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ABSTRACT

The mechanisms contributing to the electromechanical response of piezoelectric ceramics in the shear mode have been investigated using
high-energy synchrotron x-ray diffraction. Soft lead zirconate titanate ceramic specimens were subjected to an electric field in the range 0.2-
3.0 MV m™ ', perpendicular to that of the initial poling direction, while XRD patterns were recorded in transmission. At low electric field
levels, the axial strains remained close to zero, but a significant shear strain occurred due to the reversible shear-mode piezoelectric coeffi-
cient. Both the axial and shear strains increased substantially at higher field levels due to irreversible ferroelectric domain switching.
Eventually, the shear strain decreased again as the average remanent polarization became oriented toward the electric field direction. The
lattice strain and domain orientation distributions follow the form of the total strain tensor, enabling the domain switching processes to be
monitored by the rotation of the principal strain axis. Reorientation of this axis toward the electric field direction occurred progressively
above 0.6 MV m™, while the angle of rotation increased from 0° to approximately 80° at the maximum field of 3.0 MV m™". A strong corre-
lation was established between the effective strains associated with different crystallographic directions, which was attributed to the effects of
elastic coupling between grains in the polycrystal.
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I. INTRODUCTION induced by an applied electric field via ds3, and patch actuators, in
. . P . . 1,6,7

Lead zirconate titanate (PZT) ceramics find widespread appli- }'Vthh f tr?ntsl:rers: ﬂs.tril.n 18 1fn£dhuceﬁ via dSl& or gql;lvalen‘jy d?z‘l
cations in electromechanical sensors, actuators, and transducers.'™ 1 contrast, the utilization ot the shear mode, via dys Or day, 1S 1688
common, although the piezoelectric activities of many commercial

In the majority of cases, these devices are designed to utilize the - ics in sh be sub ially higher i itud
. . . . fici d dd ith th piezoceramics in shear can ge substantially higher in magnitude
axial piezoelectric charge/strain coefficients, ds;; and ds;, wi e than those of the axial cases.”

electric field applied along the poling axis X, to create the required Applications of shear-mode piezoelectric devices include
form of electromechanical response. Typical examples include mul- accelerometers, which take advantage of the de-coupling of piezo-
tilayer piezoelectric stack actuators, in which a longitudinal strain is electric and pyroelectric responses, non-destructive testing, energy
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harvesting, and industrial inkjet printheads.'”"'> Shear-mode

devices can benefit from the higher dielectric and piezoelectric
coefficients, in comparison with axial modes, although the lower
coercive field can lead to re-poling or cross-poling, along the direc-
tion perpendicular to that of the initial remanent polarization
vector and consequent degradation of the device performance.'”™"”

The nonlinear piezoelectric properties of a commercial PZT
shear-mode actuator were reported by Malakooti and Sodano,'®
who utilized a novel digital image correlation (DIC) technique to
determine the piezoelectric shear strain in response to an applied
electric field in the range from 0 to 0.6 MV m™'. Under a bipolar
AC electric field waveform, the d,5 coefficient increased from
approximately 1300 to 2700 pm V™', suggesting an increasing
extrinsic ferroelectric domain switching contribution to the
field-induced strain. Furthermore, the relationship between d;s and
electric field amplitude was approximately linear over this range of
field strength, in accordance with the empirical Rayleigh law, as
reported previously for the direct and converse piezoelectric effects
in the axial modes.'” ™"’

The underlying mechanisms that contribute to the piezoelec-
tric behavior of poled ferroelectric ceramics in shear mode have
received relatively little attention' " in contrast to the case for the
axial modes where many studies have been conducted to establish
how the nonlinear dielectric and piezoelectric responses are
affected by factors such as the crystal structure, microstructure,
chemical composition, and environment.'**'~** Further studies of
material behavior and device design for shear-mode sensors and
actuators are now required to explore the potential for enhanced
electromechanical responses. From the perspective of lead-free pie-
zoceramics development, the utilization of the shear mode provides
an additional opportunity to compensate for the generally weaker
piezoelectric activity of such materials®**** and to explore novel
types of thick film technologies.””””

The development of diffraction methods for the study of ferro-
electric domain switching and related phenomena, utilizing state of
the art synchrotron x-ray and neutron sources to sample bulk prop-
erties, has provided new insights into the actuation mechanisms in
ferroelectric ceramics.”*"*” In situ synchrotron XRD measure-
ments have revealed the importance of elastic constraint in cou-
pling together the nominally intrinsic lattice strain and extrinsic
domain switching mechanisms in polycrystalline ferroelectrics,”” ™"
while significant deviations from the average strain were identified
at the local grain scale by 3D-XRD.” Similar methods have also
been employed to investigate the novel strain-generating mecha-
nisms in lead-free relaxor ferroelectrics, including those based on
sodium bismuth titanate solid solutions, which involve nanopolar
to long-range ordered ferroelectric transitions and changes in
crystal symmetry under the influence of an applied electric
field.”’ " However, to date there have been no such investiga-
tions of domain switching or local lattice strain in the shear mode,
although an ex situ study of cross-poling textures in a tetragonal
PZT was reported by Wan and Bowman."'

The aim of the present study was to determine the
orientation-dependent changes in lattice strain and ferroelectric
domain orientation for a commercial soft PZT ceramic in response
to an electric field applied in a direction perpendicular to the
poling axis. It is shown that the initially dominant shear strain is
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transformed into a combination of axial and shear strains as the
magnitude of the electric field increases toward and beyond the
coercive field. The methods described in the present work allow
the orientation of the remanent polarization in ferroelectric ceram-
ics to be monitored and controlled; this approach facilitates the
investigations of the orientation-dependent piezoelectric coeffi-
cients and could lead to the development of novel piezoelectric
devices with optimized piezoelectric responses.

Il. EXPERIMENTAL METHODS

Commercial soft PZT ceramics were provided by Xaar in the
form of non-electroded wafers, with a thickness of 0.9 mm. These
had previously been poled perpendicular to the major surfaces,
along the X; direction. Square-ended beam-shaped specimens with
dimensions of 3 x 1 mm* were cut from these wafers by diamond
machining. Electrodes were then applied to the end faces of the
specimens, normal to the X; direction, using air-drying silver paint
(Electrolube SCP03B). Using this procedure, an electric field
applied lengthways, along X, is perpendicular to the through-
thickness poling direction, X3, as illustrated in Fig. 1(a).

XRD measurements were performed in transmission at beam-
line 115 of Diamond Light Source using high-energy, monochro-
matic x rays with a photon energy of 67 keV corresponding to a
wavelength of 0.1839 A. A schematic diagram of the beam-sample-
detector geometry is illustrated in Fig. 1(a), where it is evident that
the beam direction is perpendicular to both the electric field and
the initial remanent polarization vectors. In the conventional
arrangement for a piezoelectric ceramic actuator, in which the elec-
tric field is usually applied in a direction parallel to the poling axis,
transverse isotropy can be assumed and it is then relatively straight-
forward to obtain the full strain tensor by the analysis of the 2D

diffraction patterns, corresponding to a range of different azimuthal ¢
angles, y, relative to the electric field axis. This approach is no ;

longer valid in the present case due to the application of the electric
field along direction X; and the consequent loss of the fiber-like
symmetry due to the progressive and irreversible cross-poling
process.

Two-dimensional images of the diffraction pattern were
recorded using a Perkin-Elmer XRD 1621 flat-panel detector posi-
tioned approximately 1 m from the sample, as shown in Fig. 1(b).
These images were reduced (“caked”) into conventional one-
dimensional XRD patterns corresponding to a range of grain orien-
tations, y, relative to the poling direction, using Fit2D.*
Calibration was performed with a LaBs powder standard. The peak
profiles for selected diffraction peaks were fitted to one or more
pseudo-Voigt functions, using a least-square errors procedure in
MATLAB, in order to quantify the lattice spacings and integrated
peak intensities.

XRD patterns were recorded in situ, during the application of
an electric potential in the range from 0 to +9 kV along direction
X, using a Trek 610E HV amplifier, the specimen being immersed
in silicone oil within a polyimide oil bath during the experiments
to prevent arcing between the electrodes. The amplifier was con-
trolled remotely from the beamline computer system by means of a
low-level analog voltage so that the XRD data and applied electric
field could be correlated. The measurement procedure consisted of

22:0€'0C $20T J8quisAoN S

J. Appl. Phys. 136, 194101 (2024); doi: 10.1063/5.0238994 136, 194101-2

© Author(s) 2024


https://pubs.aip.org/aip/jap

Journal of

Applied Physics

(a)

ARTICLE pubs.aip.org/aip/jap

FIG. 1. (a) Schematic diagram of the beam-sample—detector geometry for high-energy XRD measurements in transmission, showing directions of initial remanent polari-
zation and applied electric field vectors. (b) lllustration of the 2D diffraction pattern showing how the arcs are “caked” into 24 azimuthal bins.

applying a sequence of gradually increasing quasi-static bipolar
electric field levels in a stepwise manner, including measurements
in the remanent state at zero electric field between the positive and
negative levels, as illustrated in Fig. 2. It was anticipated that the
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FIG. 2. lllustration of measurement procedure involving step-wise application of
a quasi-static bipolar electric field. Four different datasets were obtained, corre-
sponding to the specimen under an increasing positive or negative electric field
(filled symbols) and including their respective remanent states (open symbols).

maximum field level of +3kVmm™' would be sufficient to

completely re-polarize the specimen along the electric field direc-
tion, since its magnitude was more than twice the coercive field of
this type of soft PZT ceramic.

lll. RESULTS
A. Characterization of the initial poled state

A typical XRD pattern obtained for y = 0°, with the scattering
vector along the initial poling direction (X3), is presented in Fig. 3.
Splitting of the {h00} diffraction peaks is clearly evident, indicating
a predominantly tetragonal crystal structure. A 2-peak fitting pro-
cedure yielded consistent results for the {200} and {220} reflections
while a single peak profile provided a good fit to {111}.

Peak profiles for the {111}, {200}, and {220} reflections in the
initial poled state are illustrated in Fig. 4. Systematic variations in
the peak positions and intensities as a function of azimuthal angle,
v, are clearly evident in these plots. The results indicate a prefer-
ence for c-axis oriented domains, represented by the (002) peak,
along X; at y=0° with a reversal in the relative intensities of the
(002) and (200) peaks occurring for y = 90°. Similar systematic var-
iations in peak intensities can be observed for the {220} reflections.
The corresponding shifts in the position of the {111} peak with var-
iations in y indicate the development of tensile lattice strain along
X; and compressive strain along X; during poling. These poling
strains along (111) in the remanent state are caused by elastic con-
straint and intergranular residual stresses within the polycrystal,
which couples together the extrinsic (domain switching) and
intrinsic (lattice strain) mechanisms, as discussed previously.”**’
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2500 One of the aims of our analysis is to determine the lattice
(11} strain orientation distribution and domain orientation distribution
{211} (SOD and DOD, respectively) under the influence of a cross-poling
2000 | field along X;. For this purpose, it is necessary to provide values
. for the lattice spacing, d,;;, and the diffraction peak intensity
-e ratios, Ryg, and Ry, in the unpoled, randomly textured state. The
g 1500 F {200} {220} fractional peak intensity ratios are defined as follows:
>
Z Ropy = —102__ M)
c 1000 F {210} " ooz + Lo
£
- Ry — JENp) @)
200 F Y R
where Iy denotes the intensity of the corresponding diffraction
0 ' ; ! peak. However, these values were not readily available since the
4.0 5.0 6.0 7.0 specimens were provided in a pre-poled condition. Therefore, they

20 / ° were determined instead by making use of the near-linear relation-
ships between these parameters and cos’y; illustrated in Fig. 5,
which result from the form of the strain tensor associated with
FIG. 3. 1D diffraction pattern of poled commercial PZT ceramic for the scatter-

L pEW J 2 el i A ? domain reorientation.”® The reference parameters d?ll, Rgoz, and
ing vector along the initial poling direction, with y=0°, corresponding to a R were identified as their respective values at the point where
typical tetragonal perovskite structure. 202 )

cos“y=1/3, determined as 0.234334nm, 0.305, and 0.653,
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FIG. 4. Variations in diffraction peak profiles for (a) {111}, (b) {200}, and (c) {220} reflections of pre-poled tetragonal PZT ceramic as a function of azimuthal angle, . Line
profiles for selected orientations are shown in (d)—(e).
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domain orientation distributions (SOD and DOD, respectively) are shown in (d) to (f).
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respectively (see Fig. 5). Note that this point represents the orienta-
tion at which the total axial strain component, €(y), is equal to
zero, which is assumed to represent the strain- and texture-free
state with random domain orientation.”

The relative intensity ratios for the 002/200 and 202/022 dou-
blets are defined as

I

W()()z = ﬂ > (3)
Ixgo
I

Wap = 7. ()
Tox

The reference values of W, and W3, in the unpoled ran-
domly oriented state were obtained from the previously determined
RS, and RS, values using the following relationships:

0 _ R802 ( 5)
002 (1 _ Rgoz) >
RO
WO — 202 . 6
202 (1 _ Rgoz) ( )

The SOD and DOD functions for each family of lattice planes are
calculated using the method described by Jones et al.,*

dyy — d°
gny(y) = %, (7)
111
0
Vaoa(y) = —— 22/ looe (8)

T I/ 0y, + 2 Lo/ 19y

2 1202/1202
1% = . 9
202(W) 2 Iop /Igoz T Lo /Igzo 9)

Here, parameters v, and vy, represent the relative fractions of
domains oriented along [002] and [202], respectively. The expres-
sions given in (8) and (9) were simplified and expressed in terms of
the relative intensity ratios, Wog, and Wy,

1
vooz(y) = T A 0 T (10)
1+ 2 Wi/ Wooz
2
Va2 (W) (11)

S 24 Wi/ W

The resulting SOD and DOD functions, illustrating the
development of tensile lattice strain and preferred domain
orientation along the initial poling direction (y =0), are presented
in Figs. 5(d)-5(f).

B. Effects of the cross-poling electric field

The effects of an applied bipolar electric field with progres-
sively increasing amplitude from 0.2 to 3.0 MV m™" are illustrated

ARTICLE pubs.aip.org/aip/jap

by the diffraction peak profiles shown in Fig. 6, which are derived
from diffraction patterns having the scattering vector parallel to the
cross-poling electric field, ie, y=90° The gradual shift of the
{111} peak to lower 26 values indicates the development of tensile
lattice strain along the electric field axis, while the reversal of rela-
tive intensities in the {200} and {220} doublets demonstrates the
reorientation of ferroelectric domains toward the electric field
direction. There is also clear evidence of partial “back-switching” of
domains, accompanied by relaxation of the lattice strain, between
the “field-on” and “field-off” states. Complementary data for y =0,
45, and 135° are presented in Figs. S1-S3 in the supplementary
material, while the variations in the peak profiles as a function of y
in the final remanent state are illustrated in Fig. S4 in the
supplementary material.

To quantify the effects of the applied electric field, the
weighted average effective lattice strains for {200} and {220}, &g}
were calculated using the respective lattice parameters and DOD
functions, as follows:"*

dpooy (W) = Voo2dooz + (1 — voo2)daoos (12)
dpaoy (W) = Vanadaoz + (1 — va02)da2os (13)
dpg — d
iy (y) = =g (14)
hkl

Note that this approach does not attempt to distinguish
between the intrinsic and extrinsic contributions, arising from the
lattice strain and ferroelectric domain switching respectively, unlike
that used in certain other publications.”*** Instead, the £1200; and

€i220; values combine the lattice strains with the transformation ¢
strain from domain switching into an effective total lattice strain ;

associated with a given plane family. The resulting SOD functions
in the remanent state, after the application of various cross-poling
electric fields, are presented in Fig. 7. For the initial state, it is
evident that all grain orientations exhibit the maximum (positive)
strain along X3 (y=0°) and the minimum (negative) strain along
X; (w=90°). These results are a consequence of the macroscopic
changes in strain during poling, which give rise to tensile and com-
pressive strains along X; and X, respectively.

Furthermore, the lattice strains are anisotropic, with g0
having the highest magnitude, €111, having the lowest, and £y,
being intermediate. This trend is similar to that described previ-
ously for tetragonal PZT ceramics;* it can be explained in terms of
the transformation strains associated with domain switching during
poling and their dependence on crystallographic orientation.”” The
{100} and {111} grain families represent the two extreme cases for a
tetragonal perovskite crystal since the spontaneous polarization lies
along (100), yielding the largest transformation strain from domain
switching, while (111) is insensitive to domain switching and
therefore has zero transformation strain. For a polycrystalline
tetragonal perovskite ferroelectric in the remanent poled state, the
{111} lattice strain can be attributed solely to the effects of residual
stress caused by elastic constraint, i.e., it is a response to the macro-
scopic poling strain.”
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FIG. 6. Influence of the bipolar electric field on the (a) {111}, (b) {200}, and (c) {220} diffraction peak profiles, represented as contour plots, for the azimuthal angle w=90°
(scattering vector parallel to E). Peak profiles corresponding to the initial state, under the highest electric field level and in the remanent state are compared in (d)—(f).

The application of an electric field along X;, perpendicular to
the initial poling direction, led to progressive shifts in the directions
associated with the maximum and minimum strains, as illustrated in
Figs. 7(b) and 7(c). These effects are attributed to domain switching
along X, which gives rise to an effective rotation of the average rem-
anent polarization direction. It is evident that the maximum positive
strains were obtained at y values of approximately 0°, 45°, and 80°
for electric field levels of 0, 1.4, and 3.0MVm™, respectively.
Additionally, it was found that the magnitudes of the maximum and
minimum peak strain values, which represent the principal strains,
increase slightly during the course of the experiment; this indicates
that the degree of domain alignment at the conclusion of the experi-
ment was greater than that at the start. It was observed that the
maximum values of vy, increased from 0.55 to 0.60, while those of
Va0 increased from 0.79 to 0.89 after the application of 3 MV m™!
along X;. This point is discussed further in Sec. I1I D.

Although the lattice strains for each family of reflections retain
their heterogeneous nature during and after cross-poling, the azi-
muthal orientations, y, associated with the maximum and minimum
strains shift in a consistent manner with the increasing electric field
strength. The latter observation indicates a correlation between the
SODs associated with different crystallographic orientations, which is
a further indication of the strong elastic coupling between grains in
polycrystalline ferroelectrics. Otherwise, it might be anticipated that

the {002}-oriented grains would exhibit domain switching at a lower ;
electric field level than that of the {220}-oriented grains, for example.
Elastic coupling between domain switching and lattice strain in the
sub-coercive field range was also emphasized by Pramanick et al.”
In contrast, it has been found in certain metallic alloys that differ-
ently oriented grain families can exhibit plastic strain at different
loading levels, referred to as plastic anisotropy.*

C. Total strain: Deformation and piezoelectric response

The evolution of the total strain during the course of the
experiment was evaluated by combining the results for the effective
lattice strains, following the approach described by Daymond."”**
This yields an estimate for the total strain, £*(y), in terms of a
weighted average incorporating the multiplicities of the different
lattice planes, 1y, as

> na Tniamnia€na(w)

(15)
> nia ThiaMuia

£(y) =

The my,y, values for the representative {111}, {200}, and {220}
grain families are 8, 6, and 12, respectively, and it is assumed that
the texture index, Ty, is equal to 1 in each case. This latter
assumption supposes that the crystal (grain) orientations in the
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FIG. 7. Changes in effective strain orientation distribution (SOD) for different
crystallographic directions in the remanent state after application of a cross-
poling field with magnitude (a) 0, (b) 1.4, and (c) 3MV m~". Solid lines repre-

sent the best fit according to Eq. (16).

material are perfectly random. Equation (15) relies on the assump-
tion of locally isotropic elastic properties for the single crystal. It
was shown by Daniel et al.*’ that elastic anisotropy can be a signifi-
cant factor in PZT ceramics, but it is believed that the intrinsic and
extrinsic piezoelectric effects remain as the dominant features in
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FIG. 8. Field-dependence of (a) £33, (b) £11, and (c) &+ total strain tensor com-
ponents under an increasing bipolar electric field, illustrating results obtained
under field, denoted as “field-on,” and in the remanent state, “field-off.”

the observed behavior. A more refined definition of the total strain
would require knowledge of the elastic properties of the material
and the use of more elaborate micro-mechanical modeling tools. It
should also be noted that the definition of £*(y) corresponds solely
to the strain components associated with the 1-3 plane, which is
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the only one accessible according to the experimental configuration
illustrated in Fig. 1(a). Consequently, the full strain tensor cannot
be obtained using this beam-sample-detector geometry, which
limits our analysis to the axial, £;; and £33, and shear, &3, strain
components.

The total SOD given by Eq. (15) was subsequently fitted to
the standard strain tensor transformation (16) in order to provide
the strain corresponding to each electric field level,

€ (y) = £33 + (€11 — &x3)siny + 213 siny cosy.  (16)

The evolution of these parameters during the cross-poling
experiment is illustrated by the results presented in Fig. 8. At low
electric field levels, for E< 0.8 MV m™}, the axial components, £1;
and £33, remained close to zero, as is expected for a piezoelectric
specimen in the shear mode. A relatively small and reversible change
occurred in the shear component, €3, which is attributed to the
shear piezoelectric response. At higher electric field levels, for
E>0.8MVm™, large and irreversible changes in both axial and
shear strains are evident due to ferroelectric domain switching,
resulting in progressive cross-poling along the electric field direction.
The axial strain components, £;; and €33, together with the differ-
ences between the “field-on” and “field-off” states, Ae;; and Agss,
continued to increase in magnitude up to the maximum applied
field of 3MV m™!, while the shear component, £;3, first increased
but then subsequently saturated and reduced. The comparison of the
results obtained for different crystallographic orientations, presented
in Fig. S5 in the supplementary material, shows that the largest
strains are obtained consistently for {200}, followed by {220} and
finally {111}, over the full range of applied electric field levels.

Although these results provide an indication of the changes in
piezoelectric activity induced by the cross-poling procedures,
detailed interpretation is hindered by the strongly nonlinear nature
of the piezoelectric response. For example, the observed changes in
the Ag;; values with increasing electric field are caused by both the
reorientation of the remanent polarization and the field-
dependence of the effective piezoelectric coefficients. Nevertheless,
the progressive increase in the axial piezoelectric coefficients due to
cross-poling along X is clearly evident in Fig. 8.

The Ag;; values were subsequently employed to estimate the
effective piezoelectric coefficients, dij*, over a range of different
field levels. The ultimate ds3* and ds;* values were approximately
+800 and —350 pm V™', which are in general agreement with the
macroscopic piezoelectric coefficients of soft PZT ceramics, indicat-
ing that the specimen was poled predominantly along X; at the
conclusion of the experiment. Note that the standard notation is
used here to represent the indices for ds3* and ds,*, which differs
from that employed in the discussion above in that the directions
of X; and X; are interchanged.

The results obtained for &£;; appear to indicate significant
increases in the shear strain for electric field levels up to
1.2 MV m™', declining thereafter. This observation suggests that a
certain degree of cross-poling could potentially enhance the shear-
mode piezoelectric activity. However, it should be noted that these
changes are substantially irreversible and are a consequence of the
rotation of the average polarization vector toward the electric field
direction. This point can be clarified by examining the variations in
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FIG. 9. Variations in electric field-induced shear strain as a function of field
level. The linear region was employed to yield an effective piezoelectric coeffi-
clent, dqs*, of 2.0 x 10~ m V=",

the difference strain, Ag;3, as a function of the electric field, as
shown in Fig. 9. The Ag;;-E relationship appears to be approxi-
mately linear up to 0.8 MV m™, after which it decays. The linear
part of the curve exhibited a gradient of approximately
1.00x 107" m V™!, which yields an effective piezoelectric shear
strain coefficient, d;5*, of 2.00 x 1072 m V™! after taking into con-
sideration the factor of 2 required for conversion into the conven-
tional Voigt notation.”” The apparently linear nature of the shear

strain—electric field relationship in this region is in conflict with

previous observations of nonlinearity.'>'® However, the uncertainty
in the data obtained at low fields is relatively high and, therefore,
further in situ diffraction studies of the sub-coercive field region,
similar to those conducted previously in the axial mode,”>** could
help to clarify this point.

D. Principal strains: Variations in magnitude and
orientation

By fitting the SOD results to the standard relationship shown
in Eq. (16), it is now possible to determine the orientation of the
principal strain, y,, using the following equation:

2 E13

_— 1
(€33 — €11) (17)

tan(y,) =

The results of this procedure are plotted in Fig. 10, which
illustrates the y;, values obtained both from the total strain, £(y),
and from the strains associated with the individual plane families,
&hia(w). The value of y;, remains close to zero up to an electric field
in the region of 0.8MVm™', when a significant increase or
decrease occurs, dependent on the sense of the field. The magni-
tude of y;, increases sharply from 7° to 45° in the relatively narrow
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field range from 0.6 to 1.4 MV m™" and then continues to increase
progressively up to 80° at the maximum field of 3 MV m™~". These
data are consistent with the reorientation of ferroelectric domains
toward the direction of the applied electric field, X;. However, the
charge displacement mechanisms contribute in different ways to
strain and polarization. For example, it is well-established that in
the remanent state, 180° domain switching does not contribute to
strain, while 90° domain switching does. In contrast, both mecha-
nisms contribute to polarization. Therefore, the principal strain
direction, ¥, does not necessarily coincide with the direction of
the polarization vector. The manner in which the reorientation of
polarization occurs depends on the domain switching mechanisms,
as discussed below.

It should be noted that the results obtained from individual
grain families should not necessarily follow that of the total strain,
due to the influence of elastic anisotropy and potentially different
coercive fields associated with different grain orientations.
However, the influence of elastic coupling can also be observed in
the y,-E relationships for the different plane families, plotted in
Fig. 10(b), which follow remarkably similar trends.

It was noted above that the directions of the principal strain
axis and the average polarization vector are not necessarily corre-
lated due to the nature of different domain switching mechanisms.
Two possible scenarios associated with either solely 90° domain
switching, or a combination of 90° and 180° domain switching, are
presented in Fig. 11. In this figure, the schematic distribution of
polarization orientations at different stages of the cross-poling pro-
cedure is illustrated on the left-hand side of the diagram while the
associated variations in the norm of the polarization, [|P||, the
direction of principal strain, y,, and the principal strain values, £

ARTICLE pubs.aip.org/aip/jap

and €7, are summarized on the right. The domain orientation dis-
tributions at the beginning and end of the process are considered
to be the same in each case, but the intermediate state differs.

In the first scenario, the reorientation of polarization under the
cross-poling field is supposed to occur solely by 90° domain switch-
ing; this results in a progressive increase in ,,, while the magnitude
of polarization and the principal strain values remain constant. For
the second scenario, the reorientation of polarization occurs first by
180° and subsequently by 90° switching; in this case, there is also a
progressive increase in y,, but the magnitude of polarization and
those of the principal strains suffer a reduction in the intermediate
state. The schematic shown in Fig. 11(b) II illustrates the hypotheti-
cal case where exclusively 180° domain switching has occurred, in
which case the curves representing £” and £~ could potentially inter-
sect and £” would become less than £7 in the intermediate state.

The data obtained during the present experiment were used to
evaluate the validity of these mechanisms through the principal
strain values, which are given by the following relationships:

£33+ € £33 — €11\ 2
+_ &3 : 11 ( 33 : 11) 8%3’ (18)

_ €&+ En £33 — €11\ 2
= o ( 5 ) + €%, (19)

The results obtained for £ and & are presented in Fig. 12. It
is evident that the principal strains do not remain constant after
the application of the electric field but reduce slightly in magnitude
up to an electric field of around 1 MV m™". This observation lends
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FIG. 10. Changes in the orientation of the principal strain direction, vy, due to an increasing bipolar electric field, determined from (a) total strain and (b) strain of individual

plane families in the “field-off” state. Error bars omitted for clarity.
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support to the suggestion that 180° domain switching provides a
significant contribution to the changes in polarization, at least
during the initial stages. Simultaneous measurements of the varia-
tions in macroscopic strain and polarization during cross-poling
would help to clarify this point.

Significant increases in the magnitude of the principal strains
occur for field levels above 1 MV m™?, particularly in the “field-on”
state, confirming the observations made in Sec. III B with reference
to Fig. 7, ie., the level of strain after cross-poling along the X,
direction is higher than the strain observed in the initial poled
state. This could be a consequence of time-dependent relaxation
effects, meaning that some back-switching of domains occurred
after the initial poling procedure, perhaps driven by the elastic
energy associated with inter-granular residual stress. This would
result in a reduction in the remanent polarization in the well-aged
initial state relative to that obtained immediately upon cross-poling.

Another significant feature of the results shown in Fig. 12 is
that the differences between the principal strains in the “field-on”
and “field-off” states increase as the magnitude of the applied field
increases, demonstrating that the axial mode becomes increasingly
dominant. This is expected to occur as the average polarization
vector rotates gradually toward direction X;. The general correla-
tion between the increasing magnitudes of the difference strains,
caused by the axial piezoelectric coefficients, and the principal
strain direction is shown by the inset in Fig. 12(b).

Further studies are required to determine the variations in the
nonlinear dielectric and piezoelectric properties of PZT and other
related piezoceramics in the sub-coercive field range at various
stages of the cross-poling process. This could be achieved by mac-
roscopic polarization and full-field strain measurements under an
applied electric field, for example, using digital image correlation
(DIC). Such studies could enable the development of novel actuator
designs to exploit the anisotropic electromechanical responses. It is
already well-established that certain “rotator” ferroelectrics exhibit
pronounced piezoelectric anisotropy,” but the influence of inter-
granular elastic constraint and ferroelectric domain switching phe-
nomena on the anisotropic electromechanical behavior of polycrys-
talline piezoceramics have not yet been investigated in depth. The
development of suitable models to describe and predict such effects
would also be invaluable.

IV. CONCLUSIONS

The influence of an electric field, applied in a direction (X;)
perpendicular to that of the initial remanent polarization (X3), on
ferroelectric domain orientation and lattice strain of a tetragonal
PZT ceramic, has been determined using in situ high- energy XRD.
At low field levels, a reversible piezoelectric response was observed
in the shear mode, with negligible axial strains. Higher field ampli-
tudes led to substantial and irreversible changes in both axial and
shear strains associated with ferroelectric domain switching and
subsequent reorientation of the average polarization direction
toward that of the electric field.

The axial strains increased progressively for field levels beyond
the coercive field, while the shear strain first increased and then
reduced as the polarization vector became better-aligned with the
electric field. The elongations associated with specific lattice
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directions, expressed in terms of an effective weighted average
strain, &gy, exhibited strong anisotropy, with the highest values
being obtained for £izg}, the lowest for €111}, and €ip,0; being
intermediate. However, the orientations associated with the
maxima and minima in the SOD function remained well correlated
as they evolved during the cross-poling process due to the influence
of elastic coupling between grains in the polycrystalline matrix.

The rotation of the average polarization direction was moni-
tored in terms of the principal strain axis, although it is noted that
the two are not necessarily coincident. Variations in the magni-
tudes of the principal strains suggest that the degree of domain
alignment was improved in the final stages of the cross-poling pro-
cedure, although the reorientation of the principal strain axis
toward the electric field was incomplete.

SUPPLEMENTARY MATERIAL

See the supplementary material for the following additional
data plots: (i) contour plots to illustrate the evolution of representa-
tive diffraction peak profiles under the applied bipolar electric field
for azimuthal angles, v, of 0°, 45°, and 135°; (ii) contour plots dem-
onstrating the variations in representative diffraction peak profiles
as a function of y in the final remanent state, after the application
of the cross-poling electric field; and (iii) the electric field-
dependence of the principal strain components, £33, €13, and £;3
for the representative crystal orientations.
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