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Abstract. The paper reveals the effect of imperfection of solid-state dielectric samples on the
parameters of the electromagnetic response under exposure of the test object to deterministic
acoustic impact. The patterns of changes in the parameters of electromagnetic signals with
variations and an increased electric field vector with respect to the defect—sample contact are
provided. It is shown that the amplitude-frequency parameters of the emitted electromagnetic
signals are directly related to the acoustic impedance and conductivity of the contacting
medium and defect. The amplitudes of the electromagnetic responses are found to correspond
to the distribution of mechanical stresses arising in an imperfect system during acoustic pulse
propagation in time and space determined through mathematical modeling. The paper presents
data on changes in the electromagnetic signal parameters for model defects of an increased size
in samples of similar type.

1. Introduction

A number of methods are currently used in non-destructive testing to detect defects in materials and
products: acoustic, electrical and electromagnetic, magnetic, X-ray and others [1-8]. However, for
dielectric materials and structures, this variety of non-destructive methods cannot be effectively used
in all cases. This is due to high permeability of X-ray radiation, the absence of magnetic properties in
the vast majority of dielectrics, and the close ratio of the acoustic impedance during ultrasonic
sounding.

Early detection of imperfection of dielectric structures is of great importance for testing their
mechanical and electrical strength. For safety reasons, insulators, structural organic dielectrics,
concrete structures and other dielectric structures and products should be periodically subjected to
non-destructive testing. In this regard, it is advisable to employ complex methods of non-destructive
testing. This complex method can imply contact acoustic sounding of the test object and non-contact
recording of the electromagnetic response to the impact followed by an amplitude-frequency analysis
of the electromagnetic signal (EMS). The electromagnetic signal arises when electrical double layers
on the edges of cracks and cavities start to vibrate and when the contact areas of materials, layers and
other defects are polarized [9—18]. Mathematical modeling and laboratory studies have shown that
these transformations are some of the main techniques to generate EMS in heterogeneous dielectric
materials. Acoustic pulses propagate and interact with existing and newly emerging defects. As a
result, charges or electrical double layers at the interfaces between media, inclusions or blocks, on
edges of cracks or on other structural defects of dielectric materials emit electromagnetic signals.
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In [19], theoretical studies provide physical demonstration of the electromagnetic method for
testing heterogeneous dielectric materials. It is indicated that inducing mechanical vibrations by
normalized single impact causes a bias current. The bias current in turn depends on the rate of the
change in the bulk density of elementary sources and on the dipole moment. For the test samples, the
magnitude of the surface charges, their spatial structure and amplitude of vibrations depend on
physicochemical properties of the sample internal regions.

In [18-21], experimental studies show that the passage of acoustic waves causes EMS generation,
which is associated with vibrations of the electrical double layers. It is revealed that acoustic-electrical
transformations cause the transfer of the acoustic signal energy to the EMS energy. In this case, the
EMS amplitude-frequency parameters depend on the parameters of acoustic pulses and the charge
state of the existing defects in the form of inclusions and layered texture.

Thus, external deterministic acoustic impact and the parameters of electromagnetic responses to
this disturbance can be used to successfully test dielectric materials to detect defects in the form of
solid-state inclusions or voids. Numerical and experimental modeling of this testing was performed.
This paper presents the findings of the experimental studies of changes in EMS parameters and spectra
upon deterministic acoustic pulse excitation of model samples with defects in the form of solid-state
inclusions.

2. Research methods

To study the effect of defects on the parameters of electromagnetic signals under deterministic
acoustic pulse excitation, samples (5.0x5.0x9.5)x10° m® in size with defects inside were made of
cement-sand mixture (CSM). The longitudinal acoustic pulse propagation velocity along the CSM
sample was 2765 m/s, and the mixture density was 1900 kg/m’. Rectangles with sizes of
(25%25x38)x10°° m’, (20x20x30)x10° m’, (15x15x20)x10~° m’, and (10x10x15)x10° m’ made of
plexiglass, fluoroplastic, ebonite, magnetite ore, limestone, brass, duralumin, and steel were used as
defects. The position of the defect in the sample was verified by digital radiography using a
PerkinElmer XRD 0822 detector [22].
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Figure 1. Model CSM samples with a defect inside exposed to pulsed acoustic excitation (a), and
block diagram of the test bench to record and process excited electromagnetic pulses (b)

The changes in the parameters of the electromagnetic responses of the samples to acoustic exposure
were experimentally studied using a special test bench. An acoustic pulse in the samples was excited
by impact with a ball. The impact energy generated in the sample was determined by the time of the
ball passage through two LED pairs. DC power supply AIP B5-120/0.75 was used as a voltage source
to create an electric field. EMS was measured using an electromagnetic banded sensor along the length
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of the sample with 15 measurement planes. At least 10 ball impacts and EMS measurements were
performed on each plane. Figure 1a shows a model CSM sample with a defect in the form of an
inclusion made of solid-state material, and figure 15 shows a block diagram of the test bench to record
and process excited electromagnetic pulses.

The entire test bench was located inside a grounded electric shield to eliminate electromagnetic
interference and reliably record EMS with amplitude of at least 2.0x107 V. A dynamic system of
impact excitation with a ball ensured the duration of acoustic pulses of 5x10 at the base and of
3.5x107 seconds at a half width. The device that provides compression or extension of the spring was
used to change the initial ball velocity. The time of the ball flight between two optical pairs, including
LED and a photodetector was recorded to measure the velocity of the movement of the ball towards
the sample and its rebound. This made it possible to generate the energy of the acoustic impact in the
test sample in the range of (8+15)x107 J. The dynamic system in the test bench can be replaced with a
piezoelectric emitter with discretely adjustable duration of the exciting acoustic pulse ranging from
10° to 50x10° s. The same stand was used to measure the longitudinal speed of sound in test
materials.

For experimental studies, a differential capacitive sensor (EMD), a differential amplifier, was used
as a receiver of electromagnetic signals. The capacitive sensor consists of low-noise AD8627 (RC)
microcircuits. At the sensor input, the remote controls were assembled as current feedback amplifiers
to match high resistance of the receiving plates to the input resistance of the amplifier. In addition, the
capacitive sensor was equipped with low and high frequency filters to ensure its operation in the range
from 1 to 100 kHz. At the capacitive sensor output, the signal was amplified with a coefficient of 10 or
100. In measurements, the gain was chosen depending on the input EMS amplitude. The input EMD
sensitivity was 2.0x10* V. The size of the receiving EMD plates in the experiments with CSM
samples was (0.5%x3.0)x10* m”. The distance from the surface of the test samples to the EMD plate
was set equal to (1-2)x10~° m. The signal from the electromagnetic sensor was transferred to the NI
BNC-2120 data acquisition device and then to PC. Specially developed programs were used to
normalize the EMS with regard to the vibrations induced by the ball impact, and its spectral analysis
was performed using the fast Fourier transform (FFT) program to reveal its characteristic patterns for
detecting solid-state defects.

3. Research result

To increase the EMS/noise ratio of the test bench, the effect of the applied electric field with variable
intensity H on the parameters of the electromagnetic response under pulse acoustic exposure was
studied first. Figure 15 shows the block diagram of the test bench. For this purpose, we changed the
angle of incidence a of the electric field intensity vector to the contact surface of the cement-
sand mixture and the front part of the defect (figure la), and the field strength was adjusted to
H=2400 V/m. Figure 2a illustrates a regular increase in the EMS amplitude when the angle «
increases. It should be noted that an increased angle of incidence and constant voltage across the
electrodes decrease the A value from 2400 V/m to 1400 V/m due to the increased distance between the
electrodes. The EMS amplitude attains its maximum when the location of the vector H is normal
relative to the contact surface between the sample material and the defect in the form of a solid
inclusion. Figure 26 shows the dependence of the EMS amplitude on the electric field strength at a
constant angle of incidence a=45° relative to the contact surface between the sample material and the
fluoroplastic defect, and figure 3 presents similar dependence for the magnetite ore inclusion. The
contact surfaces under study are perpendicular to the acoustic pulse propagation. As can be seen in
figures 26 and 3, the EMS amplitude increases as the intensity of the electric field applied to the
sample grows.
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Figure 2. Changes in the amplitude of the electromagnetic signal depending on the angle of incidence
o of the electric field strength vector H relative to the contact surface between the cement-sand
mixture and the front part of the fluoroplastic defect with dimensions of (10x10x15)x10~° m’ (a) when
the applied electric field increases and the angle a=45°is constant (b).
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Figure 3. Changes in the amplitude of the electromagnetic signal at a constant angle o of the electric
field intensity vector H relative to the contact surface between the cement-sand mixture and the front
part of the magnetite ore defect with dimensions of (10x10x15)x10"° m’.

Thus, the experimental studies showed that the EMS amplitude increases when the angle of the
electric field strength vector increases relative to the contact surface between the sample materials and
defects. When the angle of incidence is constant, the EMS amplitude was found to increase when the
field strength changed from zero to 18x10> V/m.

Figure 4 shows a sample with a fluoroplastic (PTFE) defect. The longitudinal speed of sound in
PTFE is 1340 m/s at a density of p,r = 2200 kg/m’. The acoustic impedance of the cement-sand
mixture in the sample is equal to z..,, = 5.25-106 kg/m®s, which is almost twice higher than that in
PTFE, which corresponds to z,,, = 2.95-10° kg/m”s. A defect with dimensions of (10x10x15)x10”° m
was at the level of measurement planes 3, 4, and partially 5. The acoustic pulse was injected from the
side of measurement planel5.
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Figure 4. EMS spectra at different measurement planes of the model CSM sample with a fluoroplastic
defect when excited by deterministic acoustic pulse.

Table 1 shows the calculation results for the EMS spectral components in the model CSM sample
with a fluoroplastic inclusion when excited by determined acoustic pulse. The identity of the
parameters of the acoustic pulses exciting the sample was monitored with regard to the velocity of the
ball movement towards the surface. The frequencies were calculated using the formula f; = ¢/2L;,

where f; is the frequency component of the EMS spectrum; ¢, is the longitudinal speed of sound in the

basic material of the model sample or defect; L; is the length of the sample part along which the
acoustic pulse propagates. Figure 4 shows that measurement plane 3, which is at the farthest distance,
exhibits the largest amplitude of the EMS spectral components. Other measurement planes are not
presented here.

This indicates the presence of a defect in the sample volume. The propagation of the injected
acoustic pulse along the sample length L, corresponds to the EMS spectral component of 14.55 kHz. In
figure 4, this frequency is indicated by arrow 1. Other frequencies calculated and listed in the table also
correspond to the EMS spectral components. The numbers indicating these frequencies correspond to
those presented in Table 1. The frequencies indicated in figure 4 by arrows are crucial for identifying
the defect location.

Table 1. The calculation results for the central spectral frequencies of electromagnetic signals in the
CSM sample with a fluoroplastic inclusion under deterministic acoustic pulse excitation.

Sample parts, Double-pass time for  Frequency Longitudinal Materials
10° m the acoustic pulse, of EMS  speed of sound, c;,
10°s spectrum, m/s
10° Hz

1 Ly=95 68.70 14.55 2765 CSM
2 L,=20 14.47 69.10 2765 CSM
3 L,=15 22.39 44.67 1340 PTFE
4 L;=60 43.47 23.00 2765 CSM
5 Lo+ L, 83.30 12.00 2765 CSM
6 L,+L, 36.86 27.10 2765,, 1340, CSM,, PTFE,
7 L;+L, 65.86 15.18 27653, 1340, CSM;, PTFE,
8 L +L,+Ls 80.34 12.45 2765, 3, 1340, CSM ,,, PTFE,
9 Lo+L;-Ls 39.83 25.11 2765013 CSM 13
10 Lo—Ls 25.23 39.64 276503 CSM ;

11 Lo+L+ Ly+L, 149.16 6.7 276513, 1340,  CSM,,s, PTFE,
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When the defect increases in size and the sample size remains constant, the spectrum changes and
high-frequency spectral components of the EMS occur. Figure 5 shows the frequency spectra for
fluoroplastic defects. In this case, the posterior boundary of the defect was at similar distance from the
sample front, which was opposite to the acoustic pulse input upon the ball impact. Electromagnetic
signals were recorded at measurement planes corresponding to the contact surface between the sample
materials and defects located near the front part through which the acoustic pulse was injected.
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Figure 5. Changes in the spectrum of electromagnetic signals of the CSM sample with fluoroplastic
defects of different sizes: (a) - (10x10x15)x10~ m’; (b) - (20x20x30)x10~° m?; (c) -(25%25x38)x10~° m”.

Frequency calculation showed that the largest spectral peak corresponds to the transverse sample
size of 5.0x10* m. As noted above, the calculation of mechanical stresses at constant sample sizes and
increased defect sizes shows a shift in the spectrum of acoustic vibrations to a higher frequency region
due to the decreased distance between the walls of the sample and the defect. Since the parameters of
the mechanical stresses observed during acoustic pulse propagation are directly related to
electromagnetic responses, the EMS spectrum also changes [19]. In figure 5, arrows indicate changes
in the spectrum corresponding to the defect length and the location of defects of different sizes.

4. Conclusion
Thus, the experimental studies showed that the EMS amplitude increases when the angle of the

electric field strength vector increases relative to the contact surface of the sample materials and
defects. Moreover, at a constant angle of incidence, the EMS amplitude increases as the field strength
changes from zero to 18x10> V/m. This increase is due to the increased polarization of the contact
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surface between the sample materials and defects in the form of solid inclusions. The applied electric
field significantly improves the EMS/noise amplitude ratio.

The results of modeling showed the correspondence of the amplitudes of electromagnetic responses
to the time and space distribution of mechanical stresses observed in the defective system during
acoustic pulse propagation. It is shown that the parameters of electromagnetic signals indicate the
distribution of the parameters of the exciting acoustic pulse in different parts of the sample volume,
which is affected by the ratio of the acoustic impedance of the sample materials and defects. An
increase in the defect size at constant sample size leads to changes in the spectrum and causes the
occurrence of high-frequency spectral components of the EMS. In addition, the EMS spectra can be
used to localize the dielectric defect in the dielectric material.
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