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bstract

he influence of domain orientation on the mechanical properties of lead zirconate titanate (PZT) piezoelectric ceramics has been investigated
sing un-poled and poled PZT ceramics. High mechanical properties, e.g., high elastic modulus and compressive strength, were obtained for
he polarized PZT ceramics due to strain hardening caused by more severe domain switching during the loading process, while low mechanical

roperties for the un-poled ceramics. Fracture mechanics of the ceramics were influenced by the direction of the tetragonal lattice structure since
racks propagate along the long axis of the tetragonal structure (c-axis). Using X-ray diffraction and electron back scatter diffraction analysis, the
omain switching characteristics could be clarified.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

In recent years, piezoceramics have been widely studied
nd utilized in numerous applications, e.g., as displacement
ransducers, sensors and actuators.1 In particular, lead zirconate
itanate piezoelectric ceramics (PZT) are popular materials, as
he PZT ceramics combine several beneficial properties, e.g.,
igh piezoelectric coefficients, high Curie temperature and low
intering temperature.2 As the PZT sensors and actuator need
o become smaller and have higher power generation, the relia-
ility and durability of piezoceramics in engineering application
ver long periods of use will be significant.3 In addition, because
ZT ceramics in smart structures are required to have high mate-
ial performance, an examination of the material response to the
pplication is very important. In these applications, the applied
lectrical and mechanical loadings induce failure and/or crack
ropagation in piezoelectric ceramics resulting in fracture. It

s believed that crack initiation in PZT ceramics results from
efects, grain boundaries and the boundary between the elec-
rode and matrix.4 It also appears that the crack growth rate is
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ependent on the grain size5 and/or poling direction.6 The rea-
on for this is due to the change of crack growth resistance,
aused by the domain switching and/or changes in the domain
all direction.7 Many researchers have investigated the domain

witching behavior using various techniques. With a light
icroscopy, the domain switching characteristic has become

lear, and has been shown to strongly affect the crack growth rate
nd material properties.8 Jones et al. have examined the influence
f the fatigue frequency and loading level on domain switching
ehavior using X-ray diffraction. In their approach, the relative
ntensity of the (2 0 0) and (0 0 2) reflections in PZT ceramics
as expressed by a domain switching fraction or a multiple of
random distribution (MRD).9,10 The XRD approach was also
sed in the study by Hall et al., where a high-energy synchrotron
RD system was used to examine domain switching behavior in
ulk PZT ceramics.11 In the study by Shirakihara, the amount of
omain switching was evaluated by the change of the intensity
atio, I222/I222̄, of the (2 2 2) to (2 2 2̄) diffraction. The inten-
ity ratio for normal diffraction, i.e., ψ = 0◦, was reduced with
ncrease of the applied strain, since the spontaneous polarization

irection, the (2 2 2) direction, turned to the loading directio.12

unique approach was described by Liu et al. They investigated
he domain switching behavior of ferroelectric ceramics using

moiré interferometry technique, where in-plane 90◦ domain

dx.doi.org/10.1016/j.jeurceramsoc.2010.09.003
mailto:okayasu@akita-pu.ac.jp
dx.doi.org/10.1016/j.jeurceramsoc.2010.09.003


142 M. Okayasu et al. / Journal of the European Ceramic Society 31 (2011) 141–150

0◦) by

s
r
c
e
t
a
c

d
m
n
i

Fig. 1. Domain switching models (9

witching occurs in the region of approximately a 45◦ band,
educing the fracture toughness and material brittleness in PZT
eramics.13 Furthermore, several researchers have employed
lectron back scatter diffraction (EBSD) analysis to examine

he domain switching behavior of PZT ceramics.7,14 With EBSD
nalysis, the domain orientation can be clearly observed with a
olor mapping image. From these studies, it has been shown that

s
s
h

Fig. 2. Schematic illustration of specimen samples (a) rectangu
compressive stress on micro-scale.

omain orientation is one of the significant factors which deter-
ine the material properties of PZT ceramics. In recent years, a

ew technique has been proposed for revealing domain switch-
ng, where the electric potential is transformed to yield the radial

tress and strain distribution in front of the crack tip.15 To under-
tand the domain switching behavior, several switching models
ave been proposed. Fig. 1 shows the fundamental tetragonal

lar rod; (b) round rod; and (c) compact tension specimen.
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are no clear reports describing the effects of domain orientation
ig. 3. Relationship between the compressive stress and stroke of rectangular-
od PZT ceramics.

ZT domain switching models (90◦). As can be seen, there is a
b2+ ion at each corner of the unit cell, a Ti4+ (or Zr4+) ion at

he center of the unit cell and O2− ion at the center of each face.
ith sufficiently large compressive stress squeezing the c-axis

nd hence the unit cell towards the cubic state, the central ion

as to move 90◦ to one of the side sites, changing the direction
f polarization so that it is typically aligned almost parallel or
erpendicular to the stress.16,17 Lupascu has proposed a simple

(
o
c

Fig. 5. Schematic illustration showin
Fig. 4. Compression strength for the un-poled and poled samples.

atigue model for perovskite ferroelectics based upon an elec-
ric field driven point defect drift, where the case of the oxygen
acancy as an ionic defect is considered.18 In the study by Li
nd Fang, a new criterion of domain switching for ferroelec-
ric polycrystals is presented, where a three-dimensional finite
lement model is developed to simulate domain switching. It
s assumed in the model that each crystallite, represented by a
ubic element, is a single domain. A domain will undergo 90◦
nd 180◦ switching when reduction of the Gibbs free energy in a
epresentative element body exceeds the corresponding energy
arrier.19 In recent years, Senousy et al. have further proposed
domain switching model for PZT ceramics. This model con-

idered the changes in potential energy, and accounts for the
emperature influence on domain switching.20

Although several domain characteristics and domain mod-
ls have been investigated by a number of researchers, there
or domain switching) on the failure and material properties
f PZT ceramics. The investigation of these properties is espe-
ially important for the design of ceramics for engineering

g domain switching behavior.
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ig. 6. High speed camera images of the round-bar PZT ceramics just fractured
y the compressive loading: (a) poled sample and (b) un-poled sample.

pplications. The aim of this work was, therefore, to investi-
ate the influence of the domain structure on the mechanical
roperties and fracture mechanics of PZT ceramics.

. Experimental procedures

.1. Materials

The piezoceramic selected in the present study was a
ommercial soft lead zirconate titanate ceramic, PbZrTiO3
PZT), produced by Fuji Ceramics Co., Japan. The PZT
attice, as examined by X-ray diffraction (XRD) at room
emperature, adopts a tetragonal perovskite structure with
= b = 0.4046 nm and c = 0.4103 nm. Three different PZT spec-

mens with and without poling were used: a rectangular rod
2.7 mm × 2.7 mm × 7.5 mm), a round rod (φ3 × 7.5 mm3) and a
ompact tension specimen (20 mm × 20 mm × 5 mm) as shown
n Fig. 2. The average grain size of the PZT ceramic is approx-
mately 5 �m in diameter. For the polarized samples, the silver
lectroplating was printed on the specimen by firing for several
ours in atmosphere at 973 K. After the electroplating process,
he polarization was established by applying an electric field
kV/mm between two electrodes in silicon oil. The material

roperties of the PZT ceramics after polarization, as measured by
n impedance analyzer (Agilent Technologies, 4294A), were an
lectromechanical coupling coefficient k33 = 0.76 and a dielec-
ric constant ε33/ε0 = 2260.

v
t
i
t
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.2. Experiments

.2.1. Compression test
Compression tests were carried out on PZT ceramics using

ectangular rod specimens. For these experiments, a screw driven
ype universal testing machine with 10 kN capacity (Shimadzu
Z graph) was employed. The loading speed for the compression

ests was 1 mm/min to failure. The specimens were loaded via
nsulating ceramic blocks, i.e., open circuit. The stress–stroke
elationships were measured by a conventional load cell. Dur-
ng the compression tests, the stress was monitored by a data
cquisition system in conjunction with a computer though the
oad cell. In this test, the mechanical loads were applied along
he long axis of the specimen (see Fig. 2).

.2.2. Fracture characteristic
To examine the effect of domain orientation on the frac-

ure mechanism, the fracture characteristic in the compression
est was directly observed using a high speed camera (Photron
ASTCAM-SA1.1). In this test, cylindrical rods were used
Fig. 2(c)). The pictures were taken with an image resolution
024 × 1024 pixels at a frame rate 675 × 103 Hz. In addition,
he interference of domain orientation on the fracture charac-
eristic was investigated, in which crack growth characteristics
ere examined using the compact tension test specimens with

nd without poling, as shown in Fig. 2(c).

.2.3. Domain switching characteristics
Domain switching characteristics were investigated by X-ray

iffraction and electron back scatter diffraction (EBSD) analy-
is. In the X-ray analysis, an X’Pert Pro system (Panalytical
nc.) with a Cu tube source (λ= 0.154 nm) was utilized. The
RD analysis was done using the rectangular rod specimens

fter being loaded to various compressive stresses. For the EBSD
easurements, an orientation imaging microscopy (OIM) sys-

em was employed. In this approach, the rectangular specimens
ere prepared by first polishing to a mirror finish using colloidal

ilica after which the surfaces for observation were etched using
solution of 5 ml hydrochloric acid, 2 ml hydrogen fluoride and
50 ml water before coating with carbon on the polished surface.
fter the sample preparation, EBSD analysis was carried out in

he same area of the specimen before and after compressive
oading to 50 MPa and 100 MPa.

. Results and discussion

.1. Mechanical properties

Fig. 3 shows a representative compressive stress vs. stroke
urve obtained from the un-poled and poled rectangular speci-
ens. The stress–stroke relationships in Fig. 3 can be divided
ainly into two major stages on the basis on an inflection point

s indicated by the arrows, namely a non-linear region of stress

s. stroke in the early stages of compression and a linear rela-
ionship obtained in the later stage, until the final fracture. It
s clear from the stress vs. stroke curves that the slopes of
he stress vs. stroke in the early stage of loading process are
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Fig. 7. Schematic illustration of the grains of the PZT ceramics with and without poling: (a) domain orientation and (b) fracture mode corresponding to Fig. 6.

Fig. 8. Compact tension specimens showing crack paths: (a) and (b) poled samples, (c) un-poled sample.
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ig. 9. (a) Relationship between the applied load and crack opening displaceme
trength of the compact tension specimens.

ifferent; the slope for the un-poled ceramic is slightly higher
han that of the poled one. In this case, the change of slope may
e attributed to the severity of domain switching, i.e., the lower
he slope, the stronger the switching due to accelerated strain.
n the latter relationship, a linear applied stress–stroke behavior
an be seen, which is mainly related to elastic deformation (or
lastic constant). In this case, the elastic constant for both sam-
les is obtained, Eu = 2120.1 MPa/mm (for un-poled sample) and
p = 2090.6 MPa/mm (for poled sample).

It is of particular interest to note that the zigzag stress–stroke
elationship can be seen clearly only in the poled sample, as out-
ined by the dashed circle. As severe domain switching occurs
or the polarized sample compared to un-poled one, such a
igzag occurrence might be caused by the domain switching.21

he reason for the zigzag relationships obtained will be further
iscussed in a later section.

Fig. 4 represents the compressive strength of the rectangular-
od specimens obtained from the stress–stroke curves. As can
e seen, the overall compressive strength for the polarized sam-

les is approximately 10% higher, on average, than the un-poled
amples. The reason for the high strength of the polarized sample
ay be related to the material strain due to domain switching,7

.e., strain (or work) hardening.

c
o
a
t

compact tension PZT ceramics with and without poling processes. (b) Fracture

Fig. 5 gives a schematic illustration showing the domain ori-
ntation of PZT ceramics: (a) before loading; (b) under loading
nd (c) after loading. Note that, in this model, only 90◦ domain
witching is considered (Fig. 5(c)), since this type of switch-
ng was detected in the related ceramics.7 From the model, the
omain orientation in each grain is altered during the loading
rocess; the poled domains before loading become randomly
riented before 90◦ domain switching, Fig. 5(b). This occur-
ence leads to the work hardening phenomenon. Thus, a high
aterial strength can be obtained in the poled samples. In addi-

ion, such domain switching might affect the non-linear stress
s. stroke curves, which is shown in Fig. 3. This is because the
ongitudinal (c-axis) tetragonal structure parallel to the loading
irection is tilted to 90◦ (perpendicular to the loading direction),
hich leads to an acceleration of the macroscopic strain attained
uring mechanical loading.10 Such domain switching can also
e understood from the micro-scale model shown in Fig. 1.

To understand the effect of domain orientation on the frac-
ure mechanics, direct observation of the fracture behavior was

onducted using the high speed camera. Fig. 6 presents images
f the poled and un-poled cylindrical rod ceramic samples just
fter fracture. Note that this experiment was repeated three times
o verify the fracture patterns. As seen in Fig. 6(a) the polarized
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Fig. 10. X-ray diffraction patterns for the poled PZT ceramic.

eramics were fractured with the formation of many cracks prop-
gating along the direction parallel to the poling direction. Thus,
everal large rectangular areas of fracture debris were obtained.
n contrast, for the un-poled specimen, the sample was fractured
ompletely with little debris arising from the crack propagation
n other directions. Moreover, some explosive fractures occurred
s denoted by the dashed circles in Fig. 6(b). From Fig. 6, the
rack growth direction can be attributed to the domain orien-
ation, i.e., along the c-axis, and this can be interpreted using
he structural domain models for PZT ceramics. Fig. 7(a) shows
he models for the domain orientation of a PZT ceramic before,
nder and after the poling process,22 and Fig. 7(b) displays the
racture modes for the un- and poled samples. Because the cracks
n the ceramic, observed by the high speed camera, seem to
ropagate along the domain direction, different fracture char-
cteristics of both un- and poled samples were obtained, as
llustrated in Fig. 7(b).

.2. Crack growth characteristics

In order to verify the effect of domain structure on the crack
rowth characteristics, a crack growth test was carried out using
ompact tension (CT) specimens. In this approach, two different
oled (P33: poling direction ⊥ crack path; P31: poling direction ‖
rack path) and un-poled samples were employed. Note that each
xamination was conducted more than three times to confirm the
esult. Fig. 8 displays representative fractured CT specimens.
n this approach, the cracks propagated instantly to final fail-
re for all samples due to their brittleness. Westram et al. have
nvestigated crack growth characteristics in PZT ceramics under
lectrical cyclic loading, where 0.14 mm/cycle crack growth was
btained at 1.7 MV/m.23 As seen in the P33 polarized sample,
ig. 8(a), the crack growth direction is curved shortly after the
rack has been initiated, the crack seeming to turn parallel to the
oling direction. Such a crack curvature would be influenced
y the domain orientation. In contrast, straight crack paths are
btained for the un-poled and P31 poled samples, Fig. 8(b) and
c). Similar crack path characteristics were observed in the study

y Dos Santos e Lucato et al. They examined the crack growth
haracteristics using piezoelectric ceramics with and without
oling and showed that two possible crack paths, straight and
eflected, were obtained in the poled specimens due to the dif-

s
f
s

ig. 11. Variation of MRD values as a function of the compressive stress for (a)
oled sample and (b) un-poled sample.

erent poling directions. The crack grows toward to the poling
irection.24 On the basis of the above information, it is consid-
red that the crack growth directions can be attributed to the
omain orientation. This can be explained using the schematic
llustration shown in Fig. 8 and provides convincing evidence
hat the crack growth direction is affected by the domain struc-
ure (or poling direction). Fig. 9(a) shows the applied load vs.
rack opening displacement (COD) curves for the three CT spec-
mens. As can be seen, the slopes of the load vs. COD in the early
tage of loading are different; the slope for the un-poled ceramic
s higher than that for the poled ones. Furthermore, the slope for
he polarized sample P33 is low compared to that for the other
oled sample, P31. Interestingly, the zigzag load–displacement
elationship can be seen for the P33 specimen, while these steps
annot be detected for the others. This occurrence is similarly
bserved in the compressive test in Fig. 3. The zigzag relation-
hip is caused by significant domain switching occurring when
he sample is loaded perpendicular to the poling direction.16,21

t should be pointed out that the extent of the zigzag relationship
or the P33 CT specimen is apparently weak compared to that
or the poled rectangular specimen shown in Fig. 3. This can be
ttributed to different severity of domain switching, e.g., weak
omain switching for the CT specimen because of the switching
n a limited area due to stress concentration when loaded.
Fig. 9(b) shows the fracture strength of the CT specimens. As
hown, a higher average strength of about 170 N, was recorded
or the un-poled sample compared to the poled ones, and the
trength for the P33 polarized sample was about 100 N lower
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Fig. 12. EBSD analysis of PZT ceramics after etching: (a) SEM

han P31 (about 130 N). In our previous work, the fracture tough-
ess (KIC) of the same PZT was investigated in the P33 and P31
irections where the crack growth occurs from the edge of the
ickers indentations and the fracture toughness for KIC,33 and
IC,31 are 0.102 MPa

√
m and 0.237 MPa

√
m, respectively. This

rend is consistent with our fracture strength for the P33 and P31
amples, shown in Fig. 9(b).

.3. Domain structures

The domain switching behavior during the loading process
as investigated by X-ray and EBSD analysis. Because the

etragonal long axis, the c-axis, can occur parallel to any of
he three 〈0 0 1〉 directions, diffraction can be used to measure
he proportion of c- and a-oriented domains parallel to a given
ample direction. The reorientation of a domain by 90◦ domain
witching from the c- and a-direction can be revealed by a change

f the diffraction intensity ratio. Several researchers have exam-
ned the domain switching characteristics in PZT ceramics using
eutron diffraction. In the study by Pojprapai et al., a change
n the {2 0 0} reflections provided quantitative measurements

M

e and (b)–(d) crystal orientation maps before and after loading.

f domain switching behavior, domain texture and the strain
esulting from domain switching.10 In their excellent works, the
omain switching behavior and domain texture are quantita-
ively analyzed using the unit multiple of a random distribution
MRD). In this case, the MRD is equal to 1 when a random
omain orientation is obtained. On the other hand, the MRD
ecomes 3 as c-domains are all oriented parallel to the poling
irection. Their domain orientations are related to the schematic
llustration shown in Fig. 5(a) and Fig. 5(b). In the present work,
n investigation of the MRD was executed using X-ray diffrac-
ion. In this approach, the (0 0 2) and (2 0 0) peaks are related
o the angle around 2θ = 45◦. Fig. 10 displays the representative
-ray diffraction patterns obtained from the rectangular rod sam-
les. The (0 0 2) peak decreases and the (2 0 0) peak increases
ith increase of the compressive load level. When both peak lev-

ls change, the MRD value can be expressed by the following
ormula:10
RD = 3(I002/I
R
002)

(I002/I
R
002) + 2 × (I200/I

R
200)

(1)
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here I002 and I200 are the integrated intensities of the (0 0 2)
nd (2 0 0) peaks after mechanical loading.10 Fig. 11 displays
he measured MRD variation as a function of the applied com-
ressive load level. For the polarized sample, the MRD level
ncreases with increase of the applied load from about 1.4 to
.7. On the other hand, the MRD value for the un-poled sam-
le is almost 1.0 without any applied load, and increases with
ncrease of the load level to about 1.4. The trends of MRD vari-
tions for un-poled and poled samples are similar to the related
xperimental results obtained by neutron diffraction.10

To understand domain switching characteristic in detail, the
rystal structure orientation in the PZT ceramics was further
xamined using EBSD analysis. In this case, the EBSD was
easured on the surface of the rectangular specimen after a com-

ressive load was applied to 50 MPa and 100 MPa. Fig. 12(a)
isplays the SEM image of the microstructure of the PZT
eramic and Fig. 12(b)–(d) presents the crystal orientation maps
efore and after the loading process. The color level of each
ixel in the crystal orientation map is defined according to the
eviation of the measured orientation with respect to the ND
irection.7 As seen in the SEM micrograph (Fig. 12(a)), a rough
ample face, showing many grooves, can be observed, which is
elated to the domain boundary or domain wall. It is clear from
he crystal orientation map that the domain direction is different
epending on the grain (see Fig. 12(b)). With a compressive load
f 50 MPa, the domain direction in some grains changes due to
omain switching. The amount of domain switching increases
ith increasing applied load to 100 MPa. Note the range of com-
ressive load between 50 MPa and 100 MPa is related to the
ange of MRD of about 0.02 as seen Fig. 11. This result reveals
hat even a small difference in MRD relates to severe domain
witching. It is also clear from the EBSD measurements that a
ifferent pattern of 90◦ domain switching can be obtained, e.g.,
n grains A and B as enclosed by the dashed circles. In grain
, the domain orientation is tilted about 90◦ after the loading
rocess, which is similarly observed in Ref. [7]. In contrast, the
roove formation in grain B is rotated by about 90◦. Such domain
witching characteristics may be affected by variations in stress
evel, but this will be discussed in future work.

. Conclusions

The effects of domain switching on the mechanical proper-
ies of lead zirconate titanate (PZT) piezoelectric ceramics were
xamined using PZT with and without poling. Based upon the
esults obtained, the following conclusions can be drawn.

1) The mechanical properties of PZT ceramic are attributed
to domain switching. Because of domain switching, good
mechanical properties were obtained for the polarized
PZT ceramics, where a work hardening-like phenomenon
occurred.

2) Different fracture patterns were influenced by domain orien-

tation in PZT ceramics. The poled PZT ceramics fractured
with many cracks propagating along the direction parallel
to the loading direction. On the other hand, un-poled PZT
ceramics fractured completely with little debris. The crack
Ceramic Society 31 (2011) 141–150 149

growth direction is severely affected by the poling direction
because of the different domain orientation.

3) With both X-ray diffraction and electron back scatter
diffraction analysis, various types of 90◦ domain switching
were clearly revealed. In addition, the amount of domain
switching increases linearly with increasing applied load.
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