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Abstract

Prototype ultrasonic NDT transducers for use in immersion in coolants for small modular reactors have
shown low signal to noise ratio. The reasons for the limitations in performance at high temperature are under
investigation, and include changes in component properties. This current work seeks to quantify the issue of
thermal expansion and degradation of the piezoelectric material in a transducer using a finite element method.
The computational model represents an experimental set up for an ultrasonic transducer in a pulse-echo mode
immersed in a liquid sodium coolant. Effect on transmitted and received ultrasonic signal due to elevated
temperature (∼200oC) has been analysed.
Keywords

Ultrasonic, Transducers, High temperature, Finite element, Small modular reactors, Thermal
Disciplines

Structures and Materials
Comments

This article is from Physics Procedia 70 (2015): 433–436, doi:10.1016/j.phpro.2015.08.137. Posted with
permission.
Rights

This is an open access article under the CC BY-NC-ND license.

This article is available at Iowa State University Digital Repository: http://lib.dr.iastate.edu/cnde_pubs/32

Available online at www.sciencedirect.com

ScienceDirect
Physics Procedia 70 (2015) 433 – 436

2015 International Congress on Ultrasonics, 2015 ICU Metz

Effect of Thermal Degradation on High Temperature Ultrasonic
Transducer Performance in Small Modular Reactors
Prathamesh N. Bilgundea,b, Leonard J. Bonda,b*
b

a
Center for NDE, 1915 Scholl Road, Applied Sciences Complex II, Ames, IA 50011,United States of America
Department of Aerospace Engineering,Iowa State University, 2271 Howe Hall, Rm 1200, Ames, IA 50011-2271,United States of America

Abstract
Prototype ultrasonic NDT transducers for use in immersion in coolants for small modular reactors have shown low signal to noise
ratio. The reasons for the limitations in performance at high temperature are under investigation, and include changes in
component properties. This current work seeks to quantify the issue of thermal expansion and degradation of the piezoelectric
material in a transducer using a finite element method. The computational model represents an experimental set up for an
ultrasonic transducer in a pulse-echo mode immersed in a liquid sodium coolant. Effect on transmitted and received ultrasonic
signal due to elevated temperature (~200oC) has been analysed.
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1. Introduction
Generation IV fast nuclear reactors are under development to support sustainable development, economic
competiveness and improve safety [1]. Past experience, specifically, with regard to long term maintenance
experience from the Phoenix reactors (France) has underlined the need to provide effective and reliable inspection of
components in any proposed advanced liquid metal cooled small modular, and other advanced reactors [2]. In the
1970s, the Hanford Engineering Development Laboratory (HEDL), Richland, Washington [3] developed high
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temperature transducers using lead Zirconium titanate (PZT). Recent studies which sought to re-establish this
capability have found that the new high temperature transducers developed could operate continuously at about
250oC for 8 hours, but had a limited signal to noise ratio [4]. It is unclear as to what causes the limits to performance.
The current study focuses on a finite element analysis of the temperature effects on PZT-5A and de-bonding
phenomenon caused by the thermal expansion at high temperatures.
2. Ultrasonic NDE Measurement system: a Temperature driven system
An ultrasonic NDE measurement system is basically a linear time-shift invariant system comprising of response
functions. One such response function is for the conversion of an electric pulse into a mechanical motion which
generates a wave. This is called direct piezoelectric effect that can be written as [5]:
S i S ij E T j  d mi E m
(1)

Dm d mi Ti  H mk T E k
(2)
Where S is the mechanical strain under constant electric field E, d is the piezoelectric constant, and İT is the
dielectric permittivity under constant mechanical stress, S is the total strain and D is dielectric displacement. Due to
symmetry of poled piezoelectric ceramics, the complete material matrix reduces to the ten independent coefficients
for PZT which includes five elastic, three piezoelectric and two dielectric constants. [6, 7]. Temperature variation of
these constants can result in variation in piezoelectric effect and thus it can affect the transmitted and received
ultrasonic signals. Also, the rapid increase or decrease in the operating temperature produces thermal strain in the
transducer components which increases the likelihood of de-bonding. Kažys et al. [8] have analysed the bonding
techniques for high temperature transducers. The current study uses the linear thermal expansion coefficient data
reported by Piezo-technologies (K350) [9] and Duralco 4703[10]. The liquid sodium coolant and PZT-5A
temperature dependent properties used in the finite element model have been published in previous studies [6,11
12].
E

3. Finite Element Model:
The ultrasonic transducer pulse-echo experiment, shown in Fig 1, is simulated using a finite element method in
COMSOL. The model is 2D axisymmetric and it uses the equation for the piezoelectric effect shown as equation (1)
and (2) to the wave equation in a fluid. A maximum 10 elements per wavelength and a time step with CFL value of
0.18 is applied to achieve convergence of the solution of the partial differential wave equations. A detail description
of the computational model has been provided previously [13].
Thermal expansion simulation is performed using ABAQUS. A solid coupling bonding technique [8] has been
used to simulate bonding between the materials. The bonding agent is modelled to maintain contact between the
transducer components. The computed deformation due to de-bonding is converted into an equivalent acoustic
model using an air gap for the corresponding deformation (20 microns). Hence, the de-bonding process here is
basically treated as a special case of a lightly damped ultrasonic transducer in the acoustic model.

Figure 1-Finite element Model
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4. Preliminary Results

Figure 2-Pulse echo response- a) Pressure amplitude at 105o and 195oC

Figure 3- Signal without and with de-bonding a) Pressure Amplitude

b) Voltage across the piezo electric material at 105o and 195oC

b) Voltage across the piezo electric element

5. Discussion
As the simulated temperature for the liquid sodium coolant is increased from 105oC to 195oC, the pressure
amplitude decreases by about 1dB and voltage measured across PZT-5A decreases by about 2dB as shown in figure2 a) and b). This loss in the amplitude does not seem to be significant. As stated earlier, there are ten temperature
dependent coefficients for PZT-5A which includes five elastic, three piezoelectric and two dielectric constants. The
losses in amplitude of the simulated signal occur if only two of the piezoelectric and two dielectric constant are
varied as a function of temperature, which was discussed in a previous study [14]. From the current study it appears
that the temperature dependent variation in elastic constants also play an important role in determining losses in the
amplitude of the signal as evidence from equations (1) and (2).
Figure 3a) and b) compare the changes in the time domain waveforms due to temperature effects and due to
temperature accompanied by de-bonding. It can be clearly seen that de-bonding serves as source of acoustic noise
due to increased “ringing” in the signal. The de-bonding basically makes the transducer appear to be lightly damped
which causes a reduction in the bandwidth. Further investigation is needed to quantify the effect of de-bonding on
the signal to noise ratio.
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6. Conclusions
It is demonstrated that the finite element method can be used as an analytical tool to quantify thermal
degradation, when the temperature dependent material property data are available. From the current study it appears
that, d33 is not the only property controlling the response of the ultrasonic transducer at high temperature. It appears
to be a combination of all the ten mutually independent coefficients that contribute to the piezoelectric effect which
is the source function for generation of a wave in fluid. Finite element modeling thus has helped to quantify this
effect giving a simulated ultrasonic signal. Also, it can be seen that the de-bonding initiated due to thermal
degradation of the bonding agent serves as a source of acoustic noise.
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