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Abstract

An experimental method is presented, which allows measuring all components of the total energy release rate under conditions of controlled
crack growth in a piezoelectric material. V-notched specimens of PZT poled parallel to the long axis are fractured in 4-point-bending.
Additionally electric fields are applied parallel and anti-parallel to the poling direction, i.e. perpendicular to the crack surface. To determine
the total energy release rate the mechanical and the piezoelectric compliance as well as the electrical capacitance of the sample are acquired
continuously, using a small-signal-compliance method. The derivation of the data with respect to the crack surface area allows calculating
the mechanical, piezoelectric, and electrical contributions to the total energy release rate. For an electric field of 500 V/mm the electrical
c mall. Hence,
t cture criterion.
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ontribution is negative and its absolute value is as high as the mechanical one whereas the piezoelectric value is comparatively s
he total energy release rate, based on the used method, almost vanishes under these conditions and cannot be taken as a valid fra
he expected effect in retarding crack growth has not been observed.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Piezo- and ferroelectric ceramics are of common interest,
ince they are used as sensors and actuators in various techni-
al applications.1 As these materials are often exposed to both
echanical and electrical loading the fracture behavior and

he reliability under such conditions are important issues.2

A large number of theoretical papers on fracture mechan-
cs of piezoelectric ceramics have been published, as, e.g.
–7. Experiments performed in recent years exhibit different
nd partly contradictory results.8–14 For example Park and
un8 report that positive electric fields (parallel to the poling
irection) promote and negative impede crack propagation.
ther authors observed the opposite material behavior. This
ight be related to different experimental conditions pre-

ailing for the measurements performed. Also the choice of
he electrical boundary conditions, especially the permittivity
nterior to the crack, influences the result. Schneider et al.15
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found experimentally that the assumption of a complete
permeable crack is strongly misleading, since the permitt
in the crack is much higher than that of air. Anyhow, the m
question is: What is the influence of an electric field wit
dielectric or piezoelectric materials on the crack progres

We present an experimental technique, where all cont
tions to the total energy release rate in a ferroelectric cer
are measured simultaneously under conditions of contr
crack growth in a four-point-bending device. This inclu
the energy components due to the mechanical and the e
cal load and a mixed mode term due to the piezoelectric p
erties of the material. The resulting energy release rate
based on the measured results of the small-signal-comp
method. This paper presents the principal idea only. A m
detailed description is given elsewhere.16

2. Theory

In the following the theoretical basis is explained brie
Suo17 has proposed a generalized Irwin–Kies relation w
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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is valid for linear piezoelectric behavior. If a specimen is
loaded by a forceFand a voltageV the stored potential energy
Π is:

Π(V, F, A) = −1

2
CeV

2 − 1

2
CmF2 − CpVF (1)

whereA,Ce,Cm, andCp are the crack surface area, the electri-
cal capacitance, the mechanical compliance, and the piezo-
electric compliance, respectively. WithQ and∆ being the
electric charge and the displacement, it is:

Q =
(

−∂Π

∂V

)
A,F

= CeV + CpF (2)

∆ =
(

−∂Π

∂F

)
A,V

= CmF + CpV (3)

The energy release rate is given by:

Gtot = −
(

∂Π

∂A

)
F,V

= V 2

2

∂Ce

∂A
+ F2

2

∂Cm

∂A
+ FV

∂Cp

∂A
(4)

The first, second, and third term on the right hand side of Eq.
(4)correspond to the electrical, mechanical, and piezoelectric
(mixed) component ofGtot, respectively. It is mentioned here
that the three contributions are not invariant quantities, since
they depend on the boundary conditions, but the sum of them
is invariant. In order to measureG the derivatives ofC ,
C t be
d he
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Fig. 1. The four support rollers, specimen and small construct for transfer-
ring the displacement of the upper support rollers to the position encoder.
At the right end of the specimen the insulation with thermoplastics can be
seen.

of 1.7 kV/mm, and have notch depths of about 1 mm. During
the experiment they are loaded with an electric field up to
500 V/mm parallel and anti-parallel to the poling direction,
i.e. perpendicular to the crack surface. A similar experiment
using the same geometrical arrangement has been performed
previously,14 but with the difference that the samples were
cracked by fast uncontrolled fracture in a universal testing
machine.

The development of the present setup was insofar chal-
lenging, as changes of very small quantities like the capaci-
tance of a few pF have to be acquired under high electric loads
up to 14 kV. Furthermore the displacement of the upper sup-
port rollers must be measured to determine the corresponding
energy quantities correctly. Therefore, two V-shaped rods are
connected movably by an axis and transfer the displacement
of the upper support rollers to the position encoder positioned
below the specimen (Fig. 1). The electrical insulation on the
high voltage side of the specimen is achieved by a coating of
thermoplastics.

In the fracture experiment the crack length is determined
using an optical microscope (Wild M3Z). For determining
theR-curve behavior the mechanical loadF is measured as
well. The outstanding advantage of the presented setup is
now that all quantities necessary to determine the energy re-
lease rate are acquired additionally and simultaneously with
only a minimum of additional time exposure. These quanti-
t
t ric
c

4

ctric
c imen
tot e

m, andCp with respect to the crack surface area mus
etermined. Using Eqs.(2) and (3)the capacitance and t
ompliances can be calculated by

Ce =
(

∂Q

∂V

)
F

, Cm =
(

∂∆

∂F

)
V

, and

Cp =
(

∂Q

∂F

)
V

=
(

∂∆

∂V

)
F

(5)

rom these equations it can be seen, how the capac
nd the compliances can be obtained experimentally.
echanical compliance is determined by varying the f
y dF and measuring the corresponding change of the
lacement d∆ at constant electric load. A similar approa

s performed to measure the piezoelectric compliance. U
onstant electrical loadV, the force is varied and the co
esponding electric charge is determined by integrating
lectrical current measured in the experiment. The ca

ance was measured with constant displacement inste
onstant force, but it can be shown that in this experimen
ifference is negligibly small.

. Experimental setup

The 4-point-bending device has support distances o
nd 20 mm and is placed in a very rigid metal frame wh
nables controlled crack growth as proposed by Fe
l.18 The morphotropic PZT specimen used (PIC 151,
eramic, Lederhose, Germany) are 3 mm× 4 mm× 28 mm

n size, poled in longitudinal direction with an electric fi
ies are: the displacement∆, the chargeQ, the capacitanceCe,
he mechanical complianceCm, as well as the piezoelect
omplianceCp of the specimen.

. Results and discussion

Fig. 2 represents the mechanical and the piezoele
ompliance and also the capacitance of the PZT-spec
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Fig. 2. The compliances and the capacitance as a function of the crack ex-
tension at 500 V/mm, measured with the small-signal-compliance method.
(The sum of crack extension and notch depth is the crack length.)

as a function of the crack extension for a constant applied
electric field of 500 V/mm. With a specimen width of about
4 mm the crack growth can be controlled up to the top side
of the specimen.

At the beginning the mechanical compliance increases
slightly. At higher crack lengths the slope increases strongly
(Fig. 2a). As expected the capacitance decreases, because
the dielectric constant in the crack is smaller than that of
the PZT material (Fig. 2c). The piezoelectric compliance de-
creases monotonic and reveals a zero-crossing at a certain
crack length. This can be qualitatively understood. For an
ideal bending bar in principle the piezoelectric compliance
is zero, since the charges generated in the compression and
in the tension zone compensate each other. In the presen
case the bending bar is single edge notched, which leads to

Fig. 3. (a) The different contributionsGm, Gp, andGe to the total energy
release rateGtot vs. crack extension at 500 V/mm. (b) CorrespondingR-
curve.

asymmetric behavior. This asymmetry probably changes its
characteristic, when the crack proceeds through the speci-
men, which explains the tendency inFig. 2b.

In order to calculate the derivatives of these data, an av-
eraging procedure over 10 neighboring measuring points is
applied. Thus, we get the three contributionsGe,Gm, andGp
(right side of Eq.(4)), which add up to the total energy re-
lease rateGtot, for an electric field of 500 V/mm (Fig. 3a). It
should be mentioned, that in the literature, as, e.g. in Ref.8 the
mechanical and the electric energy release rate are defined
slightly different, namely asGm +Gp/2 andGe +Gp/2, re-
spectively. For a better evaluation the correspondingR-curve
is displayed below (Fig. 3b). Theoretically, the stress inten-
sity factorKI is independent from the applied electric load
under the prevailing conditions.14 Thus, the fracture tough-
nessKIC in Fig. 3b is calculated using the formula given by
Munz and Fett19 for pure mechanical loading. (Note, that
the measured data inFigs. 2 and 3are based on a single
specimen.) AlthoughGtot is approximately zero (Fig. 3a), an
effect in retarding crack growth has not been observed. The
average value of the mechanical part〈Gm〉 for crack lengths
between 0.5 and 1.5 mm is about 13 J/m2. This corresponds
to the value of 12 J/m2 found by Heyer et al.20 for the same
material but for a conducting crack.

However, the PZT material used exhibits also inelastic and
non-linear behavior as typical for PZT. Therefore, further
e the
g ption
o inear
e

t

xperiments were performed, to investigate in how far
iven linear approach can be applied. A detailed descri
f technical and experimental aspects, as well as non-l
ffects and other experimental results are given in Ref.16
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5. Summary

An experimental method for the simultaneous measure-
ment of all components of the total energy release rate under
combined electromechanical loading is presented. This is re-
alized using a rigid four-point-bending device which allows
controlled cracking of PZT-specimens under applied electric
field. During the measurement of anR-curve the mechanical
and the piezoelectric compliance as well as the capacitance
are acquired simultaneously as a function of the crack length.
Therefrom the mechanical, the electrical, and the piezoelec-
tric contribution to the total energy release rate is derived.
For the PZT-material used the total energy release rate, i.e.
the sum of the three components, is zero or even negative for
an applied field of 500 V/mm, which is physically not mean-
ingful. This implies, that the total energy release rate, derived
with the linear elastic assumption, is not appropriate as frac-
ture criterion, whereas its mechanical part is more likely from
an empirical point of view.
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