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Development of BS-PT based high temperature ultrasonic transducer
Abstract

High temperature (HT) environment in liquid metal cooled reactors poses major challenges towards
development of ultrasonic transducer which is a key enabling technology for safety of reactors. In the current
work, BS-PT (BiScO3- PbTiO3) piezoelectric material based ultrasonic transducer is proposed for the
structural health monitoring at HT. Physics based model using finite element method simulates effect of
temperature increase on the transduction ability of the BSPT piezoelectric material. Pulse-echo contact
measurements are performed up to 260C which is the hot stand by temperature for liquid metal cooled
reactors, to study the performance of the acoustic coupling agent and the BS-PT piezoelectric material
bonded to a low-carbon steel sample. Experimental contact measurements indicate 6dB reduction in
amplitude of the first backwall echo from 20C to 260C. Also, 0.1 MHz reduction in the fundamental and third
harmonic resonance is observed in the spectral analysis of the first backwall echo.
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Development of BS-PT based High Temperature Ultrasonic
transducer
Prathamesh Bilgunde*a, Leonard J. Bonda
a
Department of Aerospace Engineering, Iowa State University, Ames, IA-50011
ABSTRACT
High temperature (HT) environment in liquid metal cooled reactors poses major challenges towards development of
ultrasonic transducer which is a key enabling technology for safety of reactors. In the current work, BS-PT (BiScO3PbTiO3) piezoelectric material based ultrasonic transducer is proposed for the structural health monitoring at HT. Physics
based model using finite element method simulates effect of temperature increase on the transduction ability of the BSPT
piezoelectric material. Pulse-echo contact measurements are performed up to 260C which is the hot stand by temperature
for liquid metal cooled reactors, to study the performance of the acoustic coupling agent and the BS-PT piezoelectric
material bonded to a low-carbon steel sample. Experimental contact measurements indicate 6dB reduction in amplitude of
the first backwall echo from 20C to 260C. Also, 0.1 MHz reduction in the fundamental and third harmonic resonance is
observed in the spectral analysis of the first backwall echo.
Keywords: high temperature, piezoelectric, BS-PT, finite element, liquid metal, reactor, ultrasonic, transducer

1. INTRODUCTION
The applications of ultrasonic transducers in high temperature and harsh environment is expanding rapidly in nuclear
power industry, gas turbines and the space exploration technology [1-9]. These electro-mechanical sensors play an
important role in the performance efficiency and life extension of critical infrastructure by providing a structural health
insight through an ultrasonic scan [1][8][9]. During the past 40 years, extensive experimental work on high temperature
(HT) ultrasonic transducer has been reported, but many transducers demonstrated limits to performance and life [9]. The
monitoring of the transducer performance has been limited to measurement of d 33 of the piezoelectric material as a function
of temperature [7].
However, characteristics of temperature dependence of the full-material property matrix of piezoelectric ceramics has
been reported in the past [10-19] which needs to be utilized to quantify the performance of HT piezoelectric transducers.
Eitel et al. [14] first reported the (1-x) BiScO3-xPbTiO3 at its morphotropic phase boundary (MPB) (x=0.64) as a promising
candidate for high temperature applications because of its relatively high piezoelectric response as compared to PZT-5A.
Moreover, it has a high Curie temperature due to the small Perovskite tolerance factor of BiScO3 in the solid-solution
system with PbTiO3 [15]. Gotmare et al. [16], [17] reported the thermal degradation and aging of BS-PT material with
MPB and tetragonal compositions. Recently, Li et al. [20] used BS-PT material for high temperature structural health
monitoring applications.
The need of computer of simulations to predict performance of a HT electro-mechanical device was reported by Tang
et al. [13]. In 2014, Roy et al. [21] developed temperature dependent, physics based model using experimental data until
80 C. The objective of this work [21] was to propose a temperature compensation strategy for guided waves.
Acoustic coupling for the high temperature ultrasonic measurement is one of the critical challenges [6] for ultrasonic
measurements at elevated temperature. It has been stated in previous study that 60% of high temperature transducers have
adhesion problems [6]. Thus, it becomes necessary to understand and to select adhesives and bonding techniques which
can provide bond-line integrity at high temperature.
Current work demonstrates temperature dependence of BSPT piezoelectric material and acoustic coupling, with physics
based model data and pulse-echo contact measurements up to 260 C. Axisymmetric solution for the temperature dependent
dynamic response of BSPT piezoelectric material disc is reported until 300 C. The physics based model is developed using
finite element method in COMSOL software. This paper is divided into 4 sections. Section 2 presents fundamental theory
regarding temperature dependence of piezoelectric material. Section 3 describes governing equations and boundary
conditions for the predictive modeling of temperature effect on dynamic response of BSPT piezoelectric material. Section
4 reports experimental set-up and results of pulse echo contact measurements with spectral analysis of the data.
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2. TEMPERATURE DEPENDENCE OF PIEZOELECTRIC MATERIAL
The strain charge form of linear theory of the piezoelectric effect can be given by [22]

Si  sij ET j  d mi Em

(1)

Dm  dmiTi   mkT Ek

(2)

Where Si is the total mechanical strain, D is the electric displacement, εmkT is the absolute permittivity at constant
mechanical stress T , sij E is the elastic compliance coefficient at a constant electric field E, and dmi is the piezoelectric
charge coefficient. The piezoelectric ceramic considered in this model is BSPT for which equation (1-2) can be represented
in matrix form by
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Due to the C∞/ C6v symmetry and polarization of BSPT, the complete material matrix reduces to the five elastic, three
piezoelectric and two dielectric coefficients as shown in equation (3). Thus, the temperature dependent data [18-19] for
these ten coefficients completely describe the linear theory for the piezoelectric effect under the assumptions that—a) the
piezoelectric material remains linearly elastic, and b) the applied electric field and mechanical stress are small which thus
implies that this theory is not applicable for large deformations of the piezoelectric material. Sherrit et al. [23] have shown
that

slk E  slk ' E (, Ei , Tj , T , t )  i slk '' E (, Ei , Tj , T , t )

(4)

dij  dij ' (, Ei , Tj , T , t )  i dij '' (, Ei , Tj , T , t )

(5)

 ij   ij ' (, Ei , Tj , T , t )  i  ij '' (, Ei , Tj , T , t )

(6)

Equation (4-6) shows slkE, dij, εij are functions of angular frequency ω, applied mechanical stress Tj, temperature T and time
t. The current work considers only the temperature dependency of the elastic, piezoelectric and dielectric coefficients for
the finite element model. If the frequency dependent, and electric field dependent data is available, it can be fitted with a
polynomial function of the dependent variables to give corresponding values for the material coefficients. From equations
(1) to (6), the temperature dependent piezoelectric response function can be given by:
a(t )  f [ S11E (T ), S12 E (T ), S13 E (T ), S33 E (T ), S55 E (T ), d15 (T ), d 31 (T ), d 33 (T ), 11 (T ),  33 (T )]

(7)

To model equation (7), a physics based model is formulated in COMSOL using Lagrangian formulation. Reduction in the
computational size is achieved by the assumption of the displacement field to be symmetric over an axis passing through
center of the piezoelectric disc. Further details on modeling of dynamic response of piezoelectric material are discussed in
the next section. Hence, current approach considers temperature dependency of ten material coefficients given by equation
(7) instead of only d33 which was reported previously [7] to quantify performance of HT piezoelectric transducer.
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3. PREDICTIVE MODELING METHODOLOGY
3.1 Frequency domain finite element (FDFE) approach
Using time domain finite element techniques, electrical impedance of a piezoelectric material can be computed from
transient data of output voltage and current. Using fast Fourier transform, dynamic response of electrical impedance can
then be plotted. However, wave-propagation study in time domain are computationally costly and require convergence
study to set time step and the maximum element size. FDFE approach is basically a pseudo-static problem that requires
no time stepping [24]. In current work FDFE approach is used to simulate temperature dynamic response of piezoelectric
material. The geometric configuration of the problem is given by Fig.1
Terminal boundary condition V(w)
i
1

Axial symmetry -*

1 mm

Z1

Z=0
t

Ground

6mm

r
Figure 1-Geometric configuration of the problem
3.2 Linear momentum balance for piezoelectric material in frequency domain
The direct and converse piezoelectric effect are modelled using equation (1) and (2) respectively from section 2. The
mechanical displacement field u(r,∅,z) is symmetric about axis Z. FDFE approach assumes time harmonic nature of
displacement u=u(r,∅,z) eiwt and stress σ=σ(r,∅,z)eiwt in the cylindrical space co-ordinate system. The eiwt describes the
harmonic nature of the variable. Thus, the equation of linear momentum balance in the frequency domain is given by
 2 u     Fv ei

(8)

Where ρ is the assigned material density, ω is the circular frequency for frequency sweep, Fv is the body force. Poling axis
of BSPT is aligned with z axis of the model. Z=0 and Z=1 surfaces, shown in Fig. 1 are kept traction free (σzx=σzz= σxx=0).
3.3 Electrostatics
For the piezoelectric material, as stated previously electric field is assumed irrotational. Thus electric field E is related
to the scalar electric potential V given as

E  V

(9)

n D0

(10)

Zero charge constraint is assigned in the domain Ωpiezo at boundaries x=0 and x=3. Charge density ρv in the domain Ωpiezo
 D  v
is given by
(11)
3.4 External electrical Circuit for the instrumentation impedance
In the experimental resonance measurements, piezo-electric is generally connected to impedance analyzer via lead wires
soldered on the metal electrodes. This introduces potential electrical impedance mismatch between the piezo and the
impedance analyzer. This is modelled by introducing a resistor of impedance equal to the impedance analyzer. In the
current study, the impedance value of resistor is set to an ideal 50 Ω between node 1 and 2. The electric circuit module in
COMSOL evaluates global variable voltage as a function of frequency sweep. In this model, AC voltage of amplitude 1V
is applied to the piezoelectric material via external current coupling of the terminal boundary condition assigned to PZT
shown in Fig.1.
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The current on the piezoelectric electrode surface  D  piezo is



D n  Q0 ,

 D  piezo

dQ0
 I cir
dt

(12)

Hence the voltage on the electrode surface  D  piezo is given by
V pz ( )  Vsource ( )  I cir R

(13)

Using the frequency dependent voltage and current, the electrical admittance can be plotted as a function of frequency.
3.5 Discretization
Quadrilateral element of size 0.01mm was used for mapped meshing of the complete domain Ωpiezo. Total number of
elements are 32000 with average growth rate and average element quality equal to 1.

hmax 

c
f0 N

(14)

Where hmax is the maximum element size, c is the shear wave speed in the piezoelectric material, f0 is the highest frequency
in the desired spectrum, N is the number of element per wavelength. Frequency step for the sweep is set to 1/500 of the
largest frequency in the sweep. This increases number of sample points in the impedance spectra improving the resolution
of the simulated data.
3.6 Model results
Ferroelectric ceramics exhibit both intrinsic and extrinsic contributions to the piezoelectric effect [25]. This effect given
by equation (1-2) is dependent on the elastic, dielectric, and piezoelectric coefficients. Hence, the magnitude of these
coefficients is dependent on the extrinsic and intrinsic properties of the ceramics [26]. In the FDFE approach electrical
admittance, capacitance and electric charge are evaluated to quantify the temperature dependence of intrinsic and extrinsic
contribution to the piezoelectric effect. The current physics based model applies the temperature dependent experimental
data of the BSPT material given by Chen et al. [18] in the morphotropic phase boundary condition(MPB). The MPB is an
almost-temperature-independent phase boundary that separates tetragonal crystal structure (P4mm) and a rhombohedral
structure (R3c) [27]. Material sweep is performed in COMSOL to change the material matrix of the BSPT material
corresponding to the predefined temperature. Fig.2(a-b) shows the temperature dependent dynamic response of real and
imaginary part of electrical admittance.
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Figure 2 Dynamic response of a) conductance b) susceptance due to temperature dependent piezoelectric material matrix
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As shown in Fig.2(a), the temperature increase of the piezoelectric material, increases the conductance of the material. It
increases by a factor of 2.7 at 300C as compared to 15C. Fig.2(b) shows increase in the susceptance as a function of
temperature. Admittance is a reciprocal of electrical impedance. This indicates, as the temperature increases, it decreases
electrical impedance of the BSPT material. The spontaneous polarization P of the piezoelectric material is related to
electric field E and electric displacement D given by
Dm   0 Em  Pm
(15)
Pm   0 ( r  I ) Em  e

(16)

Pm   0  Em  e

(17)
Where χ represents the dielectric susceptibility of the piezoelectric material. Fig.3(a) shows the experimental data on
temperature dependence of dielectric constant of the BSPT piezoelectric ceramic disc as a function of frequency and
temperature. The dielectric constant increases with temperature indicating increase in the dielectric susceptibility which
can be understood from equation (16-17). Capacitance of the piezoelectric disc is directly proportional to dielectric
constant for a constant area and thickness of the disc. Thus, from equation (16-17) and experimental data in Fig. 3(a),
increase in dielectric susceptance due to temperature increase should increase the capacitance of the BSPT disc.
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b) Capacitance (Simulation data)

Predictive model developed using FDFE approach estimates this increase in the capacitance of BSPT disc as a function of
temperature shown by Fig.3(b). The simulated data shows increase in the capacitance magnitude from 15C to 300C by a
factor of 2.2. Increase in the capacitive ability of the dielectric indicates increased ability of storing electric charge. From
the previous discussion, this implies that the increase in the temperature will increase the electric charge stored by the
piezoelectric material. Fig.4 shows increase in the electric charge computed for BSPT from 15C to 300 C.
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4. HT PULSE-ECHO CONTACT MEASUREMENTS
4.1 Experimental Set-up preparation
Fig. 5 shows the schematic of the experimental set-up for the high temperature pulse-echo contact measurements. The
thickness of BSPT material is 0.9mm and diameter is 0.75 inch. 0.008-inch diameter nickel lead wire is connected to the
top electrode of BSPT using Duralco 124 [28]-a silver based conductive two components epoxy paste. The bond is cured
in oven at 120 C for two hours with post cure heating of the bond for additional two hours at the same temperature. The
conductivity is tested using electrical continuity mode on the digital multimeter. The ground connection is established by
using Pyroduct-597A [29-30] which connects the nickel wire to a 0.5-inch-thick, cold drawn low-carbon steel block. The
bond is cured at 120C for two hours. High temperature alumina ceramic tube is used as insulation for the nickel lead
wires. The critical challenge of the experiment is acoustic coupling between the BSPT and carbon steel block. A two-part
epoxy (Epotek 353ND) is used as a coupling agent for high temperature. The maximum rated temperature of Epotek
353ND for continuous operation is 250 C and 350 C for intermittent operation. The bond using Epotek 353ND is cured at
150C for one hour in the oven. Alumina ceramic tubes acts as insulation for the nickel wires to prevent electrical short.

Fa n

To Panametrics 5052 Pulsar- receiver

source

(Outside the fume hood)
Ceramic plug

Alumina ceramic tube
Acoustic coupling
Nickel wires (EPOPTEK 353 ND)

I-I

Furnace

Duralco 124

BSPT

leveling
screw

Carbon steel block

Figure 5-Schematic of the Experimental set-up for high temperature Pulse echo contact measurements
Fig. 6 shows the simplified diagram for the pulsar receiver(P-R) circuit [31]. The transmitted and received pulse data
acquired from the transducer is dependent upon the energy, damping gain and filter settings of the P-R. In the current
experimental set-up Panametrics 5052x P-R is used to excite the transducer with a spike of 100V (energy setting). The
damping resistance (Rd) is adjusted to 50Ω. Gain setting is set to 16dB and high pass filter is adjusted to out setting. The
rep. rate is set at 4. The pulse-echo data from the transducer is acquired using LeCroy HDO 4034 oscilloscope with a 12bit resolution. The data is sampled at 450MHz with 512 times averaging to filter random electrical noise.
Storage capacitor
(energy setting)

Q

R,

Gain and filter
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. To display
Voltage
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switch
(rep. rate )

AN
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J_
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Figure 6-Simpliefied diagram of pulsar -receiver (recreated from [31])
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4.2 In-oven pulse-echo measurements of BSPT attached to the 1018 low carbon steel block
The high temperature pulse-echo contact measurements are performed in Barnstead Thermolyne furnace type 47900.
The set point of the furnace is defined as 260 C. Temperature is increased from 20 C at 5 C/min rate. The hold (dwell)
time at 260C is set for 20 minutes. The P-R settings are not modified during the contact measurements. The averaged
waveform is saved in HDO 4034 at every 10C increase in the furnace temperature.
Fig. 7(a) shows temperature effect on the averaged waveform representing the first backwall echo from the carbon steel
block. It can be seen that the arrival time of the first backwall echo increases due to the acoustic impedance change of
BSPT, acoustic coupling and the steel block.
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Figure 7-First back wall echo a) time domain signals

b) amplitude as a function temperature

Fig.7(b) shows reduction in the amplitude of the first backwall echo as the temperature is increased from 20 C to 260C for
the heating cycle. 6dB reduction in the amplitude is observed from 20C to 260C. The rate of reduction in the amplitude
increases considerably after 200 C. Fig. 8(a-b) shows temperature effect on the spectral content of the first backwall echo.
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Figure 8-Temperature effect on a) Fundamental frequency resonance

b) partial third harmonic resonance

Fig. 8(a) shows left shift of 0.1 MHz at 260C from the fundamental resonance frequency of the structure at 20C. Similarly,
0.1 MHz left shift is observed for the partial third harmonic of the structure at 260C.
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5. SUMMARY AND CONCLUSION
The transduction ability of a piezoelectric material is represented by the piezoelectric effect. Ferroelectric ceramics
exhibit both intrinsic and extrinsic contributions to this effect. In this work, predictive model is developed using frequency
domain finite element (FDFE) approach which evaluates electrical admittance, capacitance and electric charge to quantify
the temperature dependence of intrinsic and extrinsic contribution to the piezoelectric effect. The model considers
temperature dependency of ten material coefficients instead of only d33 coefficient. Temperature increase from 15C to
300C estimates increase in the conductance and susceptance of BSPT material. The simulated data for increase in
capacitance due to temperature increase, agrees with the experimental data which shows increase in dielectric constant.
Increased capacitance consequently increases electric charge from 15C to 300C in the model.
High temperature pulse-echo contact measurements are performed up to 260C which is the hot stand by temperature for
liquid metal cooled reactors, to study the performance of the acoustic coupling agent and the BS-PT piezoelectric material
bonded to a low-carbon steel specimen. Experimental measurements indicate 6dB reduction in amplitude of the first
backwall echo for contact measurement from 20C to 260C. Significant reduction in the amplitude occurred from 200C to
260C. Also, 0.1 MHz reduction in the spectral content of the first backwall echo is observed. This could be due to
temperature dependent acoustic impedance of BSPT, acoustic coupling (Epotek 353ND) and the low-carbon steel.
In the experimental approach, it is challenging to decouple the temperature effect of BSPT, acoustic coupling and the
low carbon steel. Hence, current predictive model will be extended to the experimental set-up for further investigation of
significant reduction in backwall echo amplitude from 200C to 260C. The hypothesis is that the significant change in the
acoustic impedance of acoustic coupling, Epotek 353ND causes attenuation of the reflected signal from the bottom surface
of low carbon steel block in the temperature range 200C to 260C.
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