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bstract

o better understand the domain switching characteristics of lead zirconate titanate (PZT) ceramics, the orientations of domains have been directly
nvestigated during loading and unloading using various experimental techniques. Upon loading, linear and non-linear fracture mechanics of the
ZT ceramics are observed. The slope of the stress–strain response is attributed mainly to lattice strain and domain switching strain. During the

oading process, electrical activity also occurs several times in the PZT ceramics. This activity is related to a lightning-like phenomenon and
onsists of a bright flash with a click. This electrogenerative event is caused by severe domain switching. The characteristics of domain switching

nd reverse switching are detected during the loading and unloading processes. The amount of domain switching depends on the grain, due to
ifferent stress levels. In addition, two patterns of 90◦ domain switching systems are characterized, namely (i) 90◦ turn about the tetragonal c-axis
nd (ii) 90◦ rotation of the tetragonal a-axis.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

Piezoceramics have been increasingly utilized in numer-
us applications, e.g., sensors and actuators. Specifically, lead
irconate titanate piezoelectric ceramics (PZT) are widely
mployed, since the PZT ceramic has excellent electromechani-
al responses,1 a high Curie temperature, high material strength
nd low sintering temperature.2 Because the sensor and actua-
or must be reliable and durable, the quality of the piezoceramic
n these engineering applications is important.3 In addition, the

aterial response, in particular the matching of the piezoelectric
oefficients to the application, is extremely important, as PZT
eramics in smart structures are required to have high piezo-
lectrical performance. The material properties of PZT ceramics
re influenced by the material characterization, such as lattice

tructure, domain orientation and domain switching. In recent
rticles, it has been shown that the occurrence of domain switch-
ng and/or domain wall formation reduces the material properties
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-ray methods

f PZT ceramics.4 To provide direct evidences of this, the
omain switching characteristics have been investigated using
arious methods, including electron-back-scatter diffraction,4

oiré interferometry,5 neutron and X-ray diffraction,6 scanning
orce microscopy,7 piezo-force microscopy,8 polarized light
icrocopy9 and finite element analysis.10 There are a number of

elated papers. The Scopus searching system reveals that more
han 420 “domain switching” and “PZT” academic papers have
een published to date. Using neutron and X-ray diffraction,
ones et al. have conducted quantitative assessments of reflection
eometry and spherical harmonic texture analysis, measuring
hange parallel to and tilted from the poling axis.11 Using this
pproach, the relative intensity ratio of the (2 0 0) and (0 0 2)
eflections in PZT ceramics was expressed by a domain switch-
ng fraction or a multiple of a random distribution (MRD).12

he XRD method was employed in the study by Hall et al.,
here a high-energy synchrotron XRD was used to examine
omain switching behavior in bulk PZT ceramics.13 Tanaka et

l. have also measured X-ray diffraction to evaluate the amount
f domain switching for tetragonal and rhombohedral lead zir-
onate titanate ceramics, where the amount of domain switching
as assessed by the change of the intensity ratio,14,15 e.g.,

dx.doi.org/10.1016/j.jeurceramsoc.2010.09.001
mailto:okayasu@akita-pu.ac.jp
dx.doi.org/10.1016/j.jeurceramsoc.2010.09.001
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PZT ceramics using a screw driven type EZ-Graph universal
testing machine with 10 kN capacity (Shimazu Co.). The res-
olutions of the load and displacement in this testing machine
are 0.01 N and 1 �m, respectively. Fig. 2 shows the testing
30 M. Okayasu et al. / Journal of the Eur

2 2 2/I2 2 2̄, of the (2 2 2) to (2 2 2̄) diffraction for rhombohedral
ZT ceramics. The intensity ratio for normal diffraction, i.e.,
= 0◦, decreased with increasing the applied strain, since the

pontaneous polarization direction, the (2 2 2) direction, turned
owards the loading direction. To measure in-plane domain
witching and lattice structure in the region inside PZT ceram-
cs, high-energy synchrotron XRD with energy 80.8 keV and
avelength λ∼ 0.154 Å was used.16 Several researchers have

ecently observed in-plane 90◦ domain switching of ferroelectric
eramics using the Moiré interferometry technique5 and electron
ack scatter diffraction (EBSD).4,17 From the above informa-
ion, the domain switching characteristics of PZT ceramics after
pplied loading have been clarified. Further study is required to
escribe the details of domain switching characteristics under
tatic and cyclic loading processes.

The loading applied to PZT ceramics produces permanent
train by the irreversible switching of 90◦ domains, which
ives rise to high anisotropic deformation. It has been clari-
ed in a previous study that the switching occurs even under
mall applied load. Thus, stress vs. strain curves could provide
mportant information about the complex constitutive non-linear
ehavior in piezoelectric ceramics. In the study by Calderon-
oreno and Popa, the domain switching strain was interpreted

sing stress–strain curves.18 Li and Rajapakse have success-
ully incorporated a switching assumption into the constrained
omain switching model to account for non-symmetry of their
tress–strain curves.19,20 The stress–strain information for PZT
eramics is always required in order to design the PZT ceramic
or a particular engineering application. The aim of this work
as therefore to investigate the effect of domain switching on the
aterial strain in PZT ceramics during static and cyclic loading

rocesses. In this study, the measurement of domain orienta-
ion (or domain switching) was carried out using several novel
xperimental techniques.

. Experimental procedures

In the present work, a commercial soft tetragonal PZT
eramic, of nominal composition PbZrTiO3, was used.21 The
ZT ceramics were well sintered at 1200 ◦C with an average
rain size of 5 �m, a density of 7.65 g/cm3 and Curie point of
95 ◦C. A silver-based electroplated layer was applied to two
ides of the specimens by a firing process in atmosphere, before
he electrical poling process, using an electric field of 2 kV/mm
n silicon oil, was carried out. The PZT ceramics adopt a per-
vskite structure with aspect ratio c/a = 1.014 (a = b = 0.4046 nm
nd c = 0.4103 nm). The material properties of the PZT ceramics
fter polarization measured by an impedance analyzer (Agilent
echnologies, 4294A) were (i) effective elastic constant (cE33)
3 GPa, (ii) electromechanical coupling coefficient (k33) 0.71,
iii) piezoelectric constant (d33) 472 pm/v and (iv) permittiv-
ty (ε33) 22.7 nF/m (or dielectric constant (ε33/ε0) 2502). Fig. 1

hows a schematic illustration of a specimen material. This spec-
men was made by the following process: the round surface of
he cylindrical sample with length 12.5 mm and diameter 5 mm
as polished to make four flat faces. The polishing process was

F
X

Fig. 1. Schematic illustration of the test specimen.

onducted about 0.33 mm in depth using alumina paste down to
�m size, where the 12.5 × 3 mm2 face is spread. The reason for

he polishing process is to measure easily the material properties
f the ceramics. Domain orientations were investigated in the flat
reas (Fig. 2) under applied loading and unloading. Two systems
f X-ray diffraction and EBSD analysis were employed in this
nvestigation. In the X-ray analysis, an X’ Pert Pro system (Pana-
ytical Inc.) with a Cu tube source was utilized. An X-ray (8 keV,
avelength λ∼ 1.54 Å) was used to measure domain switch-

ng and lattice structure. The EBSD analysis was conducted by
igh resolution electron microscopy, using a JEM-200EX (JEOL
td.) with an orientation imaging microscopy (OIM) system. In

he examination of EBSD, the sample surface for the observation
as coated with carbon, after which the surfaces for observa-

ion were etched using a solution of 5 ml hydrochloric acid,
ml hydrogen fluoride and 250 ml water. Details of the EBSD

echnique are described in Ref. 22.
The static compressive loading and cyclic loading were

erformed in air with stroke control at 1 mm/min for the exam-
nation of the effect of domain switching on the stress–strain
haracteristics. The applied loading was performed on the
ig. 2. Testing setup for compression and measurement area for the EBSD and
RD (open circuit).
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Fig. 3. Schematic illustration of the loading cycle.

etup for compression loading in open circuit.23,24 The spec-
men was held between two high strength insulation ceramic
locks (φ25.0 × 15.0 mm2), so as to minimize diffraction inter-
erence from the specimen during the loading process. The stress
nd strain values were measured using a commercial load cell
nd strain gauges, respectively. Four strain gauges were glued
n the four flat faces of the specimen. The domain orientation
as examined continuously during the following five different

oading stages using EBSD and XRD analysis: (1) 0 MPa; (2)
5 MPa; (3) 0 MPa; (4) 200 MPa; (5) 0 MPa, see Fig. 3. It should
rst be noted that the maximum applied stress of 200 MPa (Stage
) is more than 85% of the compressive strength of the PZT
eramic. In addition, the applied stress of 65 MPa (Stage 2) was
etermined on the basis of the stress level at which the domain
witching in the PZT ceramic begins. In the previous works, it
as reported that domain switching occurs even under a small

pplied load of approximately 50 MPa.25

. Results and discussion

.1. Stress–strain characteristics

Fig. 4(a) and (b) shows the stress–strain curves for the PZT
eramics with and without poling, respectively. For the poled
ample (Fig. 4(a)), the beginning of the loading process, i.e.,
he lower portion of the loading phase, exhibits a small amount
f linear deformation occurring up to a relatively low stress
f about 45 MPa, above which extensive non-linear deforma-
ion occurs. This is comparable with the results of previous
ork.18 Similar non-linear and linear stress–strain relationships

re also observed in the second loading portion (Stages 4 and
). In this case, the linear relationship will be affected by the
attice strain of the PZT ceramics, and the non-linear relation-
hip is caused by the permanent strain arising from the domain
witching. Similar results were observed in the study by Jones

t al. They examined the strain characteristic of a soft lead
irconate titanate ceramic, in which the macroscopic strain in
he 0.30% ceramic consists of 0.22% domain switching strain
nd 0.08% lattice strain.26 Several researchers have described

z
t
s
d

ig. 4. Compressive stress vs. strain relationships for the PZT ceramics (a) with
nd (b) without the poling process.

tress–strain curves similar to the results shown in Fig. 4, where
he large strain in the PZT ceramic is strongly influenced by the
omain switching.18,27 In recent years, excellent work has been
arried out by Li et al. They estimated the electric and com-
ression strains in the three types of perovskite ferroelectric
eramic, e.g., with tetragonal, rhombohedral and orthorhom-
ic structures.28 Their estimated strain levels were also in good
greement with previously reported analytical and numerical
esults.29 In their approach, the maximum compression strain
or un- and poled tetragonal PZT ceramics were calculated to be
.269 × (c/a − 1) and 0.637 × (c/a − 1), respectively. Because
/a = 1.014 for our tetragonal PZT ceramic, the permanent strain
or the un- and poled ceramics after maximum compression is
alculated to be less than 0.38% and 0.89%, respectively. Both
train levels may be relatively close to our strain data shown
n Fig. 4.

The initial slope of the unloading stress–strain relationships
an be associated with the Young’s modulus of the material free
f domain switching,30 which are 130 GPa for the poled PZT
eramic and 116 GPa for the unpoled one. The Young’s modulus
or un- and poled samples are in good agreement with the related
eramics reported in Ref. 30.

It is interesting to mention that Fig. 4(a) clearly shows a

igzag stress–strain relationship in the non-linear portions of
he loading and unloading phases. In this case, the zigzag
tress–strain curve, created in Fig. 4, can be interpreted using the
omain switching models. Fig. 5 shows a schematic diagram of
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Fig. 5. Domain switching model in the z

he switching models incorporating a zigzag σ− ε relationship.

n Stage I, the stress level increases during the loading process,
hich is also related to Stages III, V and VII. On the contrary,

he plateau σ− ε relationships in Stages II, IV and VI might be
aused by the strain acceleration due to the domain switching

t
i
c
T

compressive stress vs. strain relations.

uring the loading, i.e., the long c-axis of the tetragonal lattice

urning to the direction perpendicular to the loading direction.4 It
s interesting to mention that the zigzag stress–strain in Fig. 4(a)
an be seen even in the unloading portion, as indicated by (A).
his may suggest that some domain switching or reverse switch-
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ng occurred in the unloading process.33 This will be discussed
n a later section of this paper.

When PZT ceramics take on a permanent strain because of
he irreversible switching of 90◦ domains, work hardening may
ccur.4 This permanent strain can be expressed as a power law.
rom Fig. 4(a), the deviation from the stress–strain curves has
form characteristic of that found for phase transformations

rought about by domain switching, consisting of an elastic
train region where the hardening rate diminishes as the stress
ncreases, followed by a regime of accelerated hardening, as a
aturation permanent strain is approached. Thus, the stressσ′ and
ermanent strain ε′P can be described by a bifunctional power
ow formula.31

σ′

σ′
0

=
(
ε′P
ε′0

)a
+

(
ε′P
ε′0

)b
(1)

here a and b are empirical power law coefficients, σ′
0 is a

eference stress and ε′0 is a reference strain. The magnitudes of
he coefficients a and b and the reference stress σ′

0 and strain
′
0 values for the poled sample are a = 0.4, b = 8, σ′

0 = 85 MPa
nd ε′0 = 1.4, which are relatively close to those for the soft
ZT ceramics reported in the study by Cao and Evans.31 The
tress–strain relationship assessed by Eq. (1) is indicated by the
ashed line in Fig. 4(a). As can be seen, the estimated stress vs.
train is in good agreement with our experimental result (Stages
and 4).
Non-linear stress vs. strain relationships can be observed for

he unpoled samples, as in Fig. 4(b), which shows results similar
o the poled sample. However, no clear zigzag relationships are
etected. This may be caused by weak domain switching com-
ared to the poled sample. The strain level at 200 MPa (Stage 4)
or the unpoled sample is about 1.0, which is about 30% lower
han that for the poled one. The different strain level between
he un- and poled ceramics could be attributed to the different
everity of domain switching. This result is consistent with prior
ork, in which a four-point bending fatigue test was performed
sing a soft PZT ceramics with and without poling process.32

In previous work, it was reported that the ferroelectric mate-
ial sheds some light on the dependence of the switching of
ndividual domains on the electric field loading rate.27 Because
he zigzag stress–strain relations are associated with more severe
omain switching, as mentioned above, the zigzag relationship
ight also be attributed to the lightning phenomenon. To confirm

his, a direct observation was carried out with the PZT ceramics
uring compressive loading to 200 MPa using a video camera.
n addition, the sound from the ceramic was recorded during the
oading process using a frequency analyzer, AS-78, (RION Co.,
td.). It was found from this experiment that electrical activity

a lightning-like phenomenon, consisting of a bright flash with a
lick) in the poled PZT ceramics occurs several times although
uch electrical activity cannot be observed for the unpoled sam-
les. Representative pictures of electrical activity in the poled

ZT ceramic are displayed in Fig. 6, where clear electrogenesis

s seen between the lower and upper sides of the specimen. The
ound wave data of the click sound from the ceramic during the
oading process is identified in Fig. 7(a). An interesting result

a
i
i
f

ig. 6. Pictures of the specimen with electrogeneration during compressive
oading.

n Fig. 7(a) is that the incidence of the click sounds (electrogen-
rative event) occur many times during the loading process and
orrespond to the step of the zigzag strain variation shown in
ig. 7(b). From this result, it is clear that the electrogenerative
vent is affected by domain switching.

To further understand the strain characteristics, the variation
f strain of the PZT ceramic was measured during cyclic loading
or five cycles. Fig. 8 displays the results of strain variations for
he un- and poled PZT ceramics. In the 1st cycle for the poled
ample (Fig. 8(a)), compressive strains of 0.73 and 1.5 were
btained in Stage 2 and Stage 4, respectively. In the unloading
rocess of the 1st cycle, residual strains of 0.33 (Stage 3) and
.99 (Stage 5) are observed. With increase of the cycle number,
he strain level decreases suddenly, e.g., 1st cycle vs. 2nd to 5th
ycle, and the strain values are almost constant following the 2nd
ycle in all stages, which is a similar result to that seen in previ-
us work.33 In addition, although it seems that the overall strain
evel for the poled sample is high compared to the unpoled one
Fig. 8(b)), the strain values after the 2nd cycle for both samples

re almost the same. This result suggests that the sample strain
n the 1st cycle is mainly attributed to severe domain switch-
ng strain, and that lattice strain is the dominant feature in the
ollowing cycle. On the basis of the strain characteristics, the
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lyzed the amount of domain switching and domain texture
using the X-ray diffraction pattern. Tanaka et al. have examined
the tetragonal domain texture using the peak levels of (2 0 0)
and (0 0 2) after waveform separation.14 Pojprapai et al. have
ig. 7. Variation of (a) the sound intensity and (b) compressive strain during the
oading test.

atio between the lattice strain (LS) and the domain switching
train (DS) can be estimated. In this case, the ratios of LS/DS for
he unpoled and poled samples are 0.5 and 0.33, respectively, in
hich the lower the LS/DS, the stronger the domain switching.
he ratio of 0.33 for the poled sample is close to the related
ample (LS/DS = 0.36).26

.2. Domain switching characteristics

To explain the domain switching characteristics more clearly,
-ray diffraction on the proportion of c- and a-oriented domains
arallel to a given sample direction was examined. In this case,
he long tetragonal c-axis can form parallel to any of the three
0 0 1〉 directions. The reorientation of domains by 90◦ domain
witching from the c- and a-direction can therefore be identified
nd is given by the diffraction intensity ratio at the 2θ positions
3.627◦ and 44.880◦.11 This associated approach has been used
y many researchers. Fig. 9 shows the X-ray diffraction analyses

or our PZT ceramics during the loading and unloading process.

ith increase of applied load, the (2 0 0) peak decreases and the
0 0 2) peak increases. Such a change of the peak levels suggests
0◦ domain switching in the PZT ceramics.14 Moreover, the
ig. 8. Variation of compressive strain during the loading test: (a) poled sample
nd (b) unpoled sample.

2 0 0) peak rises with decrease of the applied load, i.e., Stages 3
nd 5. This occurrence may be related to the domain switching
ack to its original orientation.

In recent years, several researchers have quantitatively ana-
Fig. 9. X-ray diffraction patterns for the poled PZT ceramic.
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ig. 10. MRD values obtained at different loading stages for the poled sample.

eported the domain switching behavior and shown that domain
exture can be quantitatively analyzed using the unit multiple of
random distribution (MRD), where the MRD is equal to 1 when

andom domain orientation is obtained and the MRD becomes
as c-domains are all oriented parallel to the poling direction.12

he formula to obtain the value of MRD can be expressed as
ollows:

RD = 3(I0 0 2/IR0 0 2)

(I0 0 2/IR0 0 2) + 2(I2 0 0/IR2 0 0)
(2)

here I0 0 2 and I2 0 0 are the integrated intensities of the (0 0 2)
nd (2 0 0) peaks after mechanical loading. Details of the method
f MRD estimation can be found in Ref. 12. On the basis of the
-ray diffraction analyses, the MRD values obtained for our

amples at various loading stages are shown in Fig. 10. Before

he loading process (Stage 1), the MRD value is approximately
.28, and that value alters during the loading and unloading pro-
esses. As can be seen, the MRD level increases with increasing
pplied load, e.g., MRD = 1.89 (Stage 2) and MRD = 2.11 (Stage

d
(
a
u

Fig. 11. EBSD analysis of PZT ceramics after etching: (a) image quality m
Ceramic Society 31 (2011) 129–140 135

), and the MRD value drops with decrease of the loading level,
.g., MRD = 1.74 (Stage 3) and MRD = 1.81 (Stage 5). It should
e pointed out that the MRD level cannot decrease to the ini-
ial MRD level of 1.3 (Stage 1) even after the applied stress is
educed to 0 MPa. This result implies that domain switching is
eversed but it does not occur completely, resulting in residual
train.

To further understand the domain switching characteristics,
he crystal orientation in the PZT ceramics was analyzed using
BSD analysis. This analysis was carried out at five different

oading stages, as indicated in Fig. 3. In this examination, the
omain orientation of 25 grains was characterized in advance.
ig. 11(a) and (b) displays the image quality maps and crys-

al orientation maps for the sample at the five different stages.
he color level of each pixel in the crystal orientation map is
efined according to the deviation of the measured crystal ori-
ntation with respect to the ND direction. The three orientations
n the grains, for instance the areas with red, cyan and green,
orrespond to the three possible orientations (1 0 0), (0 0 1) and
1 1 0).34 In this case, the (0 0 1) plane is related to the c-axis
ithin a grain. The phases not considered in the representa-

ion are in black. From Fig. 11(b), the crystal orientation is
pparently different for each individual grain. In addition, it is
lear that different patterns of domain orientation can be seen,
epending on the loading stage. With the analysis of the 25
rains as indicated in Fig. 11(a), three different switching sys-
ems can be distinguished. Representative switching patterns
re shown in Fig. 12. As seen in Pattern I (Fig. 12(a)), 90◦
omain switching and reverse switching occurs during the load-
ng and unloading processes, respectively. The amount of 90◦
omain switching increases with increase of the applied load,
.g., Stage 2 vs. Stage 4. In Pattern II, the amount of 90◦ domain
witching increases with increase of the applied load, but further

omain switching occurs even after removing the applied load
see Stage 3 Fig. 12(b)). This cannot be explained at the moment
nd will be discussed in the future. Unlike Patterns I and II, a
nique 90◦ domain switching pattern is detected (Pattern III), in

ap and (b) crystal orientation maps obtained in five loading stages.
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Fig. 12. EBSD analysis of PZT ceramics after etching: (a) image quality map and (b) crystal orientation maps and (c) crystal orientation analysis.
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Fig. 12. continued
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ig. 13. EBSD analysis of poled PZT ceramics: (a) crystal orientation map, (b)

hich the tetragonal lattice turns to 90◦ with two split directions
Fig. 12(c)), e.g., (26 14 1) to (25 1 14) and (14 1 27). In addition,
here are no clear domain switching grains even if a compres-
ion load has been applied. From the switching characteristics
n 25 grains, the rate of switching systems can be summarized in
able 1. As seen, half of switching systems are associated with
attern I and more than 25% of the system with Pattern II. The
ther systems showed low values of about 10%.
On the basis of the switching system in Table 1 (Pattern I,
I and III), the 90◦ switching characteristics in each tetragonal
tructure were further analyzed as a function of crystal orien-
ation before and after compression load. From this analysis,

able 1
ate of domain switching from three switching patterns shown in Fig. 11.

attern I Pattern II Pattern III No switching

0% 28% 11% 11%

r
o
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se pole figure, (c) crystallographic plane and (d) domain switching mode.

wo different switching modes were observed. Fig. 13 displays
he crystal orientation map, inverse pole figure, crystallographic
lane and domain switching pattern. In this case, the crystal-
ographic plane is indicated by a three-axis coordinate system
Miller-Bravais). From this, it is clear that there are two repre-
entative tetragonal lattice systems after 90◦ domain switching,
s shown in Fig. 13(d). One is the crystal structure formed
otation. Table 2 indicates the rate of domain switching mode
btained from the 25 grains. It is clear that about 60% and 30%
f the switching modes were dominated by Mode II and Mode

able 2
ate of two domain switching mode distinguished from three switching patterns

n Table 1.

ode I Mode II Others

1% 59% 9%
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, respectively. It should be noted that other switching modes
approximately 10% of grains) was also detected.

. Conclusions

The domain switching characteristics of lead zirconate
itanate (PZT) ceramics have been examined using various
xperimental approaches. On the basis of the experimental
esults and discussion, the following conclusions can be drawn.

1) With compressive loading of PZT ceramics, the stress–strain
curves have a form characteristic of that found for phase
transformations, where the lattice strain and domain switch-
ing strain are affected. The domain switching strain forms
the permanent strain of PZT ceramics. In the unloading pro-
cess for the poled sample, some domains switch, and reverse
switching may occur.

2) The strain level for the poled sample at the maximum applied
load of 80% fracture stress is about 30% higher than that
for the unpoled one. The high degree of strain for the poled
samples is caused by the greater extent of domain switching.

3) Electrical activity in the PZT ceramics occurs several times,
related to a lightning-like phenomenon and consisting of
a bright flash with a click. This electrogenerative event is
related to severe localized domain switching.

4) With the X-ray and EBSD analysis, the domain switching
characteristics during the unloading and loading processes
have been clarified. (i) 90◦ domain switching and reverse
domain switching occurs during the loading and unload-
ing processes, respectively; (ii) the amount of 90◦ domain
switching increases with increasing applied load, and fur-
ther increases even after the unloading process; (iii) 90◦
domain switching occurs with two different patterns (the
c-axis tetragonal crystal rotates in two different directions).

5) The 90◦ switching characteristics in each tetragonal struc-
ture were further analyzed, and two different switching
modes were detected. One is the crystal structure formed
by 90◦ switching, and the other is the 90◦ switching with
90◦ rotation.
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