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Abstract

Local wavenumber estimation (LWE) is traditionally applied to a narrowband full wavefield response of the test speci-
men. The technique proves promising for damage detection in fiber-reinforced polymer (i.e. composite) structures. How-
ever, the narrowband nature of the traditional LWE techniques bring several challenges for application on actual test
cases.

In this paper, the performance of a novel self-reference broadband version of the LWE technique is investigated. The
technique is based on modepass filters in the wavenumber-frequency domain. Compared to the traditional narrowband
LWE implementations, the proposed method allows a higher level of automation, removes the need for a priori
knowledge on the material and/or defect properties, and results in an improved characterization of defects. The perfor-
mance is evaluated for an aluminum plate with flat bottom hole defects and for a damaged cross-ply CFRP aircraft panel.
Keywords: Fiber-reinforced polymers, Composites; Non-destructive testing (NDT), Self-reference Broadband Local
Wavenumber Estimation, Scanning laser Doppler vibrometry, Guided Waves, Depth quantification

1. Introduction

Composite materials (e.g. carbon fiber-reinforced polymers CFRP) are increasingly used for critical
components in several industrial sectors (for example aerospace, automotive). A major challenge is
the detection of internal damages in these composites which may have occurred during manufactur-
ing or during operational life. One possibility for damage detection in thin-walled composite struc-
tures is to analyze the vibrational response measured on the surface. Many different wave actuation
and sensing configurations are possible, combined with advanced data processing methods. In this
study, piezoelectric actuators are used for excitation combined with a 3D scanning laser Doppler vi-
brometer (SLDV) to measure the resulting full wavefield.

In the last decades, multiple methods were developed to convert the full wavefield dataset to a dam-
age map [1-13]. Among others, local wavenumber estimation (LWE) has gained a lot of attention as
it seems promising for accurate defect detection and quantification. As the name indicates, the wave-
number of a specific Lamb mode is estimated at each point of the component. For linear isotropic
materials, the Rayleigh-Lamb equation (also referred to as the dispersion relation) gives the relation
between the local wavenumber k [1/m], the temporal frequency of the wave f [Hz] and the local ma-
terial thickness d [m] [14]:
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Where c; and ¢, are the material’s longitudinal and transverse wave velocity, respectively. The pa-
rameter s equals +1 or -1 for the anti-symmetric or symmetric Lamb modes, respectively.

As an example, the dispersion curves of (isotropic) aluminum (c; = 6420 m/s, c; = 3040 m/s) are
shown in Figure 1. In Figure 1 (a), the solution is given in terms of the wavenumber-thickness prod-
uct versus the frequency-thickness product, resulting in a single dispersion curve that is valid for any
material thickness d. In Figure 1 (b), the dispersion curves are shown for an aluminum plate of speci-
fied thicknesses. Note that for the Ao mode, the wavenumber increases when the material thickness
becomes smaller. As such, a horizontal crack in the aluminum plate will result in the local increase
of the Ao mode wavenumber as graphically illustrated on Figure 1 (c). In the same way, a delamina-
tion defect in a composite plate results in an increased local wavenumber for the Ao mode.
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Figure 1: Dispersion characteristics of aluminum material: (a) Dispersion curves expressed as wavenumber-thickness k.d
in function of frequency-thickness f.d, (b) Dispersion curves expressed as wavenumber k in function of frequency f for
several material thicknesses d and (c) Schematic illustration of the local change in Ao mode dispersion behavior at a hori-
zontal crack or delamination.

Multiple LWE algorithms were developed, also resulting in a multitude of other names for LWE
such as, acoustic wavenumber spectroscopy, instantaneous wavenumber estimation, multi-frequency
LWE, etc [15-19]. All the mentioned LWE approaches have in common that the wavenumber map is
obtained corresponding to a specific (center) frequency of excitation and a specific Lamb mode. In
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most cases, the Ao mode is chosen because the Ao mode dispersion curve varies in function of the
material’s thickness d over the complete frequency axis (see Figure 1 (b)).

Recently, a novel LWE approach is proposed by the current authors which considers broadband exci-
tation and subsequent self-reference mode filtering in the wavenumber-frequency domain [20]. The
broadband response of the test specimen is obtained using sine sweep piezoelectric excitation (or
pulsed laser excitation), combined with SLDV measurements. The novel self-reference broadband
local wavenumber estimation (SRB-LWE) approach shows an enhanced performance on the level of
defect evaluation and reduction of the required user input compared to the traditional LWE imple-
mentations. A local thickness map is obtained while the only parameter that needs to be known in
advance is the base material thickness (or most prominent thickness) of the investigated test speci-
men. And even in case that also this thickness is unknown, the SRB-LWE will give the relative local
thickness compared to the base material.

In this paper, the performance of SRB-LWE is further investigated. First, the measurement proce-
dure and the used test specimens are described. Next, the defect detection and depth identification
capability of SRB-LWE is evaluated for a 5 mm thick aluminum plate with flat bottom hole defects
and for a 1.1 mm thick CFRP aircraft panel with a disbonded backside stiffener.

2. Materials and Measurements

SRB-LWE is performed on two test specimens (see Figure 2).

The first test specimens is a 400x400x5 mm? aluminum plate. Ten flat bottom holes (FBHs) with di-
ameter @ 25 mm are milled into the backside of the plate. Figure 2 (a) shows the plate together with
a table wherein the remaining material thickness d of every FBH is specified. Note that there is one
FBH with a remaining thickness of 0 mm that is thus an open hole.

The second component is a CFRP part manufactured for use in the vertical stabilizer of an Airbus
A320 aircraft (see Figure 2 (b)). On the backside, stiffeners are visible which are bonded to a base
plate. The thickness of the base plate, on which the stiffeners are bonded, measures 1.1 mm. The
component is manufactured using a cross-ply layup. The material’s elastic properties and densities
are unknown. The component was scrapped by the manufacturer because an ultrasonic C-scan in-
spection revealed a defect at the central stiffener. The time-of-flight (TOF) map obtained from in-
house immersion ultrasonic C-scan inspection using a 5 MHz focused transducer in reflection mode
is added to the figure. This C-scan result reveals a relatively large disbond between the central stiff-
ener and the base plate.

Vibrations are introduced through small, low power piezoelectric actuators (Ekulit type EPZ-
20MS64W). The actuators are attached to the backside using phenyl salicylate which has the ad-
vantage that the actuators can be easily removed by re-melting (> 41 °C) this bonding substance. A
broadband sine sweep voltage signal is generated using the SLDV’s built-in function generator. The
sweep’s start and end frequencies are listed in Table 1. The voltage signal is amplified through a
Falco WMA-300 high voltage amplifier before it is supplied to the piezoelectric actuator.
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The full wavefield velocity response is recorded using a 3D infrared SLDV (Polytec PSV-500 3D
Xtra). For each test specimen, the area for which the wavefield is recorded (i.e. scan area) is indi-
cated on Figure 2. All relevant data acquisition settings, i.e. sampling frequency fs, number of sam-
ples, number of averages and scan point spacing are included in Table 1. Only the out-of-plane ve-
locity component V,(x, y, t) is used because the SRB-LWE algorithm is operated on the Ao Lamb
mode, which has a dominant out-of-plane surface vibration.
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Figure 2: Test specimen: (a) Aluminum plate with 10 flat bottom holes of diameter 25 mm and remaining material thick-
ness d, (b) CFRP aircraft panel with disbond at the central stiffener.

Table 1: Characteristics of excitation signals and SLDV data acquisition.

Excitation SLDV
Material Defect furt ford f, poipt
(kHz) (kHz2) Vop (kS/s) # samples # averages spacing
(mm)
Al5 mm FBH @ 25 mm 5 300 100 1250 10 000 20 3
CFRP Llmm | hond 5 300 50 | 625 10 000 15 2
+ Stiffeners
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3. Self-reference Broadband Local Wavenumber Estimation Algorithm
The SRB-LWE algorithm consists of multiple signal processing steps which are discussed in detail
by the current authors in Ref. [20]. A short summary is provided below.

First, the dispersion curves correspond to the damage-free material are identified in the broadband
response of the component. The vibrations that are related to modes different from the Ao mode (i.e.
the So mode vibrations) are removed using a modestop filter.

Next, the broadband response is ran through a bank of Ao modepass filters. Each modepass filter as-
sumes a certain material thickness. The filters are calculated solely based on the identified dispersion
curve that corresponds to the damage-free material (i.e. self-reference approach). The bandwidth of
the filters is automatically determined.

At last, the local material thickness is identified by looking at the broadband energy (i.e. bandpower)
in the modepass filtered velocity fields. The defects are readily identified as local anomalies in the
material’s thickness.

4. SRB-LWE Results and Discussion
4.1 Aluminum Plate with FBHs
SRB-LWE is performed for the measurement results of the 5 mm thick aluminum plate that contains

FBH defects of diameter 25 mm and variable remaining material thickness d (see also Figure 2 (a)).
The resulting estimated local thickness map is shown in Figure 3 (a). Figure 3 (b) shows line plots of
the estimated local thickness at the location of each FBH defect. The true defect diameter (i.e. 25
mm) and the true remaining thicknesses d are indicated on these graphs using dashed lines. In addi-
tion, the estimated and true local thickness at each FBH are listed in Figure 3 (c).

The estimated local thickness map is of high quality and reveals all defects, including shallow de-
fects as well as deep defects with a depth higher than 80% of the base material’s thickness. In gen-
eral, the estimated thickness is in good agreement with the true remaining material thickness as seen
in Figure 3 (b) and (c). Note that the thickness is estimated with a resolution of 0.2 mm [20].
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Figure 3: Results from SRB-LWE for aluminum plate with FBHs of variable remaining material thickness d, (a) Esti-
mated local thickness map, (b) Estimated local thickness at line through the FBHs and (c) True and estimated local thick-
ness at the FBHSs.

4.2 CFRP Aircraft Panel with Disbond
The aircraft panel was manufactured by an industrial partner, and the disbond was unintentionally

generated during the manufacturing process. The global wavenumber-frequency map (along ky = 0
mt) of the measurement is displayed in Figure 4 (a), and the identified dispersion curves of the Ao
and So modes are shown on top with white lines.

Figure 4 (b) shows the TOF map derived from the ultrasonic C-scan inspection. The disbond at the
stiffener is revealed by the reduced TOF value. Note that the thickening at the stiffener’s middle fin
(see also Figure 2 (b)) is not found using the TOF C-scan results.

Figure 4 (c) represents the estimated local thickness map obtained from the proposed SRB-LWE al-
gorithm. For comparison, Figure 4 (d) shows the local wavenumber map obtained from the tradi-
tional LWE implementation proposed by Flynn et al. [15]. For this traditional LWE algorithm, a 5-
cycle Hanning windowed sine excitation with center frequency 150 kHz was employed, and the al-
gorithm’s parameters were selected through trial and error.

The estimated local thickness map obtained through the proposed SRB-LWE algorithm correctly
shows the extent of the disbond, i.e. where a local thickness is found similar to the thickness of the
base material, i.e. 1.1 mm. A significant improvement in damage identification and evaluation is ob-
served when comparing this local thickness map to the local wavenumber map obtained from tradi-
tional LWE. The improved quality is caused by the superior filter efficiency of using a mode filter
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(instead of a wavenumber filter), by the averaging effect of employing a broadband approach, by the
use of a SNR criterion for frequency frame selection and by the self-reference thickness estimation
(rather than wavenumber estimation) [20]. Because of this high-quality output of SRB-LWE, it is
even possible to estimate the local thickness at the non-defected stiffener’s area. The found value of

dfst = 2.20 mm matches perfectly with the true local thickness dj¢ = 2.18 mm.

One may notice small discrepancies in the estimated local thickness maps that are caused by the non-
isotropy of the composite material [20]. In between the two stiffeners, the true local thickness is 1.1
mm. However, the estimated local thickness map shows a small increase in estimated thickness in
the -45° direction around the piezoelectric actuator (see Figure 4 (c)). This local thickness increase
must be linked to the layup of the laminate. Therefore, it is expected that the outer plies, which con-
tribute most to the flexural rigidity, have a -45° angle. This expected layup is confirmed after con-
sulting the manufacturer of the aircraft component, who specifies a [(-45°/+45°)]2s layup for the stud-
ied component.
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Figure 4: Aircraft CFRP component with disbond at stiffener: (a) Wavenumber-frequency map for the out-of-plane ve-
locity response along k,, = 0, together with the identified Ao and So mode curves, (b) C-scan time-of-flight map at dam-
aged stiffener, (c) SRB-LWE derived thickness map, (d) Traditional LWE [15] derived wavenumber map.
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5. Conclusion

The novel full wavefield inspection method: “Self-reference broadband local wavenumber estima-
tion (SRB-LWE)” is used for damage detection in composite components. The procedure results in
an estimated local thickness map of the inspected area, in which defects are found as areas of abnor-
mal local thickness. The SRB-LWE algorithm is baseline-free, user-independent and does not re-
quire the elastic material properties to be known.

Broadband vibrations are introduced in the component using low-power piezoelectric actuators. A
scanning laser Doppler vibrometer records the full wavefield response. The Ao mode is chosen as the
mode of interest for SRB-LWE.

The high performance of the SRB-LWE algorithm is verified for an aluminum plate with flat bottom
hole defects, and for a cross-ply CFRP aircraft panel with disbonded backside stiffener. The esti-
mated local thickness maps are found to not only reveal the extent of the defects with high precision,
but to also give accurate depth estimation of the defects.
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