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Abstract
For partially electroded piezoelectric materials, a strain incompatibility arises between the electrically active part and the electrically inactive part of the material. This can lead to crack initiation and crack propagation perpendicular to the electrode edge. In
order to study crack initiation, a symmetrical geometry with the electrodes in the centre of the surfaces of thin lead zirconate titanate (PZT) plates was devised. Upon application of the electrical ®eld, dierent cracking patterns appear, depending on degree of
coverage and on thickness of the plates. Linear and non-linear FEM modelling is able to explain some of the materials response.
# 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Ceramic actuators have been accepted for numerous
applications such as low frequency high amplitude
devices in adaptive structures and vibration control.1,2
Applications range from aircraft and automobiles to
printing and textile machinery. In actuator applications,
ferroelectrics frequently fracture under high electric
®elds or mechanical stresses. The limited reliability of
the component due to cracking constitutes a major
impediment to large scale usage.
The most cost ecient geometry for such actuators has
the disadvantage of electrodes ending inside the ceramic.
A strain incompatibility due to inactive regions next to
active material in the actuator is the consequence. High
mechanical stresses at these areas lead to crack formation and ®nally to the failure of the device. Several
investigations were made in the past to understand the
underlying mechanisms.3 5 Cracks due to thermal strain
mismatch have been studied in other materials such as
metal/ceramics6 and ceramics.7
In this work initiation and propagation of cracks formed
by strain incompatibility during the ®rst poling cycle in
partially electroded PZT specimens are investigated. A
geometry representing a single layer of a multilayer
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device was chosen (Fig. 1). The focus is laid on the
geometrical in¯uence to crack formation and the initial
crack growth. To rationalise some of the mechanisms
linear and non-linear ®nite element modelling was done.
The strain mismatch was achieved by using small rectangular specimens with centred electrodes as shown in
Fig. 1. If an electric ®eld is applied to the specimen the
material between the electrodes will shrink in directions
perpendicular to the ®eld and expand in direction of the
applied electrical ®eld. As the adjacent material is not
aected by the electric ®eld it will mechanically clamp
the active strip and high stresses arise.
2. Experimental procedure
2.1. Specimen preparation
All experiments were performed on a commercially
available lead zirconate titanate, namely PZT 151 (PI
Ceramics, Lederhose, Germany). The samples were delivered as plates of dimensions 4040 mm2 with thicknesses
of 1 and 2 mm and were polished on one side to a 1 mm
®nish. Some of the 1 mm thick plates were ground down
to 0.5 mm after polishing. Finally the plates were cut to
specimens with approx. 1010 mm2.
In the next step electrodes of Au / Pd were sputtered
on the specimens. To achieve only partial coverage
masks of overhead foil were cut and attached to both
surfaces with superglue and removed after sputtering.
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insulation. The electrical ®eld was increased in small
steps up to 3.5 kV/mm and the length of the ®rst crack
on each electrode edge was measured after each step. A
geometry of approx. 10101 mm3 with an electrode
width of 1 mm was chosen for this test.
2.4. Finite element modelling

Fig. 1. Illustration of stresses generated by mechanical clamping due
to partial electrode coverage. (a) Electric ®eld is applied on the centred
electrodes (active material). (b) Shrinkage in X and Y directions and
expansion in Z direction of the active part. (c) Adjacent material
mechanically clamps the active strip and high stresses arise. The area
modelled with the non-linear FEM code is shown in (a).

The electrodes had a ®nal thickness of approx. 50 nm. A
thin line of silver-paint was applied on both electrodes
to ensure complete contact of the electrodes in case of
cracking. As a last step thin copper wires were mounted
on the electrodes with a conducting 2-component
epoxy-glue. Ten dierent geometries were prepared,
being thicknesses of 0.5 mm, 1 mm and 2 mm each with
electrode widths of 1, 2 and 4 mm plus a fully electroded
specimen with a thickness of 2 mm.
A co-ordinate system for further orientation was set up
as follows. Direction Z is the electrical ®eld direction. Y is
parallel to the electrode edge and X is perpendicular
thereto. The electrode coverage is de®ned by 2b/2w, were
2b is the electrode width and 2w the specimen width. The
volume between the electrodes will be de®ned as active
material and the remainder inactive material.
2.2. Mapping of the crack-patterns
A half electrical cycle (0±2 kV/mm at 25 V/mm s) has
been applied to specimens of all nine partially covered
geometries. The crack-patterns were then mapped in an
optical microscope at a magni®cation of 200. To do so,
the wires were removed from the plates and the silver±
paint was carefully washed o with acetone. The specimens were then placed on a co-ordinate desk attached to
the microscope and the crack tips were targeted with the
crosshairs in the eye pieces. A computer determined the
co-ordinates and transferred them to a custom designed
CAD-type software.
2.3. Crack growth measurement
The crack growth measurement was done in-situ in an
optical microscope at 200 magni®cation. A small open
plastic box mounted on the co-ordinate desk ®lled with
Flourinert1 was used for specimen ®xture and electrical

Two ®nite element modelling approaches were made.
In the ®rst approach the experiment was modelled threedimensionally using the linear piezoelectric element
(Solid 5) of a commercial FEM-Code (Ansys1 5.5). The
electrodes were implemented by coupling the voltage
degree of freedom of the surface nodes. As the electrodes
on the real specimens were very thin it was not necessary
to model the electrode material. The piezoelectric and
mechanical coecients provided by the manufacturer
have been used. For symmetry reasons only a quarter of
the specimen was modelled.
To visualise the electric ®elds, the resulting dielectric
displacement and the mechanical stresses a custom
designed non-linear FEM-code8 was used. The material
data was as of a 8/65/35 PLZT. As the modelled material
shows qualitatively the same behaviour as the investigated
PZT no eort was made to adapt the code to the data of
our material. The upper half of a two-dimensional slice
perpendicular to the electrode edge was modelled as shown
in Fig. 1a.
3. Results
Two types of cracks have to be distinguished. Fig. 2
(left) shows the resulting crack patterns for three geometries. For wide electrodes only short cracks at the
electrode edges formed. The narrower electrodes contain long cracks that extend from one side to the other
and separate the electrode in two and more fractions.
Long cracks were only found in some specimens with
narrow electrodes up to 20% coverage and do always
appear in electrodes with a coverage of 10%. They are
usually formed from two small cracks that join.
The number of short cracks formed mainly depends
on the specimen thickness whereas the length of the
starter cracks are dependent on the electrode coverage.
Numerous cracks are found in the 2 mm thick specimens
and only few in the 0.5 mm specimens. The lengths of the
largest short cracks ranged from approx. 200 to 400 mm
in the narrow electrodes and up to approx. 600±900 mm
in the wide electrodes. Variations of the crack-lengths
could not be correlated to the specimen thickness.
The short starter cracks are developed at an electrical
®eld somewhat lower than the coercive ®eld of 1 kV/mm
(Fig. 3b). They all appear within a very small ®eld
range. By further increasing the ®eld some grow faster
than others and those slower cracks are closed as the
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Fig. 2. Observed crack-patterns and calculated stresses perpendicular to the electrode. Specimen dimensions are of (a) 2/4, (b) 2/1 and (c) 0.5/1
(thickness (mm)/electrode width (mm)].

stress is relieved by the faster cracks. A decrease in the
number of visible cracks is the result. The region
between 0.9 and 1.25 kV/mm is characterised by the
fastest crack growth (Fig. 3a). Above 1.25 kV/mm the
cracks grow approximately linear with the electric ®eld
and ®nally at about 3.5 kV/mm the specimen saturates
and the crack growth is stopped. This behaviour agrees
very well with the strain hysteresis9 obtained for that
material.
In the case of narrow electrodes some of the starter
cracks joined and formed large cracks. Fig. 3a shows
the crack lengths of two opposing small cracks. The ®lled dots represent the inner part of the cracks. It can be
seen that the inner and the outer part of the cracks
initially grow with the same rate. At 1.05 kV/mm the
inner parts have attained a critical length and join by
unstable growth.
On specimens with 4 mm electrode the cracks do not
grow perpendicular to the electrode edge as it would be
expected, but a radial crack growth is observed (Fig. 2a
left). Only cracks at the centre of the specimen do show
the expected direction. That eect is not seen in 1 mm
electrodes and only to a smaller extent on 2 mm electrodes. The crack growth direction is reproduced regardless
of the specimen thickness and is only determined by the
electrode coverage.
4. Discussion
Crack formation at the electrode edges and the variation of the number of cracks for dierent thicknesses can
be explained by processes at the electrode edges. There,

Fig. 3. (a) Crack lengths measured from the originating electrode
edge. The inner cracks join at 1.05 kV/mm. (b) Amount of cracks on
both electrode edges and amount of joined cracks.

an electrical ®eld singularity within the material is generated10 and, due to the electromechanical coupling,
gives rise to a mechanical stress singularity. The eect is
enhanced by the fact that the specimens were unpoled at
the beginning. Domains near the electrode edges will
experience a higher electrical ®eld due to the singularity
and will switch earlier than the neighbouring domains.
Consequently, a very high strain incompatibility and
accompanying stresses between the switched volume
and the bulk are obtained, in particular at ®elds near the
coercive ®eld of the bulk ceramic. Crack initiation at the
electrode edges at a global electric ®eld below the coercive ®eld results. The mechanical stresses as calculated
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by non-linear FEM parallel to the electrode edges (Ydirection) are shown in Fig. 2 (right). A zone of high
tensile stresses is located directly underneath the electrode edge. Outside of the electrodes an area of compressive stresses with a width of about half the thickness
is apparent. Far outside the specimen is stress-free. In
the centre of the active material the tensile stresses
increase from the top to the centre of the specimen.
The size of the zone where high stresses are obtained
is greatly increased in the thick specimens as compared to
the thin specimens. This is a further manifestation of
electromechanical coupling since the volume with a certain electrical ®eld within the singularity depends on the
applied voltage. The voltage, however, has to be increased
in thicker specimens to obtain the same electric ®eld in
the bulk. As failure in ceramics is governed by weakest
link statistics, both the magnitude of local stresses as
well as their extension are crucial. Therefore, more
cracks are formed in thick specimens since the volume
of high stresses around the electrode edge is larger.
Mechanical edge eects are equally responsible for the
deviation of the crack growth direction from a direction
perpendicular to the electrode edges. The ®rst principal
stresses on the specimen surface as calculated by a linear
piezoelectric FEM are shown in Fig. 4. The actual crack
pattern obtained for a specimen of the modelled geometry is overlaid. It can clearly be seen that the cracks
grow perpendicular to the ®rst principal stresses. Due to
piezoelectric deformations of the specimen shear stresses

Fig. 4. Top view on the direction and magnitude of the ®rst principal
stresses in a quarter of the specimen. The crack pattern obtained from
a real specimen is overlaid.

are introduced in a large volume of the specimen. In
fact, only a very small region around the X centre line is
not aected. A comparison to specimen with less electrode coverage shows that the shear stresses in¯uenced a
zone approximately equal to the electrode width.
5. Conclusions
(a) The electric ®eld singularity at the electrode edge
leads to a zone of very high tensile stresses responsible
for formation of cracks during the ®rst poling.
(b) The number of electrode edge cracks increases
with increasing thickness as the stressed volume grows.
(c) Long cracks can occur as the result of coalescence
of two short electrode edge cracks.
(d) The direction of the short cracks is governed by
mechanical edge eects caused by shear stresses.
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