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ARTICLE INFO ABSTRACT

Detection and sizing of corrosion are critical issues across many industries such as for the oil and gas industry or
the petrochemical industry. Inspections may become difficult and time-consuming when the structures under
inspection are only partially accessible such as for pipes under insulation or at pipe supports. It has been de-
monstrated in the literature that the cutoff frequency-thickness product of high order ultrasonic guided wave
modes can be used in medium to long-range thickness gauging. As the thickness varies along an inspection line,
the thickness variation acts as a low-pass filter for the high order ultrasonic guided wave modes. As the thickness
drops below the cutoff frequency-thickness product of a given mode, this mode is filtered out of the propagating
wave packet. The effectiveness of this technique depends on the number of excited modes and the width of the
ultrasonic beam along the inspection line. Both of these parameters can easily be controlled using electro-
magnetic acoustic transducers (EMAT) for the excitation. Analytical and multiphysics finite element simulations
were performed to optimize an EMAT that can excite enough modes to allow the measurement of the remnant
thickness based on the number of modes propagating through a corroded area. The results were validated ex-
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perimentally, and a thickness resolution of 2 mm was achieved in a 10 mm aluminum plate.

1. Introduction

Corrosion is a major problem across many industries which can lead
to catastrophic failures and the ensuing impact on the environment. The
gold standard for the quantitative evaluation of the remaining wall
thickness remains point-by-point ultrasonic testing [1]. This method is
very time-consuming and may become impossible to perform when a
structure is only partially accessible such as in the case of pipes under
insulation or the evaluation of corrosion at pipe supports. Low-fre-
quency ultrasonic guided waves are nowadays routinely used to screen
pipes for corrosion or other defects [2-4]. However, as these techniques
essentially use the reflection of non-dispersive fundamental ultrasonic
guided wave modes, they can only provide a rough estimate of the
remaining wall thickness. Ultrasonic guided waves can be combined
with tomographic imaging by using slightly dispersive modes. Ultra-
sonic guided wave tomography can provide very detailed thickness
maps at the expense of using a dense transducer array [5-7]. Moreover,
in ultrasonic guided wave tomography, the location of the transducers
needs to be controlled with high accuracy so as to obtain accurate
thickness maps. Ultrasonic guided wave tomography is also associated
with heavy data processing to reconstruct the images.

The alternative that will be developed in this paper is the use of high
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order shear horizontal guided wave modes (SH waves). High order ul-
trasonic guided wave modes have the interesting property of only
propagating above a certain frequency-thickness product. Previous
studies showed that this property could be used to determine the
minimum remnant thickness between two points [8-10]. The difficulty
identified in the previous studies was the experimental implementation
of the technique associated with the choice of the transduction me-
chanism and the frequency range. Piezoelectric transduction was ori-
ginally considered in the literature but the coupling of the transducers
with the structure under inspection was a major issue. The solution
investigated in this paper is the use of periodic permanent magnet
(PPM) electromagnetic acoustic transducers (EMAT). PPM EMAT have
already been studied extensively to generate the fundamental SH, mode
at relatively low frequency (< 300kHz) [11]. However, the method
investigated in this paper requires the excitation of a few SH modes.

The purpose of this paper is to evaluate the capabilities of an EMAT
to generate a large number of SH modes that will propagate through an
area of varying thickness. The SH modes will then be detected and
identified on the other side of the varying thickness area, and the
minimum remnant thickness will be inferred.

This paper first presents the required theoretical background on SH
waves and EMAT optimization to facilitate the use of the cutoff
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frequency method with high order SH modes. The second section pre-
sents a finite element study that was carried out for the optimization of
the transducer with the help of Comsol Multiphysics and Pogo [12].
Finally, the simulation results are validated against experiments in the
third section. The results are discussed as they are presented.

2. Theoretical background
2.1. Wave propagation

Ultrasonic guided waves are mechanical stress waves that can pro-
pagate between the boundaries of waveguides such as plate-like
structures. It is possible to separate these mechanical perturbations into
two main categories Lamb waves (symmetrical and antisymmetrical)
and SH waves. Within each category, there are fundamental modes and
high order modes. Fundamental modes (A, Sy, and SHy) can propagate
at all frequency-thickness products whereas the high order modes
(A1,23,., S1,2,3,., SHi 23, ) can only propagate from a specific fre-
quency-thickness product known as the cutoff frequency-thickness
product. Below the cutoff frequency-thickness product, high order
modes are considered as vanishing, their energy is reflected or con-
verted into lower order modes [12-14]. When the frequency-thickness
product approaches the cutoff frequency-thickness product of high
order modes, the phase velocity tends to infinity and the group velocity
tends to zero. Fig. 1 presents the phase velocity dispersion curves of
Lamb waves and SH waves in an aluminum plate computed using
Disperse [15].

Structures damaged by corrosion are generally characterized by a
loss of the wall thickness. The consequence for the propagation of a
given high order ultrasonic guided wave mode is that a thickness loss
may shift the frequency-thickness product below its cutoff frequency-
thickness product. Therefore, by identifying the modes that propagate
through the thickness loss, it becomes possible to estimate the
minimum remnant thickness along the propagation path. The thickness
resolution of this method depends on the number of excited modes and
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Fig. 1. (a) Lamb waves phase velocity dispersion curves and (b) SH waves
phase velocity dispersion curves in an aluminum plate (p = 2700 kg/m?>,
E = 70 GPa, v = 0.33).
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therefore on the frequency of excitation. A greater number of modes
will lead to a better thickness resolution. As shown in Fig. 1(b), all high
order SH modes are evenly distributed along the frequency-thickness
axis. This interesting property allows the estimation of the minimum
remnant thickness on a regular grid. For a given plate thickness h, the
cutoff frequency (f,7,,) of SH mode n can be calculated as follows:

nv

f;.'utuff,n = E’ nenN

(€]
where V; is the bulk shear wave velocity. One other advantage of high
order SH modes is that their excitability is constant for a given phase
velocity [8]. Morever, SH waves will not convert to Lamb modes when
impinging a defect or a feature parallel to the direction of polarization
[16]. For those reasons, the rest of the paper will focus solely on high
order SH waves.

From Eq. (1) it appears that the highest possible frequency should
be used to improve the thickness resolution. However, other aspects
must be taken into accounts, such as the uncorroded thickness of the
structure and the inspection distance. Indeed, Cheeke [17] showed that
the attenuation of a wave can be approximated by:

I= Ioe_z""‘

(2

where I is the intensity of the wave at a distance x from its source, I is
the original intensity and a is a coefficient depending on the material
properties and the frequency. High frequencies lead to strong at-
tenuation of the wave and a significant reduction of the inspection
distance. Thickness variation due to corrosion also leads to significant
scattering therefore further increasing the attenuation. A compromise
must therefore be made between the thickness resolution and the in-
spection distance according to the specifications of the inspection. For
the purpose of this study, the inspection distance was arbitrarily set to
0.5 m. This distance is important in the design of the transducers as will
be shown in the next subsection.

2.2. Transduction

EMAT refers to a transducer technology using either Lorentz forces,
magnetostrictive forces or magnetization forces. They consist, in the
simplest state, of two components: an array of magnets and a coil
(Fig. 2). The forces f generated by an EMAT can be modelled as follows:

fp=JXxB 4)
far = uo VHA-M 6]

where fj, is the Lorentz force, fy; is the magnetostrictive force, J is the
eddy current induced at the surface of the sample to be inspected, B is
the magnetic flux density, H is the magnetic field, M is the magneti-
zation, and y,, is the magnetic permeability. In this paper, an aluminum
plate will be used for both simulations and experiments and thus only
Lorentz forces will be considered since aluminum is not a ferromagnetic
material. In a SH wave PPM EMAT, the magnetic field is provided by a
set of permanent magnets and the current is induced by a flat and
elongated racetrack coil [10,13]. With this concept, the polarity alter-
nation of the magnets allows the generation of SH waves whose wa-
velength is twice the size of the magnets in the x-direction.

All experiments and simulations were carried out with a 10 mm
aluminum plate. The properties of aluminum are considered equal to
those used in Fig. 1 (p = 2700 kg/m>, E = 70 GPa, and v = 0.33) which
corresponds to a shear wave velocity of 3130 m/s. An arbitrary thick-
ness loss of 50% was first chosen leading to a 5 mm minimum remnant
thickness. The cutoff frequencies of first high order SH modes are
summarized in Table 1 for thicknesses of 5 and 10 mm.

At a frequency of 500kHz, only SHy, and SH; would propagate
through a 50% wall thinning area in a 10 mm plate. In this paper, the
threshold below which a mode is considered completely reflected or
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Fig. 2. Schematic of the EMAT used to propagate a directional SH waves using permanent magnets and a racetrack coil.

Table 1
Cutoff frequencies of SH; to SH4 in a 10 mm aluminum plate (p = 2700 kg/m?,
E = 70 GPa, v = 0.33) with a 50% thickness loss (thickness = 5 mm).

Thickness SH,; SH, SH3 SH,
5mm 313 kHz 626 kHz 939 kHz 1252 kHz
10 mm 156 kHz 313kHz 469 kHz 626 kHz

converted was arbitrarily set to —20dB below the mode with the
highest amplitude. Considering an excitation signal made from a 3
cycles Hann windowed toneburst centred at 500 kHz the —20 dB fre-
quencies are 225 and 775 kHz (Fig. 3(b)). All modes, except SHy, SH;,
and SH,, should therefore be completely reflected or converted to lower
order modes.

In a PPM EMAT, the number and size of the magnets determine the
wavelength selectivity of the transducer. When considering a PPM
EMAT, as in Fig. 2, it is possible to calculate the excited wavenumbers
and thus the wavelengths by taking the spatial Fourier transform of the
polarization pattern, which is a square function of a period equal to
twice the magnet width. Fig. 3(a) shows, as an example, the wavelength
selectivity for 20 magnets with dimensions summarized in Table 2.

It is then possible to combine the wavelength selectivity of the
transducer with the frequency bandwidth of the input signal to visua-
lize the modes that will be excited as shown in Fig. 3(c).

The combination of these magnets and the input signal transmitted
to the coil should, therefore, be able to excite at least the modes SH, to
SH3. As SH, is on the edge of the frequency bandwidth, its amplitude is
expected to be much lower than the other modes. The PPM EMAT de-
scribed above is therefore compatible with the generation of enough SH
modes to detect and size a 50% thickness loss.

Two additional important features to consider in assessing the
capabilities of a PPM EMAT to generate SH waves are: (1) the near-field
length and (2) the divergence angle of the beam. If the defect is too
close to the probe or too small relative to the width of the ultrasonic
beam, it may not be detected. These two parameters can be calculated
as follows [18]:
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where N is the length of the near-field, D is the dimension of the
transducer in the direction perpendicular to the direction of propaga-
tion, A is the wavelength, and 6 is the divergence angle from the cen-
treline to the —6 dB line.

As the received signals comprise up to 4 SH modes, the 2D FFT [19]
will be used to separate the modes based on their wavenumber and
frequency. To perform the 2D FFT a large number of points must be
used in reception. In simulations, reception on a large number of points
is not a problem. In experiments, a 2D scanning laser Doppler vib-
rometer was used to acquire the displacement fields in the direction of
polarization of SH waves. The wavenumber-frequency map obtained
with the 2D FFT can be converted to the more familiar phased velocity
vs frequency graph by using:

2
Tk €))

where V}, is the phase velocity, f the frequency, and k the wavenumber.

Vo

3. Finite element simulation

By definition, a finite element (FE) simulation corresponds to a
discretization of a volume. This discretization implies an error in the
calculated values. This error is a decreasing function of the size of the
elements. A study by Drozdz et al. [20] showed that a discretization of
10 to 15 elements per wavelength is suitable to simulate the propaga-
tion of ultrasonic guided waves using an explicit time stepping simu-
lation scheme. Moreover, the size of the time step must be set such that
propagating waves cannot, within one time increment, skip an element
[21].

These two criteria have the effect of increasing the computational
burden at high frequencies, both regarding the required computing
resources as well as the computing time. FE codes using central pro-
cessing units (CPU) are rapidly limited by the size of the models when
the frequency is increasing. Therefore, the use of graphics processing
units (GPU) accelerated solvers such as Pogo [12] enables the simula-
tion of very large models with reasonable simulation time and for a
relatively low cost of the computing infrastructure when compared with
CPU-based FE codes.

Several phenomena are taken into account in the transmission and
propagation of ultrasonic waves using EMAT [22] such as (1) the in-
duction of eddy currents due to the coil and to the conductive plate, (2)
Lorentz forces due to the presence of variable induced currents and the
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Fig. 3. (a) Amplitude of excitation as a function of the wavenumber with a pitch of 3.175 mm and 20 magnets along the x-axis, (b) Amplitude of excitation as a
function of the frequency for a 500 kHz, 3 cycles Hann windowed toneburst, (c) Phase velocity dispersion curves in a 10 mm aluminum plate; with the region of

excitation at the intersection of the dash lines.

Table 2

Geometry and magnetization direction of the magnets. The length corresponds
to the y dimension, the width to the z, and the thickness to the x (see Fig. 2 for
the axis system).

Length (y) Width (z) Thickness (x) Magnetization
25.4mm 6.4 mm 3.2mm Thru
Width (z)

constant magnetic field due to magnets or (3) the mechanics of con-
tinuous media that characterizes the propagation of ultrasonic guided
waves. This type of multiphysics simulations can be handled by certain
commercial simulation codes, but they usually do not allow to carry out
very heavy simulations such as in the case of ultrasonic wave propa-
gation. The solution used in this paper was to decouple the model. The
Lorentz forces were computed in Comsol Multiphysics 5.3a according to
the input current, the magnets and the material of the plate. The forces

73

were then imported into a Pogo model to simulate the wave propaga-
tion. The propagation of the ultrasonic waves simulated by Pogo was
not considered to influence the electromagnetic simulation in Comsol.

A schematic of the transducer and measured points configuration
used for both simulations and experiments is shown in Fig. 4. The area
of reduced thickness is separated into two sub-regions. Firstly, a region
of variable thickness of length L and width W, inside which another
region of length L, and width W,,, where the thickness is constant and
corresponds to the minimum remnant thickness. In the case of simu-
lations, L was equal to L. In simulations, the transition regions were
modeled as half Hann windows. The EMAT was located at a distance
from the defect which was at least greater than its near-field length. The
measurement points were located downstream of the defect, and the
last point was at a distance called the maximum monitoring distance.

The Comsol Multiphysics model comprised three parts: (1) N42
grade magnets, (2) the aluminum plate, and (3) the surrounding air
(Fig. 5). The aluminum plate was greatly reduced in size for this
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Fig. 4. Schematic of the simulations and the experiments setup. The region of interest where the thickness is varying is located in the far-field of the EMAT and the

last monitoring point is located at the maximum monitoring distance.
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Fig. 5. Schematic of the model used to compute Lorentz Forces using Comsol
Multiphysics 5.3a.

modelling step as the Lorentz forces are concentrated under the mag-
nets. The air was located between the magnets and the plate and was
surrounding the coil. Its role was mainly to ensure the continuity of the
mesh between the magnets and the plate. The input data was therefore
the direction of magnetization of the magnets, the current supplied to
the coil, and the material of the plate. The magnetic field imposed by
the magnets, and the induced eddy currents in the plate were calculated
at every node. Lorentz forces can then be obtained using Eq. (4).

EMAT

Excitation Line

Y Direction (m)

Near Field

0.1 0.2

Half Strength

03

Table 3
Near-field and divergence angle values of the ultrasonic beam for different
magnet lengths.

Length Nan Nre Oan Ofe

12.7 mm 26 mm 27 mm 6.3° 8.6°
25.4mm 100 mm 104 mm 3.1° 4.1°
50.8 mm 415 mm 434 mm 1.5° 1.9°

These forces were imported into a plate of uniform thickness in
Pogo and the displacement field of the wave propagation was mon-
itored at the plate top surface nodes. The diffraction pattern of the
probe is then obtained (Fig. 6). The near-field of the transducer is
measured as the distance from the EMAT to the distinct appearance of a
conical shape in the displacement field and the angle of divergence
equal to half the angle of the aforementioned cone. These finite element
values, N and O¢, will then be compared with those obtained using

(3]
Amplitude (dB)

0.4

X Direction (m)

Fig. 6. Diffraction pattern of an EMAT composed of a 2 by 20 array magnets of length 25.4 mm.
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Fig. 7. 2D Fourier transform of signals extracted from simulations shown on a phase velocity frequency map. (a) EMAT composed of 2x10 magnets, (b) 2 X 20
3.175mm.

magnets, (c) 2 X 40 magnets. The diagonal grey dashed line corresponds to the wavenumber associated with the pitch of the magnet 1/8”
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Fig. 8. Phase Velocity diagram computed from simulated data. The EMAT
comprised 2 X 20 magnets and the width of the minimum thickness region was
20 mm. Wavenumbers 0.19 mm ™' and 0.09mm ! are represented by the top
and bottom diagonal grey dashed lines. The centreline corresponds to the wa-
venumber associate with the pitch of the magnet 1/8” = 3.175 mm.

Table 4
Amplitude of the modes affected by a 5 mm thickness loss as a function of the
width of the minimum thickness region.

W 20 mm 40 mm 60 mm 80 mm
SH, —10.8dB —10.9dB —10.5dB —10.2dB
SH3 —24dB —24.5dB —24.9dB —24.3dB

Egs. (6) and (7), respectively N,, and 8,,. Simulations were carried out
for different values magnets length to select the best compromise. The
objective was to obtain a directive probe to be sensitive to small defects
but also with a relatively short near-field in order to maximize the

75

Fig. 9. Scan of the defect on a 10 mm aluminum plate, values correspond to the
thickness reduction in mm.

inspection length and facilitate manipulation of the probe in the la-
boratory. In view of the values obtained and summarized in Table 3, the
magnets with a length of 25.4 mm were chosen.

The analytical equations were therefore in good agreement with
simulations. Using these values, it was then possible to ensure that the
position of the defect was in the far-field of the transducer.

The other parameter of interest for the design of the EMAT is the
number of magnets. Three different number of magnets were simulated
(2 x 10, 2 x 20 and 2 X 40) on a defect-free aluminum plate to verify
the number of excited modes. Results are shown in Fig. 7. As predicted
in the previous section, an increase in the number of magnets resulted
in a reduction of the wavenumber bandwidth. On the phase diagrams,
this had the effect of concentrating the energy of the modes around the
line corresponding to the central wavenumber of the excitation. This
allows an easier separation and identification of the modes when a wall
thinning is present in the inspection area. For a 3 cycles Hann
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Fig. 10. 2D Fourier transform of signals ex-
tracted from simulations shown on a phase ve-
locity and frequency map. (a) No defect, (b)
70 mm by 30 mm defect, (¢) 130 mm by 80 mm
defect. Wavenumbers 0.19mm ™! and
0.09mm~! are represented by the top and
bottom diagonal grey dashed lines. The centre-
line corresponds to the wavenumber associate
with the pitch of the magnet 1/8” = 3.175 mm.
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Fig. 11. EMAT with 2 x 20 magnets in top (a) and bottom view (b).

windowed toneburst centred at 500kHz and the dimensions of the
chosen magnets, it is worth noting that the difference between the 20
magnets and 40 magnets case was not significant enough to justify the
use of a probe which would be twice as long. For the rest of the paper, a
PPM EMAT comprising of 2x20 N42 magnets with the dimensions
presented in Table 2 will be used.

Using EMAT design described above, the model was used to verify
that the length of the wall thinning region along the propagation

()
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direction did not affect the SH mode filtering. For this purpose, a model
corresponding to Fig. 4 was produced with a minimum thickness of
5mm and, by varying the dimension W,,, the amplitudes of the modes
affected by the thickness reduction were compared. The results are
shown in Fig. 8 and Table 4. It is worth noting that the amplitudes of
the modes do not change significantly, in fact the amplitude variation
for SH, or SH3 did not exceed 1 dB and showed no trend of divergence.

An aluminum plate was used for the experimental work. Its di-
mensions were 914 mm by 914 mm and 9.9 mm thick. Two regions
were attacked by accelerated corrosion using a saline solution and by
applying a potential difference between the plate and an electrode. The
plate was then scanned to obtain a thickness map (Fig. 9) using a Me-
trascan 3D Optical Scanner. The minimum thickness of both corroded
areas was 4.9 mm. In the simulations, the dimensions of the plate were
reduced to 500 mm in the direction of propagation and 250 mm in the
direction perpendicular to the wave propagation. The profiles of the
defects were modelled as accurately as possible. To facilitate the com-
parison with the experimental measurements, a distance of 100 mm
between the EMAT and the thickness reduction was fixed. In order to
perform the 2D FFT and separate the different modes, a series of 35
measurement points spaced by 1.5 mm was used to detect a maximum
wavenumber of 0.67 mm ™' and to have a wavenumber detection step
of 0.02 mm ™. The perimeter of the plate was surrounded by absorbing
boundaries designed with the Absorbing Layer with Increasing
Damping (ALID) method to reduce the amplitude of the waves reflected
by the boundaries and simulate an infinite plate [21-24].

As previously shown in Fig. 10, the excited modes in the defect-free
case were SHy to SHs. SH, amplitude was too low to be detected. The
majority of the energy lied well between the limits provided between
225 and 775 kHz in frequency and between 0.09 mm ™! and 0.19 mm !
for wavenumbers. The results in the case of the presence of the thick-
ness reduction were similar for both thickness reductions. SH; was
filtered out by the thickness reductions, as expected, using the —20 dB
threshold. The amplitude of SH, was reduced by 10 dB in both cases.
The SH3; mode was excited at a frequency of 710 kHz which, together
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Fig. 12. 2D Fourier transform of signals ex-
tracted from experimental measurements shown
a phase velocity and frequency map. (a) No de-
fect, (b) 70 mm by 30 mm defect, (c) 130 mm by
80mm defect. Wavenumbers 0.19mm~! and
0.09mm~! are represented by the top and
bottom diagonal grey dashed lines. The centre-
line corresponds to the wavenumber associate
with the pitch of the magnet 1/8” = 3.175 mm.
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with the properties of the aluminum used and the fact that it was fil-
tered out, enabled the estimation of the minimum remnant thickness to
be less than 6.6 mm (Eq. (1)). SH, was excited at a frequency of 610 kHz
and was not filtered out which implied that the minimum remnant
thickness of the plate was larger than 5.1 mm. Moreover, the sharp
decrease of amplitude of SH, indicates that the cutoff frequency-
thickness product was almost reached which suggests a minimum
remnant thickness between the probe and the measurement points close
to 5.1 mm. The drop in amplitude of the SH, mode was likely due to the
group velocity approaching zero and as the time traces were not in-
finite, SH, could not be fully captured.

4. Experimental validation

The prototype EMAT comprised 2x20 neodymium magnets
(Table 2) of grade N42. The racetrack coil was manufactured on a
printed circuit board (PCB) (Fig. 11). Advantages of such a coil com-
pared to a standard hand-winded coil are a better control of the or-
ientation of the turns, a better repeatability in the manufacturing pro-
cess of the coil, but also a greater precision in the orientation of the
magnets. On this PCB coil, the number of turns was taken so as to cover
the entire part of the PCB under the magnets and the spacings on the
inner turn made it easier to weld the PCB to the cables without the risk
of damaging the other copper tracks. However, the PCB coil manu-
factured in this project had a substrate thickness of 1.6 mm, therefore,
leading to a significant lift-off of the magnets. This thickness could be
reduced with other PCB types.

The signal acquisition setup comprised two blocks: (1) the emission
and (2) the reception. For the emission, a high-definition 4-channel
oscilloscope DSO9024H was used to control an Agilent 33500B signal
generator that supplied the desired signal to a Ritec RPR-4000 High
Power Pulser Receiver. For the reception, the measurement was per-
formed using a dual-laser Doppler vibrometer system (two Polytec OFV-
505, two Polytec controllers OFV-2570) and the DSO9024H oscillo-
scope. One of the vibrometers measured the normal displacement
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component at one point and the second was inclined, at a known angle,
measuring a superposition of the normal and in-plane displacement
components. The inclined laser vibrometer was oriented to measure the
displacement component parallel to the surface of the plate in the di-
rection of polarization of SH waves. The in-plane displacement was
extracted using trigonometric laws. Reflective tape was used to ensure a
good signal-to-noise ratio of both laser heads. The experimental sample
was mounted on a motorized XY table to allow the scanning of the
region of interest on the plate.

To assess both plate thickness reduction areas effect on the mode
cutoff the signal acquisition and processing used was the same as for the
simulations. The two areas of reduced thickness had the same minimum
remnant thickness but significantly different size. The largest one was
130 mm wide and 80 mm, in the direction of propagation, and the
smallest one was 70mm wide and only 30 mm in the direction of
propagation. The EMAT was placed so that the defect was outside the
near-field at a minimum distance of 100 mm. The in-plane displacement
field was measured on a series of 35 points spaced by 1.5mm in the
direction of propagation starting at a distance of 50 mm from the re-
duced thickness area.

In the defect-free case (Fig. 12(a)), modes SHy to SH3 were detected
with energy evenly distributed among the excited modes. Energy lied
well between the limits provided between 225 and 775kHz in fre-
quency and between 0.09 mm ™! and 0.19 mm ™! for wavenumbers. In
both cases, with the presence of a thickness reduction (Fig. 12(b and
c)), the complete cutoffs of SH, and SH; modes were observed. With the
same reasoning as for the simulations, it can be deduced that the ab-
sence of the SH, mode implied a minimum remnant thickness of less
than 5.1 mm. The propagation of the SH; mode through the defect leads
to a minimum remnant thickness of more than 3 mm. In simulations,
SH2 was not completely filtered out but a significant drop in its am-
plitude was observed. This is likely due to the slightly different material
properties in the simulation and the experiments leading to a small shift
in the dispersion curves. Indeed, the shear wave speed is 3130 m/s for
simulations compared to 3160 m/s in the aluminum plate used for the
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experiments. The size of the thickness reduction did not appear to have
a significant effect on the results when the minimum remnant thickness
remains the same (see Fig. 12(b and c)) as was observed in the simu-
lations. This result is very encouraging as the method was sensitive to
the minimum remnant thickness even for a relatively small thickness
reduction (70 mm by 30 mm). Moreover, for the small reduced thick-
ness patch, the minimum remnant thickness was concentrated on an
area of only 35 mm wide and 12 mm in the direction of propagation.

5. Conclusions

The ability of an EMAT to generate high order SH modes compatible
with the structural filtering process was theoretically demonstrated
using FE simulations and confirmed experimentally. The simulations
were used to design a prototype EMAT for the experimental im-
plementation of the method. In simulations, the minimum remnant
thickness between the probe and the measurement points was esti-
mated to be between 5.1 mm and 6.6 mm. However, as the amplitude
SH, was significantly reduced, suggesting that the mode got very close
to its cutoff, a minimum remnant thickness close to 5.1 mm was esti-
mated. In experiments, two thickness reduction areas were tested: a
relatively large patch 130 mm wide by 80 mm in the direction of pro-
pagation and a smaller patch 70 mm wide by 30 mm in the direction
propagation. Both reduced thickness patches had the same minimum
remnant thickness of 4.9 mm. The interpretation of the experimental
dispersion curves showed a minimum remnant thickness for both pat-
ches in the range between 3 mm and 5.1 mm. The experimental thick-
ness resolution, in this case, is relatively low but the correct range of
minimum remnant thickness was identified.
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