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ABSTRACT 

The increasing number, size, and complexity of nuclear 

facilities deployed worldwide are increasing the need to 

maintain readiness and develop innovative sensing materials to 

monitor important to safety structures (ITS) such as pressure 

vessels and piping (PVP) in a nuclear reactor. Technologies 

for the diagnosis and prognosis of PVP systems can improve 

verification of the health of the structure that can eventually 

reduce the likelihood of inadvertently failure. Recently 

investigated piezoelectric wafer active sensors (PWAS) open 

the possibilities to develop and deploy such system. 

Piezoelectric wafer active sensors are widely used in structural 

health monitoring (SHM) to determine the presence of cracks, 

delaminations, disbonds, and corrosion. Durability and 

survivability of PWAS under environmental exposures has 

been tested before. However the irradiation effects, pertinent 

to nuclear facilities for PWAS, have not been studied yet. This 

paper presents a study on PWAS that exposed to high energy 

gamma radiation. PWAS were irradiated using a Co-60 

gamma source in an irradiator with different exposure times. 

The dose rate and total absorbed dose were calculated using 

Monte Carlo simulations (MCNPX). The PWAS material 

properties, electrical contact change were characterized 

through a series of tests. The electro-mechanical impedance 

spectrum (EMIS) of PWAS was measured before and after 

irradiation. This study not only provides the fundamental 

understanding of the PWAS irradiation survivability but also 

tests the potential of PWAS as irradiation sensors for nuclear 

applications. 

 

INTRODUCTION 

 Assessing and maintaining the structural integrity of 

nuclear installations with minimum human intervention is of 

paramount importance. For example, the dry cask storage 

systems (DCSS) have been deployed in relatively large 

numbers at US reactor sites over several years (Figure 1). In 

total, there are over 1482 DCSS in use at US plants storing 

57,807 fuel assemblies. The U.S. Nuclear Regulatory 

Commission (NRC) has recently (July 12, 2011) [1] provided 

the recommendation on how to enhance “spent fuel makeup 

capability and instrumentation for the spent fuel pool”. This 

includes the recommendation to provide sufficient safety-

related instrumentation (able to withstand the design-based 
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natural phenomena) to monitor from a control room the key 

parameters of the spent fuel pool (i.e., temperature, radiation 

level). Monitoring has been identified by U.S. Department of 

Energy (DOE) as a high priority cross-cutting need. 

Monitoring is necessary to determine and predict the 

degradation state of the systems, structures, and components 

(SSCs) important to safety (ITS) and is required by regulation 

(10 CFR 72.122[2] and 10 CFR 72.128 [3]). Revisions to 

NUREG 1927 [4] suggest requirements for monitoring and 

inspection of dry storage systems as part of aging management 

plans. 

 

FIGURE 1: DRY CASK STORAGE SYSTEM FOR SPENT 

NUCLEAR FUEL 

 Structural health monitoring offers the solution to this 

important issue. The development of nuclear SHM systems 

ensures the safety and the reliability of these important 

facilities in the harsh radiation environment, for example, 

assessing and maintaining DCSS integrity with non-human 

intervention. This monitoring approach can be extended to 

other facilities and processes including non-power reactors 

facilities, research and test reactors, and independent fuel 

storage installations. SHM is a multidisciplinary process that 

involves several disciplines that must be closely coordinated. 

Generally, sensors are needed to measure temperature, 

pressure, and radiation levels, and/or to detect leaks and 

chemical species that signify potential of damage or indicate 

that damage has already occurred. Sensors are also needed for 

the detection of degradation in structural materials at relatively 

early stages. Accurate characterization of structural integrity 

requires in-situ sensor to reliably interrogate large areas and 

detect structural anomalies. However, severe and/or prolonged 

exposure to nuclear radiation (Figure 2) can introduce 

measurement artifacts as well as significant damage to sensors 

and electronic equipment. It is crucial to assess how SHM 

systems are affected by nuclear radiation (alpha, beta, gamma, 

neutrons, etc.) and to protect them when necessary. Monitoring 

approaches are needed to assess environmental conditions as 

well as structural integrity.  

 
FIGURE 2: INTERACTION OF IONIZING RADIATION WITH 

SENSORS AND ELECTRONICS MATERIALS 

 The past two decades have witnessed an extensive 

development of SHM sensor technology [5-9]. PWAS have 

emerged as one of the major SHM technologies because the 

same installation of PWAS transducers can be applied to a 

variety of damage detection methods [5-7]: propagating 

ultrasonic guided waves (acousto-ultrasonics), and standing 

waves (E/M impedance), as well as phased arrays (Figure 3). 

The most common used PWAS are made of piezoceramics 

(e.g., lead zirconate titanate, a.k.a. PZT). Piezoceramics are 

typically made of simple perovskites and solid solution 

perovskite alloys. Mechanical compression or tension on a 

poled piezoelectric ceramic element changes the dipole 

moment, creating a voltage. Compression along the direction 

of polarization, or tension perpendicular to the direction of 

polarization generates voltage of the same polarity as the 

poling voltage.  

 This paper addresses this critical challenge: it aims at 

identifying and quantifying the detrimental effects of the 

nuclear environment on SHM sensors and at developing 

adequate solutions and guidelines. 
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FIGURE 3: THE VARIOUS WAYS IN WHICH PWAS ARE USED FOR STRUCTURAL SENSING INCLUDES PROPAGATING LAMB 

WAVES, STANDING LAMB WAVES AND PHASED ARRAYS. THE PROPAGATING WAVES METHOD INCLUDE: PITCH-

CATCH; PULSE-ECHO; THICKNESS MODE; AND PASSIVE DETECTION OF IMPACTS AND ACOUSTIC EMISSION [1] 

 

STATE OF THE ART 

 Lin et al., investigated the durability and survivability of 

the PWAS transducers has been under various exposures 

(cryogenic and high temperature, temperature cycling, freeze-

thaw, outdoor environment, operational fluids, large strains, 

fatigue load cycling) [10]. For harsh environment application 

at higher temperatures, piezoelectric sensors (HT-PWAS) has 

been developed using GaPO4 material for SHM applications 

[11]. A survey of irradiation effects on piezoelectric materials 

and fiber optics sensors revealed some early studies on 

radiation effects on sensors and electronics (especially for 

space applications) but no systematic study exists on the effect 

of nuclear radiation on piezoelectric materials. For fiber optics 

sensors, a recent study [12] was performed on the effect of 

high total dose of radiation on fiber Bragg grating (FBG) 

temperature sensors. The study revealed that even a high dose 

of gamma irradiation (1MGy) affected the FBG temperature 

coefficient to less than 3%. The amplitude and the width of the 

Bragg resonance are unchanged under the -radiation. The 

change of the Bragg wavelength as a result of irradiation is not 

higher than 25 pm and saturates at doses of 0.1MGy. 

Consequently, FBG-based temperature sensors are probably 

capable of maintaining the required performance even in a 

MGy dose level radiation environment. In addition, the FBG 

parameters could be optimized to decrease their sensitivity to 

irradiation. Pre-irradiation is one promising method for 

achieving radiation-hard FBG sensors. A further dose increase 

above 1 MGy will not increase the hardness but may leads to a 

degradation of sensor performances. For the case of Ge-doped 

photosensitive fibers, pre-irradiation (50 kGy) allowed to 

decrease the shift of Bragg wavelength with the total dose 

from 20 to 10 pm, approximately 

PWAS IRRADIATION EFFECT 

 Preliminary studies have been performed in collaboration 

with Savannah River National Laboratory partner on the effect 

of irradiation on PWAS transducers. 

EXPERIMENTAL SETUP 

 PWAS used in this durability tests were circular PWAS 

with 7mm diameter and 0.2mm thick. The PWAS was made of 

APC-850 PZT material by APC International, Ltd. PZT APC-

850 was chosen because of its material properties (Table 1), 

which are balanced for both actuating and sensing. The 

dimension and capacitance of free PWAS were measured 

before installation to test the consistency of sensors. The free 

PWAS (PWAS contacted without wires) dimensions and 

capacitances in this experimental setup were tested and the 

results are all within the bounds of statistical quality control 

for the tolerances that the manufacturer states.  
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Table 1 

PROPERTIES OF A TYPICAL PWAS (APC-850) 

 

Property Symbol Value 

Compliance 
11

ES  12 115.30 10 Pa   

Dielectric constant 
33

T  915.47 10 /F m  

Induced strain coefficient 
13d  12175 10 /m V   

Coupling factor 
31  0.360  

 

 A total number of six free PWAS and six wired were tested 

before and after irradiation. The PWAS behavior was 

monitored using the of the electromechanical impedance 

spectrum (EMIS). Giurgiutiu [5] established a complete 

analytical model of free PWAS as function of material 

properties of PWAS. The analytical model results have been 

verified by experimental results and finite element simulation. 

For a free PWAS, the real part of the E/M impedance reflects 

its free vibration spectrum. The change in material will reflect 

the EMIS spectrum.  The capacitance of PWAS was measured. 

Free PWAS (F1-F6) were tested with the fixture shown in 

Figure 4. Wired PWAS (W1-W6) has two wires soldered on 

both electrodes. The baseline data for PWAS capacitance and 

EMIS were recorded. 

 

     
 
FIGURE 4: FREE AND WIRED PWAS SAMPLES 

 The Co-60 gamma source with a maximum dose rate of 
62.5 10  rad/hr were used for irradiation test (Figure 5). The 

absorbed dose was calculated by Monte Carlo modeling 

(MCNP5), simulating 
61 10  interaction and average 

specimens density. The predicted dose rate is 
51.5447 10  

Rads/hr.  

 
FIGURE 5: CO 60 SOURCE DATA 

 

The free and wired PWAS sample number under different 

dosages are shown in Table 2. For the first irradiation tests, 12 

samples are separated into three groups. The groups were 

irradiated for 2, 4, and 8 hours individually. The sample 

number and dosage is shown in Table 2. After the capacitance 

and EMIS measurement after first irradiation, additional 24h 

(37.1 M rads) were applied for all the 12 PWAS.  

 
Table 2 

PWAS SAMPLE NUMBER AND IRRADIATION DOSAGE 

 

Group Sample Time 

 (h) 

First 

 Rads 

Second 

 Rads 

Total 

Rads 

1 F3 F6 

W5 W6 

2 3.09M 37.1M 40.3M 

2 F1 F2 

W1 W2 

4 6.18M 37.1M 43.3M 

3 F4 F5 

W3 W4 

8 12.4M 37.1M 49.5M 

 

VISUAL INSPECTION 

No visual change was noticed after the first irradiation. 

However, obvious color change on PWAS electrodes was 

noticed after additional 24h irradiation. The free PWAS after 

24h irradiation are shown in Figure 6. Sample F5 showed the 

extreme change in the picture. The wired PWAS all showed 

the electrode appearance change around the edge (Figure 7). 

 

 
FIGURE 6: FREE PWAS AFTER 2

ND
 IRRADIATION 

 

 
FIGURE 7: WIRED PWAS AFTER 2

ND
 IRRADIATION 
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Table 3 

CAPACITANCE FOR FREE PWAS 

 

Group PWAS # Baseline 

capacitance (nF) 

After first 

 irradiation (nF) 

Percentage After second 

 irradiation (nF) 

Percentage 

1 F3 3.23 3.27 1.31% 3.19 -1.24% 

F6 3.35 NA NA 3.31 -1.20% 

2 F1 3.04 3.06 0.65% 3.07 0.99% 

F2 3.21 3.17 -1.23% 3.19 0.62% 

3 F4 3.22 3.12 -3.30% 3.12 -3.11% 

F5 3.15 3.13 -0.61% 3.10 -0.16% 

 

 
Table 4 

CAPACITANCE FOR WIRED PWAS 

 

Group PWAS # Baseline 

capacitance (nF) 

After first 

 irradiation (nF) 

Percentage After second 

 irradiation (nF) 

Percenta

ge 

1 W5 2.96 2.91 -1.72% 3.08 4.05% 

W6 2.93 2.88 -1.74% 3.07 4.79% 

2 W1 3.06 3.04 -0.66% 3.25 6.21% 

W2 2.72 2.63 -3.42% 2.78 2.21% 

3 W3 3.04 3.01 -1.00% 3.20 5.26% 

W4 3.06 3.00 -2.00% 3.20 4.58% 

 

 

CAPACITANCE RESULTS 

The electrical capacitance was measured with a BK Precision 

890 capacitance meter before and after irradiation. The 

capacitance reading for free PWAS is in Table 3 and for wired 

PWAS is in Table 4. 

 It was observed that the free PWAS has little change after 

irradiation. But a clear trend of the influence of irradiation 

cannot be established because the capacitance after irradiation 

increased and also decreased compared with the baseline.  

 However, the wired PWAS capacitance reduced after the 

first irradiation and increased average 5% after the 24h 

irradiation. 

Figure 8 shows the variation of the average capacitance for the 

free and the wired PWAS. 

 

 
FIGURE 8: PWAS CAPACITANCE CHANGE VS 

IRRADIATION HOURS 

 

EMIS RESULTS 

 

The electromechanical impedance was measured with a HP 

4194A impedance analyzer before and after the irradiation. 

The real part of the measured EMIS represents the resonances 

of the PWAS resonator.  

 Figure 9 shows the comparison of EMIS measured after 8 

hours and 32 hours of irradiation as well as the initial EMIS 

before irradiation for the wired PWAS group 3. Figure 10 

shows EMIS measure the free PWAS group 3. Both Figure 9 

and Figure 10 indicate a apparent frequency shift in the 

resonance peaks due to irradiation; these shifts seem to be 

more pronounced especially above 600 kHz. Moreover, the 

thickness-mode resonant frequency also increased after 

irradiation (Figure 9c and Figure 10 c). The frequency shift for 

8-h (group3) was larger than the frequency shifts obtained 

after 2-h (group1) and 4-h (group2) of irradiation. In addition, 

just a slight frequency shift appears with the 32-h irradiation 

compared with the 8-h irradiation. It seems that the irradiation 

effect on the PWAS occurs at the beginning of the Gamma 

irradiation. 

 In order to quantify the irradiation progression measured 

by the PWAS, an irradiation index (II) was calculated. This II 

was calculated as a change with respect to the baseline state. 

To evaluate the II, the root mean square deviation (RMSD) is 

defined as 
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(d)  

 

 

FIGURE 9: EFFECT OF IRRADIATION ON WIRED PWAS 

RESONATORS: (A) REAL PART OF THE IN-

PLANE VIBRATION IMPEDANCE SPECTRUM 

FOR WIRED PWAS RESONATOR IRRADIATED 

FOR 8-H WITH 71.24 10 RADS TOTAL AND 32-H 

WITH 73.9 10 RADS TOTAL FOR 100-1300 KHZ; 

(B) SAME FOR 1500-3500 KHZ RANGE; (C) THE 

THICKNESS MODE 11-13 MHZ; (D) AVERAGE OF 

THE IRRADIATION INDEX VERSUS THE TIME OF 

IRRADIATION FOR THE SPECIMENS W3 AND W4 
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(d)  

 

 

FIGURE 10: EFFECT OF IRRADIATION ON FREE PWAS 

RESONATORS: (A) REAL PART OF THE IN-

PLANE VIBRATION IMPEDANCE SPECTRUM 

FOR FREE PWAS RESONATOR IRRADIATED 

FOR 8-H WITH 71.24 10 RADS TOTAL AND 32-H 

WITH 73.9 10 RADS TOTAL FOR 100-1300 KHZ; 

(B) SAME FOR 1500-3500 KHZ RANGE; (C) THE 

THICKNESS MODE 11-13 MHZ; (D) AVERAGE OF 

THE IRRADIATION INDEX VERSUS THE TIME OF 

IRRADIATION FOR THE SPECIMENS F4 AND F5 
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Where 
iZ represents the thi element in the measurement 

spectrum 0

iZ  represents the thi  element in the baseline, and 

N  is the data length. 

 The irradiation index based on the RMSD curves was 

calculated in three different frequency bands (100-1300 kHz, 

1500-3500 kHz, and 11000-13000 kHz). Figure 9d and Figure 

10d presented for the wired PWAS (group3) and the free 

PWAS (group3), respectively. It can be seen that the PWAS 

EMIS is able to pick up the difference between no irradiation 

and irradiation.  

 From the graphs, it appears that the majority of the 

irradiation effect in the PWAS was developed during the first 

8 hours especially for the wired PWAS. We observe the same 

trend for 2 and 4-h irradiation. We also noticed that different 

frequency bands have different sensitivity to the irradiation. 

The thickness mode (11000-13000 kHz band) is the most 

sensitive one in our case. Moreover the scale of the irradiation 

index was higher for the case of the free PWAS than the wired 

PWAS. More analysis as SEM will be needed to explain this 

phenomenon. 

 This preliminary exploratory work has shown that the 

irradiation decreased the electrical capacitance and the Curie 

point, and increased the thickness mode resonant frequencies. 

The observed effects were attributed to a change in the 

electrode bonding and a reduction in the polarization of the 

ceramic, as suggested by Brommsfield [15]. 

 

CONCLUSION 

A short term irradiation effects for PWAS have been studied. 

PWAS were exposed to high energy Co-60 gamma radiation 

and maintained its piezoelectricity in a series of 2-h, 4-h, 8-h, 

24-h tests. The visual inspection indicates that a degradation in 

the electrodes after irradiation. The PWAS capacitance 

reduced after the first irradiation and increased average 5% 

after the 24h irradiation. A statistical study in the capacitance 

change is needed. The EMIS measurement showed that  

majority of the irradiation effect in the PWAS was developed 

during the first 8 hours in both free and wired PWAS groups.  

 The experiments will be continued to verify the durability 

and survivability in the long term. The PWAS material 

properties, electrical contact change will be characterized 

through a series of tests. A series of scanning electron 

microscope (SEM) and X-ray will be performed to identify the 

changes in the materials. This study provided the fundamental 

understanding of the PWAS irradiation effect.  
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