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Abstract

The influence of domain texture on the fracture behavior was investigated in both the mechanically poled (MP) and the mechanically depoled
(MD) PZT ceramics. Firstly, we fabricated axisymmetric domain textures in the MP and MD PZT samples subjected to a series of compressive
stresses of up to 400 MPa. Then the Vickers indentation was employed to measure the fracture toughness parallel to (K∥

IC) and perpendicular to
(K⊥

IC) the compression direction. Results show that with increasing compressive stress, K⊥
IC increases and K∥

IC decreases in both the MP and MD
samples and K⊥

IC can reach 2.6–2.7 MPa m1/2 at 400 MPa. Such fracture behavior is attributed to the ferroelastic domain switching toughening
mechanism in ferroelectric ceramics, and the fracture toughness is proportional to the texture-dependent switchable strain near the crack surface.
The obtained results may provide a helpful guidance for improving the reliability and performance of ferroelectric capacitors.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

As the “smartest” materials, ferroelectric materials have
been widely used in modern industries as capacitors, sensors,
actuators, etc. due to their high permittivity, peculiar electro-
mechanical properties, and compact size [1,2]. However,
because ferroelectric ceramics are very brittle, the fracture
problem during operation has severely limited their applica-
tions in high reliable devices [3,4]. In order to improve the
reliability and extend the lifetime of ferroelectric devices, it is
essential to investigate the fracture behavior of ferroelectric
ceramics.

During the past decades, intensively experimental works
[5–8] as well as theoretical [9,10] studies have been conducted
to address the fracture behavior of ferroelectric ceramics.
Although debates still exist for some problems [3,4], such as
the influence of electric fields on the fracture toughness, it has
been widely accepted that domain switching plays an important
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role in crack propagation [3–10]. Typically, there are two
physical mechanisms leading to domain reorientation near the
crack surface: one is the Lehovec effect [11], and the other is
ferroelastic domain switching caused by the singular stress fields
near the crack tip [5–10]. The Lehovec effect means that a very
large depolarization field exists within a thin layer just beneath
the surface of ferroelectric materials, tending to orient the polar
axes of ferroelectric domains perpendicular to the crack surface
[11]. As domain switching always dissipates energy, ferroelectric
materials usually show fracture toughness enhancement during
crack propagation, exhibited as R-curves [5–7]. Furthermore, as
the amount of the switchable domains near the crack surface is
texture dependent, ferroelectric materials will show fracture
toughness anisotropy (FTA) in the pre-poled specimens [12].
The FTA phenomenon in ferroelectric ceramics was first

discovered by Okazaki and co-workers in early 1980s [12].
When they used the indentation method to measure the fracture
toughness of the unpoled and/or electrically poled PbTiO3 and
PLZT ceramics, they found that the crack lengths were the
same in the unpoled samples but different in the poled
samples, i.e., the crack parallel to the poling direction (here-
after referred as parallel crack) is shorter than that perpendi-
cular to (hereafter referred as vertical crack) it. Anisotropic
ghts reserved.

www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2013.04.034
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.ceramint.2013.04.034&domain=pdf
www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2013.04.034
dx.doi.org/10.1016/j.ceramint.2013.04.034
dx.doi.org/10.1016/j.ceramint.2013.04.034
mailto:lifaxin@pku.edu.cn
mailto:lifaxin@coe.pku.edu.cn


Fig. 1. Testing setup for the mechanical poling/depoling of ferroelectric
ceramics.
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residual internal stress generated during electric poling was
suggested to account for the observed FTA. Latter, Pisarenko
et al. [13] systematically investigated the FTA in PZT and
barium titanate ceramics by using double torsion and indenta-
tion methods. They thought the FTA was mainly caused by
texture-dependent domain reorientation near the crack tip. In
1990, Mehta and Virkar [14] verified the domain switching
toughening mechanism by measuring the domain textures
beneath the crack surface using X-ray diffraction.
In addition, they found FTA in the unpoled samples after
mechanical poling (mechanical poling means that reorienting
the domains in an unpoled sample by using a large uni-axial
compressive stress. If the unpoled sample is replaced by a
poled sample, then the process is called mechanical depoling).
This phenomenon was attributed to the anisotropic domain
textures after compression. Later the fracture behavior of
electrically poled samples had been investigated by Guiu
et al. [15], Calderon-Moreno and Popa [16], Fang and Yang
[17], dos Santos e Lucato et al. [6], etc. using indentation, three
point bending and compact tension methods. It is found that
the fracture toughness measured by different methods can
qualitatively confirm with each other. However, the FTA ratio
measured by the indentation method is larger than that by other
methods [16,17]. Recently, a large FTA ratio of 3.82 was
found in the mechanically poled PZT samples by Li and Li
[18], and they attributed this to that the domain textures in the
mechanically poled samples are more saturated than that in the
electrically poled samples. So far, studies on the fracture
behavior of ferroelectric ceramics have been focused on the
electrically poled samples; while the mechanically poled (MP)
samples had little been concerned [14,18]. The MP ferro-
electric ceramics, although cannot be used in piezoelectric
applications, may have special applications in high reliable
capacitor areas because of their large fracture toughness
perpendicular to the loading direction, and should be inten-
sively studied.

In this paper, the fracture behavior of the partial/complete
mechanically poled/depoled Lead Titanate Ziconate (PZT)
ceramics was systematically investigated using the Vickers
indentation method. The longitudinal strains during mechan-
ical poling/depoling were monitored by strain gauges and
the domain textures were characterized by X-ray diffraction.
The Vickers indentation results show that in both types of PZT
samples, the fracture toughness perpendicular to the loading
direction increases and that parallel to it decreases with
increasing compressive stress. The domain texture dependent
fracture toughness is thought to be caused by the ferroelastic
domain switching toughening mechanism in ferroelectric
ceramics.

2. Experimental procedure

2.1. Specimen preparation

The material used in this study is soft PZT ceramics, provided
by Institute of Acoustics, Chinese Academy of Sciences. Its
composition is near the morphtropic phase boundary where the
Zr/Ti ratio is at 52/48. Its Curie temperature is at 315.2 1C. The
material is cut into blocks with dimension of 6� 6� 12 mm3.
Silver paste is sintered onto the two opposite 6� 6 mm2 surfaces
of the blocks as electrodes. Electrical poling is conducted above the
Curie point using a DC electric field of 500 V/mm along the
12 mm direction. The sample is then gradually cooled to room
temperature with the electric field on. After poling, the piezoelectric
constant d33 was measured to be 49578 pC/N.

2.2. Mechanical poling/depoling and texture measurement

The testing setup for the mechanical poling/depoling is
shown in Fig. 1. The compressive stress is applied to the
specimen by a screw-driven testing machine (Shimadzu,
Japan), together with a spherical hinge to avoid any bias
compression. Strain gauges are glued on the two opposite
6� 12 mm2 surfaces to measure the variations of longitudinal
strain during compression. Two pieces of copper wafer are
pressed to the sample as electrodes and two alumina blocks
are used as insulators to separate the testing machine from the
high-voltage loading. The charges released during depolariza-
tion is collected by a capacitor of 10 μF and measured by a
charge amplifier connected in series. During testing, the signals
of stress, strain and the charges are input into an A/D data
acquisition card and monitored by a computer.
Before testing, the edges of the specimen were polished to

avoid stress concentration during testing. The specimen was
then put on the center of the loading equipment and a preload
of about 18 N was used to fix it. The strain signals of the two
strain gauges are used to adjust the specimen to realize the
uniaxial compression without bending. The compression load-
ing rate is set to be 5 MPa/s and unloading starts as soon as the
maximum compression reached, at a rate of about 10 MPa/s.
For mechanical poling, the compressive stress levels of
50 MPa, 100 MPa, 200 MPa, and 400 MPa were used. As
for mechanical depoling, a series of stresses of 50 MPa,
60 MPa, 70 MPa, 80 MPa, 100 MPa, 200 MPa, and 400 MPa
were used to capture the point where the fracture toughness
anisotropy switches.
After mechanical poling/depoling, X-ray diffraction was

explored to detect the domain textures of the samples on the



Fig. 2. (a) Illustration of the Vickers indentation method and (b) the measured parameters after indentation.
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surface perpendicular to the compression direction. A Philips
X'PertPro powder diffractometer was employed using CuKα
radiation with the wavelength of λ¼1.54046 Å and the 2θ
angle resolution of 0.0011. The diffraction angle 2θ is scanned
from 421 to 471 with a speed of 0.51/min.
Fig. 3. Stress–strain curves of the unpoled PZT samples during mechanical
depoling with different levels of stress.
2.3. Fracture toughness measurement

For all the mechanical poled/depoled samples, a 6� 12 mm2

face was polished with 0.5 μm diamond polishing solution,
and cleaned in acetone by a supersonic cleaner for 1 min. The
Vickers indentation was then made on the polished surfaces
using a fixed load of 19.8 N, with the holding time of 10 s.
The two diagonals of the indentation were aligned parallel and
perpendicular to the compression directions (Fig. 2(a)). For
each sample, 10 Vickers indention points were conducted on
the polished surface. The lengths of a1 and a2 were measured
for the calculation of the hardness, and c1 and c2 were
measured to calculate the fracture toughness of the sample,
as shown in Fig. 2(b). For comparison, the fracture toughness
of the unpoled and electrically poled samples was also
measured.
3. Results and discussions

3.1. Mechanical poling/depoling

Fig. 3 shows the measured stress–strain curves of the
unpoled PZT samples during uni-axial compression loading/
unloading with different levels of applied stresses. It can be
seen that all the samples shrink along the compression
direction and show significant nonlinear behavior, indicating
that some domains switch their polar directions to the plane
perpendicular to the compression [19]. As ferroelastic domain
switching can occur at a very low stress, a distinct coercive
stress cannot be distinguished from Fig. 3. Meanwhile, it can
be seen that both the maximum strain and the remnant strain
increase steadily with increasing stress, i.e., more domains can
accomplish ferroelastic switching at higher stresses. When the
stress is above 350 MPa, the ferroelastic domain switching is
nearly saturated and the strain–stress curve is almost linear
from 350 MPa to 400 MPa. During stress unloading, all the
curves are firstly linear and then show nonlinear behavior,
indicating that the vanishing applied stress cannot balance the
internal stress caused by ferroelastic domain switching thus
some domains switched back to their unpoled states [20].
Similarly, the electrically poled PZT samples during

mechanical depoling show the similar stress–strain curves with
the unpoled specimens, as shown in Fig. 4(a). However, at the
same level of stress, both the maximum strain and the remnant
strain of the depoled samples are larger than that of the
mechanically poled samples. This is due to that in the
electrically poled PZT samples, the polar axes of domains
had been oriented by the large poling field along the 12 mm
direction. Hence more domains can switch during compression
along the poling direction. In addition, as the space charges
cannot be balanced by the remnant polarization any longer
after domain reorientation, these charges are released and turn
to be free charges. They will move onto the electrodes and then
the samples show stress–depolarization curves, as shown in
Fig. 4(b).
Fig. 5 shows the relationship between the remnant strains

and the applied compressive stress. For comparison, the sum of
the remnant strain (0.32%) for the electrically poled samples
and the remnant strains of the MP samples were plotted
together in Fig. 5. It can be seen that for both the MP and MD
samples, the remnant strain varies significantly with the stress
below 200 MPa, indicating that domain reorientation occurs
mainly in this stress range. When the stress increases from
200 MPa to 400 MPa, the remnant strains of the MP and MD
samples increase only 0.03% and 0.09%, respectively. Under



Fig. 4. Stress–strain curves (a) and stress–depolarization curves (b) of the
electrically poled PZT samples during mechanical depolarization with different
levels of applied stresses.

Fig. 5. The remnant strain vs. compressive stress of the MP and MD PZT
samples.

Fig. 6. X-ray diffraction results of the mechanically poled samples (a) and the
mechanically depoled samples (b).

Y. Li et al. / Ceramics International 39 (2013) 8605–86148608
the maximum compression of 400 MPa, the measured remnant
strain of the MP sample can reach 0.33%, slightly larger than
that of 0.32% after electric poling. However, previous studies
have shown that the theoretically saturated remnant strain in an
electrically poled ferroelectric ceramics is larger than that in
a compression poled one, with the ratio of the former to
the latter being 1.37 for the tetragonal ceramics and 1.48 for
the rhombohedral [21]. Therefore, the mechanically poled PZT
ceramics are closer to the theoretically saturated state than the
electrically poled one. It can be seen from Fig. 5 that the
remnant strains of the mechanically depoled samples are
always smaller than the sum of remnant strains of the MP
samples and the electrically poled samples, indicating the
domain textures of the MP samples are more saturated than
those of the MD samples at the same level of stress, even when
the compressive stress reach up to 400 MPa.
Fig. 6 shows the X-ray diffraction results of the MP and MD

PZT samples. It can be seen clearly that for both types of
samples, the ratio of the 002 peak to 200 peak of the tetragonal
phase, i.e., IT002=I

T
200, increases steadily with increasing compres-

sive stress, which confirms that the larger the stress is, the more
domains can switch with their elongation axis as close as possible
to the plane perpendicular to the loading direction. Moreover, by
comparing the XRD data of the MP samples and MD samples at
the same stress, it can be seen that the IT002=I

T
200 ratio of the

former is larger than that of the latter, which further verified that
domain textures in the MP sample is more saturated than that
in the MD samples at the same level of compression. Due to
the overlap of intensity peaks of the tetragonal phase and the
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rhombohedral phase, the possible phase transformation during
compression, and the possible existing monoclinic phase [22], the
precision texture cannot be extracted from the XRD results.
3.2. Fracture toughness of the mechanically poled/depoled
samples

Fig. 7(a)–(d) shows the photographs of the microindents of
the unploed, mechanically poled (400 MPa), electrically poled,
and mechanical depoled (400 MPa) PZT samples. For the
unpoled sample, the length of cracks along the two diagonals
of the indentation is nearly equal, as shown in Fig. 7(a). After
mechanical poling, the parallel crack increases but the perpen-
dicular crack decreases, thus the sample exhibits fracture
toughness anisotropy (FTA), as shown in Fig. 7(b). As to
the electrically poled PZT in Fig.7(c) where the domain
textures had been oriented by applied electric field, the parallel
cracks are shorter than the perpendicular cracks which are
quite different from that in the MP samples. After mechanical
depoling by a stress of 400 MPa, the parallel cracks turn to be
longer than the perpendicular cracks, and the sample shows
similar FTA with the MP samples, as shown in Fig. 7(d).
Fig. 7. Photographs of the microindents in (a) unpoled, (b) mechanically poled (4
samples. P denotes the electric poling direction.

Table 1
The crack length and Vickers hardness for the mechanically poled/depoled PZT sp

Compression stress (MPa) Mechanically poled

Hv (GPa) Crack length (μm)

Perpendicular Pa

0 3.39570.054 295.6711.6
50 3.55570.107 220.4720.5 34
60 – – –

70 – – –

80 – – –

100 3.51670.056 181.1711.5 36
200 3.53970.093 164.378.3 36
400 3.58170.101 154.977.7 37
The measured crack lengths and Vickers Hardness of all the
MP and MD samples at different levels of compression are
listed in Table 1. Then, their fracture toughness is calculated
using the following well known expression [23]:

KIC ¼ kðE=HvÞ1=2P=c3=2 ð1Þ

where E and Hv are Young's modulus and Vickers hardness,
respectively and k is a dimensionless constant, usually takes
the value of 0.01670.004, suggested by Anstis et al. [23]. In
calculation, Young's modulus E measured from the 400 MPa
mechanical poling and depoling curves was used for MP and
MD samples, respectively (this is because E measured from the
400 MPa stress–strain curves is though to be the “true”
Young's modulus of these materials [24]).
The calculated fracture toughness of the MP and MD samples

are shown in Fig. 8. It can be seen that for both types of samples,
with increasing compressive stress, the fracture toughness perpen-
dicular to the loading direction (K⊥

IC) increases and the fracture
toughness along the loading direction (K∥

IC) decreases. For the
unpoled samples, the fracture toughness is isotropic, with the
average value of 1.0870.06 MPa m1/2. After mechanical poling
by a maximum stress of 400 MPa, K⊥

IC reaches 2.7 MPa m1/2 and
00 MPa), (c) electrically poled, and (d) mechanically depoled (400 MPa) PZT

ecimen after different levels of compression.

Mechanically depold

Hv (GPa) Crack length (μm)

rallel Perpendicular Parallel

3.33770.115 429.877.8 226.476.0
8.2718.4 3.06770.204 410.1738.1 228.9711.8

2.82370.182 420.5718.2 274.4716.0
2.62070.209 319.0716.8 306.4724.6
2.84370.145 260.4718.0 374.5712.4

4.0713.9 2.92470.195 185.5710.6 345.9718.9
7.1718.0 3.57070.081 170711.2 356.3710.7
0.6719.3 3.56270.099 161.574.5 370.2713.7
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K∥
IC deceases to 0.75 MPa m1/2, with the fraction toughness

anisotropy ratio (K⊥
IC=K

∥
IC) of 3.7. For the electrically poled

samples, K∥
IC is larger than K⊥

IC, with the anisotropy ratio
(K⊥

IC=K
∥
IC) of 1/2.6. When the depoling stress reaches about

70 MPa, the fracture toughness of the MD sample turns to be
isotropic, with the average value of 1.2 MPa m1/2, slightly larger
Fig. 8. The fracture toughness of the mechanically poled (a) and mechanically
depoled (b) PZT samples after different levels of compression.

Fig. 9. Domain textures evolution near the crack surface during indentation
than that of the unpoled samples. When the depoling stress is larger
than 70 MPa, K⊥

IC turns to be larger than K∥
IC and the MD samples

show anisotropic fracture toughness again. When the depoling
stress reaches its maximum value of 400 MPa, K⊥

IC increases to
2.6 MPa m1/2 and K∥

IC deceases to 0.75 MPa m1/2, with the
anisotropy ratio (K⊥

IC=K
∥
IC) of 3.5, slightly smaller than 3.7 in

the MP sample at 400 MPa, which is consistent with that of the
domain textures in the MD samples which are not so saturated as
that in the MP samples.
The fracture toughness anisotropy in the electrically poled

ferroelectric ceramics had been explained by the domain
switching induced toughening mechanism [5–10,13–18],
which should also account for the observed FTA in the MP
and MD PZT samples in this work. The fracture toughness of
ferroelectric material can be divided into two parts: one is the
“intrinsic” fracture toughness without the influence of domain
switching; the other is the enhancement of fracture toughness
induced by domain switching. From the energy point of view,
the critical energy release rate (ERR) of ferroelectric ceramics
can also be split into two parts as

GIC ¼ G0 þ ΔGIC ð2Þ
where GIC represent the critical ERR during crack growth; G0

denotes the intrinsic critical ERR without domain switching;
and ΔGIC is the enhancement of the critical ERR caused by
domain switching.
In the unpoled sample, the polarization directions of

domains are randomly distributed, as shown in Fig. 9(b).
Because of the Lehovec effect and tensile stress near the crack
tip [7,8,11], domains will always orient with their polar axes
perpendicular to the crack surface. Therefore, when the
Vickers indentation is applied onto an unpoled sample, the
domain textures on the crack surfaces will change from Fig. 9
(b) to (c) and (d) for the parallel crack and perpendicular crack,
on the unpoled (a)–(d) and mechanically poled (e)–(h) PZT samples.



Fig. 11. Illustration of the domain switching zone in ferroelectric ceramics
during crack propagation.
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respectively. The energy dissipated by these two types of
domain switching is the same, i.e., the enhancement of the
critical ERR (ΔGIC) is isotropic, leading to the isotropic
fracture toughness in the unpoled ferroelectric ceramics. After
mechanical poling, most domains switched to a state with their
polar axes as perpendicular as possible to the loading direction,
as shown in Fig. 9(f). Thus during indentation, more domains
near the surfaces of the perpendicular crack can switch from
Fig. 9(f) to (h), leading to a larger ΔGIC during crack
propagation. In comparison, the switchable domains from
Fig. 9(f) to (g) become less near the parallel crack surface
and ΔGIC is small for the parallel crack. Hence, K⊥

IC is larger
than K∥

IC for the MP samples, leading to the FTA behavior.
However, for the electrically poled specimen, the polar axes

of most domains have been oriented by the strong poling field,
as shown in Fig. 10(b). During Vickers indentation, the
domain textures will evolve from Fig. 10(b) to (c) near the
parallel crack surface; while the domain textures almost do not
change near the perpendicular crack surface, i.e., little domain
switching occurs from Fig. 10(b) to (d), leading to K∥

IC4K⊥
IC.

After mechanical depoling by large stress (say 400 MPa), the
domain textures turn to be very similar with that in the
mechanically poled sample. Therefore, the fracture toughness
in MD samples is also anisotropic with K⊥

IC4K∥
IC. When the

applied stress is not enough to completely depole the sample,
the domain textures will be at an intermediate axisymmetric
state between Fig. 10(b) and (f) and K∥

IC can be larger, equal or
smaller than K⊥

IC, depending on the applied stress, as shown in
Fig. 8(b).

The enhancement of critical ERR induced by domain
switching can be estimated in a similar manner with Mehta
et al. and Schneider et al. [14,25], by the following expression:

ΔGIC ¼ 2hscoerciveεswitch ð3Þ
Fig. 10. Domain texture evolution near the crack surface during indentation on t
where scoercive is the coercive stress; εswitch is the domain
switching induced strain variations in the direction perpendi-
cular to the crack surface; and h is the height of the domain
switching zone near the crack tip, as shown in Fig. 11. It
should be pointed out that the domain switching zone induced
by stress is much larger than that induced by the Lehovec
effect during crack propagation [7,8,11]. Hence, we estimate
the height of the domain switching zone by:

h ¼ AðKIC=scoerciveÞ2 ð4Þ
where A is a constant depending on the crack geometry and
domain switching criterion. In addition, for brittle fracture,
there is a relationship between the energy release rate and
fracture toughness, i.e.,:

GIc ¼ K2
Ic=E′ ð5Þ

where E′ equals Eð1−υ2Þ for the plane strain problem and it
takes E for the plane stress problems. Using Eqs. (2) and (5),
we can build a relationship between the “intrinsic” fracture
he electrically poled (a)–(d) and mechanically depoled (e)–(h) PZT samples.



Table 2
The calculated switchable strains beneath the crack surface during crack
propagation of the mechanically poled/depoled PZT samples.

Compression stress
(MPa)

Switchable strains beneath the crack surface (%)

Parallel
(MP)

Perpendicular
(MP)

Parallel
(MD)

Perpendicular
(MD)

0 0.32 0.32 0.48 0
50 0.27 0.428 0.41 0.146
60 – – 0.38 0.202
70 – – 0.353 0.254
80 – – 0.33 0.299
100 0.22 0.538 0.3 0.382
200 0.17 0.61 0.22 0.521
400 0.16 0.64 0.17 0.613

Fig. 12. Fracture toughness vs. switchable strain in the mechanically poled/
depoled PZT sample.
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toughness K0 and the practical fracture toughness KIC as

KIC ¼ K0=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−αεswitch

p
ð6Þ

where α is a material constant which is the function of E′, A,
and scoercive. From Eq. (6), it can be seen that the practical
fracture toughness of ferroelectric material depends on both the
“intrinsic” fracture toughness and the switchable strain near the
crack surface.

If we further assume that: (i) K⊥
IC of the electrically poled

sample is the “intrinsic” fracture toughness, i.e., no domain
switching occurs during indentation near the perpendicular
crack surface and (ii) for all the samples, the strain state
beneath the crack surface is equivalent to the strain state after
electric poling. Then the switchable strain beneath the crack
surface during indentation for the MP and MD samples can be
calculated by

ε∥Mpoled ¼ εREpoled−ε
R
Mpoled=2 ð7aÞ

ε⊥Mpoled ¼ εREpoled þ εRMpoled ð7bÞ

ε⊥Mdepoled ¼ εRMdepoled ð7cÞ

ε∥Mdepoled ¼ 3εREpoled=2−ε
R
Mdepoled=2 ð7dÞ

where ε∥Mpoled and ε⊥Mpoled are the switchable strains beneath the
parallel crack surface and the perpendicular crack surface of
the MP samples; ε∥Mdepoled and ε⊥Mdepoled are the switchable
strain beneath the parallel crack surface and perpendicular
crack surface of the MD samples; and εREpoled, εRMpoled, and
εRMdepoled are the remnant strains of the electrically poled, MP,
and MD samples, which can be measured from strain curves
during electric poling, mechanical poling and mechanical
depoling, respectively. The calculated switchable strains are
listed in Table 2, from which it can be seen that for both the
MP and MD samples, with increasing compression, the
switchable strain decrease beneath the parallel crack surface
and increase beneath the perpendicular crack surface.

To show the validity of the proposed relationship between
the fracture toughness and the switchable strain, i.e., Eq. (6),
we plot both the experimental data and the theoretical curve in
Fig. 12, where the parameter α in Eq. (6) was fitted using the
measured data to be 1.48. It can be seen from Fig. 12 that most
experimental data can be well described by the theoretical
relationship in Eq. (6) although slight deviations still exist
which may be caused by the grain boundary effect, reverse
domain switching during crack propagation, etc.

It should be pointed out that the fracture behavior of the
textured samples on the surface perpendicular to compression may
also be influenced by domain reorientation during compression
loading and should be isotropic. In fact, we have tried to measure
the fracture toughness of textured specimen on the surface
perpendicular to compression. However, it is very difficult to
get credible results. That is because mechanical loading has to be
conducted on bar shaped specimen to ensure the uniform stress
distribution, while for the Vickers indentation measurement on
the surfaces perpendicular to the compression, the bar shaped
specimen cannot work and it has to be cut into plate-shaped
samples. However, induced by the stresses or the heats generated
during cutting, the domain texture on the new surface may
considerably change. Fig. 13 shows the measured diffraction data
on the new surface of a plate-shaped specimen cut from the
400 MPa mechanically poled sample. It can be seen that its
IT002=I

T
200 ratio is larger than that of the unpoled specimen (for

comparison, the diffraction data of the unpoled specimen is also
plotted). However, during mechanical poling, it is known that the
domains parallel to compression are depressed and that the
IT002=I

T
200 ratio should decrease. This suggests that some domains

reoriented parallel to the compression direction during cutting.
Obviously, these reoriented domains will influence the fracture
behavior on the surface perpendicular to compression. Therefore,
the fracture toughness measured on such surface is incredible.
Actually, some efforts are still ongoing aiming to conquer the
above mentioned difficulties.
We also measured the dielectric constants of the mechani-

cally poled PZT samples along the loading direction for
different levels of compression, as shown in Fig. 14. It can
be seen that below 100 MPa, the dielectric constant increases
quickly with the applied compressive stress. Its increase slows
down between 100 and 200 MPa, and the dielectric constant



Fig. 14. Evolution of relative permittivity of PZT ceramics after mechanical
poling with different levels of compression.

Fig. 13. X-ray diffraction results of a plate-shape specimen cut from the
400 MPa mechanically poled sample (on the surface perpendicular to
compression).
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stabilized when the applied stress is higher than 200 MPa,
which is consistent with the domain textures that is almost
saturated at this stage. The dielectric constant of the fully
mechanically poled (at 400 MPa) is 1550 in comparison of that
of 1225 for the unpoled sample, with the total increase of 27%.
Therefore, the mechanical poling could both increase the
fracture toughness (within the plane perpendicular to the
loading direction) and the dielectricity of the PZT samples.
This conclusion should also apply for other ferroelectric
ceramics such as BaTiO3, which is very promising for
enhancement of the performance and reliability of ferroelectric
capacitors.

4. Conclusions

In summary, the fracture toughness of both the mechanically
poled (MP) and the mechanically depoled (MD) PZT samples
is systematically studied in this work. Results show that for
both types of samples, the fracture toughness perpendicular to
the loading direction (K⊥

IC) increases and that parallel to the
loading direction (K∥
IC) decreases with increasing compressive

stress. When the stress reaches its maximum of 400 MPa, K⊥
IC

can reach 2.7 MPa m1/2 and 2.6 MPa m1/2 for the MP and MD
samples, respectively. The fracture toughness anisotropy
(FTA) ratio (K⊥

IC=K
∥
IC) of the MP samples increases gradually

from unity (unpoled sample) to 3.7 (400 MPa poled); while for
the MD samples, the ratio K⊥

IC=K
∥
IC gradually increase from

1/2.6 (electrically poled sample) to 3.5 (400 MPa depoled).
By analyzing the experimental results taking into account the
domain switching toughening mechanism in ferroelectric
ceramics, it is found that the variation of fracture toughness
is caused by the domain texture-dependent switchable strain
beneath the crack surface, i.e., the larger the switchable strain,
the larger the fracture toughness. These obtained results could
provide a useful guidance for improving the reliability and
performance of ferroelectric capacitors.
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