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Abstract

In the present work, as-received poled lead zirconate titanate, or PZT, was examined using ball-on-ring (BoR) mechanical testing

coupled with an electric field. Electric fields in the range of 74EC (EC, coercive field) with controlled loading paths were applied, and

mechanical tests at a substantial number of characteristic electric field levels were conducted. Commercial electronic liquid FC-40 was

used to prevent the setup from dielectric breakdown under a high electric field. Weibull strength distribution was used to interpret the

mechanical strength data. The data showed that the strength levels of the PZT tested under OC (open circuit) in air and in FC-40 were

almost the same. It was further revealed that, for the studied cases, the effect of loading history on the biaxial flexural strength of the

PZT was significant in �EC, but not in OC or zero field as well as 4EC. An asymmetric ‘‘V’’ curve was observed for the characteristic

strength-electric field graph, and the bottom of ‘‘V’’ curve was located near the negative coercive field. Microscopic analysis showed that

surface-located volume-distributed flaws were the strength limiter and responsible for the failure of the tested PZT under

electromechanical loadings.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

High piezoelectric coefficients and high Curie tempera-
tures are key performance requirements for piezoelectric
ceramics that are used in a piezo-fuel injector. Lead
zirconate titanate, or PZT, meets these requirements and
is consequently considered to be a great candidate for such
applications [1]. It has been demonstrated that a PZT
actuator-based fuel injection system can effectively reduce
fuel consumption, pollutants such as NOx, and engine
noise [2]. However, the low fracture toughness of PZT
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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(�1 MPa m1/2) [3,4] becomes a major concern upon
application.
Over the last several decades, much effort has been

focused on studying the failure mechanism of PZT actua-
tors. The strain mismatch between the electrically active
and inactive regions was found to be responsible for most
of the degradations and failures of PZT actuators [5].
Though PZT actuators with different designs have been
developed to minimize the strain mismatch [6], the poten-
tial for cracking cannot be eliminated. Preexisting flaws
obviously play an important role in crack initiation and
growth within the PZT. Furthermore, the preexisting flaws
can be easily introduced during the fabrication process,
which involves sintering, casting, lamination, cutting, and
poling [7]. Various testing methods such as indentation [8–10],
impact tension [11–17], three- [18–20] or four-point [21–23]
bending, ring on ring [24,25], and ball-on-ring (BoR)
[26–28] have been developed for studying the strength
properties of different PZT. Assuming that a crack
originates as a result of preexisting surface flaws in brittle
materials, biaxial flexure loading techniques, such as BoR
ll rights reserved.
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Table 1

Material properties of PZT PSI-5A4Ea.

Symbol Unit Value

Dielectric constant – 1800

Piezoelectric coefficients d31 pC/N �190

d33 pC/N 390

Coercive field EC kV/mm 1.20

Elastic modulus C11 GPa 66

C33 GPa 52

Poisson’s ratio u – 0.23

Curie temperature Tc 1C 350

aBased on data sheet supplied by the manufacturer.

Fig. 1. BoR setup for high electric field coupled with mechanical loading

testing. The steel ball is grounded while the cable is connected to a high-

voltage amplifier (Trek model 609E-6, Medina, NY), which is not shown.
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test, can be used to provide effective and reliable failure
information on specimens with naturally occurring flaws.

Fracture behaviors of poled PZT subjected to either
pure electrical or pure mechanical loading or a combina-
tion of both were investigated using the BoR biaxial
flexure strength technique [26,27]. It was found that the
characteristic strength depends on the electric loading
conditions. A higher biaxial flexure strength value was
observed at þEC (EC, the coercive electric field), while a
lower value was found at �EC. Efforts have recently been
made by the authors to study both the as-received and
aged PZT under high electric fields in the range of �3EC

andþ3EC [28]. However, complete information regarding
the mechanical responses of a poled PZT layer in increas-
ingly higher fields such as 74EC is lacking. Such data is
important because current piezo stacks are designed to
maximize the strain by using high electric field. The rated
electric field of some PZT stacks has reached as high as
3EC [29]. At the same time, the local field level can be
enhanced substantially around defects or preexisting flaws,
even though the external field is homogeneous throughout
the PZT (for example, within a PZT stack that has a plate-
through electrode or PTE configuration). Additional fail-
ure mechanisms can be triggered [30] by such an enhanced
field. A thorough understanding of PZT failure mechan-
isms under electromechanical loading can help ultimately
optimize the design of products.

In this work, the strength properties of as-received poled
PZT were studied experimentally under high electric field
with an extended field range (74EC). Tests were con-
ducted at room temperature through a BoR setup with a
controlled electric loading path. Electronic liquid FC-40
with a high dielectric strength was used to protect the setup
from dielectric breakdown. Characteristic strength, Wei-
bull modulus, and fracture toughness of as-received PZT
were extracted. In the following, after an introduction to
experimental approach, results and discussion on the
effects of loading history, FC-40, and applied electric field
magnitude will be presented.
2. Experimental approach

2.1. Materials and specimen preparation

The material used for this study was PZT PSI-5A4E
(Piezo Systems Inc., Cambridge, MA), which was desig-
nated as an industry type PZT-5A (Navy Type II)
piezoceramic. Main properties of PSI-5A4E from the
manufacturer are listed in Table 1. This material was
received as sheets 72.39 mm� 72.39 mm� 0.27 mm in size.
Each PZT sheet was poled along the thickness direction,
and both sides were coated with Ni electrodes (200 nm
thick). A total of four sheets from the same purchase were
used in this study. Each sheet was cut into plates
10.00 mm� 10.00 mm in size. To minimize the effect due
to variation from sheet to sheet, these plates were randomly
mixed and then grouped. 12 groups with twelve plates in
each group were prepared for testing.
2.2. Experimental setup

The main part of the BoR (ball-on-ring) setup for
application of a high electric field coupled with mechanical
loading is shown in Fig. 1. A semi-sphere steel loading ball
with a diameter of 6.45 mm was used. The steel supporting
ring had an inner diameter of 7.44 mm, an outer diameter
of 25.00 mm, and a thickness of 6.35 mm. The loading ball
can be controlled to move vertically with the speed ranging
from 0.001 mm/s to 1 mm/s. An amplifier with the cap-
ability of monitoring electric voltage and current in the
operation range of 74 kV was used. Electronic liquid FC-
40 with dielectric strength of 18 kV/mm was used to prevent
dielectric breakdown of the setup under high electric field.
Two computers were used in this setup: one for controlling
the electric loading and recording the voltage, current and
charge, while the other for controlling the mechanical
loading and recording the mechanical load exerted on the
PZT plate.
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2.3. Experimental procedures

Before a test, the PZT specimen and the supporting ring
were carefully aligned with the loading ball to provide
desired loading. A triangular waveform was used for
controlling the electric loading path whose peak values
were 74EC or74.80 kV/mm. The period of the waveform
was defined by the peak field levels and electric loading and
unloading rates, namely, 71.78 kV/mm/s. For a specified
electric level or point on the defined path, twelve mechan-
ical tests were carried out in order to generate one group of
data. In this study, eleven combinations of electromecha-
nical loading were considered as shown in Fig. 2, including
the OC (open circuit) condition in G1. The electric loading
in each test was started at zero, then ramped onto a
specified field level, and finally held at that level for
mechanical loading. The mechanical loading was initiated
10 s later with a crosshead speed of 0.001 mm/s. An
additional group (G12) of specimens was tested in air at
OC to investigate if there was any effect of the electronic
liquid on the flexural strength.

Fracture stress was calculated using contact stress theory
[31,32,28]. Weibull analysis software (WeibPar, Connecti-
cut Reserve Technologies, Inc., Strongsville, OH) was used
to analyze the strength data sets obtained. Unbiased
maximum likelihood parameter estimation was used for
these parameters as recommended by ASTM Standard
C1239-00 [33]. In this study, 2-parameter Weibull strength
distribution was chosen to characterize the strength dis-
tribution of the tested PZT-5A, and the corresponding
equation is given by

Pf ¼ 1�exp �
sf

sy

� �m� �
; ð1Þ

where Pf is the probability of failure, sf is the fracture
stress that is the maximum stress at failure, sy is the
characteristic strength, and m is the Weibull modulus [34].
Lastly, the fracture surfaces of the tested specimens were
examined via optical microscopy (Nikon Nomarski Mea-
sure Scope MM-11, Tokyo, Japan) and scanning electron
microscopy (SEM, Hitachi S4800 field emission scanning
electron microscope, San Jose, CA). The strength limiting
flaws were identified and further correlated to the fracture
stresses of the specimens through apparent fracture tough-
ness. It has been observed that strength limiting flaws are
Fig. 2. Electric loading path for the BoR testing.
mostly surface-located and could be modeled as a semi-
elliptical surface crack [27,28]. The apparent fracture
toughness KIC of the PZT was thus estimated by

KIC ¼ Y
ffiffiffi
a
p

sf ; ð2Þ

where a is the crack size that equals to the depth of surface-
located flow. Y is a stress intensity geometry factor and is
related to stress state, specimen, and crack geometry as will
be discussed in the following.

3. Experimental results and discussion

3.1. Effect of electric loading history on the flexural

strength

No dielectric breakdown was observed for all the tested
PZT specimens in this study, even though the electric field
reached as high as 74EC. Therefore, the electronic fluid
(FC-40) has effectively eliminated the partial discharges
that existed in the previous study [28].
Weibull plots based on the WeibPar output are shown in

Fig. 3(a), (c), and (e) for zero or OC, positive and negative
electric field conditions respectively, in which estimates of
characteristic strengths and Weibull moduli are given as
well; the 95% confidence ratio rings of the data sets are
shown in Fig. 3(b), (d), and (f) correspondingly. It can be
seen that strength data sets under OC or zero field
condition overlap to a large extent and are located in a
narrow strength range (120�160 MPa). It should be noted
that the electric field condition was actually similar among
the specimens of OC (G1) and zero field (G3, G7 and G11)
groups, considering that the residual field in a poled PZT
specimen under OC condition is generally negligible.
Nevertheless, the loading cycles involved of G1, G3, G7,
and G11 were different as shown in Fig. 2. The overlapping
confidence ratio rings of the data sets means that the
number of electric cycles is not a major factor within the
test range as long as a zero field is reached. Similar
observation holds for the 4EC data sets (G2 and G9) in
which nearly identical data boundaries and almost fully
overlapping confidence ratio rings were seen, even though
the G9 experienced an additional cycle.
Results for the flexural strength of the PZT-5A speci-

mens tested in this study (Mixn) and in the previous study
(Mix#) are summarized in Table 2. It is worth noting that
no loading path was involved in the Mix#; namely, the
electric field was ramped directly from OC to a designed
level and held for subsequent mechanical loading. The data
sets of G1, G3, G7, G11, and G12 were pooled because the
OC data sets were not statistically different. Same pooling
process was also applied to the 4EC data sets (G2 and G9).
The pooled data sets were then reevaluated and the
parameters re-estimated. Weibull plots based on both Mixn

and Mix# at OC, �EC, and EC are shown in Fig. 4(a),
where PooledOC, G4, and G8 were selected from Mixn to
represent respective electric conditions. Strength results
under the �EC, OC, and EC conditions are shown to be



Fig. 3. Weibull plots for the flexure strength as well as the corresponding 95% confidence ratio rings of the as-received PZT-5A with zero field or OC

(a) and (b), positive electric fields (c) and (d), and negative electric fields (e) and (f).
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located from left to right as expected for both Mixn and
Mix#. However, at the same electric load, no significant
overlapping was observed between the data sets of Mixn

and Mix#. Such observation is obviously consistent with
the 95% confidence ratio rings as demonstrated in fig. 4(b).
The rings corresponding to �EC, OC, EC for the speci-
mens from sheet Mix# and Mixn are isolated and orderly
located from bottom to top.
A detailed examination showed that specimens from
sheet Mixn had a higher strength level than the ones from
Mix# under designed load levels. Such difference at �EC

was substantially remarkable with a level as high as
21 MPa. The similarity of PZT’s fabrication of both the
Mixn and Mix# was validated by the overlapping intervals
of OC (in air) Weibull modulus and characteristic strength
(Table 2). Therefore, the increase observed above in the



Table 2

Weibull analysis results for poled PZT PSI-5A4E.

Specimens No. of tests Designated load (EC) Medium Weibull modulus Interval (95%) Char. strength (MPa) Interval (95%)

Mix*(G1) 12 0 FC-40 27 18, 46 150 147, 153

Mix*(G3) 12 FC-40 15 10, 25 149 143, 154

Mix*(G7) 12 FC-40 15 10, 26 140 134, 145

Mix*(G11) 12 FC-40 23 16, 39 145 141, 149

Mix*(G12) 12 Air 14 10, 24 144 138, 149

Mix# 12 Air 29 19, 50 137 134, 140

PooledOC 60 FC-40; Air for G12 17 14, 21 146 144, 148

Mix*(G4) 12 �1 FC-40 10 7, 16 132 124, 140

Mix# 12 Air 23 17, 39 111 108, 113

Mix*(G6) 12 �2 FC-40 11 8, 19 170 161, 179

Mix*(G5) 12 �4 FC-40 17 12, 29 184 178, 190

Mix*(G8) 12 1 FC-40 25 17, 45 172 168, 175

Mix# 12 Air 12 8, 21 159 151, 167

Mix*(G10) 12 2 FC-40 17 12, 28 198 191, 205

Mix*(G2) 12 4 FC-40 20 14, 36 232 224, 237

Mix*(G9) 12 FC-40 21 14, 36 233 226, 239

Pooled4EC 24 4 FC-40 22 17, 32 232 228, 236

PooledOC is based on data sets of Mix*; namely, G1, G3, G7, G11, and G12; Mix# denotes the as-received specimens from sheet 5–8 [28]; Mix* denotes the

as-received specimens from sheet 9–12 in the current study.

Fig. 4. Weibull plots for the flexure strength of (a) as-received PZT-5A of Mix* (PooledOC, G4, G8) and Mix# [28] tested under OC, þEC, and �EC, and

(b) the 95% confidence ratio rings.
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strength of Mixn should signify the impact of loading
history on mechanical response of PZT. A half cycle to
4EC was shown to have introduced substantial poling
effect on the G4 of Mixn. More switchable non-1801
domains [35,36] sustained the depolarization at �EC than
that of Mix# without the half cycle but directly loaded to
�EC. Such non-1801 domains play a vital role in the
switching toughening [27,28].

3.2. Effect of electronic fluid on the flexural strength

Disregarding the fatigue effect, the characteristic
strength for G1, G3, G7, and G11 should be the same
theoretically. In fact, no statistically significant difference
was seen among these strength data sets as mentioned
above. By taking an average of the four strength data, a
mean strength value of 146 MPa was obtained. Comparing
the mean strength value with the strength value of G12
(144 MPa) shows that the FC-40 has little effect on the
flexure strength testing.
3.3. Effect of electric field on the flexural strength

Strength data under EC (G8), 2EC (G10), and 4EC (G2
and G9) conditions are shown from left to right in
Fig. 3(c). Similarly, strength data under �EC (G4),
�2EC (G6), and �4EC (G5) conditions are distributed
from left to right in Fig. 3(e). It was again found that
flexural strength of the specimens depended on both the
magnitude and the direction of electric field. Disregarding
the sign, the rings with higher electric field strength are
located at higher strength levels. However, for the same
electric field strength magnitude, the rings with positive



Fig. 6. SEM image of a fracture surface showing the failure origin of a

PZT plate tested under 4EC; the failure stress is 237 MPa. The arrows

indicate the failure origin.

Table 3

Summary of KIC values (MPa m1/2) of PZT PSI-5A4E.

Specimens E (kV/mm) Experimental resultsa

Mix* (G5) �4.80 1.0070.07

Mix* (G6) �2.40 0.9370.08

Mix* (G4) �1.20 0.6270.07

Mix#

Mix* (G1)

Mix* (G3)

Mix* (G7) OC 0.7670.05

Mix* (G11)

Mix* (G12)

Mix#

Mix* (G8) 1.20 0.8770.08

Mix#

Mix* (G10) 2.40 0.9470.06
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electric field are located higher than those with negative
electric field.

Fig. 5 shows the characteristic strength of the tested
specimens plotted as electric field strengths. The data of as-
received PZT-5A from sheet 5–8 or Mix# obtained from
the previous study [28] were also plotted in the figure. An
asymmetry ‘‘V’’ curve was observed for both Mixn and
Mix#, and the bottom of ‘‘V’’ curve was located near the
negative coercive field. Though a similar trend was
observed for these two sets of data, the strengths of
PZT-5A from different sheets for the same electric load
are different. The strength difference between Mixn and
Mix# was significant under �EC and becoming larger at
high positive electric field.

More scattered strength (i.e. low Weibull modulus) and
fracture toughness data were obtained at negative electric
field region. This could be caused by the formation of
microcracks during the domain switching process. In addi-
tion, the growth of preexisting flaws might take place in PZT.

3.4. Strength limiter and fracture toughness

Scanning electron microscopy (SEM) studies showed
that the failure origins or the strength-limiting flaws of
interest are all inherently located near the tensile surface of
the specimen in the BoR configuration, and the fracture
surfaces of the tested PZT-5A were dominated by both
intergranular and transgranular fracture. Fig. 6 is a SEM
image showing one of these fracture surfaces in which the
volume-distributed agglomerate can be seen as a failure
origin near the tensile face of the flexure specimen. All the
flaws of the tested PZT were observed to be in semi-penny
shapes.

The extensive fractographical study showed that the
crack depths were similar in all tested conditions with an
average value of 18 mm. Using Eq. (2) discussed in Section 2.3,
Fig. 5. Relations between the characteristic strength (sy) and the electric

field (E); the error bars correspond to 95% confidence intervals. Data for

Mix# were taken from the previous study [28].

Mix* (G2) 4.80 1.2670.07

Mix* (G9)

aDeviations of estimate correspond to 95% confidence intervals.
where Y was estimated to be 1.29 with respect to the crack
semi-axis-to-depth ratio [37], an estimate of the fracture
toughness can be made with the incorporation of the
fracture stresses. Average results under a specified electric
condition are summarized in Table 3.
Fracture toughness was found to be different for

different electric field conditions. The specimens tested
under an electric field magnitude of 1.2 kV/mm (þEC)
showed a higher strength level than those tested without
applying an electric field; the application of electric field of
1.2 kV/mm could introduce more switchable non-1801
domains in the field direction. Since some of the non-
1801 domains were not aligned along the stress direction
and these domain activities are constrained locally, high
compressive stress was developed near the crack tip to
compensate the tensile stress and thus enhanced the
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fracture toughness. On the other hand, when considering
that a pre-loaded electric field is opposite to the polling
direction, PZT can either be re-poled in the opposite
direction or weakened in terms of polarization. The reason
why PZT did not undergo any toughening at�1.2 kV/mm
(�EC) was because its polarization value was lower than
the initial polarization value, which indicated the PZT
specimens behaved as if un-poled after electric loading.
Even though �EC could also result in non-1801 or 901
domain switching in theory [35,36], not enough domain
activities were available to develop a compressive stress
near the crack tip. Furthermore, an increase in electric field
strength in either direction and the relatively slow loading
rates would re-polarize the specimens and force more
unfavorable domains (including 1801 and non-1801
domains) to align along the field direction, which results
in higher fracture toughness. However, with a further
increase in electric field strength, the switchable non-1801
domains lessened. Consequently, the enhancement rate of
fracture toughness was slowed down until it reached
saturation state. This effect is most obvious in the negative
electric field region; characteristic strength under the
positive electric field region still has a tendency to increase,
which means that the saturation state under positive electric
field is higher than 4EC. This was confirmed by Fig. 5 and the
calculated fracture toughness as shown in Table 3.

4. Conclusions

Based on the experimental results under BoR testing, the
following conclusions are made.
1.
 Mechanical strength of the as-received poled PZT
depended on the sign, magnitude, and path of the
applied electric field.
2.
 Within the examined electric field range of �4EC to
4EC, mechanical strength deceased initially with increas-
ing electric field, reached the bottom at �EC, and
started increasing rapidly. Such ‘‘V’’ shaped curve
existed in the electric loading cases with and without
controlled loading path.
3.
 For the same electric field magnitude, the PZT under
positive electric field had higher strength than those
tested under a negative electric field. Therefore, the ‘‘V’’
curve was not symmetrical just as the bottom of ‘‘V’’
curve was not located at the zero electric field point.
4.
 No dielectric breakdown was observed when testing
under electronic fluid FC-40, and it was shown that FC-40
had little effect on the flexure strength testing.
5.
 Surface-located volume-distributed flaws were identified
to be strength-limiting flaws for this PZT material.
6.
 ‘‘V’’ curves with and without controlled electric loading
path crossed near �2EC. The lowered increasing rate of
mechanical strength below �2EC and substantial
strength increase beyond �2EC may involve a tough-
ness saturation process, but it remains to be investigated
further.
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