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Abstract

New data sets of crack propagation in lead-zirconate-titanate DCB specimens under cyclic electric loading combined with a constant mechanical
load have been obtained. Both an increasing mechanical load as well as an increasing field amplitude resulted in an enhanced crack propagation
rate. The experiment was modelled with a Finite Element Analysis that used special crack tip elements and assumed a finite permeability of the
crack. The calculations revealed a dielectric crack closure effect, explaining the experimentally observed threshold of fatigue crack growth for the
electric load. Fracture quantities suitable for cyclic loading by electric fields above the coercive field were discussed and a Mode-1V intensity factor
considered as appropriate. The resulting correlations were applied to the experimental results and a power law relationship for the crack growth

rate versus the range of the Mode-1V intensity factor was found.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Nowadays ferroelectric ceramics are used in a wide vari-
ety of applications such as fuel injection valves, transducers or
memory devices (FeERAMs). Depending on the application, the
direct or indirect piezoeffect is exploited, therefore the mate-
rial is subjected to cyclic or static mechanical, electrical or
combined electromechanical loading. Under these loading con-
ditions, micro- or macrocracking can occur in the material and
eventually lead to failure of the device.! In this paper, the phe-
nomenon of macrocrack propagation in a ferroelectric material
under purely cyclic electric fields or cyclic electric fields in com-
bination with a static mechanical load is investigated.

Compared to fatigue crack-growth in structural ceramics
under cyclic mechanical loading, the failure mechanism in elec-
trically cycled ferroelectrics results from inelastic deformations
in the fracture process zone causing stresses at the crack tip.
These stresses induce a stress intensity factor which reaches the
fracture toughness periodically. Thus, crack growth is not sub-
critical on the microstructural level. The spontaneous strain and
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changes of polarization are caused by domain wall motion which
is due to ferroelectric/ferroelastic domain switching. Mechanical
cycling of ferroelectrics involves both mechanisms of classical
subcritical crack growth (e.g. stress corrosion) and effects due to
domain switching. However, interpreting experimental studies
by different authors,> classical crack propagation mechanisms
seem to dominate there. Therefore, our investigations focus on
electric cycling.

First works on this topic were performed in the 1990s>~°
with cracks emanating from Vickers indents. In later works,
through-thickness cracks were used.'?"!2 Cyclic electric fields
of different field strengths were applied and crack growth was
observed mainly in the direction perpendicular to the electric
field. It was found that a certain field level is needed to be sur-
passed in order for a crack to propagate. This level differed
slightly from experiment to experiment but usually lay above
the coercive field strength of the respective material. In one
case, crack propagation was also observed for lower fields.”
Generally, the crack growth rate was observed to increase with
increasing applied field amplitude but to decrease with increas-
ing cycle numbers.

Crack propagation under cyclic mechanical loading in PZT
has only been studied by few groups.>!3 Jiang and Sun applied
a constant electrical field in addition to the cyclic mechanical
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loading and reported a power-law relationship between the crack
growth rate and the amplitude of the mechanical energy release
rate. Salz et al.” used static and cyclic mechanical loads and
also observed a power-law relationship between the cyclic load
amplitude and the crack growth rate. The approach of describing
the crack growth rate in piezoelectric materials with a Paris law
relationship is based on results from theoretical modelling.'#

To date, no experiments have been performed with the com-
bination of a static mechanical and a cyclic electrical load. For
our study, a Double Cantilever Beam (DCB) specimen is used
which can be loaded by an alternating electric field perpendic-
ular to the plane of crack propagation and a mechanical force
producing a Mode-I crack opening. In contrast to cracks ini-
tialized by Vickers indentations, a through-thickness crack in
a fracture mechanics specimen provides reproducible loading
conditions and predictable crack paths. Experiments on such a
specimen are necessary for an appropriate evaluation of the data
within a fracture mechanics framework and for the derivation of
a transferable crack growth law.

A numerical analysis of the coupled electromechanical field
problem is performed accounting for a limited electrical per-
meability of the crack. It reveals the physical nature of a crack
closure effect, which is responsible for cracks not growing under
pure electrical loads below the coercive field. In order to have
an objective, geometrically-independent characterization of the
crack tip loading, a fracture quantity is subsequently calcu-
lated. Since domain switching is not restricted to the crack tip
zone (large scale switching), and since the material exhibits a
pronounced hysteretic behavior during a loading cycle, the appli-
cation of one of the classical fracture mechanical quantities is
not obvious.

In the experiments, different combinations of mechanical
and electrical loads were used and the crack propagation rates
measured in each case. Together with the numerical calcu-
lations a general fatigue crack growth law for a commercial
lead-zirconate-titanate composition is derived having the same
structure as the classical Paris Law. Until now, only one similar
fracture mechanical evaluation has been done by Fang et al.,12
however based on simplified analytical calculations.

2. Experiment
2.1. Material and specimen preparation

Specimens for the experiments were provided by PI
Ceramics (Lederhose, Germany) in the form of double can-
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tilever beams, 40mm x Smm x 1.5mm in dimension. The
material PIC151 was used which is a lead-zirconate-titanate
composition near the morphotropic phase boundary (MPB):
Pb0499(ZI‘(),45Ti()447(Nio.33Sb0.67)0.08)03. It is a Commercially
used, soft ferroelectric material. All specimens were first pol-
ished down to a 1 wm finish on one of their 40 mm x 5 mm
faces. Next they were electroded with a conducting silver paste
(“Leitsilber 200”, Hans Wolbring GmbH, Germany) on their
40 mm x 1.5 mm faces. Next they were poled in a bath of sil-
icon oil (AK35, Wacker Chemie GmbH, Germany, dielectric
strength > 12 kV/mm) for 20 min at room temperature and a field
strength of 2Ec, Ec being the coercive field strength of the mate-
rial, which lies around 1 MV/m.

One part of the specimens was cycled purely electrically
without an additional mechanical load. A diamond-wire saw
(Wells 2040) was used to provide them with a 1 mm-long and
0.2 mm-wide through-thickness notch with a radius of 0.1 mm
at the ground. A sketch of the specimen geometry is depicted in
Fig. 1a.

The specimens tested under combined loading conditions
were provided with a hole of 2.5 mm in diameter and an 8 mm-
long and 0.2 mm-wide through-thickness notch (see Fig. 1b for
a sketch). Next they were one by one subjected to one half-cycle
of an electric field of 1.5E¢ opposite to the poling direction. This
resulted in a crack “popping” into the specimen from the notch,
the crack faces being perpendicular to the electric field. The
length of this crack was 0.5 mm with a variation from specimen
to specimen of 50 wm. Then the specimens were set aside for
a period greater than 24 h in order for any relaxation processes
and backswitching to occur before the crack propagation exper-
iments were conducted.

2.2. Experimental set up and measurements

One specimen at a time was placed into a container filled
with silicon oil (see Fig. 2a). This provided protection against
electrical breakdown. In addition, a thin glass plate covered the
specimen. The container with the specimen was then placed
underneath an optical microscope (Leica DM LM) onto an
X-Y-stage. Crack lengths were measured optically with a res-
olution of 5 um. For the generation of the sinusoidal elec-
tric field, a function generator (TGA1240, TTi, England) in
connection to a HV power supply (HCB 500 M—10,000,
Fu.G. Elektronik GmbH, Germany) was used. The sample
was contacted at its unnotched end by means of two metal
springs.
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Fig. 1. Specimen geometries for (a) cyclic electric loading and (b) combined electromechanical loading with a mechanical preload and a cyclic electric field. The

specimen thickness is »=1.5 mm.
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Fig. 2. (a) Schematic of experimental setup. (b) Picture of specimen for cycling under a constant mechanical and cyclic electrical load.

2.2.1. Electrical cycling

A total of 14 specimens was used for the electrical cycling
with different field amplitudes: one specimen each was cycled
at 0.9, 1.1 and 1.8Ec, two specimens each were cycled at 1.2,
1.7 and 1.9Ec and three specimens each were cycled at 1.3 and
1.5Ec.

The mean values of the electric fields were zero, thus an
amplitude ratio R = Epjn/Emax = — 1 prevails. A minimum of 60
sinusoidal cycles with a frequency of 1 Hz was applied to each
specimen. The crack length was measured every five cycles dur-
ing a short (~5-10s) break in cycling. It could not be measured
in situ since the specimen moved during cycling due to its trans-
verse contraction.

2.2.2. Mechanical preload + electrical cycling

The combined loading tests consisted of a static mechanical
load causing a constant Mode-I stress intensity factor ranging
from 0.1t0 0.5 MPa /m and a cyclic electrical load ranging from
0.3 to 1.7Ec. The intrinsic fracture toughness of the material is
about 0.77 MPa ./m.!3 A total of 29 different combinations of
mechanical and electrical load were used which are displayed
in Fig. 3. One specimen was used per combination.
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Fig. 3. Combinations of static mechanical load — in terms of stress intensity
factor K1 — and cyclic electric load — in terms of the amplitude — used in the
experiments. For each load combination a new specimen was used.

The mechanical load was applied by fixing one arm of the
cantilever with a ceramic pin and connecting the other arm to
a 30N load cell using a nylon thread. This is also shown in
Fig. 2b. The load was adjusted through a threaded connection and
ametal spring. To keep the stress intensity factor constant during
electrical cycling, the load was adjusted with increasing crack
length. The respective values were calculated with Kanninen’s
formula:'6

bh3/? 1
=K -
2+/3a(1+0.64h/a)

where P is the applied force, K1 the Mode-I stress intensity fac-
tor, a the distance between the point of load application and
the crack tip, 2h the specimen height and b is the specimen
thickness (see Fig. 1). This formula is a very good approxima-
tion, if the crack tip does not approach the end of the specimen
by less than 2h and if a/h>2. Due to the short crack lengths
investigated and the sufficiently long notch, this was always
guaranteed.

p ey

2.3. Results

In the case of pure electrical cycling, no crack growth
occurred for field amplitudes below 1.1Ec. It was observed that
the primary crack propagated with an approximately constant
crack growth rate during the first 10-30 cycles. The duration of
this so-called “steady-state” varied from specimen to specimen.
In the next stage, one or more secondary cracks formed which
either propagated sequentially or simultaneously. Generally, a
decrease in crack growth rate was observed with increasing cycle
number.

In the case of combined loading, the crack path was observed
to be unstable for combinations of large mechanical and elec-
trical loads. In that case, the crack gradually kinked and the
specimen broke before 60 electric field cycles were reached.
Representative results of crack length versus cycle number for
either one electrical load and different stress intensity factors
or one stress intensity factor and different electrical loads are
displayed in Figs. 4 and 5. Both an increasing Kj as well as an
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Fig.4. Cracklength vs. cycle number for applied stress intensity factors between
0—purely electrical loading — and 0.4 MPa v/m. The electrical loading amplitude
was 1.3Ec. For K1 =0.3 and 0.4 MPa ./m the specimens broke due to unstable
crack paths before 60 cycles were reached.
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Fig. 5. Crack length displayed vs. cycle number for an applied stress intensity
factor of 0.3 MPa /m and different electric loading amplitudes as denoted in
the figure. For E=1.3 and 1.5E, the specimens fractured before 60 cycles were
reached due to unstable crack paths.

increasing field amplitude resulted in an increased crack growth
rate.

After both the electrical loading and the combined loading
experiments, the fracture surfaces were examined in a scanning
electron microscope and compared to fracture surfaces resulting

from static mechanical loading. Exemplary pictures are provided
in Fig. 6. In the electrical and electromechanical loading cases,
mainly transgranular fracture occurred, while under mechani-
cal loading, a mixture of trans- and intergranular fracture was
observed. This might indicate that the fracture mechanism under
electrical loading is dominant to the fracture mechanism under
mechanical loading.

3. Fracture mechanical evaluation of the experimental
data

The measurements in the previous section supply crack
growth rates for specific loading and poling configurations and
are valid for the specific specimen geometry. For the sake of
a unique and objective quantification of the crack tip loading
within the range of a fracture mechanics concept, crack growth
rates have to be presented as functions of fracture mechanics
quantities, e.g. K-factors, the energy release rate or the J-integral.
For the specimen and loading conditions of the experiment as
well as for structures in arbitrary applications, the fracture quan-
tities are calculated using the Finite Element Method.

3.1. Discussion of fracture quantities

If domain switching is restricted to a small zone close to
the crack tip (small-scale-switching), concepts of Linear Elastic
Fracture Mechanics can be generalized for piezoelectric frac-
ture mechanics. In this case, the K-concept is applicable and the
loading of the crack tip can be expressed by a Mode-1V intensity
factor.!” For a DCB specimen with the height 24 and the applied
electric field E5° the following formula is commonly used.!?

Ki = lim (vzanz(e - 0)) = E*V2h )

E is the electric field strength in the xp-direction, (r,0) is
a crack tip polar coordinate system (see Fig. 8). However,
since fatigue crack growth at low electric cycling frequencies
without mechanical loading is only observed for electric field
intensities above the coercive field, the assumption of small-
scale-switching is not applicable. Considering Elastic-Plastic
Fracture Mechanics, the J-integral can be calculated in the
case of large-scale inelastic material behavior. However, the

Fig. 6. Fracture surfaces after electrical loading (left), electromechanical loading (center), mechanical loading (right).
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J-integral for cyclic loading is not path-independent for mate-
rials showing an inelastic dissipative behavior. Its application
therefore is not the appropriate means for a unique characteri-
zation of the crack tip loading.

In contrast to plasticity, where an increasing load leads to
a continuous enhancement of plastic strain, in ferroelectrics a
“lock-in” is observed, i.e. the microstructural evolution is sat-
urated reaching a specific loading level. Beyond this threshold
loading and unloading follow the same trajectory and the mate-
rial behavior is described by linear constitutive equations of
piezoelectricity, even being a good representation somewhat
below the saturation point. Thus, during electric cycling with
amplitudes above the coercive field, the specimen is not subject
to material non-linearities during the whole cycle. In Fig. 7 a
load cycle E(¢) is shown schematically starting with an electric
field pointing into the poling direction. The coercive field Ec
is indicated by the horizontal dashed lines. If the electric load
amplitude is within the hatched area (1), small-scale-switching
can be assumed. The cross-hatched areas (2) represent field
intensities at which the material sufficiently remote from the
crack is always homogeneously poled in the loading direction
and may be described linearly. The applicability of piezoelec-
tric constitutive equations is justified within the one half of the
loading cycle in which the electric field is aligned with the pol-
ing direction. Physical non-linearities due to domain switching
dominate the material behavior during the small part of the cycle
indicated by a bold line. It was observed experimentally'® that
this is the point of the cycle, where crack growth sets in. Westram
et al. therefore believe that large-scale switching provides the
driving force for crack initiation. The mechanism is explained in
Ref.18 in more detail. However, the crack growth rate was found
to depend on the field amplitude, i.e. on how much larger than Ec
the maximum field is. To describe this observation phenomeno-

E(t) 5 . !
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Fig. 7. One electric loading cycle with intervals of linear and non-linear mate-
rial behavior (bottom) and schematic of the course of the electric displacement
intensity factor (top).

logically, the K-concept of Linear Elastic Fracture Mechanics
can be applied to characterize the loading conditions at the crack
tip during the greatest part of the cycle. A Mode-IV intensity fac-
tor Kyv is introduced characterizing the asymptotic behavior of
the electric displacement D in front of the crack tip. Its defi-
nition is similar to Kg in Eq. (2) replacing E5° by D5°. Due to
the repeated repolarization, the remote electric field is directed
parallel to the poling direction almost during the whole loading
cycle, leading to an almost permanent positive Kyy (see Fig. 7).
Therefore, the range A Kyv approximately equals Kx*. During
the process of massive domain reorientation the field intensity
factor is not defined since piezoelectric properties are lost. Ki/*
meets the requirements of a fracture mechanical quantity giving
a unique and transferable characterization of the loading situa-
tion.

3.2. Finite element calculations

To calculate field intensity factors and other fracture mechan-
ical quantities for cracks in piezoelectrics, several numerical
techniques based on the Finite Element Method have been
developed.!*2! Derived by rudimentary analytical calculations,
Eq. (2) is considered not to be sufficiently accurate. Particularly
concerning short cracks the crack length has a non-negligible
influence on Kyy. Moreover, the electric boundary conditions
on the crack faces should be chosen more carefully thus being
closer to reality. The specimen is assumed to be homogeneously
poled, which is obviously simplifying the nature of the problem.
More sophisticated calculations could account for the inhomoge-
neous state of polarization in the vicinity of the crack. Anyhow,
to determine Kyy, the asymptotic crack tip solution has to be
known. For an inhomogeneous polarization, those solutions are
rare in the literature®>?3 and treat special cases which are not
relevant for our problem. The calculation of intensity factors
neglecting the polarization inhomogeneity is well established in
the evaluation of fracture experiments in piezoelectrics under
constant loading conditions.?122:2425 On the other hand, the
electromechanical energy release rate can be determined, e.g.
applying the Modified Crack Closure Integral.'>?! The com-
parison of calculations for a crack in a material being on the
one hand homogeneously poled and on the other hand show-
ing the typical near-crack domain pattern exhibited very little
influence on the energy release rate. However, numerical calcu-
lations have shown that a criterion for electrical-load-induced
fracture cannot be based on either the electromechanical or the
pure mechanical/electrical energy release rates, since none of
these quantities correctly reflects the influence of the investi-
gated loading regimes on the crack growth behavior.

Fig. 8 shows the Finite Element model of the specimen used
for combined electromechanical loading. For pure electrical
loading the model is identical except for the hole, which mildly
influences the crack tip fields. Due to symmetry, only one half
has to be considered. On the ligament, the nodal boundary con-
ditions up =0, ¢ =0 are introduced, where u» is the displacement
in the xp-direction and ¢ is the electric potential. A generalized
state of plane strain is assumed for the 2D model, i.e. du/dx3 =0,
0¢/dx3 =0. The crack tip is indicated by the origin of the polar
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Fig. 8. Finite Element model of one half of the DCB specimen with boundary
conditions and coordinate systems.

coordinate system (r,0). Shifting the boundary conditions along
X1, various crack lengths can be realized with the same mesh. To
calculate field intensity factors for different crack tip positions,
this implies an evenly meshed layer around x; =0. The load-
ing is applied by a line force F = P/b and the electrode potential
¢=Eh.

Both K7 and Kty are calculated from displacements u and
electric potentials ¢ on the crack faces, determined by the FE
analysis. Using special crack tip elements (CTE) which exhibit a
/r-behavior, an accurate calculation of intensity factors is guar-
anteed in connection with the asymptotic piezoelectric crack tip
solution.'®2* It was shown that Eq. (1) is a good approxima-
tion for Kj. The Mode-I stress intensity factor hardly depends
on electrical loads. The deviation from the numerical results is
just a few percent. Kty shows a pronounced dependence on both
mechanical and electrical loads.

Following an idea of Hao and Shen,2° the electric field inside
the crack is taken into account imposing a charge density Dg on
the crack faces calculated from a body cut

¢t (x1) — @~ (x1)

ug (x1) — us (x1)

3)

DS (x1,x2 = 0) = —«kc

with the superscripts “+” and “—” standing for the positive and
negative crack faces, respectively and xc being the dielectric
constant of the slit. In contrast to impermeable (Dg =0) or
fully permeable (¢ =¢~) crack models, the assumption of an
electrically limited permeable crack is consistent from the elec-
trostatic point of view. The short notch does not have to be
modelled separately, since it proved not to influence the results
in terms of intensity factors. The numerical realization of this
“capacitor analogy” requires an iteration scheme. Several Finite
Element calculations of the boundary value problem have to be
performed, to make the fields on the crack faces finally satisfy
Eq. (3).2® Electrostatic tractions on the crack faces® are not
taken into consideration, though they might have a certain influ-
ence on Kyy for small or vanishing mechanical loads. Also, the
accumulation of free charges on the crack faces is neglected,
since the specimen is embedded in silicon oil.

The crack slit is modelled as a dielectric with the permittivity
of vacuum, i.e. k¢ = krko=8.854 x 10712 C/(Vm) (k; =1). The
silicon oil actually has a relative permittivity of 2.5, but mea-
surements of Schneider et al.>’ found an increased permittivity
of up to 40 in an indentation crack. They attributed this fact to
possible crack bridging or a reduced potential difference due
to charge compensation at the crack surfaces. Since the dielec-
tric state is apparently not well-defined, the choice of vacuum
permittivity seems as reasonable as any other.
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Fig. 9. Electric displacement intensity factor vs. normalized crack length for
different crack face boundary conditions and electric loads.

Fig. 9 shows plots of the electric displacement intensity fac-
tor K1y versus the crack length a related to the specimen length
W (see Fig. 1). Different crack lengths between 0.5 and 35 mm
indicated by the squares and circles have been investigated. Pure
electric loading with field intensities of 1.3 and 1.9E¢ is consid-
ered. Besides the limited permeable crack boundary condition
Eq. (3), an impermeable crack with the boundary condition
Dg = 0 has been investigated, assuming that the electric field
totally circumvents the crack. This simplifying model overes-
timates the electric field concentration near the crack tip thus
leading to higher values of Kyy. For a/W>0.1 Ky does not
depend on the crack length, so the simple Eq. (2) could be applied
in principle. The straight line at Ky ~2.9C m~%? comes from
Eq. (2) with ES° = 1.3Ec. Kjv in general can be calculated
from a linear combination of K1 and Kg including the elastic,
dielectric and piezoelectric constants of the material. Compar-
ing this value to the numerical result for an impermeable crack
boundary condition, a difference of approximately 12% is found.
Anyway, a/W < 0.1 is the relevant range of parameters, because
the experimental data are within this scope.

In Fig. 10 K1v is plotted versus the normalized electric load
E/Ec for different crack lengths and electrical crack face bound-
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Fig. 10. Electric displacement intensity factor vs. electric load for different crack
face boundary conditions and crack lengths. The impermeable line is valid for
alW>0.1.
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ary conditions. As in the previous figure, the specimen is not
loaded mechanically. In all cases the electric displacement inten-
sity factor does linearly depend on the electric far field. With
impermeable crack faces the line goes through the origin of
the coordinate system, i.e. Kty =0 for a vanishing load. The
one exhibited in the graph holds for longer cracks a/W > 0.1. In
the limited permeable case (solid line, circles) a parallel shift
of the plot along the load-axis is observed. For shorter cracks
(solid line, squares) the point of intersection with the abscissa
E®l° = 0.92F( is unchanged, just the slope is different. Physi-
cally, E°1° is the threshold of an electrostatic crack closure effect.
It essentially depends on the dielectric constants and represents
an electric load which has to be exceeded to exhibit a crack driv-
ing mechanism in terms of a positive K1y. Below E the crack
remains closed or in the absence of the implementation of a
contact algorithm the crack faces may even overlap numerically
and a negative intensity factor prevails. The latter case does not
make sense from the physical point of view, so Kty is always zero
below E°° and the electrical and mechanical fields are homo-
geneous not exhibiting any crack tip singularity. The threshold
for crack growth being close to the coercive field is confirmed
by the experiment. It should be kept in mind that this result is
based on piezoelectric calculations which do not contain E¢c as
a parameter. Mathematically, a bifurcation is the reason for the
crack closure effect. The Hao and Shen model always yields two
solutions satisfying Eq. (3), one being excluded due to physical
interpretations. For a pure electrical loading Dg is similar to D§°
if ES° < E®°. For a crack in an infinite domain Dg is exactly
identical to D‘z’o. Thus, there is a homogeneous electric field
within the body, the crack is closed and the electric potential is
continuous. Beyond the threshold the solution path bifurcates
yielding (i) the closed-crack solution DS = 5° and (ii) a sec-
ond electrostatically consistent charge density DS = const. Dg
in case (ii) does not depend on the loading, since both electric
potential and mechanical displacement on the crack faces grow
likewise with increasing D3°. According to Eq. (3), the magni-
tude of Dg only depends on the dielectric constant of the crack
kc. Solution (ii) cannot occur below the point of bifurcation, i.e.
Dg = D5°, because the magnitude of crack face charges must
not exceed that of the loading. Only the case (ii) goes along with
a crack opening displacement and a crack tip singularity allow-
ing for the interpretation of crack growth mechanisms at pure
electrical loading.

In Figs. 11 and 12 for the combined load case Ky is plotted
versus the electric field intensity and the Mode-I stress intensity
factor, respectively. Still, there is a linear dependence on the elec-
tric load. The mechanical load opens the crack thus decreasing
the electrical permeability of the slit. Therefore, an increasing
K1 enhances the electric displacement intensity factor asymp-
totically approaching the impermeable state. This circumstance
leads to a stepwise rise of the crack growth rate as soon as even
a small mechanical load is imposed (see Fig. 4). The relation
between K1y and K7 is non-linear. From Fig. 11 the thresholds
for crack closure are obtained by extrapolation of the straight
lines to the abscissa. Without a mechanical load E°° is 0.9Ec.
The slight difference to E° from Fig. 10 is due to the Finite
Element models which differ in the hole for the mechanical
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Fig. 11. Electric displacement intensity factor vs. electric load for different
mechanical loads represented by the Mode-I stress intensity factor Ki.

force application. In the combined Mode-I/IV case a crack clo-
sure effect only exists for small mechanical loads, leading to
a threshold value which may be significantly smaller than the
coercive field. For the same values of Ky, Fig. 11 has been cal-
culated with different crack lengths and the respective forces P
leading to identical results. In Fig. 12, two crack lengths a=10
and 30 mm are depicted, where a=0 is selected at the leading
edge of the specimen. The forces P applied to the Finite Element
models for different crack lengths have been determined from
Eq. (1). Thus, the close distances between squares and circles
are a measurement for the accurateness of Eq. (1).

3.3. Correlations for the electric displacement intensity
factor

To avoid the effort of performing numerical FE calcula-
tions for each experimental data set, closed-form equations are
supplied for the calculation of Kyy. These correlations have
been derived from Finite Element analyses interpolating discrete
numerical values for several crack lengths and loads within the
relevant range.
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Fig. 12. Electric displacement intensity factor vs. Mode-I stress intensity factor
for different electric loads and crack lengths.
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From the model for pure electrical cycling the following equa-
tion is obtained:

K = (1.85\/EK33(E30 — ECIO)>

1 . 00 clo
(- Gy T2 @

The dielectric constant of the solid «33 was introduced to
obtain coherent units and is 21.2 x 1072 C/(V m) for PIC151.
The relative crack length a/W has been introduced in Fig. 9 and
2h=5mm is the specimen height. The threshold E°I° has been
calculated to be 0.92 E¢ and is used for the fracture mechanical
evaluation of the experimental data. This value is sensitive to
the choice of dielectric constants of the solid and towards the
crack permeability used in the model. Moreover, crack closure
effects due to domain switching could have an effect on E°.
Therefore, under different circumstances it might differ from
the observed threshold of electric field induced fatigue crack
growth. In this case, it is appropriate to adopt the experimental
value of E°l°, which produces a parallel shift of the solid lines
along the abscissa in Fig. 10.

For the case of combined loading, the following equation is
found:

Ky = Ci(KD(ES® — E°) + Ca(K) )
with the variables C; and C, depending on the Mode-I stress
intensity factor which is calculated from Eq. (1):

Ci(Ky) < i + ) Vi

= m K

n 1+m2K1/(C33x/_) " 4633\/_ 3
n

CHr(Ky) =

2(KD (1+n2K1/(633x/_)+n%+n4033\/_> eVh

and the dimensionless constants m] to m4 and n; to n4 being

m; =377 x 107}, ny=-15x%x 1073

my = 138745, ny = 40850
m3 = 1468, n3=15x10"
my =492, ng=3.98

In Eq. (5), the crack closure threshold for purely electrical
loading E°° =0.9Ec is inserted. In contrast to the case of a
single-mode electrical loading, governed by Eq. (4), the elec-
tric far field may now be smaller than E'° but must not lead to
negative intensity factors. The elastic and piezoelectric constants
for PIC151 are c33 = 10° MPa and e33 = 15.1 C/m?. Applying the
Egs. (4) and (5) the relative error within the relevant parameter
range is below 3.5%. A much simpler correlation with the same
accuracy is obtained, if the mechanical loading is restricted to
K1 > 0.2 MPa./m:

Kiv = c1k33Vh(ES® — E°) + (Cz +c3 > exsvh

Q)

033\/_
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Fig. 13. Double-logarithmic plot of crack growth rate vs. AKyy for different
applied field amplitudes.

with only three empirical constants ¢1 = 1.556; ¢y =8.26 x 10_4;
c3= 6.76.

3.4. Fatigue crack growth law

With the correlations (4) and (5) the experimental results
were evaluated. Only the steady-state of crack propagation was
considered and the crack growth rate was determined after | mm
of crack propagation. For low mechanical and electrical loads,
the crack growth rate was smaller than 0.001 mm/cycle and not
considered for evaluation.

InFigs. 13 and 14, the crack growth rates are displayed versus
AK1y in double-logarithmic plots. In Fig. 13 different applied
field amplitudes are marked by different symbols. The data can
be described by a Paris-power-law relationship in the form of

da
— = A AK" @)
dN
with A = 10533 and m =2.48. The same data points are plotted
in Fig. 14 with different symbols for different stress intensity
factors. In the Paris Law there is no explicit dependence on
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Fig. 14. Double-logarithmic plot of crack growth rate vs. AKyy for different
stress intensity factors between 0 — purely electrical loading — and 0.5 MPa /m.
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K1. The whole influence of the mechanical load is implicitly
incorporated in its effect on Ky .

4. Summary and conclusions

The paper provides investigations on the growth of fatigue
cracks in ferroelectrics under low-cycle and high-amplitude
loading conditions. Thus, crack growth rates are comparatively
high. In contrast to other work available on this topic, the empha-
sis has been put on a careful and sophisticated numerical eval-
uation of the experimental data within the scope of a fracture
mechanics concept. Crack growth rates are provided versus an
electric displacement intensity factor, making the results inde-
pendent of the specific geometry and loading conditions of the
experiments.

Fatigue crack growth in PZT has been investigated experi-
mentally. In contrast to previous work by different authors who
applied cyclic electric fields, a constant mechanical load has
been superimposed, effecting an additional Mode-I crack open-
ing. For pure electrical loading, the amplitude has to exceed a
threshold value which is slightly above the coercive field to evoke
fatigue crack growth. Moreover, it was observed that the crack
growth rate is enhanced by increasing the electrical load ampli-
tude and decreases with increasing crack extension. Even small
mechanical loads lead to a stepwise rise of the crack growth rate
and reduce the threshold for an electrically driven crack to a
value below the coercive field.

To provide conditions for a quantitative fracture mechani-
cal evaluation of the experimental data, DCB specimens have
been used for the experiments. In spite of some similarities
between elastic—plastic and ferroelectric material behavior, there
are fundamental differences. Thus, the K-concept of Linear Elas-
tic Fracture Mechanics was found to be an appropriate means
to describe crack tip loading, even if large-scale switching-
conditions prevail. Thus, an electric displacement intensity fac-
tor Kty was chosen as the appropriate fracture quantity for all
load cases. The effect of the Mode-I crack opening is implicitly
taken into account by the dependency of Kiv on Kj. A power
law relating the crack growth rate and AKyy was derived for
combined electromechanical loading conditions.

The calculation of fracture quantities required a numerical
solution of the piezoelectric boundary value problem. Based on
linear constitutive equations, the Finite Element Method was
applied to calculate fields within the specimen for the maxi-
mum values of an electric load cycle, where a microstructural
domain evolution is either saturated (Epnax > FEc) or does not
exist (Emax < Ec). Adopting a capacitor analogy model, the crack
faces were assumed to provide limited permeability from the
dielectric point of view. A crack closure effect was revealed from
the simulations, which explains the observed threshold value of
electric load amplitudes being necessary to evoke fatigue crack
growth. Future work could improve the accuracy of the numeri-
cal calculations accounting for an inhomogeneous poling state of
the material, modelling electrostatic tractions on the crack faces
and choosing the dielectric constant of the crack slit according
to an appropriate model.
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