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Abstract

The performance of bismuth titanate, prepared through a sol-gel process, as a high temperature piezoelectric

transducer has been evaluated. High temperature transducers allow samples to be examined at their operating

temperatures, allowing greater flexibility for online inspections. The piezoelectric coefficient of the bismuth

titanate transducers has been shown to be stable at temperatures as high as 550 °C, and the dependence of

transducer properties, such as d33 value and density, on firing conditions has been investigated. The effect of

exposure to high temperatures on the piezoelectric coefficient has also been examined, alongside the effect of

thermal cycling. Ultrasonic thickness measurements have been performed using both pellet and thick film

bismuth titanate transducers at temperatures up to 180 °C.
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1. Introduction

Ultrasound is used non-destructive testing (NDT) for flaw detection, quality assurance and

structural health monitoring, with the majority of measurements performed at ambient

temperatures [1,2]. The ability to extend the operating temperature of ultrasonic inspection is

of great importance to industry, allowing infrastructure to be examined without requiring

costly shutdowns [3]. Non-contact ultrasonic methods, such as the use of electromagnetic

acoustic transducers or laser ultrasound, have been used to perform inspections at high

temperature [4], although the safety issues associated with laser based systems can render

them unsuitable for some industries. Several approaches have been taken for fabricating

piezoelectric transducers which can operate at high temperatures, such as using a waveguide

to remove the transducer from the high temperature component under inspection [5,6], or the

use of piezoelectric materials with high Curie temperatures (Tc) in order to allow the

transducers to operate at higher temperatures [7].

Table 1. Curie Temperatures of High Temperature Piezoelectrics

Material Curie Temperature [8]

Lead Zirconate Titanate 350°C

Bismuth Titanate 670°C

Lithium Niobate 1210°C

Aluminium Nitride Exceeds melting point [7]

Several high Tc piezoelectric materials are summarised in table 1; lead zirconate titanate

(PZT) is included to give a typical value of Tc for a standard piezoelectric material. The

benefits of the higher Tcs of lithium niobate and aluminium nitride are offset by their

difficulty of fabrication and oxidation problems at high temperatures, requiring an alternative

material [9]. The chemical stability of bismuth titante at high temperatures, combined with its

high Tc, make it an ideal candidate for high temperature transducers. This paper outlines the
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fabrication method of the bismuth titanate transducers, gives an evaluation of their

performance and properties at high temperatures, and presents the results of thickness

measurements at high temperatures.

2. Transducer Fabrication

The piezoelectric transducers presented in this research were fabricated from stock chemicals

using a novel sol-gel method. This method was developed to produce extremely homogenous

transducers of high purity, with transducers prepared as either pellet transducers using a

uniaxial press or thick film transducers using screen printing.

2.1 Sol-Gel Preparation

The chemicals used for initial material preparation were titanium propoxide and bismuth

nitrate. In order to reduce its reactivity the titanium propoxide was first chelated with acetic

acid to form a complex which is stable in air [10]. The bismuth nitrate was dissolved in

acetylacetonate and the two solutions mixed, with mixing of the bismuth and titanium

compounds whilst suspended in a liquid allowing for a lower energy mixing method to

produce more homogenous transducers of higher purity. The combined sol was stirred and left

uncovered in order to promote gelling. However, although the sol became more viscous

gelling did not occur and the viscous sol required drying and powdering prior to transducer

fabrication.

2.2 Transducer Fabrication

Transducer fabrication required further processing of the material obtained using the sol-gel

technique. After the mixed amorphous powder was obtained it was sieved and calcinated both

to remove organic solvents and to ensure that all the powder grains were below 38 µm in size,

so that the powder would be suitable for screen printing. The amorphous powder was pressed

using a uniaxial press to create a pellet of diameter 12 mm with a thickness of approximately

1 mm, which was then fired at 850 °C to create a polycrystalline ceramic. After firing the

transducers were sputter-coated with a platinum electrode, and polarised using an oil bath at

140 °C and in an electric field of 120 kVcm
-1

.

The thick film transducers were created using a screen printing process on a stainless steel

substrate which had been heat treated at 650 °C, in order to remove the chromium from the

steel and to produce an oxide layer to improve the bonding of the thick film ceramic. As with

the pellet transducers, the thick film transducers were fired at 850 °C to form a polycrystalline

bismuth titanate ceramic. The thick film transducers had a platinum electrode painted onto

their top surface and were polarised at a temperature of 140 °C using an electric field of 500

kVcm
-1

.

3 Transducer Characterisation

After preparation the transducers were characterised in several ways. Their electronic

characteristics and physical properties were examined after which the transducers were used

to perform thickness measurements at different temperatures.



3.1 Density and d33 measurements

A key test of the performance of piezoelectric transducers is the d33 measurement, which is a

measure of the displacement produced along an axis of the transducer when a voltage is

applied in the same direction [11]. This was tested by applying a precise force to the

transducer and then measuring the resulting voltage for both directions across the transducer,

with the average value recorded. This value is dependent on the preparation of the

transducers, with the firing temperature having a large effect on both the density and the d33

measurements (figure 1).

Figure 1. Variation of density and d33 with pellet firing temperature

A high d33 value increases the efficiency of the transducer, while high densities increase both

the durability of the transducer and its acoustic coupling. Raising the firing temperature of the

ceramic pellets increased the density of the ceramic, however, this improvement resulted in

lower d33 values, indicating that both high densities and high d33 values cannot be obtained

together when transducers are fired using this method. It is important to note that thick film

and pellet transducers have different d33 values; a typical d33 value for the pellet transducer is

17 C/N, compared to 8 C/N for the thick film transducer.

Figure 2. d33 values of bismuth titanate pellets after thermal cycling



The effect of thermal cycling on d33 measurements for the pellet transducer was also explored.

The transducer was heated to a specific temperature, which was maintained for 10 minutes

and then cooled to room temperature. This was repeated 10 times, after which the transducer

was cooled to room temperature to allow the d33 value to be measured. The results of this

experiment are shown in figure 2, which shows that heating the transducers causes a gradual

decrease in the d33 value, with a much larger decrease above 600°C, which is due to the

depoling of the transducer. The d33 value drops to zero once the Curie temperature is

exceeded, as would be expected.

The transducers were also tested to establish their behaviour with thermal aging. The

transducers were heated to a temperature of 550 °C for successive periods of one week and

the d33 value was measured weekly to examine the durability of the transducers with respect

to long exposure to high temperatures. The resulting d33 measurements are shown in figure 3.

A large initial effect occurs during the first week of high temperature exposure, with the d33

measurements remaining relatively stable after that. The apparent increase in the measured d33

value after the second week is likely due to variations in the experimental conditions of the

d33 measurement, such as a change in humidity.

Figure 3. Effect of aging at high temperature on d33 values

3.2 Ultrasonic response of transducers

The ultrasonic response of the transducers at room temperature and at elevated temperatures is

presented here. The results are split to show the behaviour of both the pellet transducers and

the thick film transducers, with thickness measurements performed at high temperature.

3.2.1 Pellet transducer response

The ultrasonic response of the pellet transducer, used in send-receive mode, to generate

ultrasonic signals and detect reflections from the back wall of an 18.7 mm thick aluminium

plate, at room temperature is shown in figure 4. This was obtained using a narrowband pulse

of roughly 5 MHz. There is a large amount of ringing in the transducer, which is to be

expected as the transducer consists of only an active element, without a matching layer or

backing material. These components have been omitted due to the difficulty in obtaining

materials that operate well across a range of temperatures. Despite the ringing it is still



Figure 4. Ultrasonic response of pellet transducer at room temperature

possible to measure the thickness of the metal on which the transducer is being tested by

measuring the time between successive backwall echoes. This gives a thickness measurement

of 18.5 ± 0.4 mm, which compares favourably to the actual thickness of 18.7 mm.

The ultrasonic response of the pellet transducer at 190°C is shown in figure 5. The ringing in

the transducer is also visible here, as is a significant decrease in the amplitude of the echoes

compared to measurements at room temperature. This is possibly due to a decrease in the d33

value at higher temperature although the increase in the attenuation of the sample due to

temperature will also significantly contribute. The thickness of the sample was measured, as

19.0 ± 1.0 mm. This result is different to that obtained at room temperature and has a slightly

lower accuracy, but is still in agreement with the known thickness. Although there is

undoubtedly some effect on the thickness measurement from the thermal expansion of the

sample, one must also consider the change in the material properties, such as Young’s

modulus and density, of the metal sample due to the change in temperature, which in turn

causes a change in the velocity of sound in the metal [12].

Figure 5. Ultrasonic response of pellet transducer at 190 °C



Figure 6. Ultrasonic response of thick film transducer at room temperature

3.2.2 Thick film transducer response

The ultrasonic response of a thick film transducer at room temperature is shown in figure 6.

This was obtained on a 9 mm thick steel pipe, with the transducer driven at approximately 12

MHz. This shows similar problems with ringing as the pellet transducers, again due to the

lack of backing material or a matching layer. As with the pellet transducer results (figures 4

and 5) the thickness of the sample can be calculated from the ultrasonic data. The measured

thickness is 9.26 ± 0.19 mm compared to the true thickness of 9 mm.

The response of the thick film transducers at a temperature of 180 °C is shown in figure 7.

From these results the thickness of the sample was measured to be 9.71 ± 0.70 mm. The

discrepancy between this value and the true thickness of the pipe is again predominantly due

to the change in the velocity of ultrasound propagation in the metal pipe sample due to the

increase in temperature.

Figure 7. Ultrasonic response of thick film transducer at 180 °C



3.3 Coupling between transducer and sample

In addition to the active element a standard piezoelectric transducer also includes backing and

matching and backing layers. The matching layer is designed to facilitate the propagation of

ultrasound from the active element into the sample, while the backing layer is designed to

attenuate ultrasound that passes through the active element and to reduce ringing in the

transducer. Other than the standard concerns for backing and matching layers, such as the

acoustic impedance, the thermal expansion of candidate materials must also be considered,

and the thermal expansion of the active element must be matched as closely as possible to

those of the matching and backing layers. The thermal expansion of the bismuth titanate is

shown in figure 8.

Figure 8. Thermal expansion of bismuth titanate compared to a platinum standard.

The liquid couplant used between transducer and metal sample must also be capable of

operating at high temperatures. In the experiments reported here Pyrogel 100 has been used,

but for temperatures between 300 and 600 °C ZGM High Temperature Coupling Paste can be

used. However, the time over which the liquid couplant is effective is extremely limited at

these temperatures. For permanent installation the liquid couplant can excluded and the

matching layer directly bonded to the sample and to the active element of the transducer. This

means that the matching layer, in addition to having suitable values of acoustic impedance

and thermal expansion, must also be able to bond to both the active element of the transducer

and to the sample to be tested.

4. Conclusions

The active elements of bismuth titanate transducers have been shown to retain usable d33

values after both thermal cycling and thermal aging. The relationship between density, d33

values and firing temperatures has also been explored, showing that both high densities and

high d33 values cannot be achieved with conventional firing. High temperature measurements

have been made using both the pellet transducers and the thick film transducers, although

without suitable materials for backing and matching layers the transducers have been found to

exhibit a large amount of ringing. However, thickness measurements at room temperature and



at elevated temperatures have shown reasonable agreement with the actual dimensions of the

metals under test
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