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_____________________________________________________________________________________ 

Abstract 
The present work investigates the influence of small AC, unipolar cyclic and DC electric loads on the fracture toughness of a 

ferroelectric ceramic. Single-edge-notched beams (SENB) of a poled and unpoled lead zirconate titanate (PZT) ceramic were 
fractured in a four-point-bending device under conditions of controlled crack growth. During crack advance the different 
electrical loads were applied perpendicular to the crack faces. The applied nominal electric field amplitudes were less than one 
third of the coercive field and maximum frequencies of 20 kHz were applied. The measured R-curves show that even for these 
low amplitudes, electrical AC loading causes a drop in the critical mechanical load of up to 25 %. The drop increases with 
increasing amplitude and frequency. Possible mechanisms to explain the results are discussed. 

Keywords: Fatigue; Ferroelectric properties; Fracture; PZT; AC, unipolar cyclic and DC electrical loading 
____________________________________________________________________________________________ 
 

1 Introduction 
Ferroelectric ceramics are used, amongst other 

applications, in electro-mechanical transducers, converting 
mechanical forces into an electric potential (direct 
piezoelectric effect) or vice versa (inverse piezoelectric 
effect). They offer advantages such as nanometer precision 
in positioning, large force generation and fast response time 
in actuator applications (electro-mechanical transducer), high 
sensitivity as force or displacement sensors (mechano-
electrical transducer), and operation in a high frequency 
range as ultrasonic transmitters or receivers [1]. During their 
lifetime, ferroelectric ceramics must be able to operate under 
long-term cyclic electro-mechanical loading. While they 
continue to find increasing use, questions regarding lifetime 
and reliability are still investigated due to their low fracture 
toughness and complex material behaviour. This work seeks 
to add to the understanding of fracture under combined quasi 
static mechanical and constant or cyclic electrical loading. In 
the following a short introduction and literature review is 
given about mechanical and electrical DC- and AC-loading 
of cracks in ferroelectric ceramics. Afterwards the 
motivation and the contents of this work are introduced. 

1.1 Ferroelectric R-curve behaviour 

Ferroelectric ceramics have been shown to exhibit crack 
growth resistance (R-curve) behaviour [2-,6], i.e. a rising 
fracture toughness vs. crack length. The toughening 
mechanism has been predominantly attributed to domain 
switching [7-9]. The received opinion about this mechanism 
is described e.g. in a review by Schneider [10], and can be 
summarized as follows: in the case of tensile loading, the 
stress concentration at a crack tip leads to ferroelastic 
switching, in which the domains switch to align with the load 
such that no remanent polarization, but a remanent strain, is 
induced. Once the crack tip advances into the switched zone, 
a local compressive residual stress state is created in the 
vicinity of the crack. This residual stress results from the 
misfit between the switched region and the bulk material and 
shields the advancing crack tip from the applied mechanical 
load. Consequently a larger load is required for the crack to 
continue propagating. In case of small-scale switching, 
where the zone of active switching is much smaller than any 
other geometric lengths, a steady state toughness, i.e. a 
plateau in the R-curve, is reached when (i) the zone of active 
switching holds a constant size and when (ii) the zone behind 
the tip that contributes to shielding, has a sufficient length. 
Fett et al. [11] compared R-curves from compact tension 
(CT) and single-edge-notched beam (SENB) specimens, 
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showing that in 4-point flexure the values for the fracture 
toughness are higher than for CT tests, and that a plateau 
value is not reached. 

1.2 Influence of DC electrical load on fracture toughness 

A crack filled with air in a ferroelectric material is a void 
with a relative dielectric constant of 1 in a matrix with a 
dielectric constant that is typically three orders of magnitude 
higher. If an electric field is applied normal to the crack 
surface, it will penetrate the crack. The crack shape, the 
crack opening displacement and the ratio of the 
permittivities of the crack interior and the ceramic, will 
determine to what extent the electric flux through the crack 
will be diluted, and increased ahead of the tip. For cracks in 
a ferroelectric ceramic, i.e. in an electromechanically 
coupled material, this leads to a non-linear boundary value 
problem. 

To describe cracks in ferroelectric materials, four crack 
models are used in the literature: (i) impermeable (relative 
dielectric constant of the crack equal to zero), (ii) permeable 
(potential drop across the crack equal to zero), (iii) semi-
permeable or exact (relative dielectric constant of the crack 
equal to one) [12-14] and (iv) energetically consistent 
(relative dielectric constant of the crack equal to one, 
electrostatic tractions along the crack faces) [15,16]. Li et al. 
[17] calculated the mechanical mode I stress intensity factor 
KI and the energy release rate (energy release per crack 
advance) for a stationary crack in a SENB-specimen loaded 
with a constant mechanical force. They compared, for the 
different crack models, the effect of an additional electric 
field applied perpendicular to the crack faces on those two 
parameters. The impermeable crack model does not predict 
any influence of the electrical load on KI, but it predicts a 
reduction of the energy release rate with increasing electrical 
load. Together with an energy-based crack growth criterion 
the latter suggests increasing critical mechanical loads with 
increasing electric field. The energetically consistent model 
predicts that under an electric field both KI and the energy 
release rate are reduced. The permeable crack model does 
not predict any influence of an applied electrical load neither 
on KI nor on the energy release rate. Several experiments 
have been performed with constant electrical load to validate 
the theoretical predictions. E.g. R-curves under 
electromechanical loading were measured for SENB-PZT-
specimens by Jelitto et al. [18,19] and for SENB-PZT-
actuators by Häusler et al. [20]. Both did not observe a 
decisive change of the critical mechanical loads as a 
consequence of a DC electric field of one third of the 
coercive field Ec. Furthermore, Schneider et al. [21] applied 
an electrical load perpendicular to a crack induced by a 
Vickers indent in PZT. They measured the crack opening 
together with the drop of the electric potential across the 
crack. From these data they determined an effective relative 
permittivity of the crack of 40, and showed that the crack tip 
energy release rate calculated for such a crack is almost 
equal to the one of a permeable crack. All these experimental 
observations argue for the permeable crack model. 
Nevertheless one should take into account that an electric 
field concentration ahead of the crack tip is likely to occur. 

1.3 Crack growth due to AC voltage 

Experiments have shown that cracks in ferroelectric 
ceramics can be driven by an AC voltage applied 
perpendicular to the crack faces. The first fatigue crack 
growth experiments were observed for cracks introduced by 
Vickers indents [22-25]. Cao and Evans [23] assumed 
domain switching at the crack tip and at contacting crack 
bridges leading to a strain mismatch which causes the crack 
to grow. Lynch et al. [24] measured the crack extension in 
PZT against the cycle number for electric fields between 
1.1 Ec and 1.7 Ec and using frequencies of 1.5 Hz and 5 Hz. 
They found higher crack growth rates for higher fields. No 
influence of the frequency was observed. To explain the 
mechanism for crack advance, they introduced a global-
mismatch model based on the ferroelectric strain hysteresis. 
Shieh et al. [26] performed experiments on through-thickness 
cracks in PZT with AC fields of 20 Hz and amplitudes of 0.9 
Ec to 3.0 Ec. They found fine material debris resulting from 
abrasive wear on the fracture surfaces and microcracking. 
Investigation of fatigue crack growth under pure AC and 
combined AC electromechanical loading in PZT-DCB 
(double cantilever beam) samples were done by Westram et 
al. [27,28]. They used electrical loads of 1 Hz, amplitudes of 
0.9 Ec to 1.9 Ec, and additional constant mechanical loads 
that correspond to a mode I stress intensity factor of 
0.1 MPa� m to 0.5 MPa� m. The cracks advanced during 
every field reversal when the coercive field was approached 
and arrested before the maximum field was reached. To 
explain the observations a finite element model based on 
large-scale domain switching was used, in which a semi-
permeable crack with a dielectric constant of 1 was assumed 
[27]. In the experiments with electromechanical loading, 
crack growth rates increased with the additional mechanical 
load [28]. Nam et al. [29] applied AC, uni- and sesquipolar 
(sesqui (lat.): one-and-one-half times) cyclic electric fields of 
5 Hz and of amplitudes of 0.8 Ec to 1.3 Ec to DCB samples. 
For the unipolar and sesquipolar loading, crack growth rates 
were almost negligible compared to AC loading. 

1.4 Motivation and contents 

The works described above focus on fatigue crack growth 
induced by nominal cycling electric fields with magnitudes 
in the order of Ec or higher; constant mechanical loads are 
used as secondary loads; crack growth rates are recorded vs. 
cycle numbers. We, on the other hand, investigate the 
influence of small AC, unipolar cyclic and DE electric fields 
far below Ec on the critical mechanical loads. Homogeneous 
bars made of poled and unpoled PZT ceramic are cracked 
under controlled crack growth in a four-point-bending set-up. 
In addition to the mechanical load the different electrical 
loads with nominal field amplitudes between 0 (no electric 
field) and 350 V/mm (< 0.4Ec) and frequencies between 0 
(DC) and 20 kHz are applied perpendicular to the crack. To 
evaluate the effect of the electrical loads on the critical crack 
tip loading, the change of the critical mechanical load is 
related to crack tip load parameters. Finally, the influence of 
frequency and amplitude of AC electrical loads is studied 
and the effect of AC loads is compared with the one of 
unipolar cyclic and DC loads. 
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Figure 1 Schematic drawing of a SENB-specimen with a straight 

notch through the specimen; force and electrical load application 
via rollers and U-shaped electrodes (b �  3 mm, h �  4 mm, 
a0 �  1 mm, g �  2mm, l1 =20 mm, l2 =10 mm). 

2 Experiments 

2.1 Material and specimen preparation 

The experiments were performed with bars made of a 
commercial soft PZT (PIC151, PI Ceramic GmbH, 
Germany) [1,30,31]. Poled and unpoled samples from the 
same powder batch were used. The poled samples had been 
poled at room temperature with an electric field of 2 kV/mm 
parallel to the bar axis by the supplier. According to the data 
sheet the relative dielectric constant � 33 of the poled material 
in poling direction is 2400 [32]. The material’s grain size 
specified by the supplier is 6 � m. The coercive field Ec read 
from a hysteresis measurement (room temperature, 2 kV/mm 
maximum field, 5 mHz) is 1 kV/mm. 

A schematic drawing and a photo of a sample are shown in 
Figure 1. All bars had approximately a width b of 3 mm, a 
height h of 4 mm and a length l of 27 mm. The front face 
(4 mḿ  27 mm) was polished down to a grain size of 1 � m. 
An oxide polishing step with an acidic alumina suspension 
(OP-A on MD-Chem, Struers) was used to reveal the grain 
boundaries. Then a notch was cut in the face oriented for 
tension with a cutting disk. The notches were then extended 
to a length a0 of around 1 mm and at the same time 
sharpened using a razor blade with diamond paste [33,34]. 
The final notches had tip radii r of around 10 µm. Silver 
electrodes were painted onto the ends as well as onto the top 
and bottom faces (3 mm ´  27 mm faces) of the bar, leaving a 
gap g of approximately 2 mm symmetrically around the 
notch. For every sample, the width and the height were 
determined by a slide calliper, the notch length and the gap 
between the electrodes were determined through images 
taken with an optical polarizing microscope. 

2.2 Instrumentation and measuring procedure 

The R-curve measurements were performed with a custom 
made, semi-automatic four-point-bending device [35]. Non-
conducting Al2O3 rollers with a diameter of 5 mm and roller 
distances of l1 = 20 mm and l2 = 10 mm were used. The force 
F was measured with a quartz compression high impedance 
load cell (9212, Kistler). The data points were captured in 
the following sequence: The force was slowly increased until 
the crack was observed to propagate. At this instance the 

force was reduced by �  20 %. This is further called partial 
unloading. The crack length a was read through a stereo 
microscope and entered into the computer program, which 
also recorded the maximum or critical force Fc. The time 
needed to record one data point was around 10 seconds. This 
speed of measuring was similar for all measurements. Since 
the quartz force sensor was known to drift, the samples were 
completely unloaded at several points during the 
measurements. The force readings at these complete 
unloadings were used to correct for the drift using a 
polynomial of 2nd or 3rd order depending on the drift. 

A low voltage DC, AC or unipolar signal was produced by 
a DC voltage generator or a function generator respectively. 
The low voltage signal was then amplified by a high-voltage 
DC-stable piezo amplifier with a voltage range of 0 to 
±700 V and a large signal bandwidth of 15 kHz (PZD700, 
TREK). The frequency f, the amplitude U0 and the DC bias 
U1 of the output voltage U( t ) 

 10 )2�(sin)( UtfUtU += , ( 1 ) 

were verified with an oscilloscope. Due to the measuring 
speed of one data point per 10 s, the crack was subjected to 
more AC loading cycles, when an AC voltage with a higher 
frequency was applied. 

In order to determine the effect of the electrical load on the 
critical mechanical load, each sample was cracked piecewise, 
in turn with purely mechanical and combined mechanical and 
electrical load. I.e. the crack was initiated from the notch by 
mechanical loading. After around 10 data points were 
captured, the additional electrical load was turned on; again 
10 data points were captured, before the electrical load was 
turned off, etc. Each such R-curve “piece” with constant type 
of loading is referred to as section. 

2.3 Tested samples 

A total of 18 poled samples were used to measure R-curves 
with combined mechanically static and AC electrical load 
(AC electromechanical loading, m+AC). Eight samples were 
measured with a constant amplitude of 700 V applied in 
every AC section of the R-curves. Another ten samples were 
cracked with varying amplitude of the applied voltage from 
on electromechanical section to the next. Table 1 gives a list 
of the amplitudes and frequencies of the electrical load 
applied to each sample. 

Additionally to the AC measurements the experiment was 
modified in four different ways: firstly, the same type of 
measurement was done with unipolar cyclic loading in (0 to 
+700 V) and opposite to (0 to -700 V) the poling direction 
with frequencies of 100 Hz and 1 kHz (unipolar 
electromechanical loading, m + uni±). Secondly a DC load 
was applied in (+700 V) and against (-700 V) the poling 
direction (DC electromechanical loading, m + DC±). Thirdly, 
only one AC loading cycle (1 Hz, ±700 V) was applied when 
the specimen was partially unloaded, i.e. while the crack was 
stopped. Then the specimen was again reloaded mechanically 
until the crack propagated. In another measurement the 
sample was loaded for 1 s with 1 kHz (103 cycles, ±700 V) 
during the partial unloading when the crack was stopped. 
And as a last modification, an AC load of 100 Hz and 1 kHz 
(±700 V) was applied to unpoled samples. 
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no.  f / Hz

1 10
2 100
3 500
4 1,000
5 1,000
6 5,000
7 10,000
8 20,000

9 5
10 10
11 100
12 500
13 1,000
14 1,000
15 1,000
16 5,000
17 10,000
18 10,000

no. el. load U 0 / V U 1 / V  f  / Hz

19 uni+ 350 + 350 100
20 uni+ 350 + 350 1,000
21 uni- 350 - 350 100
22 uni- 350 - 350 1,000
23 DC+ - + 700 -
24 DC- - - 700 -
25 one AC cycle during partial unloading700 - 1
26 1s AC  load during partial unloading 700 - 1,000
27 AC unpoled 700 - 100
28 AC unpoled 700 - 1,000

supplementary measurements with different electric loads

AC load, U 1 = 0 V/mm

AC load, U 1 = 0 V/mm

500, 400, 300, 200

U 0 / V

700
700
700
700
700
700
700
700

700, 400, 300
700, 600, 500, 400

700, 500
700, 500

500, 400, 300
300, 400, 500, 400

700, 600, 500
50, 100

600, 500, 400, 300, 400

 
Table 1 List of all samples used for AC and supplementary 

measurements. + and - denote electrical loading in and against the 
poling direction. 

Two further samples were used to make images of the 
crack path and the fracture surface. For the images of the 
crack path, a sample was cracked under pure mechanical 
load half way through, so that the sample was still in one 
piece in the end. For the images of the fracture surface, a 
second sample was loaded purely mechanically until the 
crack was half way through the sample, and then loaded with 
an additional AC load of 700 V amplitude and 100 Hz 
frequency in the second partway. 

3 Results 

3.1 Determination of the crack tip load and the relative 
drop in the fracture toughness 

Mechanical and electrical crack tip load 
In order to evaluate the effect of the AC loading on the 

critical mechanical load independently of the sample 
geometry and the crack length, the measured critical force Fc 
and the amplitude of the applied AC load U0 at a specific 
relative crack length a/h have to be related to crack tip load 
parameters. Due to the non-uniform electric field distribution 
in the sample, the formulation of such independent 
parameters is not straightforward. In the calculations the 
crack is considered to be electrically permeable. 

In linear elastic fracture mechanics Fc is related to the 
fracture toughness KIC. In ferroelectric ceramics this is only 
possible for small-scale switching, i.e., if the zone of 
ferroelastic domain switching around the crack tip is small 
compared to any other characteristic length of the cracked 
specimen. Jelitto et al. [35] estimated the radius of the 
switching zone of a statically driven crack in a SENB-
specimen made of PZT PIC151 to 0.15 mm. Hence, the 
condition of small-switching are satisfied if a >> 0.15 mm 
for short cracks or (h - a) >> 0.15 mm for long cracks. This is 
true for 1 mm < a < 3 mm or with a sample height of 4 mm 
for 25 % < a/h < 75 %. In case of poled samples, the non-
uniform electric field might contribute to the mode I crack tip 
load significantly. With the help of an FE analysis presented 
in Appendix A, it was possible to show that this effect is 
negligible. Hence, KI is caused by the mechanical load only. 
KI was computed with the help of a shape function for 
SENB-specimens given by Munz and Fett [36, p. 279] 
(Appendix B). To account for a rising fracture toughness, the 
critical mode I stress intensity factor KIC is named KR.  

In order to characterize the effect of the electrical load on 
the crack tip, the nominal electric field Enom at the current 
crack tip position a is introduced. It is derived with the help 
of a FE analysis (Appendix C). The use of Enom is justified by 
the assumption that the mechanisms responsible for the effect 
of the electrical loading occur only in a small region in the 
vicinity of the crack tip so that the change of Enom within this 
region can be neglected. 

Relative drop in the fracture toughness 
Figure 2 shows the R-curve of a measurement where the 

applied AC voltage has an amplitude of 700 V and a 
frequency of 100 Hz. (sample 2 in Table 1). The crack was 
initiated by mechanical loading (m). When the additional AC 
load was turned on (m + AC), the critical mechanical force to 
drive the crack decreased. This leads to a drop in the 
calculated fracture toughness. Several difficulties were 
encountered in the determination of � Kel: (i) the scattering of 
KR within one section, (ii) the fact that KR is measured either 
for purely mechanical load or combined electromechanical 
load but never for both at the same time (i.e. at the same 
crack length), and (iii) when the specimen was reloaded after 
a complete unloading the fracture toughness was first lower 
than it had been before unloading, and rose to a steady state 
value within a few loading cycles. To even the scattering and 
to extrapolate the R-curves sections both R-curve branches, 
with and without electrical loading, were fitted separately 
with a polynomial of forth, fifth or sixth order. The degree of 
the polynomial was chosen depending on the number of 
electrically loaded sequences and depending on the ability 
not only to follow the data points but also to give a 
reasonable connection of the sections. The data points after 
the complete unloadings, which were not used for the fit, 
were determined for every section individually and excluded 
from the fit. In the end � kel was determined for one discrete 
relative crack length in the middle of each 
electromechanically loaded section using the two fit curves  
(inserted graph in Figure 2). Thus, one discrete value of � kel 
was derived for each electromechanically loaded section. 
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Figure 2 R-curve (critical stress intensity factor vs. the relative 

crack length) with piecewise pure mechanical (m) and combined 
mechanically static and AC electrical load (m + AC) with 100 Hz 
and 700 V amplitude. The graph also shows � KAC as the distance 
of the two fitted curves. The dashed lines are the polynomial fits. 
The inserted graph illustrates the determination of � KAC for one AC 
loaded R-curve section. 

 
Figure 3 3D plot of the normalized drop in the fracture toughness 

during AC electromechanical loading vs. the frequency and nominal 
electric field amplitude at the crack tip - measured data and bilinear 
fit. The data points with a relative crack length between 45 % and 
65 %, and a nominal field amplitude of (150� 10) V/mm or a 
frequency of 1 kHz, which were used separate linear fits, are dark 
coloured. 

3.2 Fracture toughness reduction due different types of 
electrical loading 

Effect of AC loading on the fracture toughness 
To visualize the effect of amplitude and frequency of the 

AC load on the fracture toughness, � kAC is plotted vs. the 
nominal electric field amplitude Enom at the crack tip and the 
frequency f (Figure 3). A logarithmic scale (lg – decadic 
logarithm) is chosen for the frequency. The data points for 
this 3D-plot are taken only from the AC measurements with 
poled samples (samples 1 to 18 in Table 1) for crack lengths 
in the range of 25 % < a/h < 75 % (see Section 3.1). E.g. the 
R-curve shown in Figure 2 contributed four 
� kAC (Enom, 100 Hz) triples to the 3D-plot. � kAC is found to 
increase with increasing nominal amplitude and frequency of 
Enom. To express the effect of the electrical load, taking into 
account the non-congruent R-curves of different samples, a 
relative drop in the fracture toughness due to an electrical 
load � kel is defined as: 

 �
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�
�

� -
== +
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)(�
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el aK

aKaK
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Km and Km + el denote the fracture toughness under pure 
mechanical and under combined electromechanical loading, 
respectively. In the experiments AC, unipolar and DC 
electrical loads were used. In order to distinguish the 
different types of electrical loading the index m + el is replaced 
by m + AC for AC electromechanical loading and m + uni± and 
m + DC± for unipolar and DC electromechanical loading in (+) 
and against (-) the poling direction. � kel > 0 corresponds to a 
decrease of the fracture toughness as a consequence of an 
additional electrical load. In order to derive an empiric 
relation, � kAC was investigated along (a) a plane of constant 
frequency and (b) a plane of constant amplitude, 
respectively. Hereby only data points measured at a relative 

crack length between 45 % and 65 % were used. For the first 
plane a frequency of 1 kHz was chosen (Figure 4 a). For the 
second one points with a nominal electric field of 
(150� 10) V/mm were selected (Figure 4 b). Both plots show 
a linear dependency of � kAC on Enom and lg ( f / Hz ). 
Consequently, a bilinear fit was used to quantify � kAC 
against Enom and lg ( f / Hz ). Together with the reasonable 
assumption that � kAC (Enom = 0 V/mm) = 0 the fit function 
takes the general form: 

 ( ) nom21AC Hz)/(lgmm%/� Efk +=  ( 3 ) 

m1 was derived from the intercept with the ordinate of the 
2D fit presented in Figure 4 b divided by 150 V/mm to 
m1 = 10.34/(150 V/mm) = 0.069 mm/V. m2 had to be fitted 
to the 3D-data directly. A value of m2 = 0.017 mm/V was 
found. Figure 3 shows the empiric fit in comparison to the 
measured data. 
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Figure 4 Relative drop in the fracture toughness during AC 

electromechanical loading for a relative crack length between 45% 
and 65 %: (a) vs. the nominal electric field amplitude at the crack 
tip, for a constant frequency of 1 kHz and (b) vs. the frequency, for 
a nominal electric field amplitude at the crack tip of 
(150� 10) V/mm. 
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Figure 5 R-curves (critical stress intensity factor over the relative crack length) showing the effect of the different additional electrical 

loads: (a) unipolar load in poling direction, 100 Hz, 350 V (sample 19), (b) unipolar load against poling direction, 100 Hz, 350 V 
(sample 21), (c) DC load in poling direction, +700 V (sample 23), (d) DC load against poling direction, -700 V (sample 24), (e) unpoled 
sample, AC load, 1 kHz, 700 V (sample 27). (f) 1,000 AC loading cycles during partial unloading, 1s, 1 kHz, 700 V (sample 26). The R-
curve sections marked with “test” were made with a (permanent) AC load during crack growth (1 kHz, 700 V) to check the electrical set-up. 

Effect of unipolar and DC electrical loads on the fracture 
toughness 

Figure 5 shows some exemplary R-curves obtained from 
the supplementary measurements of samples 19 to 28 given 
in Table 1. The impact of the used loads on the fracture 
toughness can be summarized as follows: 

 

3.3 Crack path and fracture surface 

The images taken with an optical microscope in Figure 6 
show the crack path of a mechanically driven crack. They 
indicate e.g. crack deflection, crack bridging and 
predominantly intergranular crack growth. 

The polished surface is believed to show the true 
microstructure on the scale of the grains, i.e. the dark spots 
are recognized as pores and not as pull-outs. The pictures 
confirm the grain size of 6 � m specified by the supplier.A 
series of SEM pictures was taken throughout the whole 
fracture surface of the sample that was cracked under pure 
mechanical load in the first half and with combined AC 
electromechanical loading in the second half of static crack 
elongation. The exemplary images in Figure 7 do not show a 
difference between the fracture surface for the pure 
mechanical loading (Figure 7a) and the combined 
electromechanical loading (Figure 7b). Both pictures show a 
combination of intergranular and transgranular fracture. 

4 Discussion 
The R-curve in Figure 2 shows that once the additional AC 

load is turned off, the fracture toughness increases by the 
same amount, by which it had decreased when the AC load 
was turned on. Although we do not know, how the R-curve 
would look like for pure mechanical loading, i.e. without the 
electromechanically loaded sections, we believe that it would 
be congruent with the mechanically loaded sections. This 
would indicate that there is neither a destruction of the 
ferroelastic switching zone nor a damage of the bulk 
material. 

In the 3D plot, the drop in the fracture toughness increases 
with the nominal electric field amplitude and with the 
frequency. The increasing drop in the fracture toughness with 
the amplitude could indicate higher stresses and strains in 
front of the crack tip. The fact that � kAC also increases with 
the frequency could be explained by the fact that at a higher 
frequency more loading cycles are applied to the crack. 

 
Figure 6 Optical microscope images of the crack path of a 

mechanically driven crack in two different magnifications a) and b), 
showing intergranular crack growth, crack deflection, crack 
bridging and the microstructure with a grain size of about 6 � m. 
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Figure 7 SEM images of a fracture surface showing (a) the fracture surface created during pure mechanical and (b) combined AC 

electromechanical loading. The pictures show a combination of intergranular and transgranular fracture. 

The R-curves with unipolar cyclic and DC loading show 
that the microscopic events leading to a distinctive lower 
fracture toughness are only caused by AC loads, 
independently of the state of poling. The fact that � kAC is 
negligibly small for unipolar loading argues for domain 
switching with polarization reversal being involved in the 
drop of the fracture toughness. From the measurements of 
the unpoled samples it can be confirmed, that the drop in the 
fracture toughness for poled samples is not caused by a 
macroscopic effect of the U-shaped electrodes. When the AC 
voltage was applied during partial unloading of the crack, 
i.e. when it was stopped, the fracture toughness was not 
reduced when the crack was further propagated. This means, 
that the AC load does not lead to a damage of the material in 
front of the crack tip - if it is applied when the crack is 
closed. 

Potential crack growth mechanism 
The evaluation of the experimental results is based on two 

assumptions (see Section 3.1): (i) no effect of the U-shaped 
electrodes on KI and (ii) the permeable crack model. The 
former is justified by both the FE analysis presented in 
Appendix A and the experimental finding that the AC effect 
appears with the same magnitude also for unpoled samples. 
Concerning the permeable crack model, the DC experiments 
show clearly that, as expected for a permeable crack, the 
effect of the applied electric field on KR is negligible for DC 
electromechanical loading of around 1/3 Ec. Therefore, it can 
be confirmed that the permeable crack model is a reasonable 
assumption for the DC measurements. However, it can not 
explain the drop in KR as a consequence of the AC load. 

Following the continuum mechanical model of Westram et 
al. [27], during an AC load cycle inhomogeneous domain 
switching around the crack tip is accompanied by a 
temporary decrease of the remanent strain perpendicular to 
the crack in a specimen which is poled perpendicular to the 
crack. The so induced remanent strain mismatch causes 
additional tensile stresses at the crack tip, which may 
contribute to the crack tip load. As mentioned in Section 1, a 
small region of enhanced electric field and electric 
displacement in front of the crack tip is expected, although 
the crack is considered macroscopically permeable. In our 
experiments, the drop in the fracture toughness already 
appears for applied nominal fields less than 100 V/mm 

(< 0.2 Ec), so that a fivefold increase of the electric field in 
front of the crack tip would be necessary to induce local 
repolarization. According to the ferroelastic 
tougheningmechanism described in Section 0, it is expected 
that also in unpoled specimens a ferroelastic switching zone 
is generated around the crack tip as a consequence of the 
applied mechanical load. The remanent strain perpendicular 
to the crack at the crack tip is then similar to that of a poled 
sample. This means that the switching model of Westram et 
al. could explain the increase of � kAC with increasing field 
amplitude as a consequence of higher tensile stresses in front 
of the crack tip. Yet, the observed increase of � kAC with 
increasing frequency is not straightforward. Many 
experiments show that the extent of domain switching 
decreases with growing frequency or slew rate of the applied 
electric field [37-40]. With a synchrotron X-ray beam 
Pojprapai et al. [40] scanned an area of 3.5 ´  2.5 mm around 
the crack tip in an edge-notched rectangular sample with a 
pre-crack that had been driven by an AC electric field. They 
found that the zone size of preferred domain orientation 
decreased with increasing frequency. Consequently, � kAC 
should decrease with increasing frequency, which is in 
contradiction to our results. 

A possible explanation of the growing toughness reduction 
with increasing frequency incorporates the fact that the 
number of electrical load cycles applied until crack initiation 
increases with the frequency as a consequence of the 
constant measuring speed. If each AC loading cycle causes 
inhomogeneous strains between the grains due to 
piezoelectricity or domain switching, the material around the 
crack tip will be more fatigued and thus easier to fracture. 
With a two-dimensional multi-grain model Haug et al. [41] 
studied the stresses inside grains and across grain boundaries 
induced by domain switching under electrical loading. An 
applied field of 4Ec gave both tensile and compressive local 
stresses of up to +4.5� c and -3� c concentrated at the grain 
boundaries (� c - coercive stress for mechanical compressive 
loading). In regions were switching stresses and stresses due 
to the applied load add to large tensile stresses, micro 
fracture along the grain boundaries may occur and induce 
mechanical fatigue crack growth. MacLaren et al. [42] 
calculated stresses across domain walls from diffraction 
patterns measured with Transmission Electron Microscopy. 
They supposed that these stresses could lead to the 
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nucleation of microcracks during electrical cycling, which 
would facilitate transgranular fracture along domain walls. 
Our images from the crack path and the fracture surface 
(Figure 6 and Figure 7) show inter- and transgranular 
fracture for both pure mechanical and combined 
electromechanical loading. A larger percentage of 
transgranular fracture during the AC electromechanical 
loading is not apparent. Due to the low electric load 
amplitudes as well as the high permittivity of the crack the 
microscopic events responsible for the effect of the AC 
electrical loading are assumed to occur only in a small 
region in the vicinity of the crack much smaller than the 
ferroelastic switching zone. The conclusions drawn about the 
mechanism for crack advance are schematically shown in 
Figure 8. 

F

AC

~

P

F

E

 
Figure 8 Schematic illustration of an electromechanically loaded 

crack (AC, F). The electric field E around the crack is indicated by 
the black arrows. The zone of ferroelastic switching is marked by 
the blue (light grey) grains. The small zone around the crack tip, 
where the alternating electric field could lead to strain mismatch 
between the single grains due to the inhomogeneous piezoelectric 
effect and/or ferroelectric switching with polarization reversal, is 
illustrated by the red (dark grey) grains. The two overlapping 
enlarged grains, where in each case the overall polarization 
direction P is illustrated by an arrow, schematically illustrate the 
change of the shape of a grain induced by 90° domain switching. 

5 Conclusions 
R-curve measurements were done with ferroelectric PZT 

SENB-specimens with additional electrical loads 
perpendicular to the crack faces. The results can be 
summarized as follows: 
·  A DC voltage of �  1/3 Ec does not influence the critical 
mechanical loads for crack advance. 
·  An AC electric field with an amplitude �  1/3 Ec and a 
frequency of 1 kHz reduces the fracture toughness of 
1 MPa� m by approximately 0.25 MPa� m, i.e. by 
approximately 25 %. 
·  For AC loading the relative drop in fracture toughness 
increases with the applied electric field amplitude and 
frequency (keeping the same speed of measuring). 
·  For an unpoled sample an additional AC load yields the 
same relative drop in the fracture toughness as for a poled 
sample. 
·  For unipolar cyclic electrical loading in polarization 
direction, � kuni,+ is much smaller than � kAC. For unipolar 

electrical loading against the poling direction there is no 
visible drop in the fracture toughness. 

To explain the drop in the fracture toughness caused by  
AC loads below 1/3 Ec, it is assumed that intergranular 
stresses, which are induced by the piezoelectric effect or by 
ferroelectric domain switching, lead to mechanical fatigue 
crack growth along the grain boundaries. Supposed that the 
microscopic events causing the drop in the fracture toughness 
are confined to a small region in front of the crack tip where 
the electric field is increased, a macroscopic continuum 
mechanical approach cannot represent the described 
processes. Instead, a detailed micromechanical model that 
accounts for the grains and domains of the ceramic is needed 
to support our assumptions. Such models are under way, but 
not available yet. We could not experimentally prove domain 
switching around the crack tip in Piezoresponse-Force-
Microscopy experiments. 

So far, it was known that an AC field with an amplitude 
higher than Ec applied perpendicular to a crack in a 
ferroelectric material drives the crack, and that a small 
additional mechanical load leads to higher crack growth rates 
[28]. Our work confirms that small DC loads have no 
influence on the fracture toughness, and it provides 
additional experimental results which show, to which extent 
the critical mechanical loads are reduced by a small AC load 
with an amplitude less than 1/3 Ec. The theoretical 
explanation and the experimental visualization of the 
underlying mechanisms is the topic of future works. 
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Appendix A - Effect of electrical load on mode I 
crack tip load 

Due to the experimental set-up, a non-homogeneous 
macroscopic electric field is induced by the applied electric 
potential. In combination with the piezoelectric properties of 
the poled samples, this may induce mechanical stresses, even 
in the mechanically unloaded sample. This circumstance may 
lead to a macroscopic effect of the electrical load on the 
mode I crack tip load. Thereby, the term macroscopic 
describes the effect or the properties arising from the 
homogenized ceramic, without distinguishing individual 
grains. 

With the help of a 2D plane strain finite element (FE) 
analysis utilizing the standard linear piezoelectric material 
model, the relation between applied voltage and the so 
induced mode I crack tip load is investigated. A sample of 
4 mm height, 23 mm length and a 2 mm gap between the U-
shaped electrodes is considered. Taking advantage of the 
symmetric set-up, only one half of the specimen is modelled 
with the crack in the axis of symmetry. The crack is assumed 
to be electrically permeable. Hence, the electric potential is 
set to zero along the entire axis of symmetry, both along the 
ligament and along the crack faces. Along the ligament the 
mechanical displacement perpendicular to the ligament is set 
to zero. A constant electric potential is applied along the U-
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shaped electrodes. The remaining edges are defined free of 
surface charges. No mechanical tractions are applied along 
the edges of the model. The material constants of PIC 151 
are taken from Kemmer [43]. 
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Figure 9 Normalized mode I stress intensity factor over the 

relative specimen height, showing the contribution of the electrical 
load on the mode I crack tip load due to piezoelectric coupling. 

Due to linearity, the resulting KI can be related to a 
nominal electric voltage of 1 V. Thus, 0.5 V is applied at the 
modelled electrode causing an electric field against the 
poling direction. KI is derived at various different crack 
lengths between 20 %< a/h 80 % by stress extrapolation as 
described by Jelitto et al. [18]. 

From the results shown in Figure 9, it can be seen that the 
contribution to KI due to the macroscopic piezoelectric effect 
is about 0.0035 MPa� m at the maximum applied voltage of 
700 V and a relative crack length of 20 %. It can be regarded 
as negligible compared to the fracture toughness reduction of 
about0.25 MPa� m which is observed under AC-loading with 
700 V magnitude. This conclusion is confirmed by the 
supplementary measurements using an unpoled sample, 
which shows the same drop in the fracture toughness under 
AC-loading as the poled samples. 

Appendix B - Mode I crack tip load due to 
applied forces 

The mode I stress intensity factor KI caused by the applied 
forces F can be computed with the help of the nominal 
bending stress �  and the shape function Y using 

 ( )�Ya��K =  ( 4 ) 

where �  and Y are given for a SENB specimen in the 
literature (for instance by Munz and Fett [36, p. 279]) as: 
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Here, �  denotes the relative crack length a/h, l1 the outer 
and l2 the inner roller spans, b the sample width and h the 
sample height. 

Appendix C - Nominal electric field 
The electric field in the plane of cracking between the U-

shaped electrodes is computed, depending on the coordinate 
0 < y < h over the specimen height. 2D simulations are 
carried out, taking advantage of the geometric symmetry. 
With account of the results found in Appendix A, the 
piezoelectric coupling is neglected within the computations. 
As a further simplification, the anisotropy of the dielectric 
constants is considered small and thus neglected. Again the 
crack is assumed permeable. Finally, a purely linear 
dielectric analysis is performed. As a consequence of the 
nature of the electrical load, the electric field distribution 
does not depend on the actual dielectric constant of the 
material. The electric potential is set to zero along the plane 
of cracking and an electric potential (half the applied electric 
voltage U between the electrodes) larger than zero is applied 
at the modelled electrode. Again, the remaining edges are set 
free of surface charges. 
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Figure 10 Nominal electric field normalized by the applied 

electrical load across the relative specimen height, for a SENB 
sample with U-shaped electrodes and a height of 4 mm and a gap 
size of 2 mm. 

Figure 10 shows the nodal solution of Enom normalized by 
U / g over the specimen height for a specimen height 
h = 4 mm and a gap between the electrodes g = 2 mm. Due to 
symmetry, the electric field is perpendicular to the plane of 
cracking. It is important to notice that the used normalization 
does not give the correct relation for varying g. Therefore, 
the computation is repeated for every specimen with other h 
and g. For the evaluation of the experimental results the 
discrete data points are fitted by a polynomial of sixth order. 
The nominal electric field at the crack tip is then defined as 
Enom = Enom (y = a). 
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