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Abstract
This paper presents an experimental and analytical study of irreversible change in piezoelectric
wafer active sensor (PWAS) electromechanical (E/M) impedance and admittance signature
under high temperature exposure. After elevated to high temperatures, change in the material
properties of PWAS can be quantified through irreversible changes in its E/M impedance and
admittance signature. For the experimental study, circular PWAS transducers were exposed to
temperatures between 50 °C and 250 °C at 50 °C intervals. E/M impedance and admittance data
were obtained before and after each heating cycle. Irreversible temperature sensitivity of PWAS
resonance and anti-resonance frequency was estimated as 0.0246 kHz °C−1 and
0.0327 kHz °C−1 respectively. PWAS transducer material properties relevant to impedance or
admittance signature such as dielectric constant, dielectric loss factor, mechanical loss factor, and
in plane piezoelectric constant were determined experimentally at room temperature before and
after the elevated temperature tests. The in-plane piezoelectric coefficient was measured by using
optical-fiber strain transducer system. It was found that the dielectric constant and in-plane
piezoelectric coefficient increased linearly with temperature. Dielectric loss also increases with
temperature but remains within 0.2% of initial room temperature value. Change in dielectric
properties and piezoelectric constant may be explained by depinning of domains or by domain
wall motion. The piezoelectric material degradation was investigated microstructurally and
crystallographically by using scanning electron microscope and x-ray diffraction method
respectively. There were no noticeable changes in microstructure, crystal structure, unit cell
dimension, or symmetry. The degraded PWAS material properties were determined by matching
impedance and admittance spectrums from experimental results with a closed form circular
PWAS analytical model. Analytical results showed that impedance and admittance strongly
depend on elastic coefficient, dielectric constant, mechanical loss factor, dielectric loss tangent
and in plane piezoelectric constant. These properties were found to be susceptible to change after
high temperature exposure.

Keywords: piezoelectric wafer active sensor, structural health monitoring, electro-mechanical
impedance/admittance, temperature effect, PZT

(Some figures may appear in colour only in the online journal)

1. Introduction

Piezoelectric wafer active sensor (PWAS) has been used
extensively for detecting damage and flaws in structures

[1–3]. The electro-mechanical (E/M) impedance and admit-
tance method has been used to characterize the state of a host
structure using permanently bonded PWAS transducer. The
basic principle of this method is to monitor variation in
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impedance/admittance signature measured by the PWAS
transducers [4, 5]. Through E/M coupling between electrical
response of PWAS transducer and mechanical properties of
host structure, the state of a host structure is reflected in the
E/M impedance and admittance spectra. Resonance/anti-
resonance frequency and amplitude are the most important
features of an E/M impedance/admittance spectrum. Damage
can be detected by observing the change in peak amplitude
and its frequency. However, a problem may arise while using
E/M impedance/admittance method on host structures
exposed to high temperature. After high temperature expo-
sure, the E/M impedance/admittance method may lead to
flawed damage detection due to change in material properties
of PWAS transducer itself.

The significance of SHM has been emphasized in so
many fields such as dry cask storage canister (nuclear spent
fuel storage), pressure vessel and pipe, turbine blade and so
on; where attention is being drawn to the successful imple-
mentation of SHM techniques due to temperature variation. In
such cases, SHM can be done at room temperature or at
relatively lower temperature when the structure is not in
operation or out of service. However during service, perma-
nently bonded PWAS transducer may be exposed to high
temperature. The fundamental properties of a PWAS trans-
ducer material are defined by the piezoelectric, dielectric,
elastic coefficients etc. They are temperature dependent and
become irreversible when the applied temperature exceeds
characteristic limits of the PWAS transducer material.
Changes in resonance or anti-resonance amplitude or fre-
quency may result from change in above mentioned PWAS
transducer material properties. This irreversible behavior may
be explained as thermal hysteresis; possible reasons for this
irreversibility may be due to the irreversible domain switch-
ing, depinning of domains, or domain wall motion in the
PWAS transducer material. Piezoelectric materials PZT con-
sist of domains of aligned electric dipoles, separated by
domain walls. A domain must possess at least two stable
states, and must have the ability to be reversibly switched
from one state to another by the application of an electric
field. When an electric field is applied the various domains
can reorient, leading to a switching in net polarization of the
bulk material. High temperature exposure of the piezoelectric
materials may lead to change the domain state and causes
irreversible domain switching upon applying an electric field.
Moreover, some domains may not move to polarization
direction and the domain wall sits in a local energy minimum
at room temperature. This phenomenon is known as pinning
of domain wall. An external energy is required for depinning
the domain wall from its pinned position; due to heating
of the piezoelectric materials may provide such energy and
helps the domain to orient to its favorable direction.

This research may help develop a temperature compen-
sation technique for impedance and admittance where used in
SHM applications. In order to use PWAS transducer as a
SHM transducer, temperature dependence PWAS material
properties should be investigated and PWAS transducer
should be defect free. Proper transducer characterization
allows a SHM system to infer the integrity of the transducers

and separate transducer flawed signal from structural defects
in extreme environment.

1.1. State of the art review of smart sensing system

PWAS have emerged as one of the major SHM technologies;
the same sensor installation can be used with a variety of
damage detection methods: propagating ultrasonic guided
waves, standing waves (E/M impedance) and phased arrays
[1, 2]. PWAS transducers are very small, lightweight and
inexpensive transducers. PWAS transducers can be bonded
on a host structure or between layers of a structure easily.
PWAS transducers require low power, which enables it to be
feasible for onsite inspection in SHM and NDE applications.
PWAS transducers are made of piezoelectric material with
electrodes deposited on the upper and lower surfaces as
grounding and supplying electrodes to polarize the electric
field through the thickness. The traditional PWAS transducers
use piezoelectric material lead zirconate titanate (PZT).
PWAS transducer material has been attracted by researchers
due to its enhanced sensing, actuation or both capabilities.
PZT with large coupling coefficient, high permittivity and
quick time to respond make it to be an excellent candidate as
piezoelectric transducer in SHM and NDE applications [6].
Property enhancement was made at the expense of temper-
ature, electric field, and stress stability. Property enhancement
is achieved by chemical composition to allow domain wall
motion to extensively contribute to the piezoelectric effect.
This compound class shows much better piezo-electrical and
piezo-mechanical efficiency than naturally occurring piezo-
electric materials [7]. Commercially available APC 850
PWAS transducer was used in this research [8]. The wafers
disk is 7 mm in diameter and 0.2 mm in thickness. The wafer
has a PZT thin film with silver (Ag) electrode on upper and
lower surfaces. The Curie point of APC 850 PWAS trans-
ducer is 350 °C [8]. The Curie transition temperature was kept
well above the maximum operating temperature (250 °C) in
this study.

For SHM applications at elevated temperatures using E/M
impedance/admittance method by PWAS transducer, only a
few tentative trials have so far been reported but material
characterization has not been done yet [9, 10]. Bastani
et al [11] investigated the effect of temperature variation on
piezoelectric transducers used in SHM applications. In that
paper the structure was selected approximately for an opera-
tional range of 29 °C–59 °C. The experimental results showed
that the peak magnitude of real part of impedance decrease
monotonically with increasing temperature for both pristine
structure and damage structure. The variations in both the
amplitude and the frequency were analyzed experimentally by
Baptista et al [12] for temperatures ranging from 25 °C to
102 °C. Experimental results showed that the variation in the
amplitude is due to the dielectric properties of piezoelectric
transducers. The frequency shifts of the resonance peaks
were observed with increasing temperature. Baba et al [13]
developed a high temperature transducer using lithium niobate
(LiNbO3) and that worked up to 1000 °C without failure.
Patel et al [14] used AlN thin film for high frequency
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and high temperature ultrasonic transducer. No damage was
observed for AlN after exposure to 1220 °K. Stubbs et al [15]
developed and tested a sensor that is capable of emitting and
receiving ultrasonic energy at temperatures exceeding 900 °C
and pressures above 150MPa. Radiation, temperature and
vacuum effects on PWAS transducers were studied by
Giurgiutiu et al [16]. The change in resonance and anti-
resonance frequencies and amplitudes were obtained experi-
mentally in that paper.

The PZT material used in PWAS transducer is a ferro-
electric material and, for most ferroelectric materials the
existence of domain structure or domain wall make a sig-
nificant influence on the material properties. In PZT solid
solution system the material properties may be changed due to
change in the domain size and domain wall motion [17]. The
material properties of PWAS transducer depend on both
intrinsic and extrinsic properties. The material properties from
a single domain are denoted as the intrinsic properties of the
material, while the contributions from extrinsic parts of the
material mainly from domain wall motion. It is expected that
both intrinsic and extrinsic contributions are influenced by
domain size and domain wall motion. So the dielectric con-
stant, piezoelectric constant and elastic compliance depend on
both extrinsic and intrinsic contribution of PWAS transducer
material.

The thermal anisotropy may contribute to the internal
stress development during cooling of PWAS transducer
material and that is released by changing the domain size as a
result of multi domain formation, resulting in easy domain
switching without changing in microstructure [18–21].
Another possible reason is depinning of domains, this process
helps previously restricted domain to reorient in favorable
direction during heating. Upon cooling of PWAS, piezo-
electric, elastic and dielectric constant show irreversible
response due to irreversible domain dynamics [21]. Therefore
after subjected to high temperature, the PWAS transducer
material properties become non-reversible and eventually
affect the E/M impedance/admittance signature.

1.2. Scope of this paper

In a previous publication [16], we studied the effect of
temperature and radiation exposure on PWAS transducers and
found that variation of the resonance and anti-resonance fre-
quencies and amplitudes may appear due to high temperature
exposure. However, characterization PWAS transducer mat-
erial properties before and after temperature exposure were
not investigated at that time [16]. Characterization of such
material properties may be relevant to explaining the changes
observed in the resonance and anti-resonance amplitudes and
frequencies. The major unanswered question that remained to
be answered was as to whether there is any microstructural or
crystal structure change that may produce these frequencies
and amplitudes change. Furthermore, if these material chan-
ges are actually microscale damage in the material structure,
then this might prevent further use of PWAS transducers in
SHM applications. These transducers are susceptible to
damage themselves due to high temperature exposure.

Transducer characterization is important in such cases for
identifying faulty transducers. Moreover, any change in the
material properties of PWAS transducer itself due to high
temperature that is responsible for irreversible and nonlinear
response might create further problem for SHM applications
in thermal cyclic loading. After subjected to elevated temp-
erature the properties of PWAS transducer material may not
return to the original state due to thermal hysteresis. Further
heating may create additional change in material properties.
Indeed, PWAS transducer material is known to show irre-
versible behavior due to irreversible domain switching,
depinning of domain or domain wall motion upon cooling
from heating. Therefore, change in PWAS transducer material
properties need to be evaluated for different heating cyclic for
proper damage detection in SHM applications.

The aim of this paper is to measure irreversible response
and to examine the PWAS transducer microstructure, crystal
structure after exposure to elevated temperature. In this
temperature dependence study, PWAS transducer samples
were exposed to 50 °C–250 °C with 50 °C interval at
1–2 °Cmin−1 heating rate. E/M impedance/admittance sig-
natures were measured before and after exposure to high
temperature. Different material properties such as, mechanical
quality factor, dielectric constant, dielectric loss, and in-plane
piezoelectric constant were also evaluated at room temper-
ature before and after heating to high temperature for each
heating cycle. The piezoelectric material degradation was also
investigated by microstructural and crystallographic study. A
numerical model of 2D circular PWAS transducer was used to
investigate numerically the effect of change in material
properties on E/M impedance and admittance spectra.

2. Theory

The PWAS transducer can be modeled as a simple E/M
system as shown in figure 1. The mechanical aspects of the
transducers can be described by its mechanical impedance.
Driving parameters for the mechanical impedance is mass,
stiffness and damping. The electro-mechanics of PWAS
transducer is typically represented by its transduction rela-
tions, while such transduction relations for a PWAS trans-
ducer material are usually referred to as the constitutive
relations. The dynamics of the PWAS transducer can gen-
erally be represented by its structural impedance. The E/M
system can be represented by electrical admittance or impe-
dance which is affected by the PWAS transducer dynamics
and mechanical impedance.

The coupled relation between the mechanical impedance
and complex electrical impedance/admittance of PWAS
transducer can be shown as follow [22]:
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a = radius of the PWAS transducer, ta = thickness of the
PWAS transducer and r = density of the PWAS transducer,
d31 = in-plane piezoelectric coefficient, s11 = complex com-
pliance coefficient, u = Poisson ratio, J z0 ( ) and J z1( ) are the
Bessel functions of order 0 and 1, w is the angular frequency.

Complex compliance and dielectric constant can be
expressed as

s s 1 i , 3E E
11 11 h= -( ) ( )

1 i , 4E E
11 11e e d= -( ) ( )

where h and d are dielectric and mechanical loss factor
respectively.

3. Experiments of PWAS transducer

E/M impedance/admittance and different material properties
of a set of six nominally identical free PWAS transducers
were measured at room temperature after exposure to various
high temperature values. The following experimental proce-
dure was followed.

1. E/M impedance/admittance and different material prop-
erties of free PWAS transducers were measured at
baseline room temperature.

2. PWAS transducers were heated to various temperature
levels (50 °C–250 °C with 50 °C steps) at 1–2 °Cmin−1

heating rate in an oven; then PWAS transducers were
kept at that temperature for couple of hours. After
exposure to that temperature, PWAS transducers were
extracted from the oven and allowed to cool in air at
room temperature.

3. E/M impedance/admittance and other material proper-
ties of PWAS transducers were measured again at room
temperature to investigate material response of PWAS
transducers.

4. Microstructural and crystallographic investigation of
PWAS transducer was performed after exposure to
250 °C temperature.

3.1. E/M Impedance/admittance of free PWAS transducer

Experimental set up for E/M impedance/admittance mea-
surement is shown in figure 2. A commercial HP 4194A
impedance analyzer was used for E/M impedance/admit-
tance measurement. PWAS transducers were loaded in a test
stand and connected to impedance analyzer by wires. PWAS
transducers were measured in a stress-free state by using pogo
pins that only apply small spring forces to the PWAS surface
(figure 2). An oven with PID temperature controller was used
to elevate the PWAS to high temperature. A data acquisition
system was used to collect the E/M impedance/admittance.
The E/M impedance/admittance values were collected from
250 to 350 kHz with a step size of 50 Hz. The real part of the
impedance/admittance is used for E/M impedance/admit-
tance method as it has been used for damage detection in
SHM applications [23, 24]. The frequency range is deter-
mined by trial and error method and only first PWAS anti-
resonance ( 330» kHz) and resonance ( 290» kHz) was con-
sidered in this article. In earlier publication by Lin et al [25]
showed that, 1st resonance and anti-resonance spectrum
shows more stable response than higher resonance or anti-
resonance spectrum. In order to detect damage properly it
would be recommended to follow change in frequencies of
1st resonance and anti-resonance.

Peaks in the PWAS transducer E/M impedance/admit-
tance were seen based on E/M coupling with mechanical
impedance/admittance of the PWAS transducer. Equations (1)
and (2) show the coupled relation between the PWAS trans-
ducer mechanical impedance and complex electrical impe-
dance/admittance. E/M impedance/admittance spectra depend
on PWAS transducer material properties such as stiffness
coefficient, piezoelectric constant, dielectric constant, density
and different losses in PWAS transducer material. Any kind of
change in PWAS transducer material state can be noticed as
peak shifts in E/M impedance/admittance. The spectral peaks
observed in the real part of the E/M impedance spectrum
follows the PWAS transducer anti-resonances and E/M
admittance spectrum follows the resonance. Figure 3(a) shows
the E/M impedance spectra of a free PWAS transducer after
exposure to different temperature and figure 3(b) shows the
admittance spectra. In these figures, RT denotes room

Figure 1. Schematic of a circular PWAS transducer under electric
excitation [16].
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temperature data, RT_50 denotes as data was taken at room
temperature after exposure to 50 °C, and so on. It can be seen
that, for impedance spectra, both the impedance amplitude and
the frequency of the peak impedance decreases with increasing
temperature. In case of admittance spectra, admittance ampl-
itude and the frequency of the peak increase with increasing
temperature. So, frequency and amplitude of the spectral peaks
vary with temperature, which may indicate a change in the
PWAS transducer material properties.

The E/M impedance/admittance spectral peak can be
characterized by the quality factor Q. The quality factor Q can
be defined as the ratio of the energy stored in an oscillating
resonator to the energy dissipated due to loss factors, i.e.,

Q 2
Energy stored

Energy dissipated per cycle
. 5p= ( )

The quality factor Q can also be expressed as

Q
f

f f
, 6c

1 2

=
-

( )

where fc is the center frequency and f f1 2- is the 3 dB
bandwidth.

Figure 4 shows the Q values based on impedance and
admittance at different temperature. Error bars were obtained
from the data of six identical PWAS transducers. The Q
values decrease with increasing temperature for both impe-
dance and admittance. The resonance quality factor QR values
are lower than the anti-resonance QA and it is desired due to
more mechanical friction during resonance. Decreased values
of the quality factor relates to the increased dissipative losses
in PWAS transducer material. Losses in PWAS transducer
material are phenomenologically considered to have three

Figure 2. Experimental setup for E/M impedance/admittance measurement.

Figure 3. (a) E/M impedance and (b) E/M admittance of a PWAS transducer after exposure to different temperature.
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coupled mechanisms: dielectric, elastic, and piezoelectric. It
should be noted that, R squared values of the regression lines
are found to be 0.978 and 0.9777 for impedance and admit-
tance respectively. High R squared value implies that, the
regression lines fit the data very well.

3.2. Characterization of PWAS transducer

For characterizing PWAS transducer, the dielectric constant,
dielectric loss factor, and piezoelectric constant were mea-
sured. Later, PWAS transducer microstructural, crystal-
lographic investigation was done to facilitate understanding
of PWAS transducer material behavior in extreme environ-
ment for SHM applications.

3.2.1. Dielectric constant and dielectric loss. Low field
measurement of dielectric constant and dielectric loss of
PWAS transducers were measured by E4980A Precision LCR
Meter test system at 1 kHz (appendix). Only a small potential
was applied (20 mV) to measure the dielectric properties.
Dielectric constant relates to a material’s ability to resist an
electric field. Dielectric constant is directly related to electric
susceptibility, which is a measure of how easily PWAS
material domains polarize in response to an electric field. So
the dielectric constant is influenced by the polarization of
domains and domain wall motion of PWAS material.

There are several polarization mechanisms contributing
to the dielectric response [17]: (i) electric polarization: the
relative displacement of the negatively charged electron shell
with respect to the positively charged core; (ii) ionic
polarization: as observed in ionic crystals and describes the
displacement of the positive and negative sublattices under an
applied electric field; (iii) orientation polarization: the
alignment of permanent dipoles via rotational movement;
(iv) space charge polarization: polarization due to spatial
inhomogeneities of charge carrier densities; (v) domain wall
motion: movement of high energy domain wall due to
reorientation of dipole. Domain wall motion plays a decisive
role in ferroelectric materials and contributes significantly to
the overall dielectric response [20, 21, 26–28]. The change in
dielectric properties may arise from extrinsic response
originating from depinning of domains or domain wall

motion. Any change in domain size ultimately affect domain
configuration and domain wall mobility which contribute to
an irreversible change in dielectric properties.

Figure 5 shows the change in dielectric constant after
exposure to different elevated temperatures. All the data were
taken at room temperature and all the temperature values here
are referred to the temperature at which PWAS transducers
were heated. Permittivity jumped from 50 °C to 100 °C and
then increased continuously from 100 °C to 250 °C. Such
scenario implies a definite change in domain size and domain
wall mobility of PWAS transducer material. R squared value
of the regression lines is found to be 0.978. Therefore the
variance of its errors is 97.8% less than the variance of the
dependent variable.

Figure 6 shows that the dielectric loss factor increases
after exposure to different elevated temperatures. Dielectric
loss quantifies a dielectric material’s inherent dissipation of
electromagnetic energy (e.g. heat). It can be parameterized in
terms of the corresponding loss tangent tan δ. Movement of
domain walls also contribute to the dielectric loss of
ferroelectric materials. Dielectric loss increases with temper-
ature but remains within 0.2% of initial room temperature
value. R squared value of 0.8151 implies a relative larger
variation in the measured data. It is expected due to very low

Figure 4. Mechanical quality factor (Q) of PWAS transducer after
exposure to elevated temperatures.

Figure 5. Dielectric constant of PWAS transducer after exposure to
elevated temperatures.

Figure 6. Dielectric loss factor of PWAS after exposure to elevated
temperatures.
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values of dielectric loss tangent. Therefore, energy loss of the
system may not be linear with the temperature.

3.2.2. In plane piezoelectric coefficient. In-plane piezoelectric
coefficient d31 were measured using an optical-fiber strain
transducer system. In plane piezoelectric coefficient is the ratio
of mechanical in-plane strain to applied electric field (units:
mV−1). At zero stress, in-plane piezoelectric coefficient d31

couples between applied transverse electric field E3 and in
plane strain ,1e i.e.,

d E . 71 31 3e = ( )

Fiber Bragg grating (FBG) optical strain sensors were used to
measure the in-plane strain. When mechanical strain e is
present, the change in wavelength of FBG sensor is related by
[29, 30]

1 , 8B Bl l r eD = - a( ) ( )

where ra is the effective strain-optic coefficient. After the
wavelength shift ,BlD equation (8) is used to deduce the strain
e and hence equation (7) is used to calculate d .31 The
experimental setup is shown in figure 7. In this research two-
component high temperature M-bond 600 strain gage adhesive
was used to attach the FBG sensor on PWAS surface. The
highest operating temperature of M-bond is 260 °C [31] which
is higher than the maximum temperature (250 °C) used in this
research.

Figure 8 shows the change in piezoelectric coefficient d31

at room temperature after exposure to higher temperatures. The
variance of its errors is 83.6% R 0.8362 =( ) less than the
variance of the dependent variable. In order to investigate
the irreversible behavior of piezoelectric coefficient, data were
taken at room temperature after exposure to different elevated
temperature (50 °C–250 °C). Dipole moment of PWAS trans-
ducer material may be changed due to change in the domain
configuration after cooling it down to room temperature from

high temperature. This change affects the piezoelectric
coefficient. It was found that the piezoelectric coefficient
increases after exposure to elevated temperature. The piezo-
electric effect is a linear coupling between the polarization and
the applied stress field. High temperature exposure of the
piezoelectric materials may help to switch the domain in
favorable position upon applying an electric field, hence leading
to an improved net polarization. Moreover, due to heating of the
piezoelectric materials may help to depinning the domains from
its pinned position. Therefore, an improved piezoelectric
coefficient can be observed.

It should be noted that during d31 measurement FBG
strain sensors were bonded permanently to the PWAS
transducer. So, after different temperature exposure, different
PWAS transducers and different FBG strain sensors were
used. Due to complex experimental procedure, only single
data point was taken at each temperature. Moreover, it is very
difficult to get exact values of in-plane strain experimentally
for small PWAS transducer (in the order of micro-strain). The

Figure 7. Experimental setup for measuring piezoelectric coefficient d31 of PWAS transducer.

Figure 8. In-plane piezoelectric coefficient d31 of PWAS transducer
after exposure to elevated temperatures.
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manufacturer value of d31 for a typical PWAS transducer
material is 175 10 m V12 1- ´ - - at room temperature [8];
however, our measured experimental value was found to be

125 10 m V12 1- ´ - - at room temperature.

3.2.3. Microstructural and crystallographic investigation. To
further facilitate understanding of PWAS transducer material
state, microstructural and crystallographic investigation were
done. A scanning electron microscopy (SEM) system was
used to visualize the PWAS transducer (Ag/PZT/Ag) cross
section (figure 9). PWAS transducers have a dense structure
with PZT grains composed of 2–3 μm. No variation was
found in the microstructure or PZT grains in the PWAS
transducer due to elevated temperature exposure (figures 9(a)
and (b)).

Figure 10 shows the x-ray powder diffraction (XRD)
spectrum for PWAS transducer material at room temperature

Figure 9. SEM micrograph of cross section of Ag/PZT/Ag PWAS transducer (a) at room temperature (b) at room temperature after exposure
to 250 °C for 2 h.

Figure 10. XRD of PWAS transducer (a) at room temperature (b) at
room temperature after exposing to 250 °C for 2 h.

Table 1. Material properties of APC 850 material as supplied by
manufacturer [8].

Property Symbol Value

Compliance, in plane s E
11 17.2 10 Pa12 1´ - -

Dielectric constant T
33e 1900

In plane piezoelectric coefficient d31 175 10 m V12 1- ´ - -

Coupling factor k31 0.36
Poisson ratio n 0.35
Density r 7600 kg m 3-

Curie temperature TC 360 C
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(figure 10(a)) and at room temperature after exposure to
250 °C (figure 10(b)). XRD is a rapid analytical technique
primarily used for phase identification of a crystalline material
and can provide information on unit cell dimensions. XRD
measures the x-ray diffraction peak with diffraction angle
(2θ). Position of the peaks with diffraction angle (2θ) is the
important characteristic of the XRD pattern, which act as a
unique characteristic of the crystallographic unit cell. By
comparing measured peak positions, change in unit cell
dimension and symmetry can be obtained. Figure 10 shows
no noticeable change in x-ray diffraction peak position. That
means, there is no significant change in crystal structure, unit
cell dimension, and symmetry after exposure to elevated
temperature. Microstructural and crystallographic studies

confirm that PWAS transducer can be used as a SHM
transducer without any damage after heating to high
temperature.

4. E/M impedance/admittance modeling of free
PWAS transducer

This subsection presents numerical results of E/M impedance/
admittance of circular PWAS transducer influenced by
increasing temperature. Driving parameters for E/M impe-
dance and admittance are density, Poisson’s ratio, elastic
compliance, mechanical loss factor, dielectric constant, di-
electric loss and in plane piezoelectric constant. It is very

Figure 11. Impedance and admittance: (a) experimental E/M impedance (b) experimental E/M admittance (c) analytical E/M impedance (d)
analytical E/M admittance of PWAS transducer after exposure to different temperature.

9

Smart Mater. Struct. 26 (2017) 095019 M F Haider et al



difficult to measure all the PWAS transducer material proper-
ties (e.g. elastic coefficient) experimentally. A proper numer-
ical model is essential to understand effect of PWAS transducer
material properties on E/M impedance/admittance with
temperature. For E/M impedance/admittance modeling based
on equations (1) and (2), the material properties were taken
from the manufacturer data sheet (table 1) and experimental
results (table 2). Figures 11(a) and (b) show the experimental
impedance and admittance spectra. Figures 11(c) and (d) show
the numerical results for E/M impedance and admittance. The
corresponding modified material properties for E/M impe-
dance and admittance modeling to match experimental results
are listed in tables 3 and 4.

For numerical model density, Poisson’s ratio, dielectric
constant, dielectric loss, in plane piezoelectric constant and
elastic compliance were initially taken from manufacturer
data sheet (table 1) and experimental results (table 2); later the
values were adjusted with temperature to fit the model with
experimental E/M impedance/admittance values. One
important observation is that during numerical model the
mechanical loss factor for admittance model is higher than for
the impedance model. During the resonance the transducer

goes through mechanical friction and contributed to more
dissipation loss. During anti-resonance the transducer moves
hardly resulting in very little mechanical friction and thus it
showed very low mechanical loss. Mechanical loss factors are
related with the quality factor (figure 4). Mechanical loss
factor is the inverse of quality factor during resonance
[32, 33].

Q

1
. 9R

R
h = ( )

Here, Rh = mechanical loss factor during resonance and
QR = quality factor during resonance. Mechanical loss factor
is not directly the inverse of quality factor during anti-reso-
nance. Mechanical loss factor during anti-resonance can be
expressed as [32]

Q Q k
k2

1

2

1 1
1

1
.

10

A

A R 31
31

2
2h j d= - + - + - W

⎛
⎝⎜

⎞
⎠⎟

⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦
⎥⎥( )

( )

Here, Ah = mechanical loss factor during anti-resonance; d
= dielectric loss factor; j = piezoelectric loss factor;

Table 2. Material properties deduced from experimental measurements.

Temperature (°C) Q

1

A( )% Q

1

R( )% Dielectric constant Dielectric loss d( )% Piezoelectric coefficient d31( ) (× 10−12)mV−1

RT 0.79 0.96 1980 1.7 −125
50 0.82 0.98 2000 1.8 −130
100 0.85 1.02 2200 1.82 −140
150 0.88 1.1 2300 1.84 −145
200 0.90 1.15 2400 1.86 −150
250 0.92 1.2 2500 1.88 −160

Table 3. Modified material properties for E/M impedance modeling to match experimental results.

Temperature
(°C)

Density
(kg m−3)

Poisson’s
ratio n s11 (× 10−12 m2 N−1)

Mechanical
loss

factor ARh( )%
Dielectric
constant

Dielectric
loss ARd( )%

Piezoelectric
coefficient d31( )
(× 10−12)mV−1

RT 7600 0.350 17.2 0.01 1900 1.6 −185
50 7580 0.351 17.22 0.01 1920 1.62 −186
100 7550 0.352 17.25 0.015 1950 1.75 −188
150 7520 0.354 17.28 0.015 2050 1.78 −189
200 7500 0.356 17.30 0.03 2200 1.85 −190
250 7450 0.358 17.35 0.05 2300 1.89 −192

Table 4. Modified material properties for E/M admittance modeling to match experimental results.

Temperature
(°C)

Density
(kg m−3)

Poisson’s
ratio n s11 (× 10−12 m2 N−1)

Mechanical
loss

factor Rh( )%
Dielectric
constant

Dielectric
loss Rd( )%

Piezoelectric
coefficient d31( )
(× 10−12)mV−1

RT 7600 0.350 17.2 1.2 1950 1.7 −160
50 7580 0.351 17.22 1.25 2000 1.8 −165
100 7550 0.352 17.25 1.28 2200 1.82 −170
150 7520 0.354 17.28 1.30 2300 1.84 −175
200 7500 0.356 17.30 1.32 2400 1.86 −180
250 7450 0.358 17.35 1.33 2500 1.88 −185
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QA = quality factor during anti-resonance; k31 = piezoelectric
coupling coefficient; d v2 ;wW = w = anti-resonance fre-
quency, n = wave speed; d = diameter of the PWAS
transducer.

Therefore, mechanical loss factor of anti-resonance
depends on piezoelectric coupling coefficient, dielectric loss,
and piezoelectric loss; where mechanical loss factor during
resonance depends on Q1 R only.

The major observations from numerical results are:

1. The degraded mechanical, electrical, and piezoelectric
properties of PWAS transducer were used to simulate
the temperature effects on E/M admittance and
impedance peaks.

2. Density, Poisson’s ratio and compliance coefficient is
similar for both impedance and admittance model.
Density, Poisson’s ratio decreases with increasing
temperature and compliance coefficient increases with
temperature.

3. Mechanical loss factor for admittance model is higher
than for the impedance model. Mechanical loss factor is
directly proportional to the inverse of quality factor
during resonance. But, Mechanical loss factor is not
directly proportional to the inverse of quality factor
rather, it depends on other losses.

4. There are very slight variation in dielectric constant and
dielectric loss between experimental results and analy-
tical results. Dielectric constant and dielectric loss could
be different during anti-resonance and resonance
condition due to domain wall motion.

5. Modified in-plane piezoelectric coefficient for analytical
model differs significantly from experimental results. A

better experimental procedure is required for determin-
ing in plane piezo-electric coefficient experimentally.

5. Temperature correction of E/M impedance and
admittance of PWAS for SHM application

Reliable high temperature operation of PWAS transducers are
desired for SHM applications. To evaluate the temperature
effect from the E/M impedance or admittance spectra, a
tentative statistical analysis was done. For statistical purpose,
a set of six nominally identical PWAS transducers were
exposed to different temperatures. Mean value, standard
deviation, and % change of mean value of resonance fre-
quency, anti-resonance frequency and amplitude are listed in
tables 5 and 6. It can be inferred from these table that the
maximum percentage changes in anti-resonance and reso-
nance frequencies with temperature are 0.41% and 1.01%
respectively. The changes in anti-resonance and resonance
amplitudes are 18.1% and 11.6%, respectively. For SHM
application by using E/M impedance and admittance method,
it is important to notice that a free PWAS transducer does not
show significance change in anti-resonance or resonance
frequency.

Plots of these irreversible changes in anti-resonance and
resonance frequency as a function of temperature are shown
in figure 12. Both the anti-resonance frequencies and the
resonance frequencies have a linear relationship with temp-
erature. Values of anti-resonance frequency decrease gradu-
ally as temperature increases whereas values of resonance
frequency increase as temperature increases. That means that
in both cases irreversibility seems to depend linearly on

Table 5. Temperature effect on anti-resonance and resonance frequency of PWAS transducer.

Anti-resonance frequency (kHz) Resonance frequency (kHz)

Temperature (°C) Average STD % change of average Average STD % change of average

25 331.3 1.8 276.1 1.2
50 330.2 2.2 0.33 276.9 1.3 −0.20
100 329.4 2.1 0.24 278.1 1.7 −0.41
150 328.1 2.5 0.40 279.9 1.7 −0.69
200 326.8 3.1 0.37 281.1 1.8 −0.40
250 325.6 3.4 0.41 283.9 1.4 −1.01

Table 6. Temperature effect on anti-resonance and resonance amplitude of PWAS transducer.

ReZ (Ohm) ReY (S)

Temperature (°C) Average STD % change of average Average STD % change of average

25 9814.6 1124.5 0.101 083 0.014 12
50 9456.8 1137.6 3.6% 0.101 369 0.013 64 −1.7
100 8827.6 1284.1 6.7% 0.102 567 0.013 02 −4.2
150 7226.8 1079.4 18.1% 0.111 989 0.014 40 −11.6
200 6538.6 983.2 9.5% 0.128 693 0.012 16 −7.3
250 5804.2 1130.7 11.2% 0.139 074 0.014 68 −8.1
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temperature. Hence, we suggest using the following temper-
ature correction formula

f T f
f

T
T. 11o= +

¶
¶

( ) ( )

In our particular situation, the experimental values of
equation (11) are:

f kHz 331.750 0.0246 T Impedance , 12AR = -( ) ( ) ( )
f kHz 275.118 0.0327 T Admittance . 13R = +( ) ( ) ( )

By using equations (12) and (13), temperature corrections can
be made to compensate for the irreversible temperature
effects. The irreversible temperature sensitivity of anti-reso-
nance and resonance frequency are −0.0246 kHz °C−1 and
0.0327 kHz °C−1 respectively. The regression lines fit the
data very well due to high R squared values of 0.994 and
0.9754 for impedance and admittance respectively.

6. Summary, conclusion and future work

6.1. Summary

E/M impedance/admittance response of free PWAS trans-
ducer after exposure to various high temperature environ-
ments (50 °C–250 °C) was investigated. The PWAS
transducers were made of APC-850 PZT material. Both fre-
quency shift and amplitude change in E/M impedance/
admittance were observed due to change in PWAS transducer
material state. Slight variation of 0.41% and 1.01% in reso-
nance and anti-resonance frequency were observed respec-
tively. The observed changes in anti- resonance and
resonance amplitudes were larger, 18.1% and 11.6%,
respectively.

Peaks in the impedance/admittance signature depend on
material properties such as stiffness coefficient, piezoelectric
constant, dielectric constant and density. The change in di-
electric properties, piezoelectric constant and elastic coeffi-
cients may be due to extrinsic response originating from
domain wall motion without changes in microstructure or
crystal structure. SEM was used to examine the micro-
structure of the PWAS transducer material and no change in
microstructure was observed. Due to irreversible domain

dynamics, piezoelectric, elastic, and dielectric constants show
irreversible response upon cooling from heating. XRD spec-
trum was examined to see the change in crystal structure, unit
cell dimension, and symmetry. No significant change in
crystal structure, unit cell dimension, and symmetry was
observed.

Numerical simulation was also performed; numerical
results show that the impedance and admittance strongly
depends on elastic coefficient, dielectric constant, dielectric
loss tangent, mechanical loss and in-plane piezoelectric con-
stant that can change significantly after high temperature
exposure. The change in material properties of PWAS
transducer are responsible for changing in amplitude and
frequency of the peak amplitude of impedance or admittance.
A tentative statistical analysis was conducted to find sensi-
tivity of resonance and anti-resonance frequencies and
amplitudes with temperature. Resonance frequency and anti-
resonance frequency shows less sensitive to temperature than
the corresponding amplitudes.

6.2. Conclusion

A compensation technique is proposed in this paper base on
the fact that, irreversible changes in anti-resonance and
resonance frequencies have a linear relationship with temp-
erature. This relation could provide temperature compensa-
tion in high temperature environment and could be useful for
proper damage detection. Obviously, temperature measure-
ments will need to be included with the acquisition of each
impedance/admittance signature. However, these PWAS
transducers are susceptible to damage themselves after heat-
ing to elevated temperature. Therefore, for proper structural
health monitoring system it is important to characterize the
transducer systematically before installing on the host struc-
ture. PWAS transducer characterization allows a SHM system
to infer the integrity of the transducers and separate flawed
signal from structural defects.

This research could provide a number of future benefits:
(a) temperature compensation for proper damage detection (b)
developing alternative method in SHM applications for
temperature more than the curie temperature of PWAS
transducer (c) a proper SHM technique in high temperature
environment with limited number of transducers (d) devel-
oping a method for transducer characterization to separate
defective transducers for impedance and admittance based
SHM technique.

6.3. Future work

Further research would be recommended in order to conduct a
statistical distribution for in-plane piezoelectric coefficient
and better experimental procedure can be used to measure the
in-plane strain (e.g. digital image correlation). A future study
would also be recommended to examine the domain config-
uration of PZT by transmission electron microscopy (TEM).
A special arrangement would be necessary to heat up the

Figure 12. Temperature effect on PWAS transducer anti-resonance
and resonance frequency (experimental results).
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sample and then cool down to room temperature for in situ
inspection of piezoelectric domain under TEM.
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Appendix. Measurement of dielectric constant and
dielectric loss

In order to measure dielectric constant and dielectric loss by
precision LCR meter, a voltage Uo with a fixed frequency

2w p is applied to the sample. Voltage Uo causes a current Io

at the same frequency in the sample. In addition, there will
generally be a phase shift between current and voltage
described by the phase angle .j The ratio between Uo and Io

and the phase angle j are determined by the sample material
electrical properties and by the sample geometry. So the
appropriate relations in complex notation can be expressed as

U t U t Re U tcos exp i , A10 *w w= =( ) ( ) ( ( )) ( )

I t I t Re I tcos exp i . A20 *w j w= + =( ) ( ) ( ( )) ( )

With

U U . A30* = ( )

And

I I Ii , A4* = ¢ +  ( )

I I I , A50
2 2= ¢ +  ( )

I

I
tan . A6j =


¢

( ) ( )

The measured impedance of the sample is

Z Z Z
U

I
i . A7*

*
*

= ¢ +  = ( )

Here, Z ¢ is the real part of impedance and Z is the imaginary
part of the impedance.

The complex permittivity therefore can be calculated as:

Z C
i

i
. A8

0*
e e e

w w
= ¢ -  =

-
( )

( )

Capacitor of the empty sample,

C
A

d
. A90

0e= ( )

Here, 0e = 8.85 × 10−12 F m−1; A is the area of the sample
and d is the thickness of the sample.

The dielectric loss factor is to be calculated as

tan . A10d
e
e

=

¢

( )
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