two different La modified PbTiOs ceramics were used to be able to determine
differences in AE spectra produced following 90° and 180° domain switching events.
Following an analysis of the energy distributions, Choi demonstrated; that the AE signal could
adequately discriminate 90° and 180° domain switching, that the AE signal from 90° events
was significantly higher than that corresponding to 180° events and that the AE of 90°
switching was dominated by burst emissions whilst that from 180° switching was dominated by
continuous emission. Acoustic emission of thermally shocked piezoelectric materials reveaed
that even in the absence of switching electric fields substantial emission was recorded and was
considered a useful tool for the assessment of reliability of ceramic actuators ®.

A set-up able to distinguish the amplitude, rise-time, total signal length, event energy, the
entire transient signal and its Fourier transform and the localisation of the AE event has been
described by Lupascu *®. For soft PZT materias, a distinct threshold in eectrical field for
acoustic emisson was observed. Additionally (since AE is not generated through smple
domain wall motion - unless it is hindered or blocked in some microscopic manner) the large
strains induced via domain wall mation in soft materials did not produce any AE until very high
strain levels were recorded. Subsequent polarisation switching generated AE even at low
fields. Conversaly, hard materials exhibit AE continuously during the entire hysteretic cycle
with no periods of loss of AE signal relating to minimal material deformation. Interestingly, in
this paper, significance is made of the drive electronics circuitry in masking or mimicking
domain dynamics in ferroelectric materials. Attempts to determine whether the measured AE
signals originated from either the driving equipment or internally from the ferroelectric materia
were described. If the signal decreased in intensity with time then it is likely to be a real
material property rather than an artefact from the electronic noise of the amplifier.
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It is the purpose of this section to investigate the feasibility of using acoustic emission as a tool
to monitor degradation in electroceramic actuators. To this extent the next sections describe
the experimental set-up and main results achieved.

Experimental Setup

The Acoustic Emission measurements were performed using a Physical Acoustics Corporation
MISTRAS 2001 PC based DSP data acquisition card. The system can handle two AE sensors
and two additional signa inputs which in these experiments were used to record the
temperature and the voltage applied to the piezoelectric sample.

Using the incoming AE signal the MISTRAS software can make measurements of the
waveform, dependent on several interactive parameter settings used to identify an acoustic
event or ‘hit’. The most important parameter to determine is the threshold, below which it is
assumed to be noise, and there are severa other parameters that enable the correct
identification of the event. The lower limits of these parameters define the fastest single event
that can be measured and recorded using this system, and is of the order 20 microseconds.

The AE signa was simultaneously captured on a 20MHz Gould 840 digital storage
oscilloscope in order to examine the AE signal in more detail.

Sources of AE

It is difficult to come to any coherent conclusions about Acoustic Emission behaviour in
piezoelectric materials as many published experiments seem to disagree. One possible reason
for this is that it is easy to misinterpret some experimental artefact as true acoustic emission
from the sample under test. The following section attempts to list the possible ways that an
acoustic emission ‘hit” will be produced, and gives arationale for isolating spurious hits.

It is always preferable to be able to see the raw AE signal on a fast triggering oscilloscope to
give some idea of the amplitude and frequency of the emission. As a starting point there should
be no AE detected when the sample is merely attached to the system electronically, and when
there is no applied field. There is often, however, some emission that is caused by the
relaxation of stresses - mechanically and thermally induced - immediately after the sample is
placed in the experimental set-up. These should quickly die out until there is virtualy no AE. If
at this point there is still consistent AE output possible causes are: through external mechanical
vibration such as fans on electronic equipment; through electrical interference, equipment that
switches power on and off such as soldering irons. Even if the sample holder is reasonably
mechanically isolated there is aways the possibility that mechanical vibration can be transferred
through he sensor cable.

The next test to carry out is to switch on the power supply - usually high voltage that is to
apply the field to the piezoelectric - with al the connections made to the sample but with the
driving voltage set to zero. There should be no increase in signal output from the AE sensor as
there should be no driving signal. If changes are observed, however, possible causes could be
electronic interference from the high voltage amplifier to the sensor electronics. However, in
this work and in others™ the cause is due to high frequency noise from the amplifier output. If
the HV output is examined on an oscilloscope, a considerable amount of high frequency noise
is found, which causes the sample to resonate leading to acoustic emission. The sample itself is
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a capacitor and so by the simple addition of a resistor in series with the sample, a smoothing
circuit is built, which filters out this high frequency noise and cuts out the spurious acoustic
emission.

Once this condition is reached the driving voltages can be applied to the sample. However,
even now there are sources of acoustic emission that do not arise from the material. Electrical
interference from an amplifier that arises under loaded conditions is almost impossible to sort
out, but usualy if the signal changes with time - or some other independent modification of the
sample - then it is true acoustic emission.

Sample acoustic emission could be caused by domain switching, cracking in the material, or
high voltage breakdown within pores in the material. It is also possible to get discharge around
or between poorly made contacts which are an experimental artefact. Similarly, if the sensor is
not firmly attached, the sensor could physically ‘bounce’ around on the sample if relatively high
driving frequencies are used. Although in some of the earlier experiments in this work the
sensor was attached to the sample using a soft wax, this was later reinforced by mechanical
clamping. Figure 1 shows the sample set up for measuring AE from a piezoelectric multilayer,
where the temperature of the multilayer is monitored with a thermocouple situated below the
sample. The clamping arrangement for examining monolithic piezoelectrics was similar except
the sample was immersed in a silicone ail to prevent electrical discharge.

If the AE signd is examined
on an oscilloscope there is
often a large component of a
sngle frequency present in
the waveform. The signals
were at first thought to be
due to individual acoustic
emisson events, but as the
frequency was found to be
in the range 100-300kHz
this was thought unlikely.
The most likely cause is
resonance in ether the
sample, the sensor or some
combination of the two. As
J J the AE sensor is aso a

Figure 1: Photograph of AE / Actuator setup. Temperature was Pi€zoelectric the resonance

measured using a thermocouple beneath the device. behaviour of the sample and
sensor can be measured

using an impedance analyser. At first the measured frequencies did not correspond exactly to
either the sensor or the sample, but of course the clamping set-up in the AE experiments
changes the resonance behaviour. If the impedance sweep was performed on the sample and
the sensor in situ it was possible to pinpoint the dominant resonant component.

Monolithic Piezoelectrics
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In order to get some confidence in the experimental set-up several experiments were
performed which attempted to repeat some of the results determined in the literature. Much of
the work reported in the literature has examined switching behaviour at high electrical fields
and necessitate a covering of oil to prevent breakdown in air. The material chosen for study
was a soft 5A type material. Lupascu'® has reported that this material shows a lessening of the
acoustic emission around 1.2-1.6kV/mm, and has attributed this to the stress free movement of
domains in amaterial with few pinning sites.

Again, most reported work has tended to concentrate on very slow electrical driving field ramp
rates so that the chances of detecting amplitude-dependant acoustic emission is increased. The
ramp rates used in the monolithic experiments was 20mHz with amplitudes of up to 6kV/mm
p-p. Figure 2 shows a plot of acoustic emission energy (y-axis) against the amplitude of the
driving field (x-axis). There would seem to be a threshold of around 1.4kV/mm before any
significant acoustic emission occurs and the levels increase with increasing amplitude. There
does not seem to be any evidence of the quiet region found by Lupascu in our 5A samples,
athough this could be because the materials in this study were sourced from a different
manufacturer. Figure 2 also shows there is a difference between the positive and negative
acoustic emission. This asymmetry in the samples was aso seen for the actuator materials,
however it was not possible to quantify it or develop an understanding on why this should be.
It was also noticed on the oscilloscope signal that the majority of the emission occurred on a
rising signal, either positive or negative, and there was little emission as the driving field

returned to zero.

Jan 11,99 B9131186
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Figure 2: Acoustic emission energy against driving field (PARAM. #1). Units y-dB, x-kV/mm
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Aburatami and Uchino™®, who first reported the addition of an RC network in the high voltage
set-up, found a difference between unipolar and bipolar driving fields. They found that the
acoustic emission was virtually eliminated under unipolar drive and suggested that this was
because the emission was mainly due to 180 degree switching, rather than non 180 degree
events. They aso found that the acoustic emission was grestly diminished on unipolar drive,
and additionally that the signal gradually decreased on changing from bipolar to unipolar.
Figure 3 shows the number of AE counts decreasing with time after switching to unipolar
drive. The first cycle is obviously switching domains that were switched in the bipolar fields,

however it takes several unipolar cyclesto switch all these back.

Jdan 8,99 171420189
B FAEIESD 43

COUMTS ws TIMECsec)

All Channels

2795 18831 13965 1.43

Fid TO CAHCEL

Figure 3: Acoustic emission counts vs time for a sample that has been switched from bipolar to
unipolar drive showing a diminishing signal with time

In order to investigate whether there was any change in AE as piezoelectrics degrade, some
samples that had been mechanically fatigued were studied. The acoustic emission in the
fatigued samples tended to be reduced as compared with the as received samples. It was not
possible to measure the AE whilst the samples were mechanically fatiguing because the
fatiguing equipment create too much noise. Figure 4 shows the AE output for a sample that
has seen 10" cycles of 30MPa cyclic compressive loading, and compared with Figure 2 is
greatly reduced. This would appear to conflict with evidence that shows that mechanical
damage in the form of cracks greatly increases AE. However it may be that the fatigue has not
been sufficient to produce cracking, and it is the 180 degree switching which isinhibited.

11
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Figure 4: Acoustic emission energy vs driving field for a sample that has seen 10 cycles of
30MPacyclic loading

Multilayer Piezoelectric

Acoustic emission experiments were also performed on multilayer piezoelectrics, 10mm by
10mm by 3mm thick made from a soft piezoelectric. Because of the large capacitance of these
devices the driving voltages and frequencies were limited, and were kept near the
manufacturers recommended driving voltage. The am of these experiments was to measure
acoustic emission in these devices, and to see if the signa changes with repeated exposure to
the driving field.

Using a sine wave drive, acoustic events were almost constantly occurring, and although it was
possible to see the relationship between the driving voltage and the acoustic emission, it
proved impossible to make any meaningful measurements using the MISTRAS software. With
a sguare wave drive discrete bursts of acoustic emission were produced every time the voltage
levels switched, and so it was possible to make measurements of these pulses. The pulses
produced with the square wave drive were also much louder than those produced from the sine
wave drive, in fact, so as not to saturate the system the preamplifier gain had to be set to 20dB,
from an initia setting of 60dB which was needed for reasonable results using the sine wave
drive. The mgjor problem using the square wave drive was that the amplifier system could not
maintain a perfect square wave, due to the high sew rates and the large capacitance of the
samples. Using a sine wave drive at voltages of 150 volts it was possible to go to 20Hz

12
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without excessive distortion of the input drive. Using the square wave the distortion was
apparent even at 0.1Hz (as expected from the transient drive of a square wave). However, the
input wave form was stable enough to trigger the DSO and capture the acoustic emission
consistently.

Figure 5 is the DSO output showing the AE signal, applied voltage and the current measured
as the voltage drop across a 100 ohm resistor in series with the sample.

2 15

S |
o} ‘ ‘ "'A\ A 'A"v"‘v"ﬁvA' I3
ol | ' e ||

Current and applied voltage (nominal units)
(o2}
Acoustic emission signal (nominal units)

— Applie Voltage

-12 4

-14

t t t t t t t t t -1.5
0 10 20 30 40 50 60 70 80 90 100
Time (micro seconds)
Figure 5: DSO output showing the AE signal, applied voltage and the current measured as the
voltage drop across a 100 ohm resistor in series with the sample

The MISTRAS software was set to record the amplitude, energy, counts and duration of each
hit, and also record the applied voltage and temperature at the time of the hit. It is possible to
record many more parameters, however this then increases the data storage for each scan.
Figure 6 shows the a graph of energy against cycles, for a sample that had been left cycling for
many cycles before these results were recorded. Interestingly they show there are two pulses
with different energies, one at 78 and the other at 87. In fact these differences are due to the
sense of the voltage change. If the energy of the pulse is plotted against the applied voltage
that the pulse occurs (Figure 7), it can be seen that the higher energy pulse occurs on the
positive side. This figure also shows that adding an offset to the applied voltage changes both
the energy and applied voltage of the events, however the energy for the positive side is
consistently higher. It is interesting to note that the direction of the offset also produces a non
symmetric change in behaviour. This non symmetric behaviour is similar to that seen in the
monolithic samples, and is probably a consequence of the poled nature of the multilayer.

13



NPL Report CMMT(A) 149

FiE TO CAMHCEL]

C:HiC.DTA REFLAY DOHE MISTRAS-2861 DATA ACQUISITION TEST il 27,08 1810025
Scr. #1 PICTEE0E. PCH === H=
EMERGY ws CYCLES
Channeltd
&9
1 m [ | i n I 1 EpInn i ERE NIND 0D -
&
1 m1ml [ ] n [} [} [} 1 [ ]
&5
n n E 1 INIINENIE NIW] INm . 1w
x4
e 1 1 1 LI I 1 +3
=2
=1
=@
&1
79
] = u)
it n o [ T
= T T T T 1
a 288 488 688 88 1a8a
2]
# Hits: ZEZE EM: 32123 EEner: 173717 Load 1: B.5E

Figure 6: Acoustic Emission energy against number of cyclesfor
sample excited with 300 volt p-p square wave at 20Hz. Sample had
reached thermal equilibrium.
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Figure 7: Acoustic emission energy against applied voltage, showing the effect of
adding an offset to the applied voltage. The x axis shows the voltage monitor which
is 1/150 of the applied voltage.
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In an attempt to produce large amounts of acoustic signal and introduce sample damage the
voltage and frequencies used are higher than the rating of the device, and consequently the
sample heats up considerably. If the acoustic monitoring is started when the sample is at
ambient then there is a gradual increase in the energy of the pulses which mirrors the sample
temperature, and during this period there is no discernible difference between the positive and
negative pulses. Only after 30 or so seconds does the energy signal spilt into two distinct
energies (Figure 8). Figure 9 shows the corresponding DSO captures for the first and the 40"
second after starting. This shows the amplitude and duration of the acoustic event has
increased, i.e. the energy has increased, but there is very little difference in the current trace. It
is obvious that the increased acoustic emission is linked with the change in temperature of the
sample but whether it is caused directly by this or as a manifestation of the same phenomenais
not clear. In all cases the energy of the acoustic emission and the temperature increased at the
beginning of the test. However, as the temperature stabilised, the acoustic emission energy
tended to decrease.
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Figure 8: Acoustic emission energy against time
after first applying the voltage to the sample
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Figure 9: AE signal 1 second and 40 seconds after applying the excitation field to a ‘ used’
sample.

Changing the frequency of the square wave had no noticeable effect on the acoustic emission
as monitored on the DSO and it is expected that there will be a decrease in the heating effect
although this was not measured.

For most of the preceding experiments, in order to investigate the sensitivity of the test
method, a sample was used that had seen many electrical loading cycles, i.e. where little
degradation was expected to take place. Figure 10 shows the acoustic emission of the first 240
seconds of exposure of a virgin sample. The acoustic energy changes greatly over this period,
but initially the energy decreases as the sample heats up, which is contrary to the findings on
‘used’ samples. Also, there is a change in the voltage at which the pulses occur on the negative
side (Figure 11). Initially the pulses start at around -0.9 volts, and then, as the pulses reduce in
energy, the voltage at which they occur decreasesto -1.1 volts. Over this time the voltage level
a which the positive pulses occur stays relatively constant. Again this non symmetrical
behaviour is due to the poled nature of the sample, and there is some degree of depoling due to
the high driving fields. Near the end of this experiment the AE sensor came off the sample, so
some of the signal variations could be due to the movement on the AE sensor on the sample.
Figure 12 shows the thermocouple voltage from a K type thermocouple attached to the
sample, and it can be seen that even after 240 seconds the sample temperature is ill
increasing.
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Figure 10: Acoustic emission energy against time after cycling a
virgin sample at 20Hz with a 300 volt p-p square wave.
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Figure 12: Thermocouple voltage (mv) from a K-type thermocouple
attached to the sample.

Conclusions

Experiments on monolithics have confirmed some of the findings reported in the literature of
acoustic emission in piezoelectrics. Firstly, it is essentia that a full understanding of the
experimental set-up is developed and the possible sources of emission in the sample
determined. It has also been found that it is necessary to include a resistor in the samples’ high
voltage connection to minimise high frequency noise. In soft piezoelectric material there seems
to be a threshold below which no acoustic emission occurs, and the acoustic emission occurs
mainly on arising applied field. The acoustic emission is asymmetric between the positive and
negative going signal, most likely due to the poled nature of the material. The application of a
unipolar rather than a bipolar field almost completely halts acoustic emission. The effect of
mechanical fatigue on the acoustic emission is to reduce the AE output, suggesting that thereis
little significant mechanical damage in the form of cracks, and that ferroelectric switching is
being diminished.

It has been shown, that in multilayer actuators, the acoustic emission signal intensity depends
on both the sample heating and the degradation of the multilayer. At present, it is difficult to
deconvolute these two contributions. Further experimentation must concentrate on using lower
voltages and reduced frequencies which will act to minimise sample heating. It will also be
necessary to perform the measurements over alonger duration, as the initial period, where the
degradation rate is expected to be fast, is difficult to characterise as the sampleis ‘settling in’.
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Technique 2: The use of optical imaging as a method of detecting
microcracking.

Contribution from Dr Paul Michelis, IMMG, Greece®.

Background

The Ingtitute of Mechanics of Materials and Geostructures (IMMG), based in Athens, Greece,
has upgraded a long distance focusing microscope (20 cm) in order to detect and record
microcracking activity within piezoelectric ceramic materials. The microscope can change
position in al three directions X, Y, and Z with the use of three accurate micro-step motors

™ T

.
& 4
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d

J _-:"--.-?c-T

ChL

Figure 13: A long distance focusing microscope, a 3-axis
controller and image hardware.

(Figure 13). A software package controls the microscope and the three motors.

The basic steps followed during imaging are the following:
- The user selects a point as areference for the microscope co-ordinate system.

The co-ordinates of each spot on the investigated surface are recorded. The user
operates the software to get the X, Y, and Z measurements for each spot.
A program stores al these measurements automatically in adatafile. Additionaly,
the software stores an image of the area around the spot. This image describes the
spot and is used to verify the accuracy of the measurement (Figure 14).
During an experiment the software can measure the new co-ordinates of each spot,
and store them in a data file. This can be repeated many times in order to get a
significant number of measurements. The deformation is the difference between
two successive measurements (i.e. DX = X;-Xy).
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This process has the following advantages over the current measuring methods :
Gives accurate deformation measurements. The accuracy of these measurements
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Figure 14: Optical in plane defor mation measurement. The long
distance observation microscope, the softwar e package and the
process flow chart.
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can be 2mm.

The recording of images for each spot gives the ability to verify the
measurements.

The images can show interesting areas during the experiment.

B mage of the specien surtface
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Figure 15: Example of optical deformation
measur ement and micr ocracking activity investigation
with the computer vision system.

Experimental Measurements

A number of image processing techniques can be applied to give detailed information about the
specimen. Contrast enhancement can show more details on the image (Figure 15).

Edge and crack detection algorithms can automatically detect edges and cracks on the

specimen. Pattern recognition techniques can provide automatic detection of the spots and can
eliminate errors that are related with the user input.
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Microcrack detection

A piezo-stack of ten PZT-4D rings was cyclicaly loaded in compression (25 MPa peak, 5
MPa minimum, Figure 16).

Figure 16: Micro photograph of the lateral surface of a PZT-4D ring.

High magnification images were taken every 10° cycles at three predetermined positions close
to where the strain gauge rosettes were bonded. The gauges were used to provide information
about the local deformation. Also the rosette grid was used as a grid of markers for the
microscope. This procedure alowed a calibration of the optical deformation measuring
system. The objective was to observe materia degradation by detecting microcracking
activity.

After several iterations new "spots' and "zones' were added in the previous microphotographs
and analysed using a high resolution scanner (4096 pixels, 6144 steps/35 mm). The anaysis
revealed changes in the specimen surface.
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A limitation of this technique is the small field of view
associated with the long focal length camera. Although
the imaging was focused on the high stressed area of
the sample under investigation, one disk had cracked B¢
in an area away from those under observation. '

Conclusions

Optical imaging techniques are capable of detecting
and recording micro-cracks, greater than 20 to 30
nm, in piezo-ceramic materials. The technique /;;
can follow thecrack growth. R S
In addition, optical imaging can provide local /s
deformation information aong the cracks and .

between markers (spots). ’ -

The detailed electronic information produced for r ’

one image is extremely large (fills a complete CD)

and therefore can not be easlly anaysed and - -
efficiently compared with previous images. Figure 17: A rectangular strain gauge
Presently, the system is not at the state of being rosette viewed through the long
able to determine image differences, dthough distance focusing microscope. The
several edge-enhancement techniques have been Specimen is a PZT-4D ring and the
used. gauge grid dimensions are 1 x 0.7mm.
The dlight colour intensity "“changes' observed can

not be undoubtedly associated with real material property changes (for example
development of micro-voids). Well defined microcracks or cracks were not observed. All
the specimens failed suddenly.

Since the electroceramics are brittle materials and the crack size must be comparatively
“large’ in order to be detected, the optical imaging should not be considered as a technique
sensitive enough to detect degradation from its early stage.

IMMG will upgrade its imaging capabilities incorporating LabView hardware-software in
the Questar microscope system. Laser imaging is also being considered.

23



NPL Report CMMT(A) 149

Technique 3: Thermal Imaging Monitoring Techniques

Background

In thermal imaging the infrared radiation emitted by surfaces at different temperatures is
focused onto a senditive plate in a similar manner to the formation of a photograph using
visible light. Normally, the system is electronically controlled and a raster scan image is the
result. Non destructive evaluation using infrared thermal imaging has been developed for the
rapid on-line inspection of welds, coatings and composite structures™. For example, precise
thermal NDE has been developed as a wide-area inspection tool to quantify structural damage
within airframes and bridge decks™. Surface crack length measurement based on the use of
thermal imaging systems have been developed® whereby an open crack can be distinguished
from surrounding material due to its greater thermal radiance. It is these principles which have
provided the impetus for this study of on-line monitoring using thermal imaging.

A review of the ferroelectrics literature has revealed that very little effort has been devoted to
the study of degradation in ferroelectrics using thermal analysis. The reasons may have become
clear during our study. The thermal signatures or differences between damaged and pristine
parts of a multilayer ceramic actuator were not resolvable using the system at NPL. It is
possible that thermal diffusion will always mask any dight aberration in absolute temperature
within the device. Alternatively, the therma camera was smply not able to resolve the
differentia temperature or spatially resolve the dight fluctuations that may be present in a
damaged material.

Principle of Operation

The thermal imaging camera (NEC 2100) used in these experiments to measure the infra-red
radiation given off by the object being measured, uses the well known relationships between
infra-red radiation and temperature to derive a temperature measurement. The NEC 2100 uses
the 8-13 mm wavelength-band to measure temperature.

The detector unit optionally scans the surface of the measured object sequentially from left to
right and top to bottom for infra-red radiation by using mirrors (Figure 18). The infra-red
energy obtained in this way is collected by an infra-red objective, and after chopping with a
reference temperature source, is collected again by a relay lens and converted into electrical
signals proportional to the incident energy using an HgCdTe detector which is cooled by liquid
nitrogen. Focus is achieved by adjusting the focal position of the objective lens from the
minimum of 20 cm to infinity.

Electronics in the control unit compensates for environmental variations in temperature using
the temperature sensor in the detector unit. The signal is linearised to a signal proportional to
temperature.

The system has a zoom capability up to 3x, an image size of 256 by 191 giving a spatial
resolution at the relevant focus position of 0.5mm.

The measurements are clearly affected by the emissivity of the object being measured. Asthe
purpose of the measurement was simply to ascertain if useful qualitative measurements could
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be made, the emissivity setting for the instrument was left at 1.0 for the experiments carried

out here.
Chopping Mirror

Relay Lens Objective Lens
Detector \

Measured Object

/

B v O

Infra-red Reference Source

Scanning Mirrors

/

Infra-red Window

Figure 18 Schematic of detector

Experimental Measurements

The experimental sequence for on-line detection of degradation consisted of driving severa

multilayer actuators at double their maximum stated
driving voltage. The surface of the square multilayer
device was imaged using the IR thermal camera. The
sample was rigidly affixed to a thermal conducting
block of aluminium using adhesive tape, Figure 19. A
voltage was applied to the device in the form of a
positive and negative going sine wave of 150V pk/pk.
This represented an overdrive of +33%, -100% with
respect to the manufacturers data sheet. The devices
were degraded over a period of time and re-inspected
using the thermal imager and compared to the image
of the pristine sample. It became clear that thermal
imaging was unable to detect any changes in thermal
radiance, at the therma and spatial resolution
afforded by the system. The movie file, shown in
movie 1, is representative of a series of still images
captured using the camera and subsequently

Figure 19: Thermal Imaging of
multilayer actuator

integrated into a real time movie (avi windows compatible). Please double click the icon
contained within the Movie placement below to start the show (pdf versions of this document

only).
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In an effort to sustain real physica damage to the multilayer
device, a piece of the front face was delaminated using
mechanical means. The same multilayer was then inspected
using thermal imaging, in an attempt to discern any thermal
differences brought about by the serious surface damage. The
sample is shown in Figure 20, and the resultant thermal image
at maximum applied voltage is shown in Figure 21. Clearly,
even with substantial damage imposed upon the surface of the
actuator the thermal camera is not able to pick up any
differences in therma signature. The thermal image clearly
shows the thermal gradient caused by the combination of the

o LAl

piezo2.AVI

Movie 1: AVI clip of
thermal image for driven
multilayer actuator.

Figure 20: Damage imparted to the multilayer actuator.

"

Figure 21: Thermal Image of hard driven actuator of Figure 20.
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self heating of the sample and the cooling of the device by the ambient air.

Conclusions

If damage within multilayer actuators is typified by interlaminar or electrode failure then it may
be possible that *hot-spots may be caused by localised heating caused by shorting electrodes
or electrical discharges across the piezoelectric layers. However the therma signature is
dominated by the self heating throughout the thickness of the sample and the likelihood that a
small *hot-spot’ in one layer will cause a change in the thermal gradient of the whole sampleis
small.

In order to detect these defects a much more sensitive detection system will be needed, or
perhaps the present methods could be used on much thinner devices, perhaps thick or thin film
devices.
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