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High energy synchrotron XRD was employed to determine the lattice strain &{ 111} and diffraction
peak intensity ratio R{200} in tetragonal PZT ceramics, both in the virgin poled state and after a
bipolar fatigue experiment. It was shown that the occurrence of microstructural damage during
fatigue was accompanied by a reduction in the gradient of the &{111}—cos® plot, indicating a
reduction in the level of residual stress due to poling. In contrast, the fraction of oriented 90°
ferroelectric domains, quantified in terms of R{200}, was not affected significantly by fatigue. The
change in residual stress due to fatigue is interpreted in terms of a change in the average
elastic stiffness of the polycrystalline matrix due to the presence of inter-granular microcracks.
©2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4812326]

I. BACKGROUND

Fatigue processes in ferroelectric ceramics have been
discussed for many years in relation to the use of such mate-
rials in piezoelectric actuators and ferroelectric memories.'
In this context, the term fatigue is usually employed to
describe changes in the functional properties over time as a
result of static or alternating electrical and mechanical loads.
On the other hand, the term ageing normally refers to a time-
dependent decay of the dielectric and piezoelectric properties
in the absence of any external stimulus.*

Several different mechanisms have been identified as the
origin of fatigue in ferroelectrics; these include microcrack
growth and coalescence due to internal residual stresses,s"5
space charge formation,” and point defect clustering.” The
development of fatigue depends on a variety of factors such as
the nature of the load (electrical, mechanical),g’10 type of
waveform (unipolar, bipolar, sesquipolar),'"'? frequency,"?
the chemical composition and structure/microstructure of the
material,14 and other environmental factors such as tempera-
ture.'>'® Fatigue damage may also be localized in the near-
electrode regions.'”'® This combination of factors has led to
some complexity in the interpretation of fatigue phenomena
and means that it is difficult to draw general conclusions con-
cerning the relative importance of the different mechanisms
for a given material or device type.

The focus of the present study is on fatigue induced by
fluctuations in residual inter-granular stress in polycrystalline
PZT (lead zirconate titanate) ceramics. Such materials still
represent the dominant type of piezoceramic in commercial
applications, although lead-free compositions are being
actively developed. Recent research on lead-free piezocer-
amics suggests that the mechanisms responsible for fatigue
are similar to those observed in PZT ceramics; therefore, an
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improved understanding of fatigue phenomena in PZT
ceramics should also be beneficial for lead free piezoelectrics
such as those based on sodium potassium niobate and so-
dium bismuth titanate."”

The present authors have proposed a micromechanical
model to describe the development of residual stress due to
domain switching in polycrystalline ferroelectrics, using an
approach based on the classical Eshelby inclusion
method.?**? The model is supported by experimental meas-
urements of the changes in ferroelectric domain orientations
and crystal lattice strain as a function of the grain orientation,
¥, relative to the electric field direction, obtained using high
energy synchrotron XRD (X-ray diffraction). The observed
lattice strain under an applied electric field is a sum of two
contributions, which are the intrinsic piezoelectric effect and
the elastic strain caused by residual inter-granular stress;*’
the latter contribution is a result of the misfit, or eigenstrain,
between a grain and the surrounding polycrystalline matrix,
which undergoes an average transformation strain due to fer-
roelectric domain switching.

The identification of residual stress as a significant ex-
trinsic contributor to lattice strain is an important break-
through, since it was mistakenly assumed in some earlier
publications that the observed lattice strain was due solely to
the intrinsic piezoelectric effect.>*?* This view has been con-
firmed by recent studies, in which the intrinsic and extrinsic
contributions to the macroscopic strain of PZT ceramics in
the sub-coercive field region were quantified using a combi-
nation of XRD and macroscopic property measurements.>*?’

The purpose of the present study is to evaluate the
changes in residual stress caused by fatigue in tetragonal
PZT ceramics using high energy synchrotron XRD. The use
of high energy x-rays, with the diffraction patterns being
recorded in transmission, ensures that the true bulk behavior
is obtained, in contrast to the near-surface region that is
probed using conventional laboratory x-ray diffractometers.
The degree of ferroelectric domain switching is quantified in

© 2013 AIP Publishing LLC
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terms of the ratio of the (002) diffraction peak intensity to
the sum of the (200) and (002) peak intensities, while the
elastic strain is obtained from the position of the {111} dif-
fraction peak. It was noted previously that the component of
ferroelectric domain switching strain along (111) is zero in
tetragonally distorted perovskite ferroelectrics and therefore,
the {111} plane spacing serves as a sensor for lattice elastic
strain in the remanent poled state (i.e., in the absence of an
applied electric field). The influence of temperature on the
fatigue behavior is also assessed in terms of its effect on the
tetragonality, or c/a ratio, of the material.

Il. EXPERIMENTAL METHODS

Specimens of a commercial hard PZT ceramic, type
Ferroperm™™ Pz26, were provided by Meggitt in the form of
disks having a thickness of 1 mm and diameter 10 mm. This
material is prepared by a conventional solid-state synthesis
process and the crystal structure is tetragonal, the composi-
tion being close to the morphotropic phase boundary. The
average grain size in the sintered ceramic is approximately
8 um as determined by a linear intercept method.

Fatigue tests were performed by applying a continuous
sinusoidal bipolar electric field waveform with an electric
field amplitude of 4 MV m™', the test specimen being con-
tained in a temperature-controlled silicone oil bath. A rela-
tively low frequency of 2 Hz was employed in order to avoid
internal heating effects due to the hysteresis loss. Test sig-
nals representing the applied voltage and induced current
were monitored continuously using a PC with a 16-bit A/D
card. Numerical integration of the current waveform yielded
the polarization, enabling the P-E hysteresis loops to be
recorded at selected times during the experiment.

Rectangular beam-shaped specimens having dimensions
of Imm X I1mm X 3mm were cut from the fatigued disks
by diamond machining. Microstructural examination was
carried out on polished specimens, using a Philips 525 SEM.
High energy synchrotron XRD was conducted at ESRF
(European Synchrotron Radiation Facility), Grenoble,
France, using an X-ray wavelength of 0.153572 x 10'° m.
The use of high energy X-rays (80.7 keV) gives ~30% trans-
mission through the sample, despite the highly absorbing
material. Diffraction patterns were obtained in transmission
using a Frelon 2-D detector and with a specimen to camera
distance of approximately 1 m. The conversion to 1-D dif-
fraction patterns was carried out using the Fit2D software
package.”® The 2-D image data, which covered just over a
quarter of the circular diffraction pattern, were caked into
ten 1-D slices with Fit2D, yielding 1-D diffraction patterns
covering grain orientations from 0 to 90° i (azimuthal orien-
tation). Peak profiles were then fitted using X-fit.>

The lattice strain ¢{111} was obtained by determining
the change in the {111} Ilattice spacing relative to the
unstressed value, do{111}. The value of dy{111} was itself
determined by plotting d{111} as a function of cos®y and
calculating the value of d{111} for which cos®y = 1/3. This
method is based on the identification of the zero strain condi-
tion for a ferroelectric ceramic in the remanent poled state.*’
The preferred orientation due to ferroelectric domain
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switching was quantified in terms of the ratio of the diffrac-
tion peak intensities, Igg2) and I»00), expressed as
T002)

R{200} = — %2 (1)
Ton2) + T 200)

In the present results, the value of R{200} at cos®y = 1/3
was determined as 0.32, which indicates that the structure
factors for the (200) and (002) reflections are similar, and
therefore, the value of R{200} is approximately equal to the
fraction of c-axis oriented domains.

High temperature XRD measurements were obtained
from an unpoled disk-shaped specimen, during heating from
30 to 400°C. A PANalytical MPD diffractometer was used
in conjunction with an Anton Paar HTK1200 oven. Data
were collected in the range of 20 from 20 to 60°, in steps of
~0.033° for a total time of 1 h per temperature. The sample
was heated at a rate of 5°C per minute, allowing 5 min to
reach equilibrium prior to measurement. Programmable
divergence slits were used in order to minimize air scattering
at low angles and improve statistics at high angles.

lll. RESULTS AND DISCUSSION
A. Ferroelectric hysteresis measurements

Representative P-E hysteresis loops, obtained during the
fatigue test at 30 °C, are illustrated in Fig. 1. The initial loop,
at t=0s, was relatively narrow and exhibited low remanent,
P,, and maximum, P,,,,, polarization values of 0.15 and
0.24 C m ™2, respectively. The appearance of this initial loop
is typical for a hard, acceptor-doped ferroelectric ceramic af-
ter ageing for some time in the unpoled state. The reorienta-
tion of acceptor ion-oxygen vacancy dipolar defects towards
the local domain polarization tends to restrict domain wall
motion, leading to a reduction of the switchable polariza-
tion.>® A field-forced deageing effect was observed during
the first 12000 s of the fatigue test, characterized by gradual
increases in the polarization and coercive electric field values
over time. This effect has been explained previously in terms
of a time-dependent randomization of the dipolar defect ori-
entations under the influence of the alternating electric field,
which reduces their influence on ferroelectric domain
switching.31’32 At later times, the P, and P, values reduced
significantly while the coercive field, E., continued to
increase, due to the onset of fatigue, as shown in Fig. 1(b).

The changes in the polarization and coercive field values
during the fatigue test are summarized in Fig. 2, which also
includes the data for a test carried out at a temperature of
90°C for comparison. The peak value of P, occurred after
approximately 12000s at 30°C, which indicates that the
field-forced deageing effect was dominant up to this time. In
contrast, only 3300 s was required to reach the peak polariza-
tion value at 90 °C. The influence of temperature on the dea-
geing and ageing behaviour of hard ferroelectrics can be
understood in terms of its effect on the activation energy for
dipole reorientation.”” An additional effect of the increase in
temperature to 90 °C was that P, decreased only slightly after
reaching its peak value, while the rate of increase of E.
reduced at the same time. The latter observations indicate
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FIG. 1. Change in P-E Loops during the fatigue process at 30°C (a) O to
120005 and (b) 12000 to 60000s.

that the degradation in properties caused by fatigue was less
pronounced at the higher temperature.

B. Microstructure

Examination of the microstructure by SEM revealed that
the alternating electric field caused the initiation and propa-
gation of intergranular microcracks, leading to the occur-
rence of some severely damaged regions distributed
throughout the bulk of the specimen, as illustrated in Fig. 3.
The presence of these microcracks means that there are
regions in the specimen within which the inter-granular con-
straint is reduced or even completely absent. Therefore, it
was anticipated that this should lead to a reduction in the av-
erage level of residual stress in the poled ceramic after the
fatigue experiment.

C. Preferred domain orientation and lattice strain

Selected regions of the diffraction patterns for the poled
PZT ceramic, obtained using high energy XRD, are pre-
sented in Fig. 4. The appearance of a single {111} reflection
and a split (002)/(200) peak is typical for a tetragonally dis-
torted perovskite ferroelectric. Comparing the position of the
{111} peak for different grain orientations, it is evident that
there was a shift to lower scattering angles as Y varied from
90° to 0°. This indicates that the {111} lattice spacing is

J. Appl. Phys. 114, 024103 (2013)
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FIG. 2. Changes in (a) P, and (b) E. during the fatigue process.

subject to a tensile strain for iy =0° and a compressive strain
for Y =90°. The {200} diffraction peaks, presented in Fig.
4(b), show changes in intensity that indicate a preference for
c-axis (002)-oriented domains for yy = 0°, and a-axis (200) or
(020)-oriented domains for y =90°. These variations in in-
tensity provide the means to quantify the changes in 90° do-
main orientation caused by poling.

The &{111}-cos”y plot for the poled PZT ceramic, pre-
sented in Fig. 5(a), exhibits a linear relationship with a posi-
tive slope, confirming that the {111}-oriented grains
experience tensile residual stress along the poling axis and

FIG. 3. SEM micrograph of specimen after fatigue for 60000s at 30°C,
showing evidence of microcracks and grain pull-out in a damaged region.
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FIG. 4. XRD patterns for poled tetragonal PZT ceramic showing changes in
position and intensity of (a) {111} and (b) {200} diffraction peaks for vari-
ous grain orientations, V, relative to the electric field direction.

compressive residual stress in the orthogonal directions. The
degree of preferred 90° domain orientation is presented in
Fig. 5(b) in terms of the intensity ratio R{200}, which also
shows an approximately linear dependence on cos® . The
correlation between e{111} and R{200} was explained pre-
viously on the basis that each grain experiences an elastic
misfit strain along (111) caused by residual stress due to fer-
roelectric domain switching in the surrounding grains.
Cyclic changes in residual stress due to ferroelectric domain
switching under the influence of the alternating bipolar elec-
tric field are responsible for the initiation and propagation of
microcracks, which appear to be the dominant fatigue mech-
anism for this type of tetragonal PZT ceramic under these
specific loading conditions.

The slope of the &{ 111}-cos y plot for the specimen sub-
jected to the fatigue test at 30 °C was significantly lower than
that of the virgin poled specimen, suggesting that the average
level of residual stress was affected strongly by the fatigue
process. For example, the maximum strain at cos” ) = 1 was
1.09 x 102 for the virgin poled specimen and 0.59 x 10~°
for the fatigued specimen. The reduction in residual stress
due to fatigue can be explained by a reduction in the level of
inter-granular constraint due to the development of the micro-
cracked regions, as discussed further below.

In contrast to the case of lattice strain, the slope of the
R{200}-cos® i plot was not affected significantly by fatigue,

J. Appl. Phys. 114, 024103 (2013)
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FIG. 5. Changes in (a) lattice strain {111} and (b) peak intensity ratio
R{200} as a function of grain orientation y, for virgin and fatigued
specimens.

indicating that the degree of preferred 90° domain orienta-
tion at zero electric field did not change during the latter part
of the fatigue test. This observation appears to contradict the
results of the P-E measurements during the fatigue test
(Fig. 2), which showed a sharp reduction in P, after fatigue
for 12000s. It is likely that this is due to local electric field
screening by microcracks so that some grains, although
initially polarized in the positive or negative directions, ex-
perience a local electric field strength that is less than E.
and, therefore, are unable to contribute to the switchable
polarization. The continuous increase in the macroscopic E.
value during the fatigue test provides further evidence to
support this view.

The magnitude of the residual stress, and therefore the
driving force for crack propagation, is dependent on the
transformation strain due to ferroelectric domain switching,
which in turn is related to the tetragonality ratio, c¢/a. Using
the laboratory X-ray diffractometer, it was found that the c/a
ratio for the tetragonal PZT ceramic decreased from 1.023 at
30°C to 1.020 at 90°C, as shown in Fig. 6. Although these
results demonstrate a relatively small reduction in tetragon-
ality on heating, it could still be sufficient to explain the
observed changes in fatigue behavior at elevated
temperatures. '®
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FIG. 6. Variation of c/a ratio for tetragonal PZT ceramic as a function of
temperature.

D. Estimate of stiffness in fatigued state

A first order approach is presented here in order to
explain the reduction of residual stress during fatigue in
terms of a decrease in the average stiffness of the polycrys-
talline ceramic. This reduction in stiffness is a direct result
of the microstructural damage. It is apparent that the average
domain switching strain is the same in the virgin and
fatigued states as is evident in the data presented in Fig. 5(b).
We further assume that a grain, approximated as a spherical
inclusion, is subjected to an electric field along the X5-direc-
tion of the specimen, referenced to conventional Cartesian
axes.

After poling and removal of the electric field, the speci-
men has an average macroscopic strain due to ferroelectric
domain switching, &%, which has the components

-E/2 0 0
e = 0 —&/2 0], (2)
0 0 =

where ¢ is the axial component of the macroscopic strain
along the Xj-axis. The difference between the poling strain
(transformation strain) of the grain under consideration, &,
and the macroscopic strain, 80, is the eigenstrain, or misfit
strain, ¢*, assigned to the grain

e =¢f — & 3)

For a (111) oriented grain, the transformation strain due to
domain switching is zero, as noted previously, and therefore
the eigenstrain, &* is

g2 0 0
g=( 0 &2 o] 4)
0 0 -z

We consider that the elastic stiffness C of the grain itself is
not affected by the fatigue process, since cracking occurs
along grain boundaries. However, the average stiffness of
the polycrystalline matrix surrounding the grain is changed
to C as a result of the microcracking.

J. Appl. Phys. 114, 024103 (2013)

The elastic stress, g, of the grain is evaluated by first
solving the equivalent condition™

o= C(Se™ — &™) = C(Se™ —¢). Q)
Here, S is the Eshelby tensor,>* which is assumed to be the
same in the virgin and fatigued states. £** is the eigenstrain
of an equivalent inclusion that has elastic stiffness C and
reproduces the total strain and stress due to the actual eigen-
strain of ¢*. In Eq. (5), S¢** represents the total strain (con-
straint strain) in both the actual and equivalent inclusions.

Rearranging Eq. (5) yields
e ={C+(C—0C)8)}'Ce). (6)
The elastic strain in the grain, &, is calculated from

e =8¢ —¢". @)

Using Egs. (6) and (7), we can evaluate the ratio of the elas-
tic strain in the fatigued state to that in the virgin state. In
this evaluation, C is assumed to be «C, where 0 < o < 1.

It was assumed in the calculation that C;; =153 GPa,
Ci»,=103GPa. A Poisson ratio of »=0.39 was obtained
from these values. The approximate isotropic stiffness val-
ues, C; and C,, were obtained by averaging over the aniso-
tropic stiffness values provided by the manufacturer.

The Eshelby tensors employed in the calculation are

expressed in terms of the Poisson ratio, as follows:**
7 —5v
8
St 51 =) (®)
S5v—1
S = 9
12 =Ty ()

The results of an example calculation to show the relation-
ship between the elastic strain ratio, R,, and the stiffness ra-
tio, «, are illustrated in Fig. 7. According to this calculation,
the observed elastic strain ratio of 0.54 for the fatigued speci-
men corresponds to a stiffness ratio of approximately 0.38.
Although many simplifying assumptions are involved in the
above calculation, it provides a useful first-order estimate of
the change in stiffness due to fatigue.

1.0

0.8 F

0.6 F

mw

04 F

0.2 F

O'O L L L L

0.0 0.2 0.4 0.6 0.8 1.0

a

FIG. 7. Calculated relationship between (111) lattice strain ratio, R,, and
Young’s modulus ratio, o.
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From Egs. (5) and (7), the stress in the grain is calcu-
lated as

o =C(Se™ —¢"). (10)

We can also estimate the elastic strain and stress in the fol-
lowing manner. In the virgin state (« = 1), the measured elas-
tic strain is 1.09 x 1073 along the poling direction. For this
value of elastic strain, the macroscopic strain along the
poling direction, &, is calculated as 1.98 x 10~* from Eq.
(7). This result is in reasonable agreement with that deter-
mined previously for a soft tetragonal PZT ceramic.”'
Similarly, for the fatigued specimen (o =0.38) the elastic
strain along the poling direction is 0.59 x 1073, We assume
that the macroscopic poling strain remains the same in the
virgin and fatigued states, since the R{200} values were sim-
ilar, as shown in Fig. 5(b). With these assumptions, the cor-
responding stresses in the virgin and fatigued states are
calculated as 55 MPa and 31 MPa, respectively.

IV. CONCLUSIONS

It has been demonstrated that high energy synchrotron
XRD can be used to quantify changes in residual stress due to
bipolar fatigue in PZT ceramics. The lattice elastic strain
e{111} was reduced from 1.09 x 10 for a virgin poled speci-
men to 0.59 x 10~ for a specimen subjected to a fatigue test
at 30 °C, indicating a significant reduction in the residual stress
associated with the poled state. Microstructural examination
of the fatigued specimen revealed that the fatigue damage
occurred in the form of localized inter-granular microcracking,
which occurred as a result of the cyclic changes in residual
stress caused by large-scale ferroelectric domain switching.
The reduction in residual stress due to fatigue could be
described adequately in terms of a reduction in the average
elastic stiffness of the polycrystalline matrix, although a more
accurate model should also include consideration of the aniso-
tropic elastic properties of poled ferroelectric ceramics and the
heterogeneous distribution of the fatigue damage.
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