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Lifespan assessment of piezoelectric sensors
under disposal condition of high-level nuclear waste repository
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Abstract. A high-level nuclear waste (HLW) repository is designed for the long-term disposal of high-level waste. Positioned at
depths of 500-1000 meters, it offers an alternative to the insufficient storage space for spent fuels, providing a long-term
solution. High-level waste emits heat and radiation, causing structural deterioration, including strength reduction and cracks.
Therefore, the use of piezoelectric sensors for structural health monitoring is essential for evaluating the safety of the structure
over time. Unlike other structures, the HLW repository restricts human access after the disposal of HLW, rendering sensor
replacement impossible. Therefore, it is necessary to assess both the lifespan and suitability of sensors under the disposal
conditions in the HLW repository. This study employed an accelerated life test (ALT) to assess the sensor's lifespan under
disposal conditions. Failure modes, failure mechanisms, and operational limits were analyzed through accelerated stress test
(AST). Additionally, the parameters of the Weibull life probability distribution and the Arrhenius accelerated life model were
estimated through statistical methods, including the likelihood ratio test, maximum likelihood estimation, and hypothesis testing.
Results confirmed that the sensor's lifespan decreases significantly with the increase in the temperature limit of the HLW
repository. The findings of this study can be used for improving sensor lifespan through shielding, development of alternative
sensors, or lifespan evaluation of alternative monitoring sensors.
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1. Introduction

system  (EBS)  designed to  complement

the

Spent fuels, a by-product of nuclear power generation,
contain high levels of heat and radiation, which pose
potential risk to the human living environment. Spent fuels
are stored in and managed by either dry or reservoir storage
facilities (Kook et al. 2013). Data from the third quarter of
2021 reveals that approximately 75% of Korea's overall
spent fuel storage capacity has already been utilized.
Furthermore, projections suggest that by 2044, 94% of
storage capacity will be filled (MOTIE 2021). To mitigate
storage scarcity, various disposal methods have been
explored, including deep geological, deep-sea, space, and
glacier disposals (McKinley et al. 2007). The most practical
and economically viable solution is a high-level nuclear
waste (HLW) repository for deep geological disposal at
depths ranging from 500 m to 1000 m (Sjoberg 2004, Kim
etal.2011).

The HLW repository comprises a natural barrier system
(NBS) composed of bedrock and an engineered barrier
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nonhomogeneous rock structure, as shown in Fig. 1. An
EBS consists of copper canisters, bentonite buffers, disposal
tunnels, and backfill materials. Its primary function is to
prevent and delay the release of radionuclides by acting as a
barrier.

Heat and radiation from nuclear waste can cause
structural deterioration of HLW repositories (Jonsson 2012,
Kwon et al. 2013). Therefore, the disposal volume per unit
area is restricted to regulate temperature and radiation. The
highest acceptable radiation is 1 Gy/h (Choi et al. 2008).
The temperature limit for the bentonite buffer material is
below 100°C due to the mineralogical transformation and
corrosion of bentonite buffer by sediment resulting from the
evaporation of groundwater (Rodriguez 2014). Various
research groups are working on increasing the temperature
limit to improve disposal efficiency and exclude the effects
of water or humidity on the structure (Zheng et al. 2015,
Gens et al. 2020). Kim et al. (2019) state the effect on
bentonite buffer to be insignificant below 150°C.
Furthermore, an international collaborative research project,
high temperature effects on bentonite buffers (HoTBENT),
is investigating the behavior and safety of structures under
high-temperature disposal conditions (Kober et al. 2023).

The harsh disposal conditions of HLW repositories
make structural health monitoring imperative. Specifically,
various piezoelectric sensors such as accelerometers, AE
and ultrasonic sensors can be used to monitor factors,
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Fig. 1 Schematic of KBS-3 (Nuclear Fuel Safety 3) repository (SKB 2010)
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Fig. 2 General process of accelerated life test

including structure strength reduction and cracks. To
prevent the leakage of radionuclides, the disposal tunnel is
backfilled after nuclear waste disposal, which restricts
human access and makes it impossible to replace or remove
sensors (Choi et al. 2006). Therefore, it is essential to
analyze the impact of high temperatures and radiation on
piezoelectric sensors and evaluate their suitability through a
quantitative lifespan assessment. Exposing the sensors to
disposal conditions and observing their failure is the most
accurate quantitative method for assessing sensor lifespan.
However, this approach is time consuming and expensive.
To mitigate this, we employed the accelerated life test

(ALT). This method assesses lifespan by exposing
accelerated stresses, harsher than the disposal conditions, to
induce failure in a shorter period of time (Chernoff 1962,
Trevisanello et al. 2008). Reliability analysis such as ALT
allows one to more specifically treat uncertainties (Goh et
al. 2010, Hamrouni et al. 2018). Ji and Liao (2014),
Ghasemi and Nowak (2018), and Dong et al. (2022) have
recently conducted reliability analyses on slopes, tunnels,
and piles, respectively.

The general procedure for the accelerated life test is
illustrated in Fig. 2. Initially, the objective is to determine
the failure modes that manifest under the disposal
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Table 1 Properties of 603CO0L1 related to temperature

Property Housing Mass Electronics Piezo element
Melting point [°C] 1400~1500 1800~2000 3400~3420 170~180
Thermal conductivity [W/(m-K)] 14~19 130 53~63 1.2~2.3
Thermal expansion coefficient 16.8~173 79 4446 30-3.5

[10°%/°C]

Table 2 Specification of 603C01
Sensitivity [mV/m/s?]

981 (£10 %)

Measurement range [m/s?] +5.1
Output range [V] +5
Frequency range [Hz] 0.5~10,000
Resonant frequency [Hz] 25,000

conditions in which the subject is used. The specific
disposal conditions that significantly impact the lifespan are
identified and selected as stresses for the test. The number
of accelerated stresses is generally two or three, and the
sample size per accelerated stress is five (Escobar and
Meeker 1995, Kim et al. 2020). When determining the
accelerated stresses, it is crucial to establish levels that
replicate the failure modes observed under disposal
conditions. This approach ensures highly reliable results.
Accelerated stresses should be lower than the operational
limit, which causes failure modes different from those in
disposal conditions. Once the accelerated stresses are
established, the subject is exposed to each stress condition
to obtain the corresponding failure data. The collected
failure data is used to estimate the relationship between
stress and lifespan. This estimation facilitates the
assessment of lifespan under the subject’s disposal
conditions.

This study aimed to assess the lifespan of monitoring
piezoelectric sensor in heat and radiation, the main disposal
conditions in the HLW repository. We analyzed the failure
modes and operational limits of piezoelectric sensors. Based
on this analysis, we designed an ALT and used it to assess
the lifespan of the piezoelectric sensors. The methodology
and results of this study will contribute to future research on
the lifespan assessment of various monitoring sensors.

2. Accelerated life test apparatus and methods

We conducted an accelerated stress test (AST) to
determine accelerated stresses for ALT, with a focus on
understanding failure modes, failure mechanisms, and
operational limits. The failure data was collected under the
accelerated stresses.

2.1 Test apparatus

In this study, the 603CO01 accelerometer from PCB
PIEZOTRONICS was selected as the subject for the
accelerated life test. This sensor is one of the most widely
used piezoelectric sensors in the industry; its schematic is
illustrated in Fig. 3, with properties and specification

Piezo element

\

Integrated electronics

Connector Mass

Steel housing

Fig. 3 Schematic of industrial accelerometer

detailed in Tables 1 and 2.

The test was configured to receive signals for
determining functional status of the sensor, as shown in Fig.
4. Granite with dimensions of 30 cm x 15 cm X 15 cm was
used as the medium to simulate the nature barrier system of
the HLW repository. The sensor was attached to the granite
specimen using vacuum grease, and a steel ball was
dropped from a height of 30 cm on the opposite side to
apply a controlled impact to the center of the specimen. The
signals generated by the impact were amplified tenfold
using a signal conditioner to enhance clarity of collected
data. Given the sensor's maximum acquisition frequency of
10 kHz, a low-pass filter set at 10 kHz was applied through
a signal filter to reduce noise. Signals were collected using
an oscilloscope.

To apply temperature stress to the sensor, we used a
Jeiotech OF-22G oven, which is adjustable up to 250°C. For
radiation stress, we used a high-level gamma-ray irradiator
facility at the Korea Atomic Energy Research Institute's
Jeongeup branch. The irradiator, emitted gamma rays of
Cobalt-60 with a controllable dose rate ranging from 10
kGy/h (Fig. 5).

2.2 Failure mode

Piezoelectric sensors operate based on the piezoelectric
effect; they convert mechanical stress into electrical charge.
When impacted, the piezoelectric element in these sensors
vibrates, translating these vibrations into electrical signals.
These sensors may experience failures under high-
temperature or radiation conditions. Under high-
temperature conditions, failure modes include altered signal
sensitivity from deformation of the piezo element or signal
interruption caused by the destruction of the piezo element
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(Wlodkowski 1999, Marozau et al. 2018). In high-level
radiation conditions, the failure mode of piezoelectric
sensors primarily results from non-ionizing energy loss
(NIEL). This involves atomic displacements caused by
radiation energy, which reduce the activity of electrons
(Shea 2009).

We conducted experiments to confirm the failure modes
and mechanisms under various disposal conditions. The
presence of failures was determined by comparing the
difference between the signal in the normal state and that
under harsh conditions. Signals were collected in both time
and frequency domains. In the time domain, measurements
included the peak value representing a single amplitude of
the signal and the peak-to-peak value representing double
the amplitude of the signal. In the frequency domain,
measurements included the resonant frequency, indicative
of the natural frequency that causes significant oscillations.
According to industry standards operational fluctuations in
the signal sensitivity of piezoelectric sensors within a range
of £20% are considered normal (Hwang et al. 2022).
Therefore, in this study, we defined a failure as any
deviation of the sensor’s signal beyond +£20% from the
signal acquired under normal conditions.

Since the maximum adjustable temperature limit of the
HLW repository was 150°C, we simulated temperature
conditions of 140°C using an oven, and exposed five
sensors to it. We collected five impact signals every 24
hours and determined failures based on the average value.

Table 3 Experimental cases for failure modes

Stress type temperature stress radiation stress
Stress level 140°C 1,3,5,7,9kGy/h
Sample size 5 2 for each stress
Exposure time
480~1008 103
[hours]

Table 4 Results: the number of failed samples & failure
modes under the disposal conditions

Property
The number of

temperature stress radiation stress

failed samples 2 00f 10
Failure time [hours] 480, 864 N/A
Failure mode change in signal N/A
sensitivity

The experiment was conducted for 1008 hours, and the
sensors that experienced failures were removed from the
measurements.

Due to the dose rate control limitations of the gamma
radiation facility, simulating the disposal conditions with a
dose rate of 1 Gy/h was impossible. Instead, we simulated
radiation conditions with dose rates of 1, 3, 5, 7, and 9
kGy/h. The two sensors were exposed to each condition. In
addition, the complex operational procedures of the
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Fig. 6 Accelerometers exposed to radiation stress

irradiation facility meant that signals could not be collected
at regular intervals. Therefore, we collected five impact
signals when the facility was temporarily stopped and
determined failures based on the average value. The
experiment lasted 103 hours, and the sensors that
experienced failures were removed from the measurement.

The experimental cases for the failure modes are listed
in Table 3, and the results are presented in Table 4. Under
the temperature conditions of the HLW repository, the
predominant failure mode observed was a change in signal
sensitivity. The recognized failure mode also endured at
room temperature once it was identified as a failure. In
contrast, under radiation conditions, although the rubber
band's corrosion and plate's external change were observed
(Fig. 6), no sensor failures occurred during the signal
collection process. We applied a cumulative radiation dose
of 927 kGy based on the maximum experimental condition
of 9 kGy/h. This dose is equivalent to the exposure that
would occur over 105.8 years in the HLW repository, under
the radiation dose limit of 1 Gy/h. Woo (2018) states that
general monitoring sensors have a service lifespan of 9 to
10 years. Given this, we conclude that the radiation
conditions in the HLW repository do not significantly affect
sensor lifespan.

2.3 Operational limit

The AST is used to identify the operational limit, that is,
the stress level at which unexpected failure modes occur.
AST is carried out by subjecting the sensor to gradually
increasing or incremental stress. ALT requires determining
accelerated stresses that induce the same failure modes as
those that occur under disposal conditions (Kim and Bai
2002). Therefore, these stresses should be set lower than the
operational limit derived through the AST.

As the previous subsection confirmed that radiation
stress does not have a significant effect on lifespan, AST
was performed only for the temperature stress. Failure was
determined by comparing the difference between the signal
in the normal state and that under disposal conditions.

Table 5 Experimental cases for AST

Stress type temperature stress
Stress level [°C] 130 ~180
Sample size 5

Exposure time [hours] 8 for each stress

Table 6 Results: the number of failed samples & failure
modes under the operational limit

Stress level  The number of Failure time Failure mode
[°C] failed samples [hours]
130 0 N/A N/A
140 0 N/A N/A
150 0 N/A N/A
160 0 N/A N/A
170 0 N/A N/A
180 5 I forall failures . 518721
interruption

Measurements in the time domain included peak and peak-
to-peak values, and the resonant frequency was measured in
the frequency domain.

AST was conducted starting from 130°C, which is
below 140°C with a predictable failure mode according to
results of subsection 2.2. The temperature was then
gradually increased in increments of 10°C until the
operational limit was reached. The two sensors were
exposed to temperature stresses, and five impact signals
were collected every hour to determine failures based on the
average value. If no failure occurred within 8 hours, the
sensors were exposed to 25°C for 16 hours, followed by
exposure to temperature stress incremented by 10°C. This
process was repeated until the operational limit was
reached.

Experimental cases for the AST are detailed in Table 5,
and the results are presented in Table 6. Under the high-
temperature disposal conditions of the HLW repository,
failure mode was identified as a change in signal sensitivity.
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(a) Normal state at 20°C

(b) Piezo element deformation at 140°C

\

(¢) Piezo element destruction at 180°C

Fig. 7 Failure mechanism at different temperatures

Table 7 Experimental cases for failure mechanism

Table 9 Statistics of life probability distributions

Stress type temperature stress
Stress level [°C] 20 140 180
Sample size 2 2 2
Exposure time
24 24 24
[hours]

Table 8 Experimental cases for ALT

Stress type temperature stress
Stress level [°C] 150 160 170
Sample size 5 5 5

Exposure time [hours]  840~2976 ~ 240~744 28~88

However, at 180°C, the initial measurement revealed a
failure mode of signal interruption, which differed from the
failure mode observed under disposal conditions. This
suggested that the operational limit was 180°C. Therefore, it
was reasonable to set the accelerated stresses lower than
180°C, such as 170, 160, and 150°C.

2.4 Failure mechanism

Subsections 2.2 and 2.3 outline the failure modes of
signal sensitivity change at 140°C, which represents the
disposal condition of the HLW repository, and the signal
interruption at the operational limit of 180°C. We conducted
an experiment to verify whether the failure mechanisms
causing the two failure modes, as identified in previous
studies, were the deformation and destruction of the piezo
elements. Each of the two piezo elements were exposed to
the temperatures 140 and 180°C, simulated using ovens.
Following 24-hour exposure, we collected five impact
signals using to determine failures based on their average
value. Experimental cases for the failure mechanisms are
listed in Table 7, and the results are presented in Fig. 7. As
anticipated, the experiment confirmed the failure
mechanisms: deformation of piezo elements at 140°C and
destruction of piezo elements at 180°C. These results are
consistent with the previously conducted ASTs, affirming
that the accelerated stresses at 170, 160, and 150°C are
reasonable.

Distribution AIC -2Loglikelihood BIC
Weibull 205.78 198.23 206.36
Loglogistic 206.41 198.55 206.67
Fréchet 207.52 199.34 207.46
Exponential 211.32 206.32 211.73

LEV

(Largest Extreme Value) 230.82 222.64 230.76
Logistic 233.44 225.26 233.39
Normal 237.50 229.31 237.44
SEV 243.05 234.87 242.99

(Smallest Extreme Value)

2.5 Failure data analysis

Ovens were used to simulate temperatures of 150, 160,
and 170°C with five sensors exposed to each of these
conditions. Five impact signals were collected every 2 or 24
hours to determine failures based on the average value. We
conducted the ALT until all sensors failed; any sensors that
failed were discontinued from the measurement.
Experimental cases of the ALT are presented in Table 8. The
analysis of the failure data was analyzed using three
statistical methods.

First, the acquired failure data were used to determine
the optimal probability distribution using a likelihood ratio
test. The likelihood ratio test used to evaluate the adequacy
of two competing models. It involves comparing the
likelihoods of the models, where one is obtained by
maximizing across the whole parameter space, and the other
is obtained by imposing a specified restriction. The test
determines the goodness of fit by examining the ratio of
these likelihoods data (D'Agostino 2017).

Subsequently, the probability distribution parameters
were obtained through maximum likelihood estimation.
Maximum likelihood estimation is used to estimate the
parameters of a presumed probability distribution based on
observed data (Dennis Jr and Schnabel 1996).

Finally, acceleration of lifespan was verified by
hypothesis testing that determines if the available data
provides enough support for a specific hypothesis.
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3. Accelerated life test results and discussion

The failure results under accelerated stresses of 150,
160, and 170°C in ALT are presented in this section. As
anticipated, all sensors exposed to the accelerated stresses
showed a failure mode characterized by a change in signal
sensitivity, but no alteration was observed in the frequency
domain. Therefore, we present only the signal in time
domain (Figs. 8-10). Statistical methods such as the
likelihood ratio test, maximum likelihood estimation, and
hypothesis testing were employed for result analysis.

3.1 Optimal life probability distribution

We applied the likelihood ratio test to obtain the optimal
life probability distribution from the failure. Likelihood refers
to a value that indicates the probability distribution from which
a specific set of data is most likely to have originated. The
likelihood ratio test was used to assess the significance of the
regression coefficients by comparing the ratio of likelihoods

for each distribution. The actual set of failure data is considered
the reduced model, whereas the distribution that describes the
trend in the data is known as the full model. The parameters of
each model are assumed to be 81 and B°, respectively. When
the likelihood function of the reduced model is Ly, the
likelihood function of the full model is L,, and their respective
maximum likelihood estimations are B! and B° . The
likelihood ratio test statistic D is expressed as shown in Eq. (1).

D = -2(Lo(B") - L,(8")) )

In addition, accounting for the number of parameters
and the amount of data, we derive the Akaike Information
Criterion (AIC) and Bayesian Information Criterion (BIC)
as shown in Egs. (2) and (3)

AIC = —2Loglikelihood + 2K 2)

BIC = —2Loglikelihood + K logn 3)
where Loglikelihood = Lo(f*) — L (f*), K is the
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Fig. 10 Failure time at 170°C

number of parameters in the model, and n is the number of
data points.

The likelihood ratio test was conducted using JMP
software version 17.0.0. It provides a range of statistical and
analytical tools for data analysis, exploration, and
visualization (Sall et al. 2017). Table 9 presents the
likelihood ratio test results. The test results showed that the
Weibull life probability distribution, which exhibits the
minimum value for all parameters, is the most suitable to
describe the collected failure data.

3.2 Parameters of Weibull life probability distribution

Eq. (4) represents the failure rate function of the Weibull
life probability distribution, assuming that the failure data are
independent.

fn B
RET) 0D \n(D)

where A(t,T) is the failure rate function, f(t,T) is the
failure probability density function, R(t,T) is the reliability
function, (T) is the shape parameter, n(T) is the scale
parameter, t is time, T is the absolute temperature. R(t, T)
represents the probability that the system or its components
function without failure up to time t. Relationships between
R(t,T), f(t,T), And The failure cumulative distribution
function F(t, T) are represented by Egs. (5) and (6)

W~A(t,T) =

)B(T)—l @

_dF(t,T) _d(1-R(T))
f&1) = e dt
BT ()P ©
= W@ U(T)

. B(T)
F(t,T) = f f@t,T)dt=1—exp [_ (n(LT)) ] ©

where F(t,T) is the failure cumulative distribution
function.

We used the maximum likelihood estimation method to
find the shape and scale parameters of the Weibull life
probability distribution. The likelihood function of the
distribution was found following Eq. (7), and the
logarithmic likelihood function was found using Eq. (8)

n B ﬁ
1 B T s (4
L(ﬁ,;;tl,tz, ...,tn> ﬂﬁn | | th e (77) (7)

j=1

1
l(ﬁ’;) = lnL(‘B, rll tl! t2! :tn)

1 - 1O 5
=n1n,8+n,81n7—]+(,8—1)Zlntj—n—ﬂth
= =

where n denotes the number of data points. Egs. (9) and
(10) are the results of partially differentiating Eq. (8) with

regard to % and (5.

n
al B~
—1=”ﬁ"—ng-1ztj =0 ©)
65 j=1
al LN
—nB+nln—+Zlnt—Z(—]) InJ —o (10)
B =l

The solutions to Eqs. (9) and (10) yield the maximum
likelihood estimations, f and 7 . From Eq. (9), 7 is
expressed as Eq. (11).

ST

n B
=1t (11)

=>
Il

n

Substituting Eq. (11) into Eq. (10), 8 is expressed as Eq.

(12).
- 1t lnt]
Zlnt — -0 (12)
: i)
Jj=1



Lifespan assessment of piezoelectric sensors under disposal condition of high-level nuclear waste repository

0.99 -
Temperature[°C]
——

0.9 150
ogd ~F" 160
07 170
0.6
0.57

Failure CDF, F(LT)
(]
(]

bt
=

0.05 AR
0.03+
0021
0.01+—= - :
1 10 100 1000 10000
Time [hours]

Fig. 11 Failure cumulative distribution function

Table 10 Hypothesis testing conditions

Null hypothesis Hy: 8(150 °C) = (160 °C) = B(170°C) = 8
Alternative
hypothesis
Significance

level

H;: At least one of the shape factors is different

a = 0.05

The solution f for Eq. (12) was calculated using Minitab
software version 21.1.0. Minitab provides a range of
statistical tools for analyzing data, making informed
decisions, and solving problems (Evans 2009). £ calculated
for 150, 160, and 170°C were 2.25, 3.31, and 2.50,
respectively. Substituting these values into Eq. (11) yields 7
of 1804.70, 576.75, and 56.15, respectively.

The plot of the failure cumulative distribution function
F(t,T) on Weibull probability paper with a 95% confidence
interval is shown in Fig. 11 by substituting the two
parameters into Eq. (6). On the Weibull probability paper,
the horizontal axis represents Int and the vertical axis

represents ln[— ln(l — F(t, T))]
3.3 Verification of acceleration

Predict the sensor’s lifespan under stress conditions
different to accelerated stress, required proving that
temperature stress accelerates sensor’s lifespan. This implied
that all the shape parameters for the accelerated stresses would
remain identical. Therefore, a hypothesis testing was
conducted, using Minitab, with the null hypothesis assuming
that all shape parameters are the same and the alternative
hypothesis assuming that at least one of the shape parameters
was different Table 10.

The hypothesis testing found the equal shape factor § to be
2.02, and the p-value 0.803. This value greatly exceeded the
significance level of 0.05, suggesting that the null hypothesis is
likely to be true (Sellke et @l. 2001). This proved that the
sensor lifespan was accelerated by the temperature stress.
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Table 11 Lifespan under temperature stress

Temperature stress = 130°C

t 2.02
F&T) F(t,130°C)=1- —(7>
«n  F( ) exp [ 106175.95 ]

L, > the service lifespan
Bio 34894.8 hours = 3.98 years

Temperature stress = 135°C

t 2.02
F(t,T) F (t' 135 C) =1-exp [_ (39541.42) ]

L, 39541.42 hours = 4.51 years
Big 12995.31 hours = 1.48 years

Temperature stress = 140°C

t 2.02
FT)  F(6140°C) =1 - exp [- (s50m200) ]

L, 15082.08 hours = 1.72 years
Big 4956.74 hours = 0.57 years

3.4 Lifespan of piezoelectric sensors

The previous section has confirmed that physical or
chemical alterations occur in the sensor due to temperature
stress. Therefore, we used the Arrhenius accelerated life model,
which represents the response dependence of the temperature
stress, as the ALT (Nelson 2009). The reaction rate and yield
due to the temperature stress, according to the Arrhenius-
accelerated life model are represented by Eqgs. (13) and (14)

E,
v, = }/-e_ﬁ (13)

(14)

where v, is the rate constant of the reaction, y is the
frequency factor, E, is the activation energy of the reaction,
k is Boltzmann constant 8.617 x 1073, T is the absolute
temperature, and x is the reaction yield. For accelerated life
tests, when failure occurs, and the reaction yield reaches x,

the nominal lifespan L,, is expressed in Eq. (15).
Ea
xo=y e R L,

=) ew ()
=3 exp

x =t

(15)
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The parameters obtained from the regression analysis
using Minitab with In (%2) and E, are -69.06 and -2.80,
respectively. By substitutlyng these parameters into Eq. (15),
we express the relationship between the nominal lifespan of
the sensor and the temperature stress as detailed in Eq. (16)

32507.83
Ly = 1.02 x 10039 - exp | ————— (16)
T +273.15

where T ' is temperature in Celsius.

The nominal lifespan L, , obtained from the Arrhenius-
accelerated life model in Eq. (16) represents the 63.2 percentile
of the lifespan. This is equivalent to the scale parameter 1(T)
of the Weibull life probability distribution. By substituting this
scale parameter for each of the temperatures 150, 160, and
170°C into Eq. (5), we can plot the Weibull lifespan probability
distribution alongside Arrhenius accelerated model, as shown
in Fig. 12.

By substituting 9 years, the typical service lifespan of a
monitoring sensor into Eq. (16), we calculated the temperature
to be 131.50°C. This implies that, in terms of nominal lifespan,
temperature stress does not significantly affect the lifespan
until it reaches approximately 130°C. However, given the
characteristics of the HLW repository, where sensor
replacement is not feasible, it is essential to consider a
stricter lifespan criterion than the nominal lifespan of the
63.2 percentile lifespan. Assuming the service lifespan is the
10th percentile lifespan B, and substituting it into Eq. (6), the
scale parameter was estimated to be 239663.41. By
substituting the scale parameter into Eq. (16), the
temperature was calculated to be 125.97°C. This suggest that
in terms of the 10% percentile lifespan, temperature stress does
not significantly affect the lifespan until it reaches
approximately 125°C.

Assuming the sensors are exposed to disposal conditions
of 130, 135, and 140°C due to the increased temperature
limit of the HLW repository, the nominal lifespan calculated
using Eq. (16) can be substituted into Eq. (6) to determine
the failure cumulative distribution function, 10th percentile
lifespan, and nominal lifespan for each temperature
condition, as listed in Table 11.

With each 5°C increment, the lifespan of the sensors
decreases significantly. Given the ongoing discussions
about raising the temperature limit in HLW repositories, this
clearly indicates that general industrial piezoelectric sensors
are unsuitable for such conditions. Therefore, further
studies are necessary to explore sensor lifespan
enhancements, including options like sensor shielding or the
development of alternative sensors.

This study established the correlation between
temperature and the lifespan of the piezoelectric sensor
through the utilization of three accelerated stress levels.
While employing more stress levels could have yielded
more enhanced results, the characteristic of ALT, which
consumes considerable time, led to the utilization of only
three levels. This can be a limitation of the study.

4. Conclusions

In this study, we conducted an accelerated life test to
assess the lifespan and suitability of piezoelectric sensors
under the disposal conditions of a high-level waste
repository. The effects of temperature and radiation stress
on lifespan were analyzed experimentally and statistically.
The findings of this study provide a framework for testing
sensor lifespan in high temperature and radiation conditions
of the HLW repository. This framework can be summarized
as follows:

e Under the HLW repository temperature conditions, the

failure mode of the piezoelectric sensor was the signal
sensitivity change, and the failure mechanism was identified
as the deformation of the piezoelectric element. However,
there was no observed failure of the piezoelectric sensor
attributed to radiation.

e The accelerated stress test aimed to establish the

temperature stress operational limit, which was determined
as 180 °C. Consequently, 150, 160, and 170°C were chosen
as accelerated stresses for the ALT.

 The Weibull life probability distribution was identified as the

optimal life probability distribution to describe the collected
failure data. using the likelihood ratio test.

* The relationship between the shape and scale parameters

of the Weibull life probability distribution was estimated
using the maximum likelihood estimation. The acceleration
of the lifespan due to temperature stress was verified
through a hypothesis testing based on the equal shape
factor.

» The Arrhenius accelerated model was utilized to represent

the physical and chemical deformations caused by the
temperature stress. This model was used to derive the
relationship between the nominal lifespan and temperature
stress. Furthermore, the nominal and 10" percentile
lifespans under the disposal conditions of the HLW
repository were derived.

« Lifespan significantly decreased with a slight increase in

temperature stress. Given the discussion on increasing the
temperature limit in HLW repositories, general industrial
piezoelectric sensors are concluded unsuitable for these
conditions. Hence, further studies are required to investigate
methods for extending the lifespan of sensors, including
sensor shielding and the development of alternative sensing
technologies.
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