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Abstract

Birefringence measurements of time-dependent, creep polarization and strain were made in bulk ceramic samples of PLZT 8/65/35. Two specimen
configurations were used: a fixed uniform electric field to measure the creep response and correlate birefringence with strain and polarization, and
specimens with a partial surface electrode, to study the local behaviour near the tip of a surface electrode. At low values of electric displacement,
the electric displacement depended upon the principal strain difference in a quadratic fashion whereas the birefringence varied linearly with the
principal strain difference. Three distinct regimes of switching were identified, corresponding to the nucleation of ferroelectric domains, rapid
switching and saturation in the process of domain growth. Finally it is shown that the birefringence measurements near an electrode tip give the

spatial evolution of principal strain difference.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

When a constant stress or electric field is applied to a fer-
roelectric, the resulting strain and electric displacement change
with time in a creep-like manner. This effect is often neglected
in applications where loads are well below the coercive level or
where high frequency cyclic loads are used. However, in some
technologically important cases, creep or relaxation processes
are of practical significance. For example, ferroelectric memory
elements are required to maintain a polarization state for long
periods of time in a state of residual stress.!"> Similarly, the inter-
digitated electrode tips in stack actuators produce intense local
fields that degrade the device performance over time.3

Time-dependent behaviour has been reported for various
compositions of ferroelectric ceramic.*® Under a uniform, con-
stant electric field or stress loading, the changes in strain and
electric displacement can be observed by strain gauges and by
surface charge measurements. However, these measurements do
not give insight into the spatial variation of non-uniform evolv-
ing fields, such as those near an electrode tip. Although several
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theoretical and experimental studies of the electrode tip problem
can be found in the literature,®8 the experimental studies rarely
give the spatial variation of fields close to the electrode tip, and
there is practically no work on the evolution of non-uniform
fields with time. Recently, Qiu et al.? used Moiré interferom-
etry to observe the static displacement field in the vicinity of
an electrode tip. In the present work, the spatial and temporal
variation of strain fields is observed in specimens of transparent
PLZT 8/65/35 using a standard birefringence system (Metripol
microscope, Oxford instruments). In an initial calibration, the
birefringence, strain and electric displacement are all measured
under a uniform field; these tests indicate that the birefringence
can be related to both the principal strain difference and to
electric displacement, provided that the value of electric dis-
placement is well below the saturation value. This calibration
information is then used to infer the strain and electric displace-
ment state in the vicinity of an electrode tip using birefringence
measurements.

2. Birefringence measurement

Anisotropic crystals such as ferroelectrics have distinct
refractive indices (n) for waves polarized in different principal
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planes. Light waves propagate in the x, direction with refrac-
tive index n; if polarized in the 1-2 plane and n3 if polarized in
the 3-2 plane. The magnitude of the difference An=|n; — n3|
is the birefringence. Since the wave speed depends on the
electron density, An is closely related to the principal strain
difference, €11 — €33, and this is the basis of photoelastic strain
measurement.'? The difference in speed of waves polarized in
the 1-2 and 3-2 planes produces a relative phase difference
8 =2mtAn/) when light of wavelength A passes through a spec-
imen of thickness 7. Various systems exist for measuring the
phase difference § and the optical orientation angle ¢, corre-
sponding to the orientation of the fast optical axis. In this work,
the Metripol microscope (Oxford Cryosystems Ltd.) is used to
measure § over the region of interest of the PLZT specimens.
The system has an optical path consisting of a rotating polarizer,
the specimen under consideration, a quarter wave plate and an
analyser. With the polarizer at angular position ¢, the transmitted
light intensity / is related to § and ¢ according to'!:

Iy o
I = 5{1 + sin§sin 2(¢ — o)} D

where Ip/2 is the mean transmitted light intensity. By rotating the
polarizer through a full cycle 0 < o < 27, and recording birefrin-
gence images at several angles, the Metripol system identifies
[sin §|, ¢ and Ip/2 at each point in the field of view. Measure-
ments made by this technique are discussed further in Sections 4
and 5 of the paper. However, in some of our tests, the transmitted
light intensity was too low for the birefringence to be identified
directly by the Metripol system. This happens because the poling
process in PLZT 8/65/35 converts the material from a transparent
state to a scattering (opaque) state. In these cases, no measure-
ment of |sin§| and ¢ could be made, but it was still possible to
obtain measurements of average transmittance by making direct
use of the signal from the CCD camera used to collect images
in the Metripol system. This technique is used in Section 3 to
correlate the optical transmittance with the polarization state.

3. Creep observation in uniform electric field conditions

Bulk PLZT 8/65/35 ceramic with grain size about 1 pm was
obtained in the as-sintered state from Alpha Ceramics Inc. The
material is optically transparent in the unpoled state, with a low
frequency (0.1 Hz) coercive field E, of 0.4 MV m~! and a satu-
ration polarization Do = 0.32 C m~2, measured after poling with
field strength of 3E, at room temperature. On the PLZT phase
diagram, the 8/65/35 composition lies close to the boundaries of
cubic (non-polar), tetragonal, rhombohedral and orthorhombic
phases!? and this composition shows relaxor behaviour. Spec-
imens of dimension 2 mm x Smm x 10 mm were prepared by
dicing from the bulk, and the 5mm x 10 mm side faces were
polished to a 1 wm finish using diamond paste. Each specimen
was annealed at 300 °C for 2h to relieve the residual stresses
due to material processing. Electrodes were made using silver-
impregnated epoxy, on the 2 mm x 10 mm top and bottom faces.
A high-voltage source driven by computer control was con-
nected to one electrode, while the other electrode was grounded
through a charge metering capacitor. Strain gauges were adhered
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Fig. 1. (a) Specimen arrangement for creep measurements under uniform elec-
tric field, showing a PLZT 8/65/35 specimen with the full size electrodes and
strain gauges for the measurement of €33 and €11 . (b) The electrical loading pro-
file used for creep measurement. The level of applied electric field varies from
0.3E; to 1.2E..

to the specimen to measure strains €11 and £33, perpendicular to
the direction of light propagation (see Fig. 1a). Each specimen
was immersed in oil in a glass dish, maintained at 18-20 °C, and
placed in the optical path of the Metripol system. Checks were
made to confirm that the apparatus was optically isotropic when
the PLZT specimen was absent. It should be noted that, under
strong electric field conditions, it is possible for a circulation
of the insulating oil to arise, causing some optical anisotropy.
However, this effect was not observed at the field strengths used
in the present work. A voltage signal consisting of a rapid rise
in voltage over about 10 ms, followed by constant voltage held
for several minutes, was applied to each unpoled specimen, see
Fig. 1b. The time evolution of strain components €33 and €11 and
of the electric displacement component D3 was recorded. Simul-
taneously, birefringence measurements were made by focusing
the birefringence microscope on a region of material about
2.8 mm x 1.8 mm in area near the specimen centre; in each case,
a nearly uniform optical response was detected.
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Fig. 2. (a) Measured electric displacement (D3) values versus time at different
levels of applied electric field E. Characteristic parameters t and pDy are shown
for the case E=0.775E,. (b) Measured £33 and €11 values versus time at different
levels of electric field E.

The measured D3(?), €33(f), and €11(¢) responses over the
first 300 s of electrical loading are shown in Fig. 2. The D3(¢)
response suggests that the switching process can be divided into
three stages: an initial stage of gradual polarization increase
up to about 0.08 Cm~2, a rapid switching stage over which
Ds(1) increases from about 0.08 C m~2 to about 0.3 C m~2, and
finally saturation of the switching process. This form of time
dependence is suggestive of a nucleation, growth and saturation
process as described by Johnson—Mehl-Avrami—Kolmogorov
models, widely used for interpreting rate effects in ferro-
electric films.!>14 In PLZT 8/65/35, the first stage, where
D3 <0.08Cm™2, is thought to correspond to the build up of
macrodomains from an initial disordered state.

A critical value of the polarization, D, ~0.08 Cm™2, can
be identified at the onset of rapid switching. The value D, is
defined in Fig. 2a by the point of intersection of the tangents to
the two linear regions of D3 versus time at around 0.05 C m~>
and 0.15 C m~2, respectively. This point also defines a time 7 at
which the onset of rapid switching begins in each specimen. It is
clear from Fig. 2a that the observed threshold value of D, = pDy
is independent of the applied electric field. Interestingly, the
p=0.25 value is close to the percolation probability for site
percolation on the FCC lattice. '
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Fig. 3. Time at the onset of rapid switching, t, versus E/E., on logarithmic
scales; a straight line fit gives m =21 as the power law creep exponent.

When E <0.775E,, the polarization responses in Fig. 2 do not
reach D, within the 300 s period of the test. Additional tests of
extended duration up to 20 h were performed and the resulting
values of In(t) (with T given in units of s) are shown versus
In(E/E,) in Fig. 3: a power law relation is evident between 7 and
E. It was also noted that in the early stages of switching (D < D,),
the remnant polarization rate PS’ is constant. Consequently, the
power law creep relation proposed in previous work for D < D,
is satisfied

Py = Po(E3/Eo)" &)

where Py is a reference rate and m is the creep power law
exponent for the material. At time 7, this relation implies
D, = PO(E3 /E.)™t and a power law relation between t and
E results. The straight line fit in Fig. 3 corresponds to power
law exponent m=21 and Py = 0.1 Cm~2s~!. This high value
of power law exponent closely matches previous findings in soft
PZT.? Belov and Kreher® give further support to a power law
rate equation and argue that it is a special case of the Arrhenius
equation when the applied field is close to the coercive value.

The time evolution of principal strain difference (33 —€11)
is given in Fig. 2b for selected values of E. The response is
qualitatively similar to that shown in Fig. 2a for the electric
displacement D. A cross-plot of (¢33 — €11) versus D3 is given
in Fig. 4: each line shows the time-dependent growth in €33 — €1
and Dj3 for fixed values of E. The data suggest a unique quadratic
relationship between strain and polarization when D3 < D,. This
relationship for D3 <D, is confirmed in Fig. 5 by replotting
the data in the form of (D3/Do)2 versus £33 — £11. At greater
values of D3 the electric displacement versus strain relationship
is dependent upon the applied field strength, and no unique curve
is obtained. The final stages of switching show an increase in
electric displacement with little or no strain change, suggesting
that 180° switching processes dominate this final stage.

Fig. 6 shows a selection of the time-dependent electric dis-
placement responses normalized by the final (maximum) value
of electric displacement Dp3x achieved in each test. Since the
optical transmittance of these specimens was rather low, we
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Fig. 4. Measured principal strain difference (£33 — €11) versus electric displace-
ment D3 when different levels of constant electric field are applied.
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Fig. 5. Normalized electric displacement (D3/Dg)? versus (¢33 —£11) when
different levels of constant electric field are applied.

found that the Metripol system was unable to identify |[sin§|,
¢ and [p/2 directly throughout the tests. However, by averag-
ing the CCD camera response over a nearly uniform region of
50 x 50 pixels recorded from close to the centre of the camera
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Fig. 6. Normalized light intensity and normalized electric displacement
(D3/Dnyx) versus time for constant electric fields E=0.75E,, 0.8E, and 1.0E,.
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Fig. 7. Measured [sind| versus principal strain difference (¢33 —¢&11) under
applied electric field loading E=0.725E,.

image, it was possible to sample the transmitted light inten-
sity I at 25 Hz sampling frequency, throughout the test. The
transmitted intensity varied from an initial value Iy in the
unpoled state to a final value /p in the poled state. The evolu-
tion of (Iy — D/(Iy — Ip) with time is shown in Fig. 6. A strong
correlation is seen between the optical transmissivity and the
polarization state of the PLZT 8/65/35, as expected. 617

4. Strain - birefringence correlation

Specimens of reduced thickness were used to increase the
optical transmittance and thus enable the Metripol system to
calculate |sin 8|, ¢ and Ip/2 values. The specimens were prepared
as in Section 3, but polished down to a thickness of 0.36 mm.
As before, specimens were placed in the optical path of the
Metripol system, and the microscope was focused on the centre
of the specimen. The time needed to rotate the polarizer and to
compute the resulting birefringence images were such that the
optical measurements were made over successive time intervals
of 8s.

Fig. 7 shows a typical |sin §| versus (¢33 — €11) response taken
during a test at constant electric field E=0.725E,. The values of
|sin 8| cycle several times during this test, indicating that multiple
orders of birefringence are reached (8 > ). The peak value of
|sind| reached in any given order is expected to be close to
1.0, corresponding to § =(2n—1)7/2 in the nth order. A value
close to 1.0 is reached during the first order, but subsequent
peaks appear reduced in amplitude. This apparent reduction in
amplitude is related to the loss of transparency in the specimens.
As optical transmittance is lost, the light intensity shifts away
from the linear region of camera response, and the CCD output
becomes saturated. This results in areduced value of the apparent
|sin §|. This difficulty, which is a consequence of the transparent
— scattering transition in PLZT, means that the |sin §| values are
not reliable here. However, it is still possible in Fig. 7 to see
the sharp reversals corresponding to points where sin § =0. We
expect these points to be reliable as they correspond to points of
minimum amplitude in the variation of light intensity seen during



Q.D. Liu et al. / Journal of the European Ceramic Society 29 (2009) 2289-2296 2293

20

15+ 0

10

5]

04 : : ‘ . :

0.00 005 010 015 020 025 030
&3 811[%]

d [radian]
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a full cycle of the polarizer. The positions of these minima are
unaffected by the linearity of the camera response. Taking each
successive sharp reversal in Fig. 7 to correspond to an increase
in the value of § by 7, it is possible to construct a plot of § versus
€33 — ¢11 as shown in Fig. 8. Here, data points corresponding
to the sharp reversals in Fig. 7 are shown, along with additional
data taken in the same way from tests with various values of
applied electric field. A linear relationship between phase shift
8 and principal strain difference €33 — €11 is seen over a wide
range of strain states.

5. Evolution of birefringence near an electrode tip

Specimens of thickness 0.36 mm with 5 mm x 10 mm pol-
ished surfaces were prepared with a partial upper electrode, as
shown in Fig. 9. The upper electrode was produced by masking
half of one 0.36 mm x 10 mm surface, then applying electrode
paint, and finally removing the mask to produce a sharp electrode
edge. The length of the upper electrode is about half that of the
full lower electrode, and the Metripol microscope was focused
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. . edge upper electrode
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e I ¥
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3
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Fig. 9. Specimen arrangement for measuring creep near an electrode tip, show-
ing a PLZT 8/65/35 specimen with a partial upper electrode. Three positions at
r=1mm and 6 =n/4, /2, and 377/4 are labelled as A, B and C, respectively.
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Fig. 10. Measured average surface charge density on the bottom electrode (D3)
versus time under nominal electric field E=0.5E,.

on a small region of interest measuring 1.8 mm x 2.8 mm near
the edge of the upper electrode. A step voltage was applied at
the upper electrode, as in the previous creep measurements. In
this case, a 1000 V step was used, corresponding to a nominal
electric field strength of 0.5E, between the electrodes. Because
of the partial upper electrode, a non-uniform electric field is
expected in the region close to the electrode tip.

The average charge density D3 on the lower electrode versus
time is given in Fig. 10 for a specimen with a partial electrode on
the upper surface and for a specimen with a full upper electrode
(uniform field), respectively. In both cases a nominal electric
field strength of 0.5E, was applied between the electrodes. In the
case of a partial upper electrode, there is an accelerated switching
process due to the non-uniform field conditions introduced by
the partial electrode, and this effect dominates the switching
behaviour.

Fig. 11 shows birefringence images of [sind| and ¢ taken
from the region of interest after various time intervals up to 600 s
after the voltage was applied. Each image shows data collected
during an 8 s period in which the polarizer was rotated. Images
are shown in a vertical series corresponding to the state just
before the voltage was applied (0s) and then 8 s, 32's, 120 s, and
600 s after application of the voltage. Although care was taken
to eliminate polishing scratches and to relieve residual stresses,
some inhomgeneity due to specimen processing can still be seen
in the initial images at O s in Fig. 11. The Metripol microscope is
very sensitive to strain state, and consequently slight deviations
from the isotropic state are detected. The birefringence images
evolve with time as fringes radiate away from the electrode tip.
The fringes were found to remain after unloading to zero voltage,
indicating a remnant strain state.

Itis possible to associate a value of principal strain difference
with each point in the |sin §| image once the outermost fringe of
the radiating pattern has been attributed to the first order of bire-
fringence, with successive fringes representing higher orders.
Note, however, the orientation of the principal axes is no longer
aligned with the global x; and x3 axes, but varies throughout the
region of interest. The time evolution of local principal strain
difference is given in Fig. 12 for the three points A, B and C as
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located in Fig. 9; each point is located 1 mm from the electrode
tip but at a different angular location.

Fig. 13 shows a contour plot of the principal strain difference
in the region around the electrode tip, corresponding to the bire-
fringence image measured after 32 s application of the electric
field. In this material, full switching corresponds to a principal
strain difference of approximately 0.25% as indicated in Fig. 2b.
Saturated material, with principal strain difference greater than
0.25% exists very close to the electrode tip and will possess a lin-
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Fig. 14. Radial position r versus time, for the Nth-order fringe, in the directions
(a) 6=45°, (b) 6=90° and (c) 6=135°. The nominal electric field strength
was 0.5E,. The change in principal strain difference between adjacent orders is
0.024%.

ear response. However, nearly all of the region shown in Fig. 13
has a principal strain difference in the range 0-0.25% and is in
the process of switching. The spacing of the strain contours in the
region around the electrode tip does not follow the r~ /2 singu-
larity that would be expected for linear material behaviour, and
is closer to r—!, consistent with non-linear behaviour without
significant hardening.

It is of interest to consider the propagating front of the
switched region as it radiates away from the electrode tip dur-
ing this creep test. Using the birefringence measurements, the
progress of individual fringes can be tracked. The change in
principal strain difference between adjacent fringes is 0.024%,
so that the first order fringe corresponds to material at about 10%
of the saturation strain, and so forth. Fig. 14 shows the radial dis-
tance from the electrode tip reached by the Nth-order fringe as a
function of time. The results are shown for each of three angular
positions: 6 =45°,90°, 135°. In Fig. 14c, at 6 = 135°, the fringes
are seen to be slowing as they move away from the electrode
tip into the region of material ahead of the electrode. In this
region, the absence of an electrode at the upper surface prevents
material from polarizing towards the x3 direction and the electric
field strength reduces towards zero as distance r becomes large.
Thus each fringe moves a limited distance from the electrode
tip. In contrast, regions with 6 <90° lie between the electrodes
and can become fully polarized in the x3 direction. The first
10 fringes (the tenth corresponding to a fully saturated state)
are thus expected to pass through the region between electrodes.
This is consistent with the steady progress of the first four fringes
seen in Fig. 14a and b.

The transparent PLZT 8/65/35 material differs from ordi-
nary PZT compositions in having relaxor behaviour, which gives
the form of creep response recorded in Fig. 2, in contrast to
that reported for soft PZT.> However, the behaviour becomes
quite similar to that of soft PZT once domains have nucleated
(D> D.). Using the strain—electric displacement correlation of
Fig. 4 suggests that the region near the electrode tip is domi-
nated by material with D> D.. We can thus speculate that the
strain contours in an ordinary soft PZT would follow a similar
pattern, though the opaqueness of the material would prevent
measurement by the birefringence method.

6. Conclusions

Creep in PLZT 8/65/35 due to uniaxial electric field, starting
from the unpoled state, shows complex behaviour. Three stages
are observed: in the first, the polarization increases to a criti-
cal level, corresponding to the growth of macrodomains. This
growth correlates with a change from transparent to translucent
(scattering) optical behaviour and the rate of growth is a power
law function of the electric field. Beyond the critical polarization
level, rapid switching and saturation occur. The rapid switch-
ing stage is characterised by extensive 90° type, or other strain
producing, domain switches.

Time-dependent birefringence was observed near an
electrode edge under a constant impressed voltage. The bire-
fringence phase difference correlates well with principal strain
difference, allowing the evolution of the strain field distribution
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around the electrode edge to be measured. These measurements
are useful as a means of validating quantitative ferroelectric
switching models.
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