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ARTICLE INFO ABSTRACT

Keywords: Guided ultrasonic waves can be employed for efficient structural health monitoring (SHM) and non-destructive
Lamb waves evaluation (NDE), as they can propagate long distances along thin structures. The scattering (Sp mode) and mode
Scattering

conversion of low frequency guided waves (Sp to Ag and SHy wave modes) at part-thickness crack-like defects
was studied to quantify the defect detection sensitivity. Three-dimensional (3D) Finite Element (FE) modelling
was used to predict the mode conversion and scattering of the fundamental guided wave modes. Experimentally,
the Sp mode was excited by a piezoelectric (PZT) transducer in an aluminum plate. A laser vibrometer was used
to measure the out-of-plane displacement to characterize the mode-converted Ay mode, employing baseline
subtraction to achieve mode and pulse separation. Good agreement between FE model predictions and experi-
mental results was obtained for perpendicular incidence of the Sy mode. The influence of defect depth and length
on the scattering and mode conversion was studied and the sensitivity for part-thickness defects was quantified.
The maximum mode conversion (Sp-A¢ mode) occurred for % defect depth and the amplitude of the mode-
converted Ag and scattered Sp modes mostly increased linearly as the defect length increased with an almost
constant Ag/So mode scattered amplitude ratio. Similar forward and backward scattering amplitude was found
for the mode converted Ap mode. The mode conversion of the Sy to SHy mode has the highest sensitivity for short
defects, but the SHy mode amplitude only increased slightly for longer defects. Employing the information
contained in the mode-converted, scattered guided ultrasonic wave modes could improve the detection sensi-
tivity and localization accuracy of SHM algorithms.

Mode conversion
Guided waves

FE simulation
Experimental validation

symmetric (Ag) Lamb wave modes below the cut-off frequencies of
higher wave modes were widely used for NDE and SHM investigations

1. Introduction

Fatigue cracks cause 60 % of the total service failures in aircraft
components [1]. Fatigue cracks initially generate at the microscopic
level and then rapidly grow to a critical crack size causing fracture [2],
potentially leading to serious consequences. To ensure aircraft safety, it
is necessary to detect small, part-thickness fatigue cracks at an early
stage [3], as fatigue crack growth increases exponentially under cyclic
loading [2]. Depending on the application, cracks should be detected
before they grow through the thickness of the structure to avoid leaks or
significantly reduce its remaining strength [4]. Guided ultrasonic waves
can provide efficient structural health monitoring (SHM) and non-
destructive evaluation (NDE), as they can propagate long distances
along thin, large structures with limited attenuation [5]. Lamb waves
are elastic waves propagating in isotropic plate structures [6], where
also shear horizontal (SH) waves exist, with the fundamental SHy mode
having no dispersion. The fundamental symmetric (Sp) and anti-
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[7-10]. At low frequency-thickness product, the dominant displacement
of the Ay wave mode is out-of-plane, while for the Sy and SHy wave mode
the in-plane displacement is dominant.

For SHM using guided waves, distributed sensors have been widely
used to detect and localize defects in plate structures [7]. Low frequency
Lamb waves (selective excitation of Ag or Sy mode below cut-off fre-
quency of higher Lamb modes) were used to detect cracks in a plate
using PZTs as sensors and actuators [8-10]. The long-term stability [11]
and the influence of temperature change [12] and surface wetting [13]
on detection sensitivity using baseline subtraction were investigated. To
minimize the limitations of the baseline subtraction method, modifica-
tions were developed to improve detection results such as image fusion
[14] and in-situ arrays of sensors [15], and the scattering patterns at
defects were studied.

It is necessary to understand the scattering of guided waves at defects
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and the influence of different parameters (e.g., defect size and excitation
frequency) on detection results for the development of NDE and SHM
methods [16]. The scattering of the Sy [17], Ag [18], and SHy [19]
modes at part-thickness notches was investigated from 2D geometry FE
simulations (assumed perpendicular incidence on infinite length defect)
and validated from experiments in a steel plate with good agreement. A
shallow crack (e.g., 31 % thickness) showed a lower sensitivity than a
deep crack-like defect (75 % thickness) for the Ay and Sy wave modes. FE
simulations were used to predict the mode converted Sy-Ag wave pulses
for a 2D plate model [20]. The Sy mode interaction with through-
thickness crack-like defects was investigated for varying lengths from
3D FE simulations with experimental validation [21]. The sensitivity
was found to be frequency independent and increased as the defect
length increased. For long cracks, oscillations occurred in the reflection
coefficient curves due to the wave diffraction at the crack tip and
interaction of waves along the crack surfaces. Compared with the Ag
mode, limited sensitivity of the So mode for short defects was observed,
as the Sp mode has a long wavelength [21]. The scattering of guided
ultrasonic waves at cracks in an aluminum plate structure was studied
[16,22]. The influence of defect depth [16], length [16,22], and incident
wave direction [16] on the scattered Ag mode detection results were
studied and quantified. Good agreement was obtained between experi-
mental results and Finite Element (FE) simulations. The SHy wave mode
scattering at a through-thickness [23,24] and part-thickness [25] notch
in a thin aluminum plate was studied. For through-thickness notches,
the detection sensitivity (amplitude) linearly increased as the center
frequency or the defect length increased. For part-thickness notches,
higher sensitivity was found for a deeper defect. The Ag mode was used
for defect detection of a defect (notch) at a through-thickness hole [26].
The influence of the excitation frequency on the scattering patterns was
small for 0° incident wave angle (perpendicular to notch), and the
scattering patterns were very similar as the hole diameter changed [27].
The baseline subtraction method was used to detect defects from rivet
holes and a distortion of the scattering patterns was shown due to the
cracks [28]. The detection of defects in the vicinity of five fastener holes
and inside a lap joint by guided waves (Sp wave mode) was studied [29].
Good agreement between FE and experimental results was obtained and
a fatigue crack was successfully located.

Mode conversion is the phenomenon where part of the energy is
transferred from one guided wave mode to other guided wave modes
during interaction with defects [30]. For higher frequency-thickness
products with multiple guided wave modes present, the mode conver-
sion and scattering can be quite complex [31]. Below the cut-off fre-
quencies of the higher guided wave modes in isotropic plates, mode
conversion between the Sy and SHy mode can occur for through-
thickness defects [32]. Mode conversion between the Sy and Ay Lamb
modes only occurs for non-symmetric defects (e.g., part-thickness fa-
tigue crack growing from one plate surface) [33], due to the respectively
symmetric and anti-symmetric mode shapes through the thickness.

SHM methodologies employing mode conversion have been devel-
oped to localize damage and estimate defect size. Guided wave mode
conversion (Sop mode to Ag mode) was used for the localization of a
crack-like defect in a plate from FE simulations [34]. The detection of
the defect location was successful, employing time reversal of the mode-
converted Ag mode. A SHM methodology based on mode conversion (Ag
mode to Sy mode) was developed employing 3D laser vibrometry [35].
Part-thickness cracks were detected, but not localized, from the mode
conversion of Lamb waves (Ag and Sy modes) using a baseline-free
methodology [36]. The energy difference caused by the mode conver-
sion at defects was used to indicate whether a crack existed (or not),
with both FE simulations and experiments conducted. The distance of a
defect from the sensor and the notch depth and width were predicted
from an analysis of the mode conversion (So-Ay mode), based on theo-
retical calculations and FE simulations [37]. The localization process
was based on the time difference between scattered modes at the
receiver, and the scattering coefficients of the Lamb wave modes were
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used to predict the defect geometry. Defects could be localized experi-
mentally in a plate using baseline-free mode conversion (So-Ao),
employing two transducers [38]. The relation between the wave prop-
agation velocities and distances was utilized to localize the defects. A
deeper, half-thickness notch was localized successfully, but the method
did not work for a shallow (1/10 thickness) notch. Transmission analysis
with 2D-Fast Fourier Transform (FFT) of the mode conversion (Ag and Sg
modes) at part-thickness defects was investigated [39]. The apparent
group velocity of the mode-converted waves was used to localize the
defect and separate the original transmitted modes (Ap-Ag, So-So) and
mode converted waves. Guided wave mode conversion (Syo mode to Ag
mode) at part-thickness holes was studied and the scattering for
different frequencies and hole diameters was investigated [40]. From FE
simulations, the scattering and mode conversion of an incident Sop Lamb
wave mode to the Ag and SHy modes was studied for different depth and
length of a part-thickness crack using a 3D plate model with absorbing
boundary conditions [41]. It was found that the defect depth influenced
the distribution of the energy transferred to the wave modes. For a 1/3
deep and 26.6 mm long crack (equivalent to So mode wavelength), the
mode converted scattered Ap mode had the highest amplitude and the Sy
mode had the lowest amplitude, while for a through-thickness crack, the
SHy mode had the highest amplitude. The influence of the defect length
on the scattered mode patterns was investigated from scattering
matrices.

Although the mode conversion between the fundamental guided
wave modes has been investigated for part-thickness holes [35,40],
cracks [36] and notches [34,38,39] in a plate, previous research on the
mode-conversion of guided waves at part-thickness crack-like defects
focused on FE simulations [20,41] and lacked experimental validation.
Good agreement was previously obtained for scattered single guided
wave modes (Ag and Sp) at crack-like defects between FE simulations
and experimental validation [16,21,22]. In this study, experimental
validation of FE simulations for the So-Ag mode conversion at crack-like
defects was conducted. Based on this validation, the effects of multiple
parameters and different defect geometries (length, depth) on the scat-
tering (Sp mode) and mode conversion (Ag, SHy modes) at part-thickness
defects were investigated. The understanding and validation of 3D FE
simulations of the scattered and mode-converted guided waves at part-
thickness crack-like defects could be employed to improve previously
proposed SHM and NDE methodologies for the detection of fatigue
cracks at an early stage before growing through the structure thickness.
FE simulations and experiments with varying defect depth and length
were conducted to investigate guided wave scattering and mode con-
version from the Sy to the Ag mode. The scattered Sy and mode converted
SH( modes were also quantified from the FE simulations to analyze the
respective energy transfer. The experimental procedure and FE simula-
tion settings are described and the results for mode conversion from Sy
to Ap mode are compared with a good agreement. The influence of defect
length and depth on the guided wave scattering is discussed.

2. Experiments
2.1. Experimental setup

A 1 mm wide, flat bottom notch was milled in steps as a single defect
with increasing depth and length at the center of an aluminum plate (Al
6082, 1 m x 1 m x 5 mm, Fig. 1). Initially, a notch of length 20 mm and
depth 1.25 mm (1/4 thickness) was milled in the workshop. The depth
was then increased to a depth of 2.5 mm (1/2 thickness) and 3.75 mm
(3/4 thickness). For the 3.75 mm deep notch the length was increased in
three steps to 30 mm, 40 mm, and 50 mm (Table 1). Before introducing
the initial defect, a baseline measurement (as detailed below) was
conducted for the undamaged plate to quantify the incident wave field.
After each milling step to increase the size of the single defect located at
the plate center, the plate was transferred from the workshop to the
laboratory to measure the scattering at the defect. The plate had to be re-
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Fig. 1. (a) Photograph of experimental setup; (b) FE model. Aluminum plate (size: 1 m x 1 m x 5 mm) with 50 mm notch, excitation transducer (right plate edge),

200 mm radius monitoring circle for laser interferometer and FE output requests.

Table 1
Part-thickness notch size for each milling step and measurement.

Notch length (mm) Notch depth (mm)

20 1.25
20 2.50
20 3.75
30 3.75
40 3.75
50 3.75

positioned after each milling step, and the repeatability of the mea-
surements was reduced [42].

The excitation transducer was placed 500 mm away from the center
of the notch at the plate edge, and the incident wave direction was
perpendicular to the normal of the notch. The transducer consisted of a
PZT disc (Ferroperm Pz27, diameter 5 mm, thickness 2 mm) and a brass
backing mass (diameter 5 mm, height 6 mm) and was bonded at the
plate edge by a 2-component epoxy glue. Although pure excitation of the
So mode was intended, additionally the Ay mode was excited with an

7 T T A} ™ T
\\ N
N <)
N S~
~
L & 1
6 < \
~ \
— Se
\\\
1—157 ~|
(%)
€
=
E
=47 1
=
(3]
ke]
g
r —
®3
7]
®©
c
o

N

N \
1
3
> >

3
Frequency-thickness [MHz-mm]
a

out-of-plane amplitude a factor 3.5 lower than the Sp mode amplitude,
due to misalignment of the attachment of the transducer at the edge of
plate. The 500 mm propagation distance between the transducer and the
defect was sufficient to obtain good time separation between the inci-
dent Sy and Ay wave pulses.

The excitation signal was a narrowband five cycle toneburst modu-
lated by a Hanning window with a center frequency of 100 kHz. The
signal was created in a programmable function generator and amplified
using a power amplifier (200Vpp). For the 5 mm plate thickness this
gives a frequency-thickness product of 0.5 MHz-mm below the cut-off
frequencies of the higher Lamb wave modes (approx. 1.5 MHz-mm,
see Fig. 2), where only the fundamental guided wave modes (Ao, So,
SHy) exist, simplifying signal processing and consideration of mode
conversion [32]. The Ag mode is dispersive at low frequency-thickness
products, but above 0.5 MHz-mm its group velocity is reasonably con-
stant (around 3000 m/s) and limited pulse distortion was observed
(Fig. 2). The Sp mode is not very dispersive below 1 MHz-mm [21] and
has the fastest group velocity (about 5400 m/s), allowing for time gating
of the wave modes. In line with literature [17,19], five cycles was found
to provide a good compromise between time length and frequency
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Fig. 2. Dispersion diagram for aluminum plate (Al 6082): (a) phase velocity; (b) group velocity; operating point at 0.5 MHz-mm frequency thickness indicated
(purple, dashed-dotted line), fundamental modes (solid lines), higher order modes (dashed lines), generated using Disperse software [43].
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bandwidth of the toneburst signal, limiting both signal length and pulse
distortion.

For the guided wave measurements, the plate was held vertically
using 4 small clamps (contact area approx. 5 mm diameter, see Fig. 1(a))
and, neglecting the contact points, can be considered as having free
boundary conditions along its edges. The 0° direction was defined as the
incident wave direction normal to the defect orientation, as shown in
Fig. 1(b). The out-of-plane displacement velocity on the plate surface
was measured using a laser vibrometer every 5° on a circle around the
crack-like defect with a radius of 200 mm. At each measurement point a
small retroreflective tape (approximately 5 mm x 5 mm size) was
attached to improve the laser beam reflection. The measured signals
(full time traces) were bandpass filtered (75-125 kHz) and averaged (20
averages) before being transferred from the digital storage oscilloscope
to the data analysis PC.

Time gating was used to extract the relevant guided wave pulse from
the measured time traces. The phase and amplitude (complex magni-
tude) at the 100 kHz center frequency were determined using FFT. A
baseline measurement of the incident S, wave mode was conducted
before the milling of the first notch and then a measurement of the
mode-converted, scattered Ao mode after each increase in defect size
(milling step). Due to the limited plate size, rather tight time gating of
the pulses of interest was necessary, as good time separation between
the different wave pulses could not be achieved for all locations on the
plate and some overlap in time occurred. Fig. 3 shows experimental time
trace signals with a defect and without a defect (baseline) at two loca-
tions (0° and 60°) on the measurement circle where good and limited
time separation of the wave pulses could be achieved. Baseline sub-
traction and time gating was applied to separate the scattered mode-
converted Ayg mode pulse (Fig. 3(c), (d)). For some locations on the
measurement circle, especially around the 60° and 330° directions, the
additionally incident Ay wave mode arrived at the same time as the
scattered Ap mode and a signal difference remained after baseline sub-
traction. The length of the time gating was chosen to be consistent for
the evaluation of the experimental and FE results to allow like-for-like
comparison. From a variation of the signal processing parameters, it
was observed that the measured scattering patterns were very consis-
tent, but that different choice of the time gating could lead to up to 5
percentage points of difference in the recorded amplitude ratios.

0.3 T T T T T
® 02r
IS
£ 0.1F
S o0
2
g-m F
< -02f

03 . A . . .

0 0.05 0.1 0.15 0.2 0.25 0.3
Time [ms]
(@)

0.3 T T T — -
@ 02 :
S I
£ 0.1 .
S 0
2
2_-0.1
< -0.2

-0.3 ‘ : : : :

0 0.05 0.1 0.15 0.2 0.25 0.3
Time [ms]
(c)

Ultrasonics 142 (2024) 107399

Additional measurements were conducted on the undamaged plate
along a perpendicular line from the excitation transducer. The propa-
gating wave pulses of the Sy and Ay mode were separated using time
gating and the respective phase velocities [44] measured from the
gradient of the phase angle with propagation distance. The experimental
measurement gave values for the phase velocity of the Sy and Ay modes
as 5464 m/s and 1896 m/s, with corresponding wavelengths of 55 mm
and 19 mm.

The transducer was accidentally knocked off during the milling of
the 40 mm and 50 mm length defects and reattached. The baseline data
for the 40 mm and 50 mm cases has been adjusted to match the actual
incidence Sp mode amplitude during the measurement, but the quality of
the baseline subtraction was negatively influenced. The amplitude and
scattering patterns of the mode-converted Ay mode could be quantified
experimentally with good repeatability from the out-of-plane velocity
measurement on the plate surface (laser vibrometer perpendicular to the
plate surface). While the measurement of the in-plane velocity
displacement (for the Sy and SHy modes) is in principle possible by
orienting one or multiple laser interferometers at an angle to the plate
(e.g., using two laser vibrometers as reported in [23]), insufficient ac-
curacy and repeatability was achieved in our attempts to validate the FE
predictions for the Sy and SHy modes.

A normalization of measured signal amplitudes relative to the strain
energy density (SED) of the incident So wave mode, measured at the
notch center location before the defect was manufactured (baseline
measurement), was applied. The strain energy density (per unit volume)
represents the energy of each wave mode (given by the products of the
stress and strain components [45]) and depends on the respective mode
shapes as stated in Eq. (1).
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where 0y, Gyy, and o, are the normal stresses, yy, Gy, and oy, are the
shear stresses, uy, uy, and u, are the displacement components, and the
partial derivatives of the displacement components correspond to the

respective strain components.
The SED and Sy and Ag mode shapes through the plate thickness were
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Fig. 3. Experimental time traces for 3.75 mm deep and 20 mm long defect measured to separate the mode-converted, scattered Ag mode; signal with defect (black,
dotted line) and baseline (red, solid line) at (a) 0°; (b) 60°; baseline subtraction signal (black, solid line) at (c) 0°; (d) 60°; cut-off square time window for scattered Ao

mode pulse: purple, dashed line.



L. Li and P. Fromme

25 T 2.5 :

Ultrasonics 142 (2024) 107399

T 25 ; .
\Y
1 \‘ i !
2t 1 20 \ | 4 2t |
!
15} I 15¢ L 1 15} i
1
1} . 1t 1! ] 1t !
z I il
£ 05} I 05f H| 1 05t i
[}
g or ' or [ 1 of 1
c I ‘
S '
2.05¢ | 0.5¢ n 1 05f ]
= il | i1 1 \ | ml 1 |
. | i 1y . |
1
1.5} L 150 I 1 -15¢ | i
I\ 1
. |- 1 4 . 1
-2 I 2 oA -2 | [
25 L 25 : — 25 : ! :
0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
SED Displacement [norm.] Displacement [norm.]
(@) (b) (c)

Fig. 4. (a) SED through thickness for Ag mode (black, solid line) and Sy mode (red, dashed line); (b) Ap mode shape (c) Sop mode shape; out-of-plane displacement:

blue, solid line; in-plane displacement: red, dash-dotted line.

calculated using the Disperse software [43] and are shown in Fig. 4. The
sum of the SED through the plate thickness for the Sy and Ao modes were
calculated and the ratio of the out-of-plane displacement at the plate
surface measurement to the SED obtained for both modes. For the same
summed SED through the thickness, at 0.5 MHz-mm the Ay mode has a
factor 4.47 higher out-of-plane amplitude on the plate surface, while the
So mode has a factor 2.66 higher in-plane displacement (on the plate
surface). The amplitudes of the mode-converted scattered wave modes
shown in the results section were calculated using these values to
represent the respective amplitude as the ratio to the SED of the incident
So wave mode.

2.2. Baseline-subtraction

Due to the additionally excited Ay mode incident wave and top and
bottom edge reflections of the incident Sy mode (Fig. 5(a)), accurate
time separation of the back-scattered, mode-converted Ap mode was not
possible for the available plate size. Fig. 5(b) shows two lobes at 60° and
330° in the polar plot of the measured Ay mode-converted scattered
amplitude that are due to the additionally incident Ay wave mode, that
arrived at the measurement points around the 60° and 330° directions at
the same time as the scattered Ay mode (Fig. 5(a)). The back-scattered
lobe amplitude is not as smooth as the forward scattered pattern due
to an overlap with the incident Sy mode edge reflection. Baseline sub-
traction was applied to extract the pure mode-conversion and scattering
(Fig. 5(c)). Baseline subtraction was applied to the FFT complex
magnitude (containing both amplitude and phase information) from
each measurement point, with the baseline data taken from a mea-
surement on the undamaged plate before milling the first notch [16]. For
the FE data perfect repeatability and thus baseline subtraction was
possible. However, small inaccuracies in the positioning of the plate
after each milling step caused slight differences in the measured
amplitude and especially phase (FFT), which in turn led to a small,
remaining influence when taking the complex difference in the fre-
quency domain to the baseline measurement, as can be seen in the 60°
and 330° directions in Fig. 5(c).

3. FE simulations
The purpose of the FE simulations was to model the guided wave

scattering, understand the mode conversion and guided wave scattering
patterns, and to investigate the influence of different defect parameters

on detection results (sensitivity). Input files were generated by MATLAB
for FE simulations using ABAQUS/Explicit [16]. The model parameters
could be effectively and conveniently controlled by this process to define
different defect geometries, avoiding the necessity to re-mesh in ABA-
QUS/CAE for changes of the defect size. Identical node numbering was
applied with MATLAB, allowing full control for repeatable and accurate
placement of nodal output requests [16]. The plate size was set as 1 m x
1 m x 5 mm to match the experiments. Material properties of Al 6082
aluminum alloy (Young’s modulus: 73GPa, density: 2800 kg/m?, Pois-
son’s ratio: 0.33) were used to define the modeled elastic, isotropic
plate. Eight-node linear brick elements with reduced integration
(C3D8R, Ax = Ay = 1 mm, Az = 0.625 mm) were used, as the element
size should be less than 1/10th of the shortest wavelength (Ag mode: 19
mm at 100 kHz) to achieve accurate FE detection results [9]. It is ad-
vantageous for the representation of through-thickness mode shapes
(anti-symmetric or symmetric) to have an even number of elements
through the plate thickness. It was found to be sufficient to investigate
and model the part-thickness crack-like defect with eight elements (Az
= 0.625 mm) through the plate thickness (5 mm) [16]. The theoretical
phase velocity of the Sy, Ag, and SHy modes at 0.5 MHz-mm were
calculated using the Disperse software as 5400 m/s, 1882 m/s, and
3131 m/s, respectively, for the nominal material properties [43]. The
phase velocities of the Sg and Ay mode were calculated as 5333 m/s and
1905 m/s from the FE simulations and as 5464 m/s and 1896 m/s from

additional experimental measurements, with acceptable percentage er-

rors of up to 1.2 %. The theoretically calculated wavelengths of the Sy,
Ay, and SHy modes at 100 kHz are 54 mm, 19 mm, and 31 mm,
respectively.

The mode conversion and scattering from an incident Sy wave mode
pulse to the Ay, SHy, and Sy wave modes was simulated and evaluated.
An in-plane point force excitation was applied at an edge node (500 mm
from the defect location) to achieve limited (ideally plane) incident
wave front curvature. An additional out-of-plane point force was excited
at the same location to simulate the (unwanted) additionally excited Ag
mode observed in the experiments. To obtain and match the experi-
mentally measured factor of 3.5 (So/Ag out-of-plane amplitude on plate
surface), the out-of-plane point force magnitude was set as 0.013 of the
in-plane force magnitude. The center frequency was set at 100 kHz with
five cycles of a narrowband pulse (sinusoid in a Hanning window),
matching the experiments. A frequency thickness product of 0.5 MHz-
mm was chosen, with limited Ay and Sy mode pulse distortion. The
excitation signal amplitude, x(t) is given by
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Fig. 5. Baseline subtraction for amplitude of scattered Ao mode at 20 mm long and 3.75 mm deep defect: (a) snapshot of FE simulation out-of-plane displacement at
surface; experimental amplitude polar plot (b) without baseline subtraction; (c) with baseline subtraction (arrow: incident wave direction).
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x(t) = 0.5(1 — cos(
where t is time, f is the center frequency, and N is the number of the
cycles.

The crack-like defect (perpendicular to the incident wave propaga-
tion direction) was located at the plate center and the point excitation
was located at the plate edge to match the experimental configuration.
The depth (0 to 5 mm) and length (0 to 100 mm) of the defect was
changed. One row of the brick elements was removed to model the
crack-like defect as a notch, without changing the Cartesian mesh at
other locations of the plate, keeping the monitoring points for the
baseline subtraction identical (Fig. 6). Previous studies had found that
mesh refinement around the defect was not required for sufficiently
small mesh size [9,16]. The notch width was set to 1 mm with right-
angle corners, reasonably matching the geometry of the milled notch
in the experiments. A notch rather than a fatigue crack (zero width) was
studied as it is easier to manufacture for the experimental validation. No
significant difference is expected as the wavelength is significantly
longer than the notch width. Explicit time integration with a time step of
0.02 ps and a total simulation time of 0.3 ms was applied. The time step
was chosen small enough to avoid stability problems [9]. Free boundary
conditions were used for the plate to match the experiments, where the
plate was only held in four points at the plate top and bottom edge as
shown in Fig. 1(a).
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Fig. 6. Schematic (cut through plate thickness) showing Cartesian mesh around
10 mm long and 3.75 mm deep notch, removing six rows of elements through
thickness (blue); C3D8R element type size (Ax = Ay = 1 mm, Az = 0.625 mm).

To match the experimental configuration, a monitoring circle with
200 mm radius around the notch was defined with monitoring points
every 5° (totally 72 points), interpolated from the Cartesian mesh points
on the plate surface, and the out-of-plane displacement was recorded.
For each monitoring point, the time history output data was extracted
from ABAQUS and saved in MATLAB format for analysis. For the
displacement data at each monitoring point, FFT was used to obtain the
complex magnitude (phase angle and amplitude) at the center frequency
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(100 kHz) [37]. Baseline subtraction was applied to the FFT complex
magnitude relative to the simulation results for an undamaged plate. For
the scattered Sy and SHy modes, the two in-plane displacement com-
ponents were recorded at the half-thickness location. Time gating was
used to separate the Sy and SHy mode wave pulses (respective group
velocities: 5400 m/s and 3131 m/s). For the So and SHy modes, both
modes have two in-plane displacement components, and the respective
amplitudes were combined by the square root of the sum of the square of
the components to give respectively the tangential and radial displace-
ment of the Sy and SHy modes. To make the data comparable, the
normalized amplitude of the scattered Ay or SHy mode was multiplied
with a normalization ratio to obtain the same sum of the strain energy
density (SED) through the thickness as the Sy mode, as stated in the
experimental section above.

4. Mode conversion and scattering at part-thickness defect

The influence of defect depth and length on the Sy mode scattering
and A and SHy mode conversion were investigated from FE simulations
and validated from the experiments for the Ay mode. The scattering
patterns of the Ay, Sp, and SHy modes at the defect were investigated for
different defect parameters. Amplitudes are shown normalized to the
SED of the incident Sy Lamb wave mode at the defect center without
defect (baseline).

4.1. Influence of defect depth

For the perpendicular incident Sy mode, the forward and backward
scattering patterns of the mode-converted A and Sy mode are perpen-
dicular relative to the defect orientation (Figs. 7 and 8). The backward
lobe is the energy reflected at the defect towards the excitation location
(0° direction). For the Sy mode the forward lobe (180° direction)
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indicates a reduction of the amplitude of the Sy mode propagating past
the defect. For the SHy mode, no mode conversion of the perpendicular
incident Sy mode occurs along the length of the defect and the scattering
patterns with 4 lobes in the diagonal directions (approximately 45°,
135°, 225°, and 315°) are driven by the mode conversion at the defect
corners (Fig. 9).

In order to validate the FE predictions, simulation and experimental
results for the mode version to the Ag mode were compared for six cases
(20 mm long notch with three different depths and 3.75 mm deep notch
with three different lengths). For each case, the ratio (percentage) of the
summed square of the difference in normalized amplitude between
simulation and experimental results for each measurement point (every
5°) to the summed squared simulation amplitude was calculated to
quantify the agreement [16]. This includes contributions from experi-
mental noise as well as systematic differences, e.g., scattering lobes at
different angles or amplitudes. For the incident Sp mode perpendicular
to the 20 mm long notch (0° incidence angle), generally good agreement
of the angular amplitude patterns between FE simulations and experi-
mental results was obtained, as shown in Fig. 7 for all notch depths (1/4,
1/2, 3/4). The respective percentage differences for the three depths
(shallow to deep) are 5 %, 1.2 %, and 0.4 %. The experimental mea-
surement errors change for each case, but in general the agreement
improves with increasing defect depth as the scattered amplitude in-
creases. Similar agreement was previously obtained for the scattering of
the Ap Lamb wave mode at part-thickness crack-like defects (Ag-Ap
mode) [16].

For the FE simulations, the forward and backward patterns of the
scattered Ay mode have similar amplitude with a maximum percentage
difference of 10 % for the 1.25 mm deep defect (Fig. 7(a)). For the
experimental results, the forward scattered patterns look smoother than
the backward scattered patterns because of the overlap in time with the
incident Ag mode and the edge reflection necessitating baseline
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Fig. 7. Polar plots of normalized amplitude of Ao mode scattered at 20 mm long notch: (a) 1.25 mm depth; (b) 2.5 mm depth; (c) 3.75 mm depth; (d) normalized Aq
mode amplitude for variation of depth. FE simulations: black solid line and dots; experiment: red dashed line and stars.
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amplitude of SHy mode scattered at defect for variation of depth. FE simulations: black solid line and dots.

subtraction. For the scattered So and SHy modes, the backward scat-
tering has higher amplitude than the forward scattering at the shallow
defect (Fig. 8(a), Fig. 9(a)). In general, the scattering patterns for all

three modes remain similar for different defect depths, but the ampli-
tude changes. In Fig. 7(d), the scattered Ay mode amplitude for different
defect depths is plotted. Increased scattering occurs as the defect
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becomes more severe (deeper), but mode conversion must also be
considered. No mode conversion occurs for the through-thickness
defect, as indicated by the zero amplitude. Most mode conversion is
expected to theoretically occur at half thickness (2.5 mm) defect depth.
The maximum Ay mode amplitude occurs at approximately 3/4 (3.75
mm) defect depth due to the combination of the two effects. Similar
behaviour was previously predicted from FE simulations at a compara-
ble frequency-thickness product (0.6 MHz-mm), with the highest
amplitude of the mode-converted Ag mode amplitude obtained for a 2/
3-thickness defect depth [41]. In Fig. 8(d) and Fig. 9(d), it can be seen
that the scattered Sy and SHy mode amplitude increases as the defect
depth increases and the maximum magnitude occurs for the through-
thickness defect. For the considered defect length of 20 mm (compara-
ble to the Ay and SHy wavelengths, but much shorter than the Sy
wavelength), the SHy mode has the highest normalized amplitude of the
three modes for deep defects (depth larger than half-thickness). For
shallow defects (depth less than half-thickness) the mode-converted
scattered Agp mode had the highest amplitude and the Sy mode had the
lowest amplitude, similar to previous FE simulation predictions [41].

4.2. Influence of defect length

For the 3.75 mm deep notch, generally good agreement of the
angular amplitude patterns between FE predictions and experimental
results can be seen in Fig. 10 for the mode converted Ay, mode at
different notch lengths (30 mm, 40 mm, and 50 mm). The percentage
differences for three lengths (short to long) are 1.6 %, 3.5 %, and 3 %.
Due to the transducer being knocked off and reattached for the 40 mm
and 50 mm length measurements, the agreement is not as good as there
are slight differences compared to the baseline data. Again, the forward
and backward patterns of the scattered Ap mode have almost the same
forward and backward scattered amplitude with a maximum percentage
difference of 1.5 % for the 50 mm long crack. As shown in Fig. 10(d), the
sensitivity (amplitude) of the mode converted Ap mode increases almost
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linearly as the defect length increases from 0 mm to 80 mm. For short
defect lengths between 0 and 20 mm some variability is predicted and
above 90 mm, the slope drops. Fig. 10 indicates that the normalized
amplitude of the mode-converted wave (Sp to Ap mode) could poten-
tially be used to predict the defect length for a given defect depth and
incident wave angle (perpendicular).

For the scattered Sy mode, the polar plot patterns change somewhat
as the defect length increases, with the perpendicular scattered ampli-
tude (0° and 180°) becoming more prominent as the defect length in-
creases from 30 mm (Fig. 11(a)) to 50 mm (Fig. 11(c), comparable to the
So wavelength). The Sy mode polar patterns for the 50 mm long defect
are very similar to the Ap mode polar patterns for 20 mm length (Fig. 7
(c)) as the defect length/wavelength ratio is similar. The normalized
amplitude of the Sy mode increases almost linearly as the defect length
increases from 0 to 100 mm without the slope dropping off for long
defects (Fig. 11(d)). However, the normalized amplitude of the So mode
is lower than the normalized amplitude of the Ag mode for the same
part-thickness defect size, e.g., 0.1 compared to 0.2 for 20 mm length.
The A¢/Sp mode amplitude ratio is almost constant at 1.9 for defect
lengths between 10 mm and 80 mm as more energy is transferred into
the Ap mode having a shorter wavelength. Similar polar plot patterns
compared with previous FE simulations [41] were obtained, as the
defect length is comparable to the Sy mode wavelength and two lobes
symmetric to the defect orientation can be observed (Fig. 11).

For the SHy mode, the polar patterns change as the defect length
increases due to the interference of the mode-conversion and scattering
at the two notch tips (Fig. 12). For the perpendicular incident Sy mode
no mode conversion to the SHy mode occurs along the length of the
notch, but only at the corners. This generated SHy mode pulses that
radiated at an angle, originating at the defect corners, and the observed
amplitude distribution can be considered as an overlap of two circular
scattering patterns [23]. The direction of the four large lobes at
approximately 45°, 135°, 225°, and 315° for 20 mm length gradually
changes to 20°, 140°, 200°, and 340° direction for the 50 mm long defect
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Fig. 10. Polar plots of normalized amplitude of Ay mode scattered at 3.75 mm deep notch: (a) 30 mm length; (b) 40 mm length; (c) 50 mm length; (d) normalized Ao
mode amplitude for variation of length. FE simulations: black solid line and dots; experiment: red dashed line and stars.
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and four additional small lobes at 60°, 120°, 240°, and 300° are
generated (Fig. 12(c)). For short defects (20 mm length, comparable to
the SHy wavelength) the respective scattered pulses at the two defect
ends overlapped and gave the quadrupole patterns seen in Fig. 9 and
Fig. 12(a). For longer defects the interaction of the corner scattered
wave pulses is more complex and resulted in the observed octupole
patterns observed for the geometries shown in Fig. 12. Previous FE
simulations [41] for a partial, 1/3-thickness defect also showed four
large lobes, similar to this study.

The normalized amplitude of the SHy mode does not increase linearly
with the defect length as the Ay and Sy modes, and it only slightly in-
creases for defect lengths above 20 mm. The mode conversion of the Sy
to the SHy mode does not occur along the defect length for perpendicular
incidence, but only occurs at the corner of the defect, which explains
why the normalized amplitude does not significantly increase with the
defect length. The amplitude of SHy mode is the highest among three
modes for short, deep defects but for defect lengths above 40 mm, the A,
mode has the highest amplitude. The Sy mode amplitude is higher than
the SHy mode amplitude once the defect length is beyond 70 mm. Pre-
vious FE simulations concluded that the defect depth influenced the
distribution of the energy transferred into each wave mode, but defect
lengths beyond the Sy mode wavelength were not investigated [41].

5. Conclusions

Early and efficient detection of part-thickness fatigue cracks is
important, as fatigue causes a large percentage of failures in metallic
aircraft components. Guided ultrasonic waves can propagate significant
distances along large, thin structures. For part-thickness defects in
plates, it is important to fully understand the scattering and mode con-
version of low frequency guided waves to improve the nondestructive
testing and health monitoring of such large structures. The mode-
converted scattering of the perpendicularly incident So mode to the Ag
mode at part-thickness crack-like defects in an aluminum plate was
investigated from FE simulations and experimentally validated. Good
agreement of the polar scattering patterns and normalized amplitude
between FE simulations and experiments was obtained with percentage
differences of less than 5 %. The scattered Sy and mode-converted SHy
mode at the defect were studied from FE simulations. The influence of
defect depth and length on detection results was investigated. For
perpendicular incidence, the forward and backward scattering patterns
of the mode-converted A and Sy modes are perpendicular to the defect
orientation. For the scattered Ag mode, the forward and backward pat-
terns have very similar amplitude, independent of the defect size. The
highest sensitivity for the Ao mode occurs at the 3/4 defect depth and the
normalized amplitude increases almost linearly with defect length, with
the slope dropping only for very long defects. The Ag mode has the
highest normalized amplitude for long defects. For the Sp mode, the
backward scattering is larger than the forward scattering at shallow
defects. The normalized amplitude increases as the defect depth and
length increase. The polar plot patterns change as the defect length
changes and become similar to the Ay mode patterns when the defect
length/wavelength ratio is similar. For the SHy mode, more complex
scattering patterns with lobes in different directions were predicted for
short defects. As the mode conversion to the SHy mode occurs at the
defect corners for perpendicular incidence, the lobe direction and pat-
terns change with defect length. The SHy mode has the highest ampli-
tude for short defects but the normalized amplitude does not
significantly increase with increasing defect length. Better understand-
ing and comparison of the scattering and mode conversion of the low-
frequency, fundamental guided wave modes were obtained. These
findings could potentially be employed to improve the sensitivity of
SHM by incorporating the information contained in the mode-converted
guided wave modes in localization and detection algorithms.
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