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The effect of poling treatment and crystal
structure of PZT on fracture toughness
and fatigue resistance
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Empirical measurements of fracture toughness and fatigue strength were conducted for
piezoelectric Pb(Zrx ,Ti1−x )O3 of various compositions such as tetragonal, MPB, and
rhombohedral. Before the poling treatment the rhombohedral showed the highest fracture
toughness, while the tetragonal revealed the lowest fracture toughness. After poling
treatment, the fracture toughness measured by the pre-cracked SENB method decreased in
all three compositions. The most remarkable decrease was observed in the tetragonal
composition. However, when the indentation strength method was used the highest
fracture toughness was observed in the tetragonal. The stress intensity factor relief due to
microcracks around the indentation marks and the anisotropic internal stresses caused by
domain alignment during the poling treatment were proposed as explanations for the
comflicting results. Fatigue resistance was lowered by the compressive stress introduced
during the poling treatment. The highest fatigue resistance was observed in the
rhombohedral composition of low tetragonality, which exhibited low internal stress.
C© 2003 Kluwer Academic Publishers

1. Introduction
Since Jaffe et al. [1] discovered higher piezoelec-
tric properties near the tetragonal-rombohedral phase
boundary in Pb(Zrx ,Ti1−x )O3[PZT] ceramics, many at-
tempts have been made to study the effects of additives
and processing techniques to improve the piezoelec-
tric properties [2, 3]. Piezoelectric properties can be
attained in ferroelectric PZT ceramics by poling treat-
ment. It is important to characterize the piezoelectric
and mechanical properties of PZT ceramics, because
these have been used as key materials for igniters, vi-
brators, transducers and sonar detectors, which are used
under repeated deformation and stresses.

Ceramics generally show high strength and chemical
stability, but brittleness, so the application of structural
ceramics is often limited by low fracture toughness.
However, insufficient work has been carried out to im-
prove the fracture toughness evaluation of ceramics. In
comparison with the studies on the mechanical prop-
erties of structural ceramics [4–6], less work has been
performed in the case of ferroelectric ceramics [7–9].
Fracture toughness is one of the important mechanical
properties of PZT ceramics, this is usually measured
by either the indentation method [8] or the indentation
strength method [9]. These methods, however, occa-
sionally show large discrepancies in fracture toughness
values because of inhomogeneous cracks and deforma-

tion around the indentation mark. Furthermore, Mehta
and Virkar [10] measured the fracture toughness in un-
poled and poled PZT by SENB (single edge notched
beam) method, and the discrepancy of fracture tough-
ness investigated in term of domain switching. Reece
and Guiu [11] estimated that the upper limit (less than
10%) of the toughening produced by stress-induced
domain switching at the tip of cracks in a ferroelec-
tric/ferroelastic material was less than 10%. It is also
important to understand the fatigue behavior of piezo-
electric ceramics, because fatigue fracture gradually be-
comes prevalent during periods of use. Jiang et al. [12]
and Cao et al. [13] studied electric fatigue in which
the electric field was repeatedly applied. According to
the authors knowledge, however, studies on fatigue be-
havior subject to mechanical cyclic loading have rarely
been carried out, particularly for PZT ceramics. Thus
the present research aims to evaluate the measurement
methods for fracture toughness and studies on fatigue
behavior and resistance for Pb(Zr,Ti)O3 ceramics.

In the present study, a 3-point bending test using pre-
cracked SENB(single edge notched beam) specimens
was conducted to measure the fracture toughness before
and after poling treatment in tetragonal, Morphotropic
Phase Boundary (MPB), and rhombohedral PZT, and
the fracture mechanism has been discussed in terms of
internal stress, domain switching, and microcracking.
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The discrepancy between the different measurement
methods for fracture toughness was discussed using
a proposed model. Compressive cyclic loading was
employed to study the effect of poling treatment and
microstructure on the fatigue behavior of Pb(Zr,Ti)O3,
in which mechanism is discussed in terms of internal
stress.

2. Experiments and materials
2.1. Sample preparation
The starting powders for the present investigation
were PbO(Hayashi pure chemi., G.R.), ZrO2 (Hayashi
pure chemi., EP), and TiO2 (Hayashi pure chemi.,
G.R.). The PZT samples (tetragonal [Pb(Zr0.48Ti0.52)
O3], MPB [Pb(Zr0.53Ti0.47)O3], and rhombohedral
[Pb(Zr0.58Ti0.42)O3]) were prepared by conventional
ceramic processing. A mixture of the starting powders
was milled and mixed in a vibratory mill. These ox-
ide powders were homogenized in alcohol and calcined
at 850◦C for 3 hours. The calcined mixture was ball-
milled and granulated. PVA was added as a binder to
aid the formation of isostatically pressed compacts. It
was added as a 1 wt% solution. The fine pow-
der was isostatically pressed into rectangular bars of
5.5 mm × 7 mm × 28 mm and columnar types of
6 mm(�) × 12 mm(h) under 130 MPa. The bars were
finally fired in covered alumina crucibles at 1280◦C
for 1 hour. Specimens were sintered in a PbZrO3 +
5wt% ZrO2 atmosphere to prevent the loss of PbO.
The fired specimens were cut and ground to a bar type
of 3.5 mm × 5 mm × 24 mm and a cylinder type of
5 mm(�) × 10 mm(h) with a diamond cutter, a dia-
mond polishing wheel, and SiC abrasive paper(#1000,
1200). Poling treatment was carried out in silicone oil
at 130◦C for 9 min with the application of a DC electric
field (2 kV/mm) parallel to the crack propagation di-
rection. Fracture toughness specimens for a pre-cracked
SENB method were prepared, having a notch width of
0.1 mm and a notch length of 2.3 mm. A realistic short
pre-crack was artificially inserted from the machined
notch tip in a direction perpendicular to the loading
axis by applying cyclic compressive axial loading in
a vertical direction [14, 15]. After the pre-cracking,
fatigue crack propagation tests were conducted with
three-point bending.

2.2. Measurements and analyses
The density of the sintered body was determined by the
Archimedes method, and the grain size was measured
by the linear intercept method [16]. X-ray diffraction
(XRD) was used to determine the degree of domain
switching from fracture surfaces. The internal stresses
were evaluated by the inclination method using XRD
and calculated by the following Equation 1 [17, 18]:

dφϕ − d0

d0
= 1 + ν

E
σφ sin2 ϕ − ν

E
(σ11 + σ22) (1)

where σφ is the internal stress, dφϕ is the stressed plane
spacing, d0 is the unstressed plane spacing, ν is Pois-
son’s ratio, and E is Young’s modulus.

Fracture toughness was evaluated using precracked
SENB specimens with a lower span of 20 mm at a
crosshead speed of 0.5 mm/min. Five or more speci-
mens were tested under the same conditions. Sinusoidal
loading at 20 Hz was selected for the cyclic compressive
axial loading fatigue test. A load ratio (R = σmin/σmax)
of 20 was maintained throughout the test, using a servo
hydraulic dynamic testing machine (MTS Corp.).

3. Results and discussion
The microstructural analysis, densities and grain sizes
of the PZT specimens are shown in Table I. Rhombohe-
dral phases showed the finest grain size and the highest
density.

Fig. 1 illustrates the change in fracture toughness
values measured using precracked SENB specimens of
various compositions before and after poling treatment.
Before poling treatment, the highest fracture tough-
ness was obtained in rhombohedral, while the tetrago-
nal showed the lowest fracture toughness. After poling
treatment, the fracture toughness decreased in all three
compositions, and the most prominent decrease in frac-
ture toughness occurred in the tetragonal composition.
Before poling treatment, the highest fracture toughness
in the rhombohedral composition was attributed to rela-
tively greater density and smaller grain size. Mehta and
Virkar [10] measured the fracture toughness of tetrago-
nal PZT specimens using similar SENB specimens. The
fracture toughness in the unpoled condition was higher
than that in the poled condition, and the higher frac-
ture toughness in the unpoled condition was explained
in terms of domain switching at the instant of fracture.
In the present study, XRD analyses were performed
to investigate domain switching. It has been reported
elsewhere [19] that the domain switching at the frac-
ture under compressive stress was observed to be more
remarkable in the poled specimens than in the unpoled
ones, as seen in Fig. 2. However, a slight domain switch-
ing was found to occur near the fracture surface after
the fracture toughness tests using 3-point bending, as
shown in Fig. 3. More domain switching after the frac-
ture under compressive stress was observed higher than
that under tensile stress under 3-point bending.

The internal stresses of the unpoled and the poled
PZT specimens were measured by an X-ray diffraction
method as shown in Table 2. Isotropic internal stresses
were exhibited in the unpoled specimens while, on the
other hand, anisotropic internal stresses occurred in
poled specimens. This indicates that compressive and
tensile stresses were produced parallel and perpendic-
ular to the poling direction, respectively, due to the pol-
ing treatment. However it has been accepted in general

TABLE I Microstructural properties of PZT ceramics, Pb(Zrx ,
Ti1−x )O3

Density Grain size
Specimens x Phases (g/cm3) (µm)

PZT48 (tetragonal) 0.48 T 7.55 14.5
PZT53 (MPB) 0.53 T + R 7.56 13.9
PZT58 (rhombohedral) 0.58 R 7.58 12.1
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Figure 1 Fracture toughness of PZT measured by 3-point bending test using SENB specimens in three different compositions.

that the internal stresses measured by the XRD method
do not show absolute accuracy but indicate the rela-
tive value. The microcracking caused by tetragonality
(c/a − 1.029) during poling treatment has frequently
been observed in the tetragonal composition. If a three-
point bending load is applied to an SENB specimen
having a microcrack in the tetragonal composition as
shown in Fig. 4, the interaction of stresses in the left
and right sides of the growing crack boundary and the
tensile stress perpendicular to the poling direction can
accelerate crack growth.

However, it has been reported in previous research
[6, 20] that the fracture toughness was increased by
the formation of microcracks. Where the microcrack-
induced toughening is in effect, the fracture toughness
will be increased by the microcracks after poling treat-

Figure 2 The change in X-ray diffraction patterns of tetragonal Pb(Zr0.48 Ti0.52)O3 before and after poling treatment: (a) surface of unpoled condition
(I(002)/I(200) = 0.67), (b) fracture surface of unpoled condition (I(002)/I(200) = 1.84), (c) surface of direction perpendicular to electric field, poled
condition (I(002)/I(200) = 0.29), and (d) fracture surface of direction perpendicular to electric field, poled condition (I(002)/I(200) = 1.57).

ment. In spite of the occurrence of microcracking dur-
ing poling, the fracture toughness decreased in working
after the poling treatment. It is suggested that a large
amount of fracture toughness of the poled specimen in
the tetragonal composition was negated, firstly, by the
tensile stress perpendicular to the poling direction, sec-
ondly, by the microcracks near the crack tip induced by
the poling treatment, and thirdly, less domain switch-
ing at the fracture under tensile stress. The decrease
in fracture toughness in poled MPB and rhombohedral
compositions was attributed to the increase in internal
tensile stress perpendicular to the crack propagation di-
rection due to domain alignment.

Discrepancies in the fracture toughness measured
by the precracked SENB and the indentation strength
method are presented in Figs 1 and 5. In the precracked
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Figure 3 The change in X-ray diffraction patterns of tetragonal Pb(Zr0.48 Ti0.52)O3 before and after poling treatment: (a) surface of unpoled condition
(I(002)/I(200) = 0.67), (b) fracture surface of unpoled condition (I(002)/I(200) = 0.85), (c) surface of direction perpendicular to electric field, poled
condition (I(002)/I(200) = 0.29), and (d) fracture surface of direction perpendicular to electric field, poled condition (I(002)/I(200) = 0.4).

SENB method, the lowest fracture toughness was ob-
served in the tetragonal, while the rhombohedral re-
vealed the highest fracture toughness, as seen in Fig 1.
As compared with the SENB method, the indentation
strength method [20] showed contrary results for the
change in fracture toughness with composition after
the poling treatment, as in Fig. 5 where open circles
indicate the fracture toughness measured by indenta-
tion method [8] and closed circles indicate the fracture
toughness measured by indentation strength method
[9].

Multiple microcracks around the indentation mark
are made in the tetragonal composition during the
indentation test. These multiple microcracks relieve
or disperse the stress concentration under the 3-point
bending load, which results in the reduction of the stress
intensity factor at the microcrack tips around the inden-
tation mark. More stress, equivalent to the amount of
stress concentration relief owing to the multiplicity of
microcracks, is necessary to proceed to fracture. The
overestimation of fracture toughness is inevitable in
the indentation strength method. Therefore, the effec-
tive stress intensity factor acting on a leading crack tip
to fracture is greater in the pre-cracked SENB method

T ABL E I I Internal stress measured by XRD in PZT ceramics

PZT 48 PZT 53 PZT 58

Unpoled −37 91 243
Poled(//) −1171 −494 −225
Poled(⊥) 217 132 375

Unit: MPa.

Figure 4 Schematic diagram of stress distribution under 3-point bending
loading.

than in the indentation strength method, because there
is no stress dispersion or relief due to neighbor microc-
racks in the SENB method. Thus, the specimens under
fracture at a lower apparent stress intensity factor in the
pre-cracked SENB test.

In an attempt to explain the discrepancy in fracture
toughness between the precracked SENB method and
the indentation strength method, the stress intensity
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Figure 5 Fracture toughness measured by indentation strength method
for various compositions of PZT near MPB [20].

factor values were calculated and presented in Table III
for specimens which have multicracks [21] and a single
crack [22] as assumed in Fig. 6 for simplicity. It is worth
noting that the microcracks in the indentation strength
method actually occur radially from the corner of the
indentation mark. In order to calculate the stress inten-
sity factor, Equations 2 and 3 were applied for multiple
cracks and a single crack, respectively.

K1 = F(a/2t)σa1/2 (2)

K1 = Pa1/2[1.99 − 0.41(a/w) + 18.7(a/w)2

− 38.48(a/w)3 + 53.85(a/w)4]/[wbπ1/2]

(3)

where P is the load, a is the crack length, w is the width
of the specimen, 2t is the distance between two neigh-
boring cracks, and b is the thickness of the specimen.

For example, if 200 N is applied to a specimen with
a crack length of 2.06 mm, the stress intensity factor is
0.358 MPa · m1/2 at the crack tip of parallel edge cracks
and 1.13 MPa · m1/2 at the tip of a single edge crack.
In the indentation strength method, the increase in ap-
parent fracture toughness in the tetragonal composition

T ABL E I I I The stress intensity factor values calculated from Bowie
[21] and ASTM equation [22] when a 200 N force is applied

Parallel edge crack Single edge crack

a p KI a P KI

(mm) a/2t (N) (MPa·m1/2) (mm) a/w (N) (MPa·m1/2)

1.23 0.195 0.352 1.23 0.246 0.59
1.49 0.237 0.357 1.49 0.298 0.73
1.76 0.281 0.359 1.76 0.352 0.89
2.06 0.328 200 0.358 2.06 0.412 200 1.13
2.42 0.385 0.359 2.42 0.485 1.52
2.89 0.459 0.360 2.89 0.578 2.28
3.2 0.509 0.355 3.2 0.64 3.04

Figure 6 Geometry of specimen: (a) parallel edge crack and (b) single
edge crack.

could be attributed to the stress concentration relief ow-
ing to the multiple microcracks around the indentation
mark while the fracture toughness in the precracked
SENB method would be fairly evaluated by the stress
concentration at a single crack tip. It is suggested here
that fracture toughness testing using the SENB method
is preferable, as a standard, to the indentation strength
method, because stress concentration at the single crack
tip in the precracked SENB method is less variable,
while the stress concentration at the multiple micro-
cracks from the indentation mark is difficult to keep
consistent.

Cyclic compressive cyclic stress was applied to eval-
uate fatigue strength and fatigue resistance. The rela-
tionship between stress range (�σ ) and fatigue life (Nf)
under poled and unpoled conditions is shown in Fig. 7.

For all three compositions, higher fatigue resistance
was observed under unpoled conditions than under
poled conditions. Before the poling treatment, the fa-
tigue limit was higher in rhombohedral (227 MPa) and
MPB (225 MPa) than in tetragonal (131 MPa). Under
poled conditions, the highest fatigue limit (227MPa)
was also obtained in the rhombohedral composition.
Compressive and tensile internal stresses were pro-
duced by the poling treatment, as shown in Table II.
Higher fatigue resistance in the rhombohedral com-
position of unpoled samples, as compared with poled
ones, resulted from trivial internal stresses due to

Figure 7 The relationship between stress range and fatigue life for the
different PZT compositions.
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stable domain arrangement. Higher fatigue resistance
in the rhombohedral composition is thought to be at-
tributable to the lower anisotropy of stress distribution,
higher density and smaller grain size [19]. The higher
anisotropy of internal stress in the tetragonal compo-
sition is found to enhance crack propagation when the
directions of poling and crack propagation are parallel.

4. Conclusions
The discrepancies in fracture toughness measured by
different methods and fatigue strength of piezoelectric
PZT were studied before and after poling treatment,
and the results are summarized below:

1. Before poling treatment, the highest fracture
toughness measured by a single precracked SENB
method was observed in the rhombohedral, while the
tetragonal showed the lowest fracture toughness. Poling
treatment decreased the fracture toughness of PZT in
all three compositions. The most prominent decrease
in fracture toughness was observed in the tetragonal
composition, where the anisotropic internal stress in-
troduced by the domain alignment was parallel to the
electric field direction for poling.

2. The discrepancies in fracture toughness values de-
pending on the different measurement methods were
explained in terms of the concept of a single crack (in
a precracked SENB method) and multiple cracks (in
an indentation strength method). Anisotropic internal
stresses from the tetragonality which were introduced
during the poling treatment were used to explain the ex-
tent of the decrease in fracture toughness for the various
crystal structures of PZT.

3. Unpoled PZT exhibited higher mechanical fatigue
resistance than poled PZT in all three compositions.
The highest fatigue resistance among the three compo-
sitions was observed in the rhombohedral composition;
this was attributed to the lower anisotropy of stress dis-
tribution, higher density, and smaller grain size.
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