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Abstract

In this work, the bending fracture process of a stress biased piezoelectric composite actuator (PCA) under a
three-point bending load have been characterized with the aid of acoustic emission (AE) monitoring. The AE
signal from the monolithic PZT wafer at the maximum bending load shows the characteristics of high
amplitude and long duration with a low dominant frequency band confirmed by a fast Fourier transform. For
PCAs, the AE signals emitted in stage II have amplitude higher than 80 dB and a low dominant frequency
band characteristic. Such signals are due to the brittle fracturing in the PZT layer and/or the growth of
delamination between the PZT and the fiber composite layers. The signals with high amplitude and a high
dominant frequency band in stage III generate by the fiber breakages hindering the main crack propagation in
the glass bottom layer along with the macro-delamination between the PZT layer and the fiber composite
layer. Based on the AE analysis and fracture observations, the bending fracture process of stress-biased PCAs
has been reasonably characterized.

1. Introduction
Piezoelectric actuators, which are being applied to
shape and vibration controllers in the field of
lightweight aerospace, show an outstanding
actuating performance and have a great potential
for a variety of applications [1-6]. More recently,
research has been conducted on micro-pump based
on MEMS technology for drug delivery applications
in the medical industry and on synthetic jet
actuators that control the stall induced by air
separation on the wing surface [7,8]. However,
piezoelectric actuators that consist of thin metal
layers or fiber composite layers bonded to thin PZT
plate show a weakness against the delamination
between the PZT layer and metal or fiber composite
layers; they also show a weakness with respect to
the residual stresses induced by differences in the
thermal contraction of PZT and fiber composite
layers during the manufacturing process. Although
one kind of piezoelectric actuator is commercially
available under the trade name of THUNDER [2],
there has been little verification of the damage
characteristics and integrity of the piezoelectric
actuators that have been developed. Conventional
studies concerning piezoelectric actuators have
concentrated on enhancing the actuating
displacement or the actuating load capabilities.
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In addition, because the main actuating mode of
piezoelectric actuators is the bending mode, we need
to study the damage process and the failure
mechanism of piezoelectric actuators under a
bending load in order to ensure their safety,
integrity and reliability.
An acoustic emission (AE) monitoring, on the other
hand, is sometimes used for nondestructive
inspections of the status of deformation and
fractures in various engineering materials, such as
metals, fiber-reinforced plastics, metal matrix
composites and hybrid laminates [9-17]. Thus, to
understand damage processes in piezoelectric
actuators using AE monitoring, AE characteristics
of the constituent layers of monolithic PZT and
fiber
composites
should
be
considered
simultaneously. Such consideration is important
because the fracture mechanisms of piezoelectric
composite actuators include brittle fracturing of the
PZT ceramic layer, delamination between the PZT
and fiber composite layers, as well as matrix
cracking and fiber breakage in the fiber composite
layer. In previous studies [18,19], the present
authors have analyzed a stress biased Piezoelectric
Composite Actuator (PCA) via three-dimensional
finite element simulations considering the thermal
deformation which occurred in each layer during the
curing process and we experimentally investigated
how the PZT thickness, the lay-up sequence, the
boundary condition, the applied electric field and
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the drive frequency affected the performance of the
PCA.
In the present work, we focus on the
characterization of the bending fracture process of
stress biased PCAs. To achieve this goal, we used
an AE parametric approach using event rate,
amplitude and duration. We also analyze the
dominant frequency bands with the aid of a fast
Fourier transform (FFT). After the bending test,
fracture observations are conducted with optical
microscopy and scanning electron microscopy to
examine the fracture mechanisms of a PCA.

(a) PCA-A

(b) PCA-B
PZT ceramic (72x72x0.25)
Glass/epoxy prepreg (92x82x0.07)
Carbon/epoxy prepreg (71x71x0.105)
Unit:mm

(c) Fabricated PCA-A

Figure 2: Lay-up configuration of (a) the PCA-A
and (b) the PCA-B; (c) a photograph of the
fabricated PCA-A.

2. Experimental
2.1. Actuating principle of a PCA
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Figure 1: The actuating principle of a stress
biased piezoelectric composite actuator.
Fig. 1 shows the actuating principle of a PCA. The
polling direction of the PZT ceramic is along the zaxis. When a high voltage is applied to the
commercially poled PZT plate, a polarizing
phenomenon takes place in the PZT layer and then
the PZT tends to contract due to the negative
piezoelectric strain constant of d31. At this time, if a
neutral plane by moment equilibrium exists outside
the PZT layer, the PZT ceramic deforms in-plane
direction; thus, an asymmetrically laminated plate
with PZT wafer has bending deformation. If a PCA
is symmetrically laminated and PZT is embedded in
the middle of the laminate, the PCA does not bend.
2.2. Materials
To fabricate PCAs, we used carbon-epoxy prepreg
(WSN1K-B, SK Chemicals), glass-epoxy prepreg
(GEP108, SK Chemicals) and a commercially

poled PZT ceramic (3203HD, CTS Co.). Their
thicknesses are 0.105 mm, 0.07 mm and 0.25 mm
respectively. Woven fabric carbon- and glass-epoxy
prepregs were selected to avoid an anticlastic
curvature during the curing process. To prevent
short circuiting in applying electric field to the
PCAs, we used carbon-epoxy prepregs that were
smaller than the monolithic PZT in the hand lay-up
procedure. In addition, to manufacture the clamping
tab for the actuating test, we chose glass-epoxy
prepregs that were longer and wider than the
monolithic PZT. The bottom insulating layer of
glass-epoxy plays a protective role the brittle PZT
ceramic against the external environment. The
actuator panels were co-cured in an autoclave for
three hours at a temperature of 177℃ in accordance
with the thermal cycle. Two types of PCAs with
different lay-up configurations were used in this
study: PCA-A and PCA-B. Fig. 2 presents the layup configuration and detailed manufacturing
dimensions of the PCA, along with a photograph of
the fabricated PCA-A.
2.3. Acoustic emission acquisition and three-point
bending tests
Fig. 3 illustrates the AE measurement system and a
three-point bending test. We used a one-channel AE
detection system (MISTRAS 2001, PAC) to record
the AE data in real time. The AE signals were
detected by a resonant-type sensor (micro30, PAC)
which had a bandwidth of 100 kHz to 600 kHz with
a dominant sensitivity at 265 kHz. We used vacuum
grease as a couplant to mount an AE sensor on one
side of the PCA. We then adopted AE measurement
conditions of 40 dB for the preamplifier, 40 dB for
the system threshold, and 4 MHz for the sampling
rate. Next, for the AE parametric analysis, we
filtered the mechanical and electrical noises that had
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Figure 3: Experimental set-up for a three-point bending test and an AE data acquisition.

3.1. AE response of monolithic PZT according to
bending fracture process
Fig. 4 shows a typical load-deflection (P-δ) curve
and AE signals from monolithic PZT. From the P-δ
curve, monolithic PZT exhibits typically brittle
behavior: as the deflection increases, the load
increases almost linearly to the maximum bending
load (Pmax). A catastrophic and abrupt fracture
occurs at a deflection of 0.79 mm, which
corresponds to Pmax of 4.76 N. An AE signal
emitted at Pmax has the amplitude of 88 dB and the
duration of 8.6 ms. The AE event with such high
amplitude and long duration is generally associated
with the propagation of macro-cracking and/or
delamination in a high load level approaching the
final failure [15,16]. The AE signals emitted after
Pmax show the characteristics of low amplitude (42
dB to 52 dB) and a short duration (less than 0.7 ms).
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3. Results and discussion

These signals may be due to intergranular

Load (N)

signals lasting less than 25 µs [13]. As illustrated in
Fig. 3, we placed the monolithic PZT and the
fabricated PCA on two fixed roller supports that
were separated by a distance of 40 mm. Finally, we
conducted a bending test using universal test
machine (Zwick 250, testXpert) on the PCA with a
cross-head speed of 0.5 mm/min. The load versus
displacement curve was recorded. At the same time,
damage onset and accumulation were monitored
using AE measurement system. The bending load
was applied by another roller with a diameter of 3.2
mm at a position of A–A’ until the final failure of
the PCA. After the bending test, we used optical
microscopy (Camscope, Sometech Co.) and
scanning electron microscopy (JSM-6380, JEOL
Co.) to examine the damage state of PCAs.

0
0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Deflection (mm)

(b)

Figure 4: AE signals from monolithic PZT
ceramic: (a) a typical load-deflection curve and
AE amplitude distribution; (b) a load-deflection
curve and the distribution of duration.
micro-damages during the very short period after
Pmax.
Fig. 5 shows typical FFT results of AE signals from
monolithic PZT. Depending on the dominant
frequency band and the magnitude in the power
spectrum, the AE characteristics of monolithic PZT
ceramic can be divided into two types. In the figure,
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a dominant frequency band is defined as a band
between the first peak frequency, which has
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fracture process
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Figure 5: Typical FFT results of an AE signal from
PZT ceramic: (a) at Pmax and (b) after Pmax.
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Figure 6: A load-deflection curve and the
corresponding behavior of AE counts for the PCAA under a bending load.
the highest magnitude in the spectrum, and the third
peak frequency. As shown in Fig. 5(a), the type I
signal at Pmax has a low dominant frequency band of
90 kHz to 230 kHz and a high value in its
magnitude. In contrast, the AE signals generated
after Pmax have a similar dominant frequency band
of 186 kHz to 250 kHz but a low value in
magnitude (type II) as compared with Fig. 5(a). The
magnitude of signals from the monolithic PZT is
different, but the dominant frequencies have a
similar band. Thus, based on the dominant
frequency band and amplitude, the AE
characteristics of the monolithic PZT ceramic can
be differentiated as a macro-fracture mode of
catastrophic fracture at maximum bending load and

Fig. 6 shows a typical P-δ curve and the
corresponding behavior of the AE counts for PCAA subjected to a bending load. In previous studies
[18,19], the PCA-A had the best actuating
performance under simply supported and fixed-free
boundary conditions for a drive frequency of 1 Hz.
From the P-δ curve and the AE event counts, the
bending behavior of the PCA-A can be divided into
three stages. In stage I (from the beginning to point
A), we can see a linearity in the bending behavior
and there are no detectable AE events, which
indicates that any damage does not yet occur in the
PCA-A. AE activities begins at around δ = 0.76
mm (point A) with a slight change in the slope of
the P-δ curve, and at this time an audible fracture
sound was released. In the case of laminated fiber
composites, a damage initiation generally stems
from the matrix part. The first AE burst at point A
has amplitude of 85 dB, which is too high level to
be considered generating from the matrix fracture
according to Groot et al. [20] and is also similar to
the AE characteristic of catastrophic fracturing
from the monolithic PZT as shown in Fig. 4(a). In
addition, deflection level at this time is nearly
consistent with that of monolithic PZT except only
that load level is different. Thus, it is concluded that
the first AE burst in PCA-A must have originated
from the brittle fracture in the PZT layer.
Subsequently, the behavior of the AE count shows a
gradual increase and then a slight decrease until δ =
7.6 mm (point B). Such AE behavior may suggest
that a stable and continuous damage process occurs
in the PZT layer.
delamination crack
carbon-epoxy
top layer

PZT layer

Figure 7: Scanning electron micrograph of the
fractured surface in PCA-A: delamination between
the fiber-PZT interface layers and brittle fracture
and cracks in the PZT layer
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Figure 8: Fractography : (a) various fracture mechanisms of the PCA-A, (b) the main
cracking on the surface of glass-epoxy bottom layer; (c) no damage in the carbon-epoxy top
layer;(d) an enlarged view of circle A in photo (b).
Considering that the used carbon and glass-epoxy
resin prepregs are woven fabric fiber composite
systems and the applied load is an out-of-plane
bending load, such fracture mechanisms are
reasonable.
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Fig. 7 shows SEM photographs taken from the
fracture surfaces of the PCA-A in stage II. As a
bending load increase, a crack occurred early in the
PZT layer propagates along the PZT-fiber
composite interface layer, thereby inducing the
delamination crack as shown in Fig. 7. At this time,
the matrix fracture in the fiber layer is expected to
happen during the delamination growth at the
interface layer, generating both weak and strong
emissions with a low AE event count. In stage III, a
further increase and then a sharp load drop in the Pδ curve are observed. At the beginning of stage III
(point B), the AE counts temporarily decrease to a
minimum and then sharply increase in AE activity
explaining the occurrence of a critical mode in the
fiber breakage.
Final damage states of PCA-A after bending test
are presented in Fig. 8(a) where we can see rough
damage surfaces and large brittle fractures in the
PZT layer, fiber breakages at the center portion in
the glass bottom layer and the macro delamination
between the PZT ceramic and fiber composite
layers. Such complicated fracture process is
evidently associated with aforementioned AE
activity. In Fig. 8(b), a long and almost straight
main cracking is obviously observed on the surface
of glass-epoxy bottom layer. In Fig. 8(c), however,
no crack and no damage are seen on the surface of
carbon-epoxy top layer because of the high bending
strength of the carbon-epoxy layer under the state of
compressive stress. In Fig. 8(d), the enlarged views
of a circle ‘A’ in photo (b), the fiber breakages and
fiber-matrix debondings are much conspicuous.
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Figure 9: A load-deflection curve and the
corresponding behavior of AE counts for the PCAB under a bending load.
Fig. 9 shows a typical P-δ curve and the
corresponding behavior of the AE event counts for
PCA-B subjected to a bending load. Overall, the
behavior of load and the corresponding AE activity
are similar to those of PCA-A. The reasons for this
is that the used fiber composites are a woven fabric
system and the critical damage of fiber breakages
happens only in the brittle PZT layer and the glassepoxy bottom layer where highest tensile stresses
are applied. If unidirectional fiber composite
systems were used and a tensile load was applied to
PCAs, their AE characteristics would be different.
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Figure 10: Distribution of the AE amplitude and
duration versus the test time for (a) PCA-A and (b)
PCA-B.
than 80 dB in amplitude are constantly generated
throughout stage I. In the case of laminated
composites, the initial damage generally originates
with a matrix fracture and final fracture results
from fiber breakages. According to the result of
other researcher, the AE amplitude ranges are 30
dB to 60 dB for matrix cracking, 80 dB to 97 dB
for fiber breakage, and 60 dB to 85 dB for
interlaminar delamination [22]. Thus, most of the
strong emissions with high amplitude and long
duration in stage II may originate from brittle
fractures in the PZT layer and from delamination
near the interface layers of the PZT and the fiber
composite rather than originating from fiber
breakages. In stage III, many AE signals are
generated with an amplitude higher than 87 dB and
a duration longer than 5 ms. At this load stage,
there must be various complex bending fracture
process; for example, the crack initiation and the
rapid propagation in the glass-epoxy bottom layer
where the highest tensile stress is applied; the
breakages of the bridged fibers that accompany the
matrix cracks; and the delamination between the
PZT ceramic and the adjacent fiber composite
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Fig. 10 shows the distribution of the amplitude and
duration of AE signals versus the test time for
PCA-A and PCA-B. From the beginning of an event
in PCA-A and PCA-B, many events higher
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Figure 11: FFT results for representative AE
signals according to the fracture process: (a) a
low dominant frequency band with a high
magnitude, (b) a low dominant frequency band
with a low magnitude and (c) a high dominant
frequency band with a high magnitude.
On the basis of the dominant frequency band and
the magnitude in the spectrum, we classified the
signals from PCAs into three types and
representative results are presented in Fig. 11. The
type I signal corresponding to the first event
generated from the individual PCA shows a low
dominant frequency band of 170 kHz to 270 kHz
and a high magnitude in its value. It should be noted
that characteristic of dominant frequency band of
type I is analogous to that from the monolithic PZT
at the maximum bending load as shown in Fig. 5(a).
Hence, such a type of signal must have originated
from the brittle fracture in the PZT core layer. The
type II signal, which is a representative of the
frequency distribution in stage II, reveals the band
of a low dominant frequency in a range of 170 kHz
to 230 kHz. In comparison with type I, type II has a
similar dominant frequency band but has a lower
value in magnitude indicating that each source of
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emission is different. On this point, it is notable that
type I signals were detected along with type II
signals at a constant rate for the entirety of stage II
and
III.
If
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Figure 12: The bending fracture process of crack
propagation and delamination growth in the PCAA subjected to a bending load.

As an applied bending load increases, in process 1,
damage initiates emitting AE signals of a low
dominant frequency band with a high magnitude
(type I) in the brittle PZT ceramic layer rather than
in the flexible glass-epoxy bottom layer. In process
2, the micro cracks in the PZT core layer propagate
along the interface between PZT ceramic and fiber
composite layers resulting in a local delamination,
and then the local delamination grows along the
interface layers generating strong and weak
emissions such as type I and II signals. While the
damage evolutions continue throughout the entirety
of stage II, small amount of fiber breakage together
with fiber-matrix debondings takes place generating
the small number of signals (type III). In process 3,
just prior to the maximum bending load, the main
cracking caused by fiber breakages in the glassepoxy bottom layer induces the macro delamination
between the PZT and the fiber layers. During this
process, many strong emissions with a high
dominant frequency band and a high magnitude
(type III) are released. Judging from that the AE
characteristics of individual PCAs are similar to
each other, it is believed that the bending fracture
process for PCA-A is not different from PCA-B.

4. Conclusions
the type I is actually caused by the brittle fracture in
the PZT layer, type II can be expected to be due to
matrix deformation, fiber-matrix debonding as well
as micro delamination at the fiber-PZT interface
layer. On the other hand, type III signal whose
amplitude is higher than 70dB mainly occurring in
stage III is different from type I and II in that it has
a higher dominant frequency band of 335 kHz to
430 kHz than type I and type II and its magnitude is
3 to 30 times higher than that of type I and type II.
Therefore, such signals as type III is evidently due
to the fiber breakages during the main crack
propagation in the glass bottom layer and macro
PZT-fiber interface delamination. Hence, the
bending fracture process of PCAs can be
differentiated and described from the dominant
frequency band and the magnitude in spectrum.
3.3. Modeling of damage processes in association
with AE characteristics
Based on the aforementioned AE behavior
combined with fracture observations, the damage
evolution for the PCA-A during the bending
fracture process is schematically illustrated in Fig.
12. The dash-dot lines in the figure indicate neutral
planes by moment equilibrium obtained by using the
classical lamination theory. There are three
processes in the overall bending fracture for PCAs.

In this work, we characterized the bending fracture
of stress biased piezoelectric composite actuators
under three-point bending loads with the aid of
acoustic emission technique. We also examined the
failure mechanism of PCAs by means of
transmission optical microscopy and scanning
electron microscopy. Our conclusions from the
study are as follows:
i) The AE characteristics of a catastrophic fracture
in the PZT ceramic plate at the maximum bending
load revealed amplitude higher than 80 dB and
duration longer than 8 ms. The frequency
characteristic through the FFT showed a low
dominant frequency band with a high magnitude in
the spectrum.
ii) The first AE event from PCAs under a bending
load generated from the brittle fracture in the PZT
layer, which was explained by the above mentioned
AE characteristics of PZT ceramic. The AE signals
having a low dominant frequency band with high
amplitude and a long duration in stage I were
generated not by the fiber breakages but by the
brittle fracture in the PZT layer and the growth of
local delamination between the PZT and the fiber
composite layers. Thus, the dominant frequency
characteristics combined with such AE parameters
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as event rate, amplitude and duration can be used to
describe the damage processes of a PCA subjected
to a bending load.
iii) The fracture processes of PCAs with thin PZT
ceramic plate include brittle fracturing in the PZT
layer, matrix cracking and fiber breakage in the
fiber composite layer, as well as delamination
between the PZT and the fiber composite layers,
which were successfully monitored during the AE
measurement. Hence, an AE monitoring is an
informative and powerful tool for identifying the
damage processes in a PCA.
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