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Abstract 
 

Ferroelectric materials such as PZT are widely used in many industrial fields because of their 
excellent piezoelectric properties.  The AE method has been applied on the piezoelec-
tric/ferroelectric materials to investigate the domain dynamics, phase transition as well as mate-
rial fatigue.  However, it is important to notice that there are two kinds of AE in the electric 
field induced AE: AE from within the sample and vibro-AE caused by sample vibration due to 
electrical coupling between the power supply and the piezoelectric sample.  In this study, the 
electric field induced AE generations in the ferroelectric PZT ceramics and multilayer actuators 
under unipolar or bipolar electric fields are examined.  The vibro-AE that easily conceals the 
ferroelectric domain related AE is suppressed using an external resistor.  The vibro-AE activity 
is discussed with comparisons of the ferroelectric domain related AE as well as failures, and is 
also used to evaluate the piezoelectricity of the sample.  From these AE activities, AE meas-
urements on piezoelectric/ferroelectric materials and their possibilities for the material evaluation 
are discussed. 
 
Keywords: Ferroelectric materials, piezoelectric materials, ferroelectric domain, vibro-acoustic 
emission, PZT ceramics, multilayer actuator 
 
1. Introduction 

 
   Ferroelectric materials such as lead zirconate titanate (PZT) are widely used in many indus-
trial fields, such as capacitors, sounders (speakers), mechanical filters and ultrasonic motors, be-
cause of their excellent dielectric and piezoelectric properties.  The PZT acoustic emission (AE) 
sensor is one of the best applications of piezoelectric materials.  For piezoelectric/ferroelectric 
materials, the AE method has been used to research ferroelectric domain reorientation processes 
[1], phase transitions [2], and to detect crack propagation and material fatigue [3-5].  However, 
in AE measurements of ferroelectric materials under electric fields, there are two possible kinds 
of AE signals: AE signals from within the ferroelectric sample and vibro-acoustic emission (vi-
bro-AE) signals related to the piezoelectricity of the sample [6]. The former are related to energy 
loss mechanisms caused by structural changes of the ferroelectric domain or the crack propaga-
tion. The latter are generated by mechanical vibration stimulated by electrical coupling between 
the power supply and the piezoelectric sample; the AE signal is mechanically generated.  It 
should be noted that vibro-AE tends to conceal the AE signals from within the sample.  In order 
to clarify the effect of vibro-AE on the measurement, the AE signal levels before and after poling 
as well as with and without an applied voltage should be evaluated.   
 

In this study, the AE behaviors in ferroelectric lead zirconate titanate (PZT) ceramics and 
multilayer actuator under applications of electric fields are examined.  The vibro-AE activity is 
discussed by comparison with ferroelectric domain related AE and AE generated by failures.  
From these two types of AE activities, the use of the AE method for the piezoelec-
tric/ferroelectric materials and the AE measurement technique for piezoelectric material are dis-
cussed. 
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2. Experimental Method  
 

Figure 1 shows a schematic of the measurement system employed for this study.  The AE 
signal detected by an AE sensor (NF AE-904E) is amplified by up to 90 dB with pre- and 
main-amplifiers.  The amplified AE signals passing through a high-pass filter (>100 kHz) are 
analyzed using a discriminator (NF AE-9922) and a signal-processing module (NF As-712).  
The AE signal amplitude and the rms value of the AE signal (AE signal Vrms) over a period of 
1.0 s are recorded to examine the AE behavior.  Unipolar or bipolar voltages with various levels 
are applied to the samples using a power amplifier (NF HVA-4321).  The periods of voltage 
application is set to be from 100 to 1,000 s.  Induced displacements are measured using a linear 
variable differential transducer (LVDT; Mahr Millimar1300). 

 

 
 

Fig. 1. The induced displacement and AE measurement system. 
 

Silver-electroded disk specimens of commercial soft PZT ceramics (Fuji Ceramics C-6) with 
15.0-mm diameter and 0.4-mm thickness and co-fired multilayer actuators (NEC-Tokin 
AE0203D08F and AE0505D08F) are chosen for this study.  The properties of these samples are 
listed in Tables 1 and 2.  Schematic figures of typical multilayer actuator structures are shown 
in Figs. 2(a) and (b): an interdigital electrode type and a plate-through type.  The multilayer ac-
tuators employed for this study are the plate-through type; thin layers with thickness of about 
100 µm are placed between plate-through electrodes in stacks of layers.  Although the high re-
liability of the commercial multilayer actuators (>1010 cycles) is achieved, there are still possible 
failures from cracking and delamination (i.e. separation of the internal electrode from piezoelec-
tric ceramic layer), since the stress concentration is inevitable in both structures.  The interdigi-
tal electrode structure (interlocking-finger configuration) is widely used for dielectric devices, 
because of its simplicity.  Electric field and stress concentrations that may lead to failure 
(cracking) occur at the ends of internal electrodes.  Whereas in the plate-through electrode 
structure, glass insulators that require complex processes to fabricate are positioned on alternate 
sides of the internal electrodes in order to obtain a uniform electric field distribution and defor-
mation.  However, the stress concentration also takes place at the interface between active and 
inactive layers due to the residual strain caused by the poling process as well as the induced 
strain during the operation.    
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Table 1.  Properties of PZT disk samples. 

 Piezoelectric constant 
d33 (pC/N) 

Curie point 
Tc	 (ºC) 

Electromechanical 
coupling factor k33 

Dielectric constant 
ε33

T
/ε0 

C-6 472 295 0.76 2270 

 
Table 2.  Properties of multilayer actuator samples. 

Model Displacement 
@ 150 V (µm) Size (mm) Resonance fre-

quency (kHz) 
Generated force 

(N) 
AE0505D08F 9.1±1.5 6.5x6.5x10 138 850 

AE0302D08F 9.1±1.5 3.5x4.5x10 138 200  
 

 
Fig. 2. Typical internal electrode structures for multilayer actuators: (a) an interdigital electrode 
type and (b) a plate-through type. 
 

Top Bottom 
Fig. 3. A cross section of the plate-through type multilayer actuator (AE0505D08). 

 
Figure 3 shows a cross section of the plate-through type multilayer actuator sample.  As 

shown in the figure, semi-active layers with doubled layer thickness are placed between active 
and inactive layers to reduce the stress.  As the strain of piezoelectric layer is proportional to the 
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applied electric field, the electric field at the semi-active layer is a half of that in the active layer, 
because the electrode gap is doubled.  The inactive areas at both sides are necessary as protec-
tion layers for practical use.  All sides of the actuator are also covered with a resin coat in order 
to protect the internal electrode.  A relatively large inactive layer is inserted at the center where 
the cracking due to the ceramic sintering process is found to occur.  External electrode termi-
nals are also formed at the center inactive layer to lower the thermal damage to the active layers. 

 

 
Fig. 4. Applied voltage and vibro-AE signal as functions of time measured at 90 dB. 

 

 
Fig. 5. Ripple current caused by electrical coupling (a) for disk sample and (b) for multilayer ac-
tuator. 

 
3. Experimental Results 

 
3.1 Electrical Coupling and Vibro-AE  
Figure 4 shows the vibro-AE signals measured at 90 dB when the poled PZT sample is connect-
ed to the power amplifier.  The signal level is found to increase rapidly as soon as the voltage is 
applied, even if the voltage is set to 0 V.  This rise in the signal level is caused by the ripple 
current shown in Fig. 5(a).  Because of the spontaneous polarization, the ferroelectric sample is 
electrically self-biased.  When the sample is connected to the power amplifier, this electrical 
bias is changed to a fixed external voltage.  The variation of external voltage induces mechani-
cal deformation of the sample through its piezoelectricity.  Depending upon the specification of 
power amplifier, this electrical interaction between the piezoelectric sample and the power am-
plifier results in stabilized ripple current.  Similar ripple current is also observed for the multi-
layer actuator as shown in Fig. 5(b).  The frequency of ripple current is found to be around 65 
kHz, close to the frequency limit of the power supply.  It should be noted that these ripple cur-
rent may not cause any serious problems in usual applications except for the AE measurement.  
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Figures 6(a) and (b) also show a typical power amplifier dependence of the vibro-AE generation.  
The multilayer actuator is connected to a high-speed bipolar amplifier (NF HSA-4011), of which 
output voltage is set to 0 V with different amplification levels: 10 times and 50 times.  Although 
a low AE signal amplification of 40 dB is chosen, large vibro-AE signals are easily detected.  
Since the electrical coupling is caused by the feedback process of amplifier, the larger amplifica-
tion of amplifier generates the larger ripple current and vibro-AE signal.  The vibro-AE is 
caused by mechanical vibrations of the piezoelectric sample due to the electrical coupling; 
therefore, the AE sensor signal is found to be continuous.   

 

 
Fig. 6. The vibro-AE signal and ripple current waveforms. (a) Amplification of power supply at 
10 times and (b) at 50 times. 
 

In order to reduce the vibro-AE signal level to lower than that of the AE from within the 
sample, external resistors of 20 MΩ and 1 MΩ are connected in series to the PZT sample and the 
multilayer actuator, respectively.  As the ferroelectric/piezoelectric samples are capacitors, the 
connected resistor and the sample form a low pass R-C filter. Because the series resistor limits 
the current, much less electrical coupling between the sample and the power amplifier is ob-
tained, resulting in a suppressed vibro-AE signal level. Since the vibro-AE decreases with the 
value of resistor, the vibro-AE signals can be lowered to the background level using a very high 
resistor (e.g. >100 MΩ).  However, it is also to be noted that the frequency of applied voltage 
simply decreases due to the limited current flow.  Therefore, the value of resistor should be op-
timized from the viewpoint of overall performance.  

 
3.2 AE measurements on disk PZT samples  
Figure 7(a) shows the AE signal amplitude, AE signal Vrms, and the induced strain as functions 
of time during the poling process and the successive application of an electric field.  Total sig-
nal amplification is set to be 90 dB for this measurement, and the AE signal level at the unpoled 
state is equal to the background noise level.  It is shown that the AE signal amplitude increases 
and exhibits high activity until the applied field reaches the maximum level after the strain be-
gins to be induced.  It also exhibits low activity while the electric field is decreased.  The 
measured AE activities are supposed to be due to the ferroelectric domain reorientation related to 
stress reduction.  It should be noted that, after the poling, the AE signal amplitude is found to be 
higher than the previous background noise level.  This increase is simply attributed to the vi-
bro-AE signal as a result of the introduced sample piezoelectricity.  Since the vibro-AE is con-
tinuously generated, the AE signal Vrms, the average signal amplitude over a time interval of 1.0 
s, tends to reflect the vibro-AE activity.  In addition, it is shown that an increase in the AE sig-
nal Vrms takes place before both the induced strain and the AE signal amplitude begin to 
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increase.  It is supposed that the microscopic piezoelectricity is introduced into the sample by 
the application of the electric field, even before the major strain is induced.  This result indi-
cates the possibility of the vibro-AE measurement for real-time determination of piezoelectricity 
of the sample.  Figure 7(b) shows the AE signal amplitude and the induced strain for a bipolar 
electric field.  A butterfly-shaped induced strain curve is obtained and the AE is observed as 
sharp peaks in the AE signal amplitude only after strain switching (polarization switching) has 
occurred.  Conflicts among domains in the sequence of domain reorientation from the clamped 
state to the aligned domain state and the consequent stress relaxations are considered to be the 
origin of AE [7].  It is also important to note that the base level of AE signal, i.e., the vibro-AE, 
drops to a minimum of almost the background level at critical fields.  The markedly diminished 
vibro-AE implies low piezoelectricity of the sample.  When the applied field is suddenly de-
creased as soon as it reaches the critical field, the vibro-AE maintains a minimum level of almost 
the background (i.e., non-piezoelectric) even after the external field is removed as shown in Fig-
ure 7(c).  Conflicts among ferroelectric domains developed through domain reorientation in the 
domain structure are suggested to be the origins of the non-piezoelectric state.  This result indi-
cates the possibility of electrical depoling process using the vibro-AE measurement as a re-
al-time determination of the sample piezoelectricity and new driving methods of ferroelectric 
devices [8].   

 
Fig. 7. AE measurement on the PZT sample: (a) During the poling process, (b) for the bipolar 
field, and (c) non-piezoelectric state obtained using the vibro-AE. 
 
3.3 AE measurements on multilayer samples under unipolar voltages 
The multilayer actuators are usually unipolar driven to prevent the polarization switching and 
consequent displacement switching.  Figure 8(a) shows the induced displacement of the multi-
layer actuator as a function of the applied unipolar voltage.  A voltage up to 900 V, six times 
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larger than the recommended maximum voltage of 150 V, is applied in order to introduce fail-
ures (i.e., crack and delamination) in the actuator.  The induced displacement is found to exhibit 
less hysteresis at high voltage and a maximum induced displacement of 20 µm is obtained at 900 
V.  The AE measurement is conducted at an amplification of 80 dB using the external resistor.  
As shown in Fig. 8(b), the applied voltage is cyclically increased to 900 V, and then 900 V is ap-
plied repeatedly.  The AE events occur when the applied voltage exceeds 600 V; Cracking, 
growth of delamination, and defects at electrodes are supposed to be the origins of AE.  In the 
AE signal, these AE events are detected as peaks of the signal.  It should be noted that the base 
level of the AE signal increases with the applied voltage and these rises are caused by increases 
in the vibro-AE at higher voltages.  Thus, in this measurement, the vibro-AE signals are suc-
cessfully suppressed to the level lower than that of the AE relevant to the failures within the 
sample.  
 

 
Fig. 8. Measurements on the multilayer actuator: (a) the induced displacement as a function of 
applied voltage and (b) AE measurements. 
 

 
Fig. 9. Applied voltage and vibro-AE as functions of time without the external resistor. 

 
Figure 9 shows the applied voltage and the AE signal as functions of time for the AE meas-

urement without using the external resistor.  A lower signal amplification of 60 dB is chosen to 
avoid saturation of the signal.  The signal due to the vibro-AE is found to increase with applied 
voltage and is about 50 times larger than the suppressed values with the series resistor.  How-
ever, this signal level is still lower than those obtained using the different amplifier (Figs. 6(a) 
and (b)).  From these results, it is shown that the suppression of vibro-AE is the key technique 

0

5

10

15

20

25

0.0 0.2 0.4 0.6 0.8 1.0

Applied voltage (kV)

In
du

ce
d 

di
sp

la
ce

m
en

t (
m

m
)

0 500 1 000 1 500

0.0
0.2
0.4
0.6
0.8
1.0

0

5

10

15

30
60

0

Applied voltage →

←　AE signal amplitude

AE event →

Time (s）

A
pplied voltage (kV

)
A

E event (1/s)

A
E 

si
gn

al
 a

m
pl

itu
de

 (V
)

Vibro-AE signal

(b)(a)

A
E 

si
gn

al
 a

m
pl

itu
de

 (V
)

0

5

10

15

20

0 100 200 300
-1.0

-0.5

0.0

0.5

1.0

←　AE signal amplitude

Applied voltage →

Time (s）

A
pplied voltage (kV

)



 

 156  

for the AE measurement on piezoelectric/ferroelectric samples and the influence of power ampli-
fier on AE measurement should be taken into consideration. 

 
3.4 AE measurements on multilayer samples during poling process 
As shown in the previous section, the higher applied voltage to the multilayer actuators increases 
the probability of failures.  In actuality, the multilayer actuators are exposed the highest applied 
voltage during the poling process (i.e., the poling voltage) and the recommended maximum 
driving voltage is chosen to be lower than that.  The poling voltage is usually determined from 
the piezoelectric performance and the reliability of actuators.   
 

 
Fig. 10. Displacement and AE during the poling process: (a) The induced displacement as a 
function of applied voltage, (b) the induced displacement and AE as functions of time. 
 

Figures 10(a) and (b) show the induced displacement and the AE signal amplitude during the 
poling process and the subsequent applications of a unipolar voltage of 200 V.  Since the all 
commercial multilayer actuators are poled, the samples are heated to 200℃ to thermally depole 
for this measurement.  The AE signal amplification of 90 dB, used for the poling of disk PZT 
sample, is also chosen for this measurement.  The displacement begins to be induced around 30 
V and a residual displacement of 6 µm is obtained after the poling process.  The poled actuator 
exhibits a displacement of 9 µm at 150 V that coincides with the given data.  As the residual 
displacement caused by the poling process is the same order of the practically used maximum 
displacement, the failures in the multilayer actuators tend to occur during the poling process.  
Similarly as obtained for the disk samples, the AE signal level at the non-piezoelectric depoled 
state is equal to the background noise level.  The AE signal amplitude is found to increase when 
the displacement begins to be induced (i.e., the poled state) and exhibits some peaks during the 
first cycle.  The changes in AE signal amplitude similar to the induced displacement are sup-
posed to be caused by the vibro-AE.  Therefore, the signal returns to the background level when 
the sample is disconnected from the power amplifier.  The larger signal amplitude than that of 
disk samples is due to the difference in the effective volume of piezoelectric element and the 
higher voltage sensitivity of the multilayer actuator.  In addition, different from the disk sam-
ples, the microscopic piezoelectricity before the major displacement induction is observed not to 
occur, since the vibro-AE begins to be detected simultaneously when the displacement induction 
takes place. This result may imply that the multilayer structure including the inactive layers and 
protective resin coat clamps the actuator itself mechanically and suppress the microscopic piezo-
electricity.  As the observed peaks are much larger than those in disk sample, the mi-
cro-cracking and stress reduction at the interfaces between active and inactive layers rather than 
ferroelectric domain reorientations are supposed to be the origins of AE.    
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3.5 AE measurements on multilayer samples under bipolar voltages 
As shown in sec. 3.2, the polarization switching induces a large butterfly-shape displacement.  
Thus, an application of bipolar voltage with polarization switching will damage the multilayer 
actuator.  Especially for the interdigital electrode type actuators, even a low bipolar voltage may 
result in the polarization switching at the end of internal electrode due to the electric field con-
centration.  In this section, the AE behavior during the bipolar drive is discussed.  Figure 11(a) 
and (b) shows the induced displacement and AE signal amplitude during the bipolar drive (±600 
V) with polarization switching.  The displacement switching caused by the polarization switch-
ing is found to occur at ±80V and a total displacement of 25 µm is obtained.   
 

Different from the disk sample, the AE related to ferroelectric domain reorientation does not 
appear in the first polarization switching.  It is assumed that the multilayer structure with many 
internal electrodes attenuates the AE signals.  It may also imply the thickness and stress de-
pendence on the AE generation in the ferroelectric materials, since the layer thickness is less than 
that of disk samples and the inactive layers clamp the active layers.  At the second cycle, large 
peaks in the AE signal amplitude are observed after the polarization switching.  Thereafter, new 
peaks of the AE signal begin to appear.  Thus, the observed large AE peaks are attributed to fast 
crack propagations and the subsequent AE activities seem to be caused by additional slow crack 
growth and the friction at these cracked interfaces.  In the multilayer actuators, the displacement 
is induced through the electric field.  Therefore, the generated crack and delamination may re-
duce the electric field concentration, resulting in a crack arrest and low AE activities as shown in 
Fig. 11(b).   

 

 
Fig. 11. Displacement and AE during the poling process: (a) The induced displacement as a 
function of applied voltage, (b) the induced displacement and AE as functions of time. 
 

Figures 12(a), (b) and (c) show cracks and delamination in the bipolar voltage-driven sample 
(after 50 cycles).  These failures tend to be found near the midsection of the samples.  At the 
top and bottom of the actuator, a crack is found to propagate vertically through the active layer 
and even to penetrate the inactive layer (Fig. 12(a)).  This is a typical crack found in the multi-
layered ferroelectric element caused by the polarization switching [9, 10].  At the center inac-
tive layer, cracks are found to initiate from the external electrode terminal where the pre-damage 
due to the terminal formation process is supposed to occur and to grow through the layer (Fig. 
12(b)).  These cracks and delamination (Fig. 12(c)) are supposed to be caused by shrinkage and 
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expansion of active layer in the transverse direction.  It should be noticed that the failure pro-
cesses occurring through the polarization switching are different from that under the unipolar 
voltage.  The polarization switching takes place where the electric field reaches a critical value 
(i.e., coercive field).  However, the voltage that gives the coercive field is different in each ac-
tive layer, because of the slight variations in thickness.  Therefore, the polarization switching 
and consequent displacement switching take place non-uniformly, and cause a large stress con-
centration at the layer interfaces.  It is shown that the failure process in the multilayer actuator 
can be detected using the AE method. 

 

 

 
Fig. 12. Failures in the bipolar-driven multilayer sample (AE0505D08): (a) vertically propagated 
crack, (b) crack at the inactive layer, and (c) delamination along internal electrode.  
 
4. Conclusion   
 

The AE behavior in PZT ceramics and multilayer actuators are examined using two kinds of 
acoustic emission: vibro-AE and AE from within the sample.  It is shown that the ripple current 
due to the electrical coupling is the origin of the vibro-AE and is dependent on the specification 
of the power amplifier.  It is demonstrated that the suppression of vibro-AE with the use of a 
series resistor is the key technique for AE measurement on piezoelectric/ferroelectric materials 
and devices.  The AE method is used to determine the ferroelectric domain behavior in the disk 
PZT samples.  In previous studies, the vibro-AE was considered to only cause interference in 
the AE measurement.  However, it is shown that the vibro-AE can be used for the microscopic 
and real-time detection of the piezoelectricity in the sample.  For multilayer actuators, it is 
demonstrated that the vibro-AE easily conceals the AE signals originated from the failures in the 
device.  In addition, the multilayer structure seems to attenuate the AE signal relevant to the 
ferroelectric domain reorientation.  It is shown that the AE relevant to failures are measurable 
by supressing the vibro-AE generation.  From these obtained AE activities, it is concluded that 
the AE method can be utilized for the detection of piezoelectricity, ferroelectric domain behavior, 
as well as failures in the piezoelectric/ferroelectric materials and devices.   
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