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Abstract

Bending strength measurements were carried out in different poling states (unpoled, poled perpendicular and parallel to the
specimen length axis) under various externally applied electric fields perpendicular to the specimen length axis. The main results
were: (a) polarisation parallel to the specimen length axis significantly reduces strength, polarisation in the direction of thickness
produces minor strength reductions only, (b) an electric field directed normal to the length axis reduces the strength. The differences

caused by the poling state are discussed in terms of orientation of domains in front of natural cracks for the case of a disappearing
electric field.
# 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In the case of metallic materials, strength measure-
ments are commonly carried out in tensile tests. The
application of tensile tests to piezoelectric ceramics was
demonstrated in Ref. 1. Unfortunately, the tensile test
experienced serious problems in the presence of exter-
nally applied electric fields. In Ref. 1 the observation
was made that in the absence of an electric field, the
fracture locations were found to be equipartitioned
along the specimen length, whereas in tests with exter-
nally applied electric fields strongly concentrated failure
locations were found at the ends of the free specimen
length. In order to avoid such disturbing influences of a
special distribution of failure locations, it is recom-
mended to perform 4-point bending tests which do not
exhibit such effects.
Bending strength measurements in the presence of

electric fields are reported in literature.1�5 Unfortu-
nately, in Refs. 2–5 the elastically computed nominal
strength is given ignoring all effects of non-linearity and
non-symmetry in stress vs. strain behaviour.
Among the disadvantages of using linear-elastically

computed bending strength data for design purposes are

their unrealistic high values which are significantly
higher than those obtained from tensile tests.6 It will be
shown in this paper how the ‘‘true bending strength’’
can be determined.

2. Material and test arrangements

In this study, commercial-grade soft PZT (PIC 151,
PI Ceramic) was investigated in bending tests at various
electric fields constant with respect to time and in dif-
ferent states of poling: in the ?-poled state (i.e. polar-
isation perpendicular to the specimen length axis) and in
a k-poled modification (polarisation parallel to the spe-
cimen length axis). The material with a Curie tempera-
ture of 250 �C and a density of 7.80 g/cm3 is
characterised by the manufacturer as having the dielec-
tric constant of "=2000 and the piezoelectric coeffi-
cients of d31=�210�10�12 m/V and d33=450�10�12

m/V. Measurements of Young’s moduli in bending
resonance tests and by ultrasonic velocity tests furn-
ished Y11

E ffi 65 GPa, Y33
E =44 GPa, Y11

D=72 GPa, and
Y33
D=83 GPa.7

For the unpoled and the ?-poled material, normal
bending bars of 3�4�45 mm3 were used. All specimens
(also the unpoled ones) were equipped with electrodes
on the 4�45 mm2 surfaces. In order to avoid electric
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discharges and leakage currents at the surfaces, the spe-
cimens were covered completely with air-drying poly-
urethane coatings. These specimens were subjected to
4-point bending tests with the electrodes in the tensile
and compression zones and the voltage applied via the
metallic upper and lower loading rollers (Fig. 1a). For
the k-poled specimens, bending bars of 3�4�20 mm3

having electrodes at the 3�4 mm2 surfaces were used. In
this case, 4-point bending tests were carried out with 16
and 8 mm roller spans. The electric voltage was applied
to the electrodes via metallic springs and spheres
(Fig. 1b).

3. Experimental results

The bending strengths were elastically computed from
the maximum bending moment Mb and the specimens
thickness B and height W according to

�c ¼
6Mb

BW2
ð1Þ

Based on the relation for the failure probability, F,

F ¼ 1� exp � �c=�0ð Þ
m

½ � ð2Þ

the Weibull parameters, m and �0, were determined by
the ‘‘Maximum Likelihood Procedure’’ according to
Ref. 8.

3.1. Unpoled PZT

Strength measurements were carried out on the
unpoled material under four electric fields of E=1, 0.66,
0.33 kV/mm, and E=0.1 The electric field was applied
for about 20 s before the specimens were loaded
mechanically. The total time span between switching on
the electric voltage and reaching failure stress was
approximately 25–30 s. The influence of the electric
field, E, on the Weibull parameter, �0, is shown in
Fig. 2a. Impact on the Weibull exponent, m, is illu-
strated in Fig. 2b. The strength reduction due to the
electric field becomes significant for E=0.66 and 1 kV/
mm. Note that the same results were plotted for a posi-
tive and a negative E-field.
The 90% confidence intervals (represented by the

vertical lines in Fig. 2) were computed as suggested in
Ref. 8.

3.2. ?-Poled PZT

The strengths are represented by the Weibull dis-
tributions in Fig. 2b. Fig. 2c shows the Weibull para-
meters, �0 and m, for the bending strength of the
unpoled PZT. Fig. 2d refers to the p-poled PZT as a
function of the electric field applied.
A minimum scatter of strength (maximum value of

the parameter m) is found near E=�0.6 kV/mm for the
poled material and at E=0 for the unpoled PZT.

3.3. k-Poled PZT

For the tests with k-poled specimens, bars of 20 mm
length were used. The strengths are represented by the
Weibull distributions in Fig. 3a. Fig. 3b shows the Wei-
bull parameters, �0, for the bending strength. Fig. 3c
represents the Weibull exponent m. The 90% confidence
intervals in Fig. 3b (vertical lines) indicate that the

Fig. 1. Bending test arrangements: (a) for ?-poled specimens of 45

mm length, (b) for k-poled bars of 20 mm length.

Fig. 2. Bending strengths of 3�4�45 mm bars of unpoled and

?-poled PIC 151. Influence of the electric field on the Weibull para-

meters (a) �0 and (b) m (d); circles: ?-poled; squares: unpoled (after

Ref. 1); vertical lines: 90%-confidence intervals.
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changes in strength with a changing electric field are
significant.
In order to allow a comparison between the results for

long and short bars, the original strength data obtained
for the k-poled and the unpoled PZT with an 8 mm
inner roller, here denoted as �c,8, were transformed into
strength values for tests with 20 mm inner roller span,
�c,20. During this the general relation for the size effect
was considered, providing

�c;20 ¼ Seff ;8=Seff ;20

� �1=m
�c;8 ð3Þ

(Scff,8=effective surface for 8mm and Seff,20 for 20 mm
inner roller span) taking into account the slightly dif-
ferent stress distributions along the tensile surface of the
specimen according to Fig. 7.4 in Ref. 9. A comparison
of the results is given in Fig. 4. In the absence of an
electric field, we find the following ranking

�ck < �c? < �c;unpoled

The typical influence of the electric field on the for-
mally calculated bending strength data, namely decreas-
ing strength for high electric fields (with asymmetry with
respect to the poling direction), is in principle agreement
with measurements of Makino and Kamiya4 for the ?-
poled PZT. The results for k-poled PZT show a slightly

different behaviour compared with measurements of Fu
and Zhang.3 Whereas the 4-point bending strength for
PIC 151 showed a flat maximum at positive electric field,
the results of 3-point bending tests on PZT-841 reported
in Ref. 3 show nearly identical effects of positive and
negative fields. For unpoled materials there is a clear
agreement of the field influence with literature data.3

4. Discussion

4.1. Influence of non-linear material behaviour on bending
strength

The strength results reported before are expressed as
nominal bending stress values according to Eq. (1). It is
well known that PZT materials exhibit a non-linearity
and non-symmetry in deformation behaviour. Conse-
quently, the true stresses in a bending bar must deviate
from elastic computations. In order to compute the true
outer fibre stresses at fracture, the �–" curve of the PZT
must be available for tension and compression. In prin-
ciple, these data can be determined from tension and
compression tests. Unfortunately, the electrical bound-
ary conditions of bending tests are not sufficiently ful-
filled under the homogeneous stress distributions of
tensile and compression tests. As an example, it should
be mentioned that in the case of ?-poled material,
short-circuited electrodes will cause E 6¼0 in the bar [7],
whereas in a test with homogeneous stresses E=0
results. Fortunately, an appropriate procedure devel-
oped by Nadai10 enables to determine the true outer
fibre tensile stress in a bending test. The application of
this method for PZT is described in detail in Ref. 11.
The true outer fibre tensile stress a results from the

strains at the compressive and tensile surfaces, "c and "t,
by use of Nadai’s analysis as

� ¼
1

6
1þ

d "cj j

d"t

� �
1

"�
d

d"�
�nom "�ð Þ

2
h i

ð4Þ

Fig. 3. (a) Bending strengths of 3�4�20 mm bars of k-poled PIC 151.

(b) Weibull parameters, �0 with 90% confidence intervals (b) and m

(c).

Fig. 4. Strength data for unpoled, ?-poled, and k-poled PIC 151

[k-poled material re-calculated with Eq. (3)].
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with

"� ¼ "t þ "cj jð Þ=2: ð5Þ

In Fig. 5a and b the influence of an electric field on
the compressive and tensile strains is shown for the
?-poled PZT. For each curve a bending test was neces-
sary. The ratio of the true outer fibre tensile stress to the
nominal bending stress according to Eq. (1), now deno-
ted as �nom, was determined from (4) and is plotted in
Fig. 5c for varying electric fields. The true strength,
defined as the true outer fibre tensile stress at fracture, is
plotted in Fig. 5d together with the nominal strength
data. Eq. (4) also allows to determine the strains as a
function of the (true) actual stresses. These curves are
given in the Appendix for unpoled and?-poled material.
The corresponding results for the unpoled material

are represented in Fig. 6.
Measurements with strain gauges are not an appro-

priate method to determine the bending strain compo-
nents for k-poled PZT bars under high electric fields.
The application of the metallic sensors on the specimen
surfaces shields the electric field in that specimen region
which contributes the maximum share of strains. Fur-
thermore, electric discharges between the electrodes at
the bar ends and the strain gauges have to be expected.
Introducing an insulating foil between strain gauge and
specimen, which has a high dielectric breakdown
strength, will suppress the discharge, but also yield a
reduced strain signal. Therefore, in the case of the

k-poled PZT, the stress-strain behaviour for a dis-
appearing electric field was determined only. The results
are plotted in Fig. 7. Finally, Fig. 8 compiles the true
strength values for all three material modifications.

4.2. Influence of the poling state on strength

In Table 1 the nominal and the true strength data are
compiled for the special case of E=0. A simple explana-
tion of these strength differences may be the influence of
domain orientation in front of the crack tips. Let us con-
sider a volume element at some distance from the tip of a
natural crack. For simplicity, we consider a tetragonal

Fig. 5. Compressive (a) and tensile strains (b) in 4-point bending tests

for ?-poled PZT; (c) ratio between true outer fibre tensile stress � and

nominal bending stress versus nominal bending stress �nom, (d) com-

parison of nominal bending strength and true outer fibre tensile stress.

Fig. 6. Compressive (a) and tensile strains (b) in 4-point bending tests

for unpoled PZT; (c) ratio between true outer fibre tensile stress s and

nominal bending stress versus nominal bending stress �nom, (d) com-

parison of nominal bending strength and true outer fibre tensile stress.

Fig. 7. (a) Ratio between true outer fibre tensile stress � and nominal

bending stress versus nominal bending stress �nom, (b) comparison of

nominal bending strength arid true outer fibre tensile stress for E=0.
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unit cell in the domains with an orientation parallel or
perpendicular to the stress axis.

4.2.1. Unpoled material
In the unpoled material, we will find one third of all

domains orientated in the x-direction, one third in
y-direction, and one third in z-direction (Fig. 9a). If a
mechanical load is applied normal to the crack plane
(strongly magnified near the crack tip), most of the
domains will switch to the stress direction (Fig. 9b) with an
anti-parallel orientation. The increase in domains in
y-direction causes a residual stress field which reduces the
influence of the externally applied stress. This is interpreted
as an increase in the resistance against crack propagation
(for references dealing with macroscopic cracks12�14).

4.2.2. Poling in the x-direction
In the case of the PZT being poled perpendicular to

the stress direction, nearly all domains may be orien-
tated in x-direction (Fig. 9c). Under tensile stresses, an
orientation of the domains in the y-direction can also be
observed, similar to the orientation of domains in the
unpoled material (Fig. 9d).
While two thirds of all domains in unpoled material

can switch to the y-direction, all domains are able to
switch in the case of ?-poled PZT. Consequently,
increased domain switching and increased strength must
be expected. Domain switching from the poled state
causes depolarisation, �Px. This depolarisation is
strongly concentrated in the vicinity of the crack tip.
The highly stressed and depoled zone is in series with
the nearly unstressed bulk material which remains in the
poled state. Therefore, the short-circuited electrodes—
far away from the depoled zone—are without any effect
and the electric boundary conditions are given by a
constant dielectric displacement, D=constant. An elec-
tric field, �Ex, is generated due to depoling

Dx ¼ "Ex þ Px ¼ constant ) �Ex ¼ ��Px=" ð6Þ

("=dielectric permittivity), which inhibits depoling by
domain switching (Fig. 9d), i.e. switching in the poled
state needs a higher stress to reach the same degree of
domains orientated in the y-direction. From the lower
true strength �0 of the ?-poled material as compared to
the unpoled PZT, we can conclude that the restricted
ability of domain switching exceeds the effect of a larger
reservoir of switchable domains.

4.2.3. Poling in the y-direction
In the k-poled case (Fig. 9e), the number of domains

in x- and z-directions able to switch into the y-direction
is very small. Therefore, we do not expect any effect of
reorientation (Fig. 9f). Hence, the lower strengths of
k-poled PZT can be understood.

Fig. 8. Comparison of true bending strengths for the differently poled

materials.

Table 1

Weibull parameters �0 for the conventionally computed bending

strength and the true outer fibre tensile stress �0 at E=0 [results for

short bars recalculated by Eq. (3)]

Material �nom,0 (MPa) �0 (MPa)

Unpoled 1,7 82 64

?-Poled 1,7 74 59

k-Poled 60 54

Fig. 9. Orientation of domains in front of a crack in an unpoled (a, b) a ?-poled (c, d), and a k poled PZT caused by a mechanical load.
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4.3. Influence of the electric field on strength

For all poling states, it becomes clear from Figs. 4 and
8 that strength decreases at high positive arid negative
electric fields. A possible explanation may be given here.

4.3.1. Unpoled specimens
In Fig. 10a, we apply an electric field, E, in the direc-

tion of the crack plane (x-direction) for an unpoled PZT.
In a high electric field (e.g. 1 kV/mm), most of the
domains will switch into x-direction (with the same
orientation sense). If the electric field and the applied
stress are simultaneously present (Fig. 10b), free switch-
ing to y-direction is restrained. Therefore, the degree of
reorientation is lower than in the case of E=0, although
the number of domains oriented in the x-direction (able
to switch) is larger. The number of domains is expected
to be between the two limiting cases shown in Figs. 9b
and 10b. In this case, we must expect a reduced strength.

As a consequence of an increasing electric field with
its increasing support of the polarisation generated, a
decrease in toughness and strength must be expected.
This prediction is in agreement with the measurements
shown in Fig. 10c.

4.3.2. ?-Poled specimens
The behaviour of the ?-poled material under an elec-

tric field parallel to polarisation (Fig. 11a) can be
explained in the same way as of the poled material in the
absence of an external field. The internal electric field,
�Ex, caused by depolarisation of the zone near the tip is
effectively increased by the applied field and acts in the
same direction. Consequently, domain switching is
inhibited (Fig. 11b), and the strength is lower than in
the case of E=0 (Fig. 11c).
Application of a moderate antiparallel electric field

enhances depolarisation under transverse tensile stres-
ses, as can be seen from Fig. 12b. The resulting strength

Fig. 10. Influence of combined mechanical stress �appl and electric field E on the domains in front of a crack for unpoled PZT.

Fig. 11. Influence of mechanical stress and a positive electric field, E, on the domains for ?-poled PZT.
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(Fig. 12c) is higher than that obtained in the case of a
positive electric field (Fig. 11c).
Fig. 13a again shows the poled material state. Under

strong negative fields, the material will be repoled com-
pletely in the negative direction (Fig. 13b). The amount
of domain switching (Fig. 13c) and the related strength
values then must be comparable to the strengths under
strong positive fields. This decrease of strength is in
agreement with the experimental results shown in
Fig. 13d.

5. Summary

Bending strength measurements were performed on a
soft PZT in different poling states in the presence of
electric fields. The nominal bending strength data
(defined by the ratio of bending moment and moment of

inertia) were transformed into true outer fibre bending
strengths by use of the Nadai procedure. The main
results were:

. In the absence of an electric field, we found the
ranking of

�c;k < �c;? < �c;unpoled

. At strong electric fields (E=�1 kV/mm), the
strengths (nominal and true bending strength) are
significantly smaller than in the absence of an
electric field.

. Only a slight non-symmetry of strength data is
found with respect to the field direction.

The influences of the poling state and of the external
electric field are discussed in terms of the orientation of
domains in front of natural cracks.

Fig. 13. Influence of a strong negative electric field.

Fig. 12. Influence of a moderate negative electric field, E, on the domains for ?-poled PZT.
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Appendix

Stress–strain curves obtained from bending tests by
application of the Nadai procedure10,11 are plotted
below.
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