High temperature gallium orthophosphate transducers for NDT and monitoring purposes in nuclear power plants
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Abstract
There is a need for ultrasonic transducers to operate at temperatures up to 580°C for NDT and monitoring purposes in nuclear power plants. One of the key aspects of designing such transducers using high temperature (HT) piezoelectric single crystal material gallium orthophosphate – GaPO4 has been studied: ultrasonic performance of this piezoelectric material at HT as a function of time. An experimental setup was used where two thickness extension mode GaPO4 plates operating at frequency of 2.17 MHz were bonded to a carbon steel block using HT silver adhesive and these were placed in an electric furnace. HT wiring led from the piezoelectric plates through an opening in the furnace outside to an ultrasonic testing device. The ultrasonic measurements show that GaPO4 works as a functional ultrasonic transducer generating and receiving ultrasound at the temperature of 580°C for 13 consecutive days when HT corrosion of carbon steel block occurred leading to failure of the experiment. From the aspect of HT operation of this piezoelectric material, the results are very encouraging for proceeding with development of ultrasonic transducers using GaPO4 for application in nuclear power plants.  
1. Introduction

Nowadays, a number of nuclear power plants are operating beyond their designed life of 30 years, see Figure 1. Rigorous standards, regulations and codes are in place by regulatory bodies to ensure structural health inspection is carried out periodically during planned outages. Since the inspections are performed during outages, the inspection techniques and technologies used are effective at ambient temperature. However, if a vital part of the nuclear power plant with a flaw needs to be monitored during service following an outage, such as a pipeline carrying superheated steam, it may present a problem. HTs and pressures experienced in those pipelines, can lead to creep, fatigue and corrosion type defects, which if undetected may have catastrophic consequences. For this reason, in situ condition monitoring techniques are being developed to maintain reliability and extend the lifetime of aging power plants. 
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Figure 1: Age of world nuclear fleet as of 1 July 2015 [1].
NDT techniques, such as ultrasonic scanning can be used to detect flaws at room temperature. However, at HT operating conditions up to 580°C this technique cannot be applied due to lack of availability of HT transducers [2]-[3]. The key challenge is to develop HT transducers for continuous monitoring of flaws over time, so that when the flaw reaches a critical size the plant can be shut down and maintenance can take place before failure.  

Transducers for ultrasonic scanning use piezoelectric elements for generation and reception of ultrasound. A number of piezoelectric materials that possess high operating temperature have been reported [4]-[5]. However, according to authors’ knowledge, at the time of this research was conducted only lithium niobate – LiNbO3 and GaPO4 were commercially available in large quantities for application up to the temperature levels stated above. Considering LiNbO3, Mohimi et al. have developed HT ultrasonic guided wave transducers for in service monitoring of steam lines using LiNbO3 with 70 kHz operating frequency [6]. The transducers were shown to work up to 600°C where the transmitted and the received ultrasonic pulses at this HT were observed to be as good as at room temperature. However, the transducer lasted only for 11 days and as such would not be suitable for installation on a pipe for continuous monitoring at 580°C. It is well known from literature that LiNbO3 suffers from a short lifetime at HTs due to loss of oxygen to the environment – leading to decreased electrical resistivity and increased attenuation and intergrowth transition [7].

GaPO4 is a single crystal piezoelectric material that was developed in the 1980s primarily for the manufacture and design of HT sensors. The first industrial application of GaPO4 is an uncooled miniaturised pressure transducer for internal combustion engines – using the direct piezoelectric effect – in which the pressure sensitive elements are made of GaPO4 single crystals. These sensors have been produced since 1994 and are now well established on the market [8]. With the introduction of the new models such as GU24D or GU24DE, very high sensitivity of 45 pC/bar and maximum operating temperature of 400°C can be achieved [9]. In 2005 Kazys et al. have developed ultrasonic transducers with various piezoelectric elements: bismuth titanate – Bi4Ti3O12, LiNbO3, aluminium nitride – AlN and GaPO4. The transducers were intended for use in imaging and measurements of nuclear reactors’ core which is cooled in a liquid lead-bismuth (Pb/Bi) eutectic alloy with temperatures up to 450°C [10]. Ultrasonic waveforms of transducer with GaPO4 crystal with the resonance frequency of 5 MHz were recorded after the immersion into a liquid Pb/Ti at 250°C. Despite the achievement of a relatively low operating temperature, it is thought to be the first time that GaPO4 was used as an ultrasonic transducer. Giurgiutiu et al. performed a series of impedance measurements on GaPO4 samples where it was found that the samples maintained their piezoelectric activity up to 705°C [11]. Subsequently, shear GaPO4 samples were bonded on a steel plate in order to conduct an evaluation of their HT performance using the ultrasonic pitch-catch method. The experimental results showed that the GaPO4 samples can survive exposure to temperatures up to 426°C and give guided-wave pitch-catch signals which in terms of their respective amplitudes differ minimally from the room temperature values. However, at the temperature of 482°C the GaPO4 transducers were still active, but no signals were observed in the received waveform. It was believed by the authors that the reason for this was failure of the bonding layer (aluminium oxide ceramic Cotronics 989 was used) between the GaPO4 and the steel plate. Hamidon et al. [12] have studied surface acoustic wave (SAW) GaPO4 resonators for high frequency applications around 434 MHz at temperatures up to 600°C where excellent long-term resonance frequency stability of six samples was determined. The calculated relative drifts of the frequencies for the six samples were around 2 ppm/h, and the experiment was stopped after 13 days. In previous work Kostan et al. [13] have conducted a series of confidence-building impedance measurements on thickness extension mode GaPO4 samples which show this piezoelectric material can operate at 580°C for periods in excess of 25 days.

In this paper, we deliver results of ultrasonic measurements on the single element thickness extension mode GaPO4 transducers at the target temperature of 580°C. 
2. GaPO4 single element transducers

Earlier work has indicated that GaPO4 could potentially be used for transmission and reception of ultrasound at 580°C [13]; the next step was to prove this experimentally. Two GaPO4 plates coated in the standard parallel electrode configuration, with a platinum layer of 100 nm and each an area of 100 mm2 and thickness of 1 mm (calculated resonant frequency of 2.17 MHz) were mounted onto a carbon steel block with 25 mm thickness using HT silver-filled conductor adhesive as a coupling media, as shown in Figure 2. Furthermore, pure nickel glass braided wiring was used to connect the GaPO4 to the ZETEC TOPAZ ultrasonic testing device. In terms of the test conditions, a pulser voltage of 35 V was used with a pulse width of 250 ns and band pass filter of 1-5 MHz. No rectification and no smoothing of the signals were applied. The experimental setup for base-line room temperature and HT tests on single element GaPO4 ultrasonic transducers can be seen in Figure 3. After the ultrasonic measurements at room temperature were taken, the two GaPO4 transducers were placed inside an electric furnace. Temperature of the carbon steel block (25 mm thick) was measured with a thermocouple type K data logger with resolution better than 0.025°C, which contacted the topside of the steel block through a heat transfer paste. The reflections from the backwall of the steel block were recorded at every 50°C up to 580°C where the hold time of 30 min at each temperature interval was applied in order to ascertain an isothermal temperature measurement.
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                          a)                                                                  b)

Figure 2: a) Two GaPO4 plates are bonded to carbon steel block using HT silver adhesive. b) The GaPO4 plates and the steel block are placed inside an electric furnace for ultrasonic testing at HT.
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Figure 3: Experimental setup for ultrasonic testing on single element GaPO4 transducers.
3. Results and discussion
3.1 Ultrasonic testing of GaPO4 up to 580°C 

The plate 1 failed at 450°C; the authors suspected that the applied silver adhesive through the curing procedure did not achieve a good bond between the piezoelectric plate and the platinum wiring. On the other hand, the plate 2 performed well throughout the testing confirming GaPO4’s suitability for ultrasonic measurements up to the target temperature of 580°C. Four A-scans containing two consecutive reflections received on the GaPO4 plate 2 from the backwall of the steel block at 25, 200, 400 and 580°C can be seen in Figure 4:
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Figure 4: Four A-scans containing reflections received on the plate 2 from the backwall of the steel block at 25, 200, 400 and 580°C.
It can be noticed that the reflected signals are both attenuated and somewhat lengthened with the introduction of heat. This agrees well with tests done on GaPO4 transducers coupled to steel using HT silver adhesives, although not up to the same temperature level [10]-[11]. The answer to these can be sought in the temperature effects on GaPO4 and de-bonding phenomenon caused by the thermal expansion at HT [14]. Considering that the authors already showed that a free GaPO4  plate with no steel block coupled to it will retain its piezoelectric properties virtually unchanged up to 580°C, the rapid increase in the operating temperature (from 25 to 580°C in 6h) most likely produced thermal strain in the transducer’s components due to different coefficients of thermal expansion (CETs) which increased the de-bonding effect with consequent occurrence of enhanced “ringing” in the reflections. Mismatching of CETs, especially regarding the silver adhesive which exhibits CET of two times the one of platinum electroding is clearly shown in Table 1:

Table 1: CETs of the GaPO4 transducer’s components.

	CET [10-6/°C] @ 20°C
	GaPO4
	Pt electroding
	Silver adhesive
	Steel block

	
	12.78
	9
	18
	11.7


Finally, one should pay attention to the shift of the echoes to the right at 580°C. This was because the velocity and the thermal expansion of the steel block changed with temperature.
Detectability of the 1st backwall reflection has been assessed using SNR. Calculation of SNR using the time-domain response from the backwall has been done according to the Eq. (1): SNR = 20log10 (AR/AN) where AR is max amplitude of the reflection from the backwall and AN is max amplitude of the nearby noise [15]. SNRs of the 1st reflection from the backwall, up to 450°C for plate 1 and up to 580°C for plate 2, are given in Figure 5. It is noticeable that by increasing the temperature the SNRs decrease; however all the calculated SNRs are suitably high that the reflections from the backwall can be easily identified; for NDT practice, the SNR needs to be greater than 6 dB [16].
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Figure 5:  SNR values for the 1st backwall reflection received on the plate 1 from 25 to 450°C and for the plate 2 from 25 to 580°C.
3.2 Ultrasonic testing of GaPO4 at 580°C as a function of time (13 days)

After achieving 580°C, the reflections were recorded continuously at the same temperature for 13 days; the recorded A-scans on the 1st, 5th, 10th and 13th day of testing can be seen in Figure 6:
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Figure 6: Four A-scans containing reflections received on the GaPO4 plate 2 from the backwall of the steel block at 580°C on the 1st, 5th, 10th and 13th day of testing. 

It is clear from Figure 7 that once the temperature of 580°C was achieved, and the transducer’s components stabilised at the given temperature, the 1st backwall reflection got somewhat shorter (less “ringing” was observed); however, the amplitude practically did not change over time. Again, detectability of the 1st backwall reflection has been assessed using SNR, where all the calculated SNR’s were above the threshold of 6 dB, Figure 8.
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Figure 7: 1st backwall reflection received on the plate 2 on different days of testing.
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Figure 8:  SNR values for the 1st backwall reflection received at the plate 2 at 580°C throughout the 13-day testing period.
After 13 days of testing, the carbon steel block surface degradation due to HT oxidation caused a significant drop in the SNR ratio (more noise than reflection) in the received waveform and practically stopped the need for further measurement. Once the test block together with the GaPO4 transducers was taken outside the furnace it was possible to see that the HT wiring was not bonded to the plate 1; this answered why reflections for the plate 1 were lost above 450°C. On the other hand, the HT wiring stayed in good bond with the plate 2 even after the experiment was stopped; Figure 9 a).
Closer inspection of the GaPO4 plate 2 (Figure 9 b)) shows discoloration of platinum electroding and both adhesive and cohesive failure. It is well known from literature that there are some limitations to use of platinum electrode metallisation at temperatures higher than 650°C because of platinum thin films’ degradation phenomena as a result of agglomeration, recrystallization and dewetting effects [17]. It is clear from Figure 9 b) that in this experiment the degradation of platinum electrode occurred at 580°C possibly as a joined process of the degradation phenomena mentioned above and the degradation of the carbon steel block surface which might cause an excessive stress on the interface of GaPO4 plate – platinum layer – silver adhesive – carbon steel block, which in the end led to the failure of the testing after 13 days. Further effort is required to establish the best electrode configuration for this NDT and monitoring application with the target temperature set to be at 580°C.
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                          a)                                                                  b)

Figure 9: a) Two GaPO4 plates together with the corroded carbon steel block after the 13-day testing at 580°C finished; b) GaPO4 plate with seriously damaged platinum electroding after the HT exposure.
4. Summary, conclusion and future work

Following on from previous work where the authors showed that GaPO4 samples possessed very stable electro-acoustic properties when exposed to temperature of 580°C for 25 consecutive days, this paper presented the next step to demonstrate how functional this piezoelectric material was when used for conventional pulse-echo ultrasonic measurements on a carbon steel test-block and exposed to the same temperature of 580°C. Two GaPO4 plates were bonded to a steel test-block using HT silver adhesive as a coupling media. One GaPO4 plate failed at temperature above 450°C due to adhesive failure but the second GaPO4 plate survived at 580°C for 13 days when degradation of platinum electroding together with degradation of carbon steel block occurred and led to loss of the signal. More effort will be needed to extend the allowable temperature limit for the electrode configuration. Furthermore, considering the pipe of interest for NDT and monitoring is made of corrosion resistant P91 steel, changing the test material might also contribute to longer ultrasonic measurement beyond the 13 days achieved in this study. To sum up, GaPO4 transducers were found to be capable of performing ultrasonic measurements at 580°C.
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Thermocouple was used to measure the exact temperature achieved at the steel block surface
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