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ABSTRACT  

Structural health monitoring (SHM) is in urgent need and must be integrated into the nuclear-spent fuel storage systems 

to guarantee the safe operation. The dry cask storage system (DCSS) is such storage facility, which is licensed for 

temporary storage for nuclear-spent fuel at the independent spent fuel storage installations (ISFSIs) for certain 

predetermined period of time. Gamma radiation is one of the major radiation sources near DCSS. Therefore, a detailed 

experimental investigation was completed on the gamma radiation endurance of piezoelectric wafer active sensors 

(PWAS) transducers for SHM applications to the DCSS system. The irradiation test was done in a Co-60 gamma irradiator.  

Lead Zirconate Titanate (PZT) and Gallium Orthophosphate (GaPO4) PWAS transducers were exposed to 40.7 kGy 

gamma radiation. Total radiation dose was achieved in two different radiation dose rates: (a) slower radiation rate at 0.1 

kGy/hr for 20 hours (b) accelerated radiation rate at 1.233 kGy/hr for 32 hours. The total cumulative radiation dose of 40.7 

kGy is equivalent to 45 years of operation in DCSS system. Electro-mechanical impedance and admittance (EMIA) 

signatures and electrical capacitance were measured to evaluate the PWAS performance after each gamma radiation 

exposure. The change in resonance frequency of PZT-PWAS transducer for both in-plane and thickness mode was 

observed. The GaPO4-PWAS EMIA spectra do not show a significant shift in resonance frequency after gamma irradiation 

exposure. Radiation endurance of new high-temperature HPZ-HiT PWAS transducer was also evaluated. The HPZ-HiT 

transducers were exposed to gamma radiation at 1.233 kGy/hr for 160 hours with 80 hours interval. Therefore, the total 

accumulated gamma radiation dose is 184 kGy. No significant change in impedance spectra was observed due to gamma 

radiation exposure. 

Keywords: Structural health monitoring (SHM), resonance/anti-resonance frequency, capacitance, gamma radiation, PZT, 

GaPO4, HPZ-HiT, PWAS, dry cask storage system, ISFSI. 

 

1. INTRODUCTION  

The dry cask storage system (DCSS) is used as temporary storage of spent nuclear fuel for some predetermined periods 

per regulatory license requirements. In total, there are over 1482 DCSS in use at US plants, storing 57,807 fuel assemblies 

[1] [2]. Gamma radiation is a major nuclear radiation source near the DCSS [3]. The radioactivity near the steel DCSS is 

about 10 rems per hour (0.1 Gy/hour) [1]. On August 26, 2014 NRC approved 60 years short term on-site storage and 100 

years long-term storage of spent fuel on site [1], [2]. However, the stainless steel DCSS may develop stress corrosion 

cracking within 60 years due to favorable moderate irradiation exposure. It is important to inspect the DCSS for cracking 

and to determine the size of the crack (length and depth), and including monitoring the existing cracks. The purpose of 

Electro-mechanical impedance and admittance (EMIA) based SHM techniques is to diagnose the state of the structure by 

observing the change in resonance/ anti-resonance frequency and amplitude [4]-[9]. Any damage to the host structure can 

be reflected by the change in the EMIA spectra [9] [10].  

PWAs transducers can be used with a variety of damage detection methods: propagating ultrasonic guided waves, standing 

waves (E/M impedance) and phased arrays [9]-[11]. PWAS transducers are small, lightweight and inexpensive transducers. 

PWAS transducers made with piezoelectric material Lead Zirconate Titanate (PbZrO3TiO3 or PZT), and Gallium 
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Orthophosphate (GaPO4) were investigated in this research. PZT exhibit large electromechanical coupling coefficients and 

piezoelectric constants [12], [13]. For PZT-PWAS, APC 850 type transducers were used in this research [14]. The wafers 

disk is 7 mm in diameter and 0.2 mm in thickness. The wafer has a PZT thin film with electrodes on both sides.  

GaPO4 material is quartz type (α-quartz) belongs to the class of compounds M-X-O4. Single crystal GaPO4 as piezoelectric 

materials has been investigated by many researchers [15], [16] as piezoelectric materials. GaPO4 possess a low 

piezoelectric constant and low dielectric constant compared to PZT. But compared with quartz crystal it possesses nearly 

all the advantages of quartz with higher electromechanical coupling and has thermally stable physical properties up to 

950oC [17]-[19]. GaPO4-PWAS transducers were obtained from PIEZOCRYST GMBH [20]. The wafers were x-cut 

GaPO4 single crystal disks of 7 mm diameter and 0.2 mm thickness. The wafer had a GaPO4 single crystal thin film with 

electrode on both sides. 

Radiation may cause degradation or even complete failure of the PWAS transducers. The damage caused by gamma rays 

to PWAS sensors is dependent on the total accumulated dose. The major degradation mechanisms for PZT transducer 

material performance due to gamma radiation are depoling, internal defect due to ionizing radiation and radiation-induced 

charges. Depoling of PZT could potentially affect polarizability [23], [24]. Many researchers have explored the radiation 

effect of the piezoelectric material. Sinclair et al. [25] presented a comprehensive literature study in a review paper. Effects 

of gamma radiation on piezoelectric properties of different piezoelectric materials were presented in that paper. Reliable 

operation was found of PZT after doses of 1.5 MGy. Tittmann et al. [26] reported radiation tolerance of piezoelectric bulk 

single-crystal aluminum nitride. Kulikov et al. [27] conducted a theoretical study of ferroelectric properties degradation in 

perovskite ferroelectrics and anti-ferroelectric under neutron irradiation. Radiation, temperature and vacuum effects on 

piezoelectric wafer active sensors were studied by Giurgiutiu et al.  [28]. The change in resonance and anti-resonance 

frequencies and amplitudes were obtained experimentally in that paper. In this research, PWAS were exposed to 

cumulative of 40.7 kGy gamma irradiation. EMIA signature was evaluated before and after the radiation test. 

 

2. EXPERIMENTS 

This section presents details experimental procedure for evaluating PWAS performance after exposure to (a) slow 

irradiation test (b) accelerated irradiation test. For slow radiation experimental study, radiation dose was set to 0.1 kGy/hr 

for 20 hours (Cumulative dose: 2 kGy). PWAS were exposed to the radiation for 5 times with 4 hours for each time. A set 

of ten (numbered from 1 to 10) nominally identical free PWAS (PZT and GaPO4) were tested (Fig.  1 (a)). The irradiation 

test was done in a Co-60 gamma irradiator facility (by JL Shepherd and Associate) as shown in Fig.  1 (b).   

 

 
Fig.  1 (a) PWAS for radiation exposure (b) JL Shepherd and associate irradiator facility  
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For accelerated radiation test radiation dose was set to 1.233 kGy/hr for.  The irradiation test was done in a Co-60 Gamma 

Irradiator facility. The following experimental procedure was followed.  

Step 1: Transducers were delivered to the radiation facility for first run with the following steps 

 Transducers were placed in petri dish 

 Transducers were spread out well in order to be contact-free from each other 

 Transducers were placed at the center of the irradiator facility  

 Transducers were exposed for 4 hours continuously at 0.1 kGy/hr radiation rate 

 Temperature of the sample/chamber was recorded periodically  

 Transducers were extracted after the irradiation test and were kept at room temperature 

Step 2: Transducers were returned back to testing laboratory for evaluation 

 EMIA was evaluated 

 Electrical capacitance was measured 

Step 3: Repeat Step 1 and Step 2 for additional 16 hours with 4 hours interval.  

Step 4: Repeat Step 1 and Step 2 for additional 32 hours with 16 hours interval at 1.233 kGy/hr radiation rate.  

EMIA and electrical capacitance of a set of nominally identical free PWAS transducers were measured in each step. Fig.  

2 shows the experimental set up for EMIA measurement [29]. For PZT, the EMIA were collected from 250 kHz to 350 

kHz with a step size of 50 Hz during in plane mode and 10 MHz to 13 MHz with a step size of 250 Hz during thickness 

mode measurement. For GaPO4, the EMIA were collected from 270 kHz to 300 kHz with a step size of 1 Hz during in 

plane mode and 8 MHz to 11 MHz with a step size of 250 Hz during thickness mode measurement. The real part of the 

EMIA is used in this research. First resonance was considered in this article as it shows more stable response than higher 

resonance spectrum.  

 
 Fig.  2 Experimental setups for EMIA measurement [29]. 
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3. RESULTS AND DISCUSSION 

3.1 Effect of gamma radiation on PZT-PWAS  

The major mechanisms for piezoelectric material properties degradation via gamma-ray interaction are considered as 

follows: 

1. The primary degradation mechanism is depinning of domain 

2. Accumulated exposure to ionizing radiation can cause internal defect 

3. Radiation-induced charges can be trapped near the electrodes. Such concentration of charge could potentially 

affect polarizability 

Due to this degradation, variation in impedance/admittance signature can be observed. Note that in addition to gamma 

radiation, temperature due to the operational condition may affect the impedance/admittance.   

  

(a) (b) 

  

(c) (d) 
 

Fig.  3  Change in (a) –(b) Resonance frequency and amplitude for radially vibrating PZT-PWAS; (c)-(d) Resonance 

frequency and amplitude for thickness vibrating PZT-PWAS; with cumulative gamma radiation dose. 

Figure 3(a)-(d) show the change of resonance frequency and amplitude for both radially and thickness vibrating PZT-

PWAS transducers with accumulated gamma radiation. To facilitate the understanding the plot of PWAS EMIA with 
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exposed radiation, slow radiation part and accelerated radiation part of the total dose are indicated in Fig.  3 (a). In order 

to respond to skewness towards large radiation dose, the cumulative radiation dose values are plotted in log scale (x-axis). 

A small radiation exposure ( 30 Gy) was assigned to the before radiation test data in order to plot in the log scale. The 

error bar is obtained from statistical analysis of a set of PWAS transducers. The resonance frequency increases with 

increasing radiation dose in both in-plane and thickness modes. The E/M 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 shifts in resonance 

frequency. The spectral peaks observed in the real part of the E/M admittance spectrum follow the resonance. Resonance 

amplitude is decreased with increasing radiation dose. Figure 4 shows the change in electrical capacitance after exposure 

to different radiation dose. Electrical capacitance decreases logarithmically with increasing radiation dose. There are 

several polarization mechanisms contributing to the dielectric response: (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. The change in electrical capacitance may arise from the pinning 

of domain walls, this process restricts domain to reorient in favorable direction due to irradiation, which is the primary 

degradation mechanism. Due to depinning overall piezoelectric effect may differ and can cause changes in electrical 

properties [29]-[32].   

 

 

Fig.  4 Electrical capacitance of PZT-PWAS with cumulative radiation. 

 

3.2 Effect of gamma radiation on GaPO4-PWAS  

GaPO4 is a quartz type piezoelectric crystal. It possesses nearly all advantages of quartz. It shows high electrical resistivity 

and no pyro-electricity, but it possess lower electromechanical coupling than PZT. It shows thermally stable properties up 

to 950oC. Due to high thermal stability, GaPO4 PWAS are used in high-temperature applications. However, their radiation 

endurance capability has not been as thoroughly investigated. Due to the high electrical resistivity of GaPO4-PWAS, it 

shows very low resonance amplitude (Fig.  5 (b)).  
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(a) (b) 

  

(c) (d) 
Fig.  5 Change in (a) –(b) Resonance frequency and amplitude for radially vibrating GaPO4 PWAS; (c)-(d) Resonance 

frequency and amplitude for thickness vibrating GaPO4 PWAS; with cumulative gamma radiation dose. 

Fig.  5 show the changes in resonance frequency and amplitude for in-plane and thickness vibration of GaPO4-PWAS. The 

resonance frequency does not change significantly with increasing exposed radiation; therefore, GaPO4-PWAS shows 

more radiation endurance than PZT-PWAS. The change in resonance frequency and amplitude can be explained by the 

role of Ga–O-P interactions. The Ga–O and P–O distances may contract due to radiation exposure. Based on the ionic radii 

it may change the Ga–O–P angle as well. The change in Ga-O-P angle may contribute to the change in capacitance and 

piezoelectric performance as well as mechanical and electrical loss. Figure 6 shows the change in electrical capacitance of 

GaPO4-PWAS with exposed radiation dose. The capacitance value decreases with increasing radiation dose.  
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Fig.  6 Electrical capacitance of  GaPO4-PWAS with cumulative radiation. 

3.3 Radiation endurance of new HPZ-HiT transducer 

HPZ high temperature (HPZ-HiT) piezoelectric sensor possesses several advantages over the convention PZT transducer.  

1. High operating temperature up to 420 °C while the PZT transducers fail after 350 C 

2. 40% less Pb compared to PZT 

3. Less sensitive to environmental condition 

4. Better mechanical strength, reducing operational failure 

Table 1 shows the physical dimension of the five HPZ-HiT piezoelectric transducers. The mean diameter of the samples 

is 6.414 mm, and thickness is 0.362 mm. 

Table 1 Physical dimension of HPZ-HiT piezoelectric transducers. 

 Diameter 

(mm) 

Thickness 

(mm) 

Sample 1 6.43 0.37 

Sample 2 6.41 0.36 

Sample 3 6.41 0.36 

Sample 4 6.44 0.36 

Sample 5 6.38 0.36 

Mean 6.414 0.362 

STD 0.023022 0.004472 

 

 
The EMIA signature has been evaluated previously, after 92 kGy and 184 kGy of gamma radiation exposure. The EMIA 

were collected from 20 kHz to 6500 kHz with a step size of 50 Hz. Figure 8 shows the electro-mechanical spectra of HPZ-

HiT transducer before and after gamma radiation exposure. The figure shows that both in-plane and thickness anti-

resonance frequencies increase with increasing gamma radiation. The amplitude of the impedance increases slightly with 

increasing gamma radiation. However, the changes in frequency and amplitude are not significant. Therefore, it can be 

concluded that the HPZ-HiT sensor can be used in the nuclear environment for SHM applications.    
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Fig.  7 Electro-mechanical impedance spectra of the HPZ-HiT sensor for different radiation dose. 

4. CONCLUSIONS 

A details experiment was conducted to evaluate PWAS after gamma radiation. Changes in resonance frequency and 

amplitude in the sensors were evaluated. It was found that, for PZT-PWAS, slight variation in resonance frequency for 

both in plane and thickness mode was observed. For GaPO4, E/M impedance/admittance spectra did not show any 

reasonable changes after gamma irradiation. A compensation technique can be proposed base on the fact that the changes 

in resonance frequencies have a logarithmic relationship with radiation dose. This relation could provide radiation 

compensation in the nuclear environment and could be useful for damage detection. This research could provide a number 

of benefits: (a) radiation compensation for damage detection, (b) developing damage detection method in SHM 

applications for nuclear environment, (c) a SHM technique in nuclear environment with limited number of transducers, 

and (d) developing a method for transducer characterization to separate defective transducers for impedance and 

admittance-based SHM technique. 
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