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Abstract. The performance of the Acoustic Emission (AE) technique is signifi-
cantly dependent on the sensors attached to the structural surface. Although con-
ventional commercially AE sensors, like R15a and WSa sensors, have been exten-
sively employed in monitoring many different structures, they are unavailable in
restricted-assess areas. In contrast, thin PZT sensors are small, inexpensive and
lightweight. These thin PZT sensors have a great potential for passive sensing to
detect AE signals. However, their utility in AE monitoring is limited due to their
low signal-to-noise ratio and information incompleteness because of their simple
construction. This work discusses the issues and possible solutions with regards
to the specific selection and application of thin PZT sensors for passive sensing.
The compatibility of different thin PZT sensors and conventional bulky sensors
is investigated using pencil break lead (PBL) tests. The comparison between the
recorded signals is carried out in both the time domain and frequency domain for
these sensors. To improve the reliability and performance of the thin PZT sensors,
amethodology employing multiple thin PZT sensors of different sizes is proposed
based on machine learning techniques and sensor data fusion.

Keywords: Acoustic emission technique - Thin PZT sensors - Restricted-assess
areas - Data fusion - Machine learning

1 Introduction

Acoustic emission (AE) technology plays a crucial role in structural health monitoring
(SHM) as anon-destructive testing method [1]. A typical AE system consists of a network
of sensors and preamplifiers. As shown in Fig. 1, the AE sensors are located at the surface
of the structure to transmit the surface motion f{z) from the elastic waves into electrical
signals a(t). Mathematically, the input function f{¢) of the surface motion is transformed
into the function a(?) of electrical signals sequentially by transfer functions of the AE
sensors w(t), filter wy(t), amplifier w,(z). These recorded signals can then be analyzed to
extract valuable information about the nature of the source of emission. In general, the
frequency response of both wy(#) and w,(t) are known to be fairly flat or almost linear
in the frequency domain [2]. Thus, AE sensors are the heart of the AE instrument.
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Fig. 1. Acoustic emission (AE) principle

Compared to other piezoelectric materials, PZT (Lead Zirconate Titanate) is the
most widely used material to fabricate AE sensors. Conventional AE sensors are nor-
mally made of bulky piezoelectric ceramics sandwiched between electrodes and backing
materials as illustrated in Fig. 2. These sensors are enclosed in a protective metal hous-
ing to minimize interference and enhance the sensitivity of the response. Conventional
bulky AE sensors, such as R15a and WSa transducers, have been extensively employed
in many different structures [3]. However, the implementation of these bulk sensors is
limited in restricted-access areas of interest. A general trend in employing thin PZT
sensors of several millimeters height has been observed toward overcoming this space
limitation.
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Fig. 2. (a) Conventional PZT bulky AE sensor [4]; (b) R15a sensor; (¢) WSa sensor
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Thin PZT sensors are well known for their dual application as either actuators or sen-
sors [5]. Thin PZT sensors have been commonly employed for ultrasonic guided wave
excitation and detection in the fields of SHM. Compared to commercial AE sensors,
thin PZT sensors are small, inexpensive and lightweight with a broadband frequency
response. In the past few years, many researchers have investigated the feasibility of
thin PZT sensors for monitoring acoustic emission activity. Studies have demonstrated
the great potential of thin PZT sensors for passive sensing in the field of AE moni-
toring in plate-like metallic structures [6]. However, thin PZT sensors suffer from the
issues of a less favorable signal-to-noise ratio compared to conventional AE sensors [7].
Besides, the comparison of thin PZT sensors with conventional AE sensors in previous
studies have been confined to thin PZT sensors with a certain geometry and no selec-
tion methodology has been proposed to select appropriate thin PZT sensors for passive
sensing. A more detailed analysis and comparison between thin PZT sensors and con-
ventional bulky AE transducers is still required. Meanwhile, several studies have shown
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the limitations of using one type of PZT sensor in AE identification [8]. It can only
collect partial information and therefore cannot extract precise features about the dam-
age. This necessitates improving the reliability of AE monitoring with a careful design
configuration of multiple thin PZT sensors.

The main objective of this study is to propose a possible solution to improve the
application of thin PZT sensors for passive sensing. Criteria for application-specific
selection of the thin PZT disc sensors are proposed to improve the performance using
multiple sensors. A comparative study between the thin PZT sensors and two commer-
cial AE sensors, which are consolidated in the academic and industrial community, is
carried out in this study. Pencil break lead (PBL) tests are performed on a compact ten-
sion specimen. Additionally, an advanced signal processing method based on machine
learning approaches and sensor data fusion is proposed to improve the reliability of the
AE monitoring using thin PZT sensors.

2 Thin PZT Sensors

2.1 Theoretical Background

A customized version of thin PZT sensors can be easily made and ordered according
to the specific application. Several key parameters should be taken into account for
selecting thin PZT sensors, such as shape, material and geometry. In contrast to PZT
sensors of non-circular shape, a circular one receives signals evenly from all directions
and is more often used in practical cases. One of the most significant material properties
of PZT for passive sensing application [5] is the piezoelectric voltage coefficient g3,
which should be maximized.

The sensor response as a function of frequency has been the subject of many studies
over the years [9]. The specific frequency response of conventional bulky AE sensors
can be obtained from the manufacturer, however is not available for thin PZT sensors.
Ochoda et al. proposed using this formulation for the sensor output voltage V¢ including
the influence of sensor radius and frequency:

Vol oc [ra | Y &N E ) + Y EMIE ) || =F €5, 8% ) (1)
£s g4

where r, is the sensor radius, £5 and £4 are the wavenumbers of the symmetric and
antisymmetric Lamb wave modes, respectively, and J is the Bessel function of Order
1. The frequency sensitivity of thin PZT sensors as receivers under different radius can
be evaluated using Eq. (1).

Due to the electro-mechanical (E/M) behavior, the piezo ceramic may experience two
extreme states, resonance and anti-resonance. Typically, an unstable transitory regime
can be formulated from the points of resonance and anti-resonance. This regime is detri-
mental for the steady and reliable application of PZT sensors, which should be avoided.
Giurgiutiu [10] proposed equations to calculate the admittance Y (w) and impedance
Z(w) of circular PZT sensors constrained by a structure:

Y(w) = iwC{l—k2| 1 — —— (1+Va)i](¢) _ o
P B00@) — [ —va) — T (1 +va) 1 (@)
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The detailed calculation of the above unknown parameters can be found in [10].
The zeros of the denominator of Eq. (2) represent the resonance points, whereas the
anti-resonance points correspond to the zeros of the entire expression inside the curly
brackets of Eq. (2). The sensor thickness is considered in the E/M response, which allows
the selection of the appropriate thickness for thin PZT sensors.

2.2 Criteria for Sensor Selection

Ochoda [11] provided a comprehensive discussion about the design methodology for both
actuating and sensing application of thin PZT disc. However, in the AE application, the
only purpose of using thin PZT sensors is for sensing. The criteria adopted in this research
is summarized below:

a) The sensors should have enough sensitivity in the frequency range for the specific
application with a high piezoelectric voltage coefficient g31;

b) The local maximum in the sensor output function should not overlap with or be close
to the E/M resonance or anti-resonance of the bonded thin PZT sensors.

c) Athicker PZT sensor is favored, as the amplitude of sensor output response is directly
proportional to the thickness.

3 Experimental Setup

3.1 Selected Sensors for Measurements

According to the selection methodology described in Sect. 2, three types of thin PZT
sensors were selected for analysis. The procedure can be described as following steps: (1)
Calculate the sensor output function of thin PZT sensors with different diameters using
Eq. (1); (2) Select several types of thin PZT sensors which have enough sensitivity in
the frequency range of interest for the application; (3) To consider the sensor thickness,
the E/M response for selected thin PZT sensors with different thickness (<1 mm) are
calculated according to Eq. (2); Select the alternative thickness satisfying criteria b).
(4) Choose the larger thickness to get higher sensitivity. The properties of the sensors
analysed are illustrated in Fig. 3 and Table 1.

Figure 4 shows the frequency sensitivity response of the R15a sensor and WSa
sensor. The sensor output function in different scales of the selected thin PZT sensors
is shown in Fig. 5 according to Eq. (1). The frequency range for metallic structures is
recommended as 100 kHz—900 kHz [15]. Considering that the attenuation of signals
increases with frequency, frequencies above 500 kHz are meaningless for most applica-
tions and are cut-off to minimize electronic noise. In Fig. 5 (b), the sensor output voltage
is converted to decibels using dB = 20 logjo(y). It can be observed that these three
thin PZT sensors could together cover the frequency range, which cannot be achieved
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Fig. 3. Illustration of the applied sensor in the measurement
Table 1. Dimensions and properties of selected sensors
R15a WSa PZT-1 PZT-2 PZT-3
Radius (mm) 9.5 9.5 10 5 3
Thickness (mm) 22.4 21.4 0.79 0.8 0.5
Material PZT-5A [12] PZT-5A PIC155 PIC155 PIC255
g31 x 1073 (Vm/N) —124 —124 —12.9 —12.9 —11.3
Weight (g) 34 32 1.9 0.49 0.18
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Fig. 4. Sensitivity response of (a) R15a

0.006

=——PZT1 PIC155 OD:220mmxTH:0.79mm
——PZT2 PIC155 OD:10mmxTH:0.8mm

0.005
——PZT3 PIC255 OD:6mmxTH:0.5mm

= 0004 =
= %
X R
£ 2
S o003 <
T e
% &
< 0002 =

@

S

0.001 |

0.000

200000 300000 400000 500000
Frequency (Hz)

(a)

Fig. 5. Sensor output voltage of selected
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by individual thin PZT sensors. The sensor output function and E/M response of the
selected thin PZT sensors are shown in Fig. 6. There are two E/M resonances for PZT-1
and one for PZT-2 between 0 and 500 kHz. All the relevant sensor local maximum are
away from the E/M resonances, as seen from Fig. 6.
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Fig. 6. Sensor output function and Electro-mechanical admittance response of selected thin PZT
sensors: (a) PZT-1, (b) PZT-2 and (c) PZT-3

3.2 Measurement Set-Up

PBL tests are performed on a compact tension (CT) specimen made of S355 steel with the
dimensions 85 mm x 85 mm x 15 mm. To eliminate vibrations and energy transmission
from the environment into the specimen, the CT specimen was supported on a polymer
foam as shown in Fig. 7. Two different experimental set-ups were used with different
sensor combinations, as seen from Fig. 8: (a) R15a and three thin PZT sensors; and
(b) WSa and three thin PZT sensors. During testing, the pencil lead is broken at the
notch tip of the CT specimen to simulate real crack initiation at a distance of 30 mm
from each sensor. An eight-channel MISTRAS AEwin data acquisition system (Physical
Acoustic Corporation Micro-II) with a sampling rate of SMSPS and a 40 dB PAC 2/4/6
pre-amplification was used. Ambient noise was filtered using a threshold of 50 dB.

R150/WSa

Signal amplifier
Micro-II PAC

BNC connector

Fig. 7. Experimental set-up
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Fig. 8. Layout of sensors for the different combinations: (a) R15a and three thin PZT sensors;
and (b) WSa and three thin PZT sensors.

4 Results and Discussion

Figure 9 presents the response of signals in the time domain and frequency domain
from pencil breaking. Significant differences in the waveforms can be recognized. It
can be seen that only PZT-3 shows a typical burst shape under the excitation, while
other sensors present mixed signals containing both burst and continuous types. Signals
received by sensors with a larger size are significantly distorted as a result of the aperture
effect, increasing the possible distortion due to scattering or reflections [16], requiring
improvements in the detection accuracy by post-processing techniques. Differences are
also strong in the frequency spectra using Fast Fourier Transform (FFT) of the waveforms
as well, as seen in Fig. 9 (b), (d), (f), (h) and (j). The partial power feature can provide
a more reliable description of AE signals. It can be calculated by summing the power
spectrum in a user-defined range of frequencies, dividing it by the total power.

2 L 2500kHz __
PP )= f T2 ¢)dr/ fo 02¢)dr 4

h

where U (f) is the power spectral density using fast Fourier Transformation of the sig-
nals. The average value of PP g.500 kHz) 1S obtained as 92% from WSa sensor. A flat fre-
quency response and wideband range of WSa sensor allow identifying the predominant
frequency band of AE sources.

The characteristics of the signals recorded from different sensors are described in
Table 2. The WSa sensors clarify that the nature of the frequency content of the signal
source is within 200—400 kHz, while the frequency content of the signal source is changed
significantly to 80-200 kHz using the R15a sensor. Itis reported that the thin PZT sensors
are non-resonant devices with wide frequency-band capabilities [17]. However, the last
column of Table 2 presents that the original frequency content of the signal source is
also altered due to the frequency response of thin PZT sensors. The results emphasize
the limitation of using only one type of thin PZT sensor.
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Fig. 9. Example waveforms and corresponding frequency spectra of signals captured by R15a
(a) and (b), WSa (c) and (d), PZT-1 (e) and (f), PZT-2 (g) and (h), PZT-3 (i) and (j).
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Table 2. Characteristics of signals received from different sensors

Amplitude (dB) Resonant frequency of sensor Frequency band with high
(kHz) sensitivity (kHz)
R15a 99 150 80-200
WSa 93 650 200-400
PZT-1 96 150/284/396 170-320
PZT-2 92 330 250-450
PZT-3 94 470 300-600

5 Proposed Technology Using Multiple Thin PZT Sensors

Normally, AE features from different types of sensors cannot be compared as the sensitiv-
ity responses between sensors are different. Data fusion is an approach for the integration
of various types of data to generate more information from the combined data than from
interpreting each dataset individually. Within the recent few years, deep learning-based
approaches for data fusion received extensive attention across various research fields due
to the enhancement of computing capability. Considering the favourable signal-to-noise
ratio of conventional bulky sensors, a method is proposed to reconstruct the signals of
conventional AE sensors by using the signals from multiple thin PZT sensors. As shown
in Fig. 10, the signals from selected thin PZT sensors can be stored in an image file as the
input data of the deep convolution neural network. The output data is the waveform from
conventional bulky sensors. Then, the features can be extracted from the reconstructed
signals for further damage detection. The development of this model is the current work
in progress.

| Data preparation from multi-sensor

Waveform from
i AE sensor

PZT-1 PZT2 PZT3 Deep convolution neural networks based
feature learning and data fusion

*  Amplitude
* Rise time

. * RMS

¢« ABS energy

Fig. 10. Flowchart illustrating of the proposed method

6 Conclusions

1. Interms of the passive application of thin PZT sensors, the criteria for defining the
suitable sensors are recommended considering the voltage output and E/M response
within the interest frequency band.
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2. Compared to thin PZT sensors, R15a shows the benefit of sensitivity with much
higher amplitude, while WSa generates the most faithful representation of the nature
of the AE source in a wider frequency band. Thin PZT sensors capture signals with
an altered frequency content of the signal and a smaller amplitude compared to R15a
Sensors.

3. To improve the performance of multiple thin PZT sensors for passive sensing, a
possible solution of using a deep neural network to reconstruct the signals from
conventional bulky sensors is proposed. The performance of the proposed method
will be evaluated in the future.
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