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ABSTRACT

This paper describes a Lamb-wave scanning method for the detection of notches simulating cracks at rivet holes in thin
plates. The approach requires the generation of an ultrasonic S,-Mode Lamb wave using an incident transmitter excited
with atone burst centered at a near non-dispersive frequency. Area scans are performed on a plate with a hole with g
notch to generate times series information which is used to create animations illustrating the wave propagation
characteristics. The time series are subject to a sifting process to obtain intringc mode functions which contain narrow
frequency banded information of the signals. The Hilbert-Huang transform is applied to the intrinsic mode functiong
which permit the computation of the signa energy as a function of time, proportional to the square of the amplitude of
the analytical signal. Animations of the propagation of the Lamb-wave energy illustrate that a potential scanning
approach is to acquire time series along a line between the transmitter and the hole, capturing wave scattering from the
hole and reflections from the notches. The times of flight and amplitudes of the notch-reflected energy are used to
calculate coordinates of the source of the reflections by a geometric approach. The identified coordinates of the
reflections outline the extent of the notch at the rivet hole. Results of experiments conducted on thin square plates with
a single hole with notches of various sizes compare favorably with the actua notches.

Keywords: Lamb waves, ultrasonics, waveforms, nondestructive eval uation, defect localization.

1. INTRODUCTION

One of the most common problems in aging aircraft structures is the presence of cracks initiated at rivet holes. The
visual inspection for this type of defects istime consuming and impractical. Moreover, the defects might not be visible
because they may be hidden inside the structure or covered with paint. Although, their detection with Eddy current and
ultrasonic techniques is aready well established, the use of these methods requires the inspection of rivets one at atime,
One approach that hasthe potential for improving the inspections of rivet holes isthe use of Lamb waves.

The advantages of using ultrasonic Lamb waves as a method for inspecting large areas have been previoudly recognized.
Cawley and Alleyne [1] redlized the attractiveness of using Lamb waves for the inspection of large areas due to their
capabilities of propagating long distances. They discussed that the key for the successful application of the method is
the proper excitation of a single mode at a frequency located in anear non-dispersive region. Kundu et al. [2] presented
a scanning technique for composite materials using leaky Lamb waves using a pitch-catch mode involving an immersed
tranamitter and areceiver. Their technique was effective in detecting internal defects such as missing fibers and fiber
breakage. Loweet al. [3] studied issues on Lamb wave sensitivity to defects and optimum selection of modes asrelated
to defect size and the strength of wave reflections. Other studies have focused on sensitivity issues to detect certain
forms of damage. Ghosh et al. [4] studied Lamb wave propagation in large plates and its use in internal defect detection
by computing stress fields ingde the plate for different Lamb modes. They inferred which mode should be moreg
efficient for detecting a particular type of material defect. Kundu et al. [5] investigated the effectiveness of using Lamb
waves for the detection of kissing bonds, defined as closed cracks under compressive normal stresses. Their technique
was based on the proper selection of the A; mode, which proved sensitive to cause excitations in the interface of the
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crack’ s surfaces. Zhu et al. | 6] documented an experimental study of hidden corrosion detection using ultrasonic guid
waves. Chang and Mal [7] theoretically and experimentally investigated Lamb waves propagating in an infinite plate
containing acircular hole with or without edge cracks. Thetheoretical analysis was accomplished by means of a hybrid
method involving finite eements with specia boundary condition fields representing Lamb wave modes. Measured
time histories and amplitude spectra of the transmitted and reflected waves compared favorably with those calcul ated
from the hybrid model. Chang and Mal [7] also observed that when Lamb waves pass through a region with cracks or|
material loss, some energy is reflected back due to back scattering and the transmitted waves are modified due to
forward scattering. The presence of material 1oss, cracks or other flaws in the path of the incident Lamb waves can be
detected and, in principle, characterized by analyzing the characteristics of the reflected and transmitted waves.

This paper deals with the detection of notches at holes using line scans of ultrasonic Lamb waves propagating in the S,
mode in thin plates with constant thickness. The approach relies on the generation of narrow-band pulse waves with g
center frequency in the non-dispersive region of the dispersion curve. The signals acquired from a wide-band ultrasonic
receiver, housed within a bubbler and mounted in a scanning arm, are processed using the Hilbert-Huang transform to
determine wave energy as a function of time. The points of maximum energy are used to determine arrival times. From
the arrival times acquired at two different receiver positions, the distances traveled from the source to the flaw, and to
the receivers serve as the bases for a geometrical solution for the flaw location after identifying a region not affected by
the wave back scattering due to the hole geometry.

2. EXPERIMENTAL SETUP

A typical specimen considered in this investigation is illustrated in Figure 1. The specimens consisted of 6061-T6 30
cm sguare Aluminum plates with a thickness of 1.60 mm (/16 in.) and a 1.27-cm (0.5 in.) center hole. Various plates
were fabricated with full-thickness notches ranging from 3.2 mm (/8 in.) to 25.4 mm (1 in.) long in 3.2-mm
increments. The notches were perpendicular to one of the sides. The ultrasonic Lamb waves were created by sending a
signal from a function generator through a continuous amplifier to a transmitter mounted on a Plexiglas wedge. The
wedge controlled the incidence angle of the excitations at 31 degrees from an imaginary line normal to the plate. This
angle was chosen to optimize the excitation of the S, mode. The transmitter location was aways at the edge of the plate
pardld to the notch orientation. The receiver was a wide-frequency type housed within a bubbler mounted in 3
scanning arm.  The receiver signals were sent to a data acquisition system through a pre-amplifier. The scanning table
and the acquisition system are controlled using an NDE acquisition software. The signals collected from the receiver as
afunction of its position were stored for further analysis. Figure 2 illustrates a plate specimen on the scanner system.
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Figure 1. Schematic of Aluminum plate specimens Figure 2: Scanning system with wedge transmitter and
with notches. receiver within a bubbler.
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In order to select the proper choice of frequency to attain near non-dispersive conditions, experimental phase dispersion
curves were obtained and compared to the classical closed form solution originally published by Viktorov [8]. The
experimental curves were obtained from data acquired by sending a rectangular pulse to the transmitter while data is
collected along a line perpendicular to the transmitter at equally spaced intervals. The double FFT of the data array
provides three-dimensional information of the propagating wave amplitudes versus frequency and wave number.
Through the use of standard expressions, the graph is transformed to show the propagating wave amplitudes versus
frequency and phase velocity to obtain the experimental phase dispersion curve. This curve isillustrated in Figure 3
along with Viktorov's [8] analytical solution using the geometric and materials properties corresponding to the plate
specimens. A good correlation was obtained. This experiment was also helpful to evaluate the frequency limitations of
the transmitter and the receiver system. Reasonably good information was obtained for frequencieslessthan 2 MHz. In
order to avoid different group and phase vel ocities, further tests were conducted by sending a 500-kHz tone burst. The
S, mode propagates at a phase velocity of 5,280 m/s at this frequency.
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Figure 3: Experimental phase dispersion contour plot vs. analytical solution for an Aluminum plate 1.6 mm thick.

In order to establish a scanning strategy, it is necessary to visualize the Lamb-wave scattering and reflections from the
combined hole and notch. Scans were conducted over an area of 150 mm by 150 mm, asillustrated in Figurel. The
time histories were stored. Pixel-valued images were created by color coding the values of all measurement points at|
the same time reference as a function of the measurement position. The series of images were organized in sequence to
generate an animation displaying the propagation of the waves. Figure 4 illustrates the amplitude of the waves at four
different times. The first one illustrates the wave front prior to reaching a hole with a 6.4-mm notch. The second ong
illugtrates the wave front meeting the hole. The third one shows the image at a time where the waves are beginning to
be scattered by the hole and reflected from the notch. The last image clearly illustrates the tranamitted waves and the
combined scattered and reflected waves. These animations served as a visualization tool; however because of the
number of wavesinvolved in thetravel group, the visualizations of the notch reflections are overshadowed by the scatter
from the hole. For thisreason, an aternate approached was followed which involved the animation of the signal energy
obtained through the Hilbert-Huang transform [9]
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Figure 4. Visudization of propagating S, Lamb wave before and after reaching arivet hole with a 6.4-mm notch.

3. DETERMINATION OF SIGNAL ENERGY

The Hilbert-Huang Transform is arecent breakthrough in the analysis of nonlinear nongationary time series analysis [9]
which allows for the separation of the time seriesinto intrinsic mode functions and aresidue. The separation consists of
a sifting process obtained by detecting the maximum and minimum peaks of the time series, computing of the maximum
and minimum envelopes through a curve fitting approach, and subtracting the signal from the mean of the envel opes.
For further details of the sifting process and the determination of the intrinsic mode functions see reference [9]. At the
end, the intrindc mode functions have the properties that the numbers of extrema and zero crossings must be equal or
differ by one, and that at any point in time, the mean value of the envelopes defined by the local maxima and local
minimais zero [9]. Figure5illustrates the results of the sifting process applied to atypical ultrasonic signal acquired by
thereceiver. Thefirst graph isthe origina signal. The rest of the time series are the intrinsic mode functions, C,, as
obtained by applying the algorithms described in [9]. The last time series corresponds to theresidue. When the C/'sare
added, the original signal is recovered. It should be noted that the effect of the sifting, in context to Lamb waves, is
filtering the data in a band-pass form. In essence, the time series is separated by frequency ranges, whose wave groups
may travel at different velocities. For example, the experiment phase dispersion curves associated with the first intring o
functions of an array of time series acquired by sending a 500-kHz tone burst to the transmitter and collecting data at|
equally spaced intervals along a line in the direction of the wave propagation isillustrated in Figure 6. Noise and the
coincidental generation of waves at different frequencies can be controlled limiting the number of intrinsic mode
functions.

Once the mode separation is complete, the Hilbert transform is applied to each intrinsic mode function, C,, to obtain:

C(t)dt

Y(t)——PI &)
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Figure 5. Intrind c mode functions by applying the sifting process to a typical receiver signal.
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Figure 6: Experimental phase dispersion contour plot of Intrinsic Mode Function C,, for an Aluminum plate 1.6 mm thick.

Where Y,(t) is the Hilbert transform of C,. Then, the analytical signal is formed by retaining the origina signal in the
real part and the Hilbert transform in the imaginary part, to give:

Z, (t) =C (t) +iY, (t) = a (t)e” @

a (t)=|Z, ()| €)

Where g (t) isthe amplitude of the analytical signal.
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The energy of each intrinsic mode function is computed by the expression:

E () =ak() @

Thetotal sgnal energy as afunction of time energy at one point isthe superposition of the energies computed for each
intrinsic mode function, to give:

E® =Y E -

Where, n is the number of sifts to be considered. For the experiments described here, a total of three intrinsic mode
functions were needed to focus the analysis in the frequency band centered at 500 kHz.

The time histories for the area scans were processed to compute the signa energy of the first three intrinsic mode
functions as described in equations (1) through (5). Animations were similarly created color coding the energy values
of all measurement points at the same time reference and sequencing the images in time. This alowed for animations
displaying the propagation of the waves energy. Figure 7 illustrates the amplitude of the wave energy at four different
times in a similar fashion as Figure 4. It should be observed that the presence of the notch is clearly visible in the
second and third images. Furthermore, the last image clearly illustrates the differences between the energy back-
scattered from the hole and that reflected from the notch, as well as the effects of the Lamb wave passed through the
hole and the notch. Therefore, it seems that two possible strategies are feasible to characterize potentia notches. (@)
scanning along aline between the transmitter and the hole to analyze the arrival times and amplitudes of refractions and
reflections, and (b) scanning along aline passed therivet hole. This paper only addresses the first option.

Figure 7. Visudization of propagating S, Lamb wave energy before and after reaching arivet hole with a 6.4-mm notch.
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4. LINE SCANNING APPROACH

In order to implement a solution for the notch characterigtics at therivet hole, receiving signals arerequired along a ling
that can pick up notch-reflected wave energy. Knowing the arrival times of notch-reflected waves, it is possible to use
the information of two or more receiver locations to calculate the location of points on the surface that cause those
reflections. However, the data measured along a line additionally picks up the scattered waves from the hole geometry.
These would need to be separated. This paper considers a scanning approach along aline that is parale to the notch
orientation, as depicted in Figure 8, where the signals from the receivers at the known positions can be processed to
determine arrival times and coordinates of the source of reflections, providing information about the notch geometry.
The tranamitter was placed at the edge and placed so that the ultrasonic pulse is directed towards the rivet hole. The
scanned line was parallel to the edge a a disance of 120 mm. A total length of 150 mm was scanned and
measurementstaken a 1 mm intervals. Such a scanning approach has the potential to be implemented in real-time.

All the acquired time series were processed using the Hilbert-Huang transform and the information was converted to
signal energy using equations (1) through (5) and using the first three intrinsic mode functions. Figure 9 (@) illustrates
the signal wave energy as functions of time for all points along the scanned line. The horizonta axis corresponds to the
time interval number, and the y axis corresponds to artificial offsetsto visualize @l the points along theline. Thefigurg
illugtrates bumps corresponding to wave energy at different times. The first major bump corresponds to the front wave
arriving at the receiver locations. The second major bumps correspond to a wave energy combination of scattered
waves from the hole and reflected energy from the notch. The rest of the waves correspond to secondary reflectiong
from the edges. It should be noted that the trigger was synchronized with the pulse leaving the function generator,
There is a time delay corresponding to 21.1 us (132 time steps) or the time it takes the wave to leave the Plexiglasg
wedge into the Aluminum plate after the trigger. The peaks of the energy provide the information of the arrival times
along wave pathways, and since the receiver and the transmitter positions and the propagation velocity are known,
distances along the pathways can be determined. Figure 9 (b) illustrates the arrival times of energy peaks that are above
a given threshold. Figure 10 illustrates the maximum amplitude of the wave energy scattered by the hole versus the
receiver position, corresponding to a control plate with the hole without a notch. This graphs illustrates that the arrival
times due to hole back scattering occur from 50 to 90 mm along the scan line.  Reflections due to the notches would
occur outside thisregion.

Transducer

gD
/ 300 mm

120 mm
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Y
Figure 8: Schematic of line-scan approach to characterize notch characteristics.
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Figure 10: Amplitude of scattered wave energy from hole without notch along line of scan.

5. SOLUTION OF NOTCH LOCATION

Coordinates of points on a notch that causes reflections can be obtained using the times of flight of the incident and
reflected waves from a fixed tranamitter to areceiver at two different points. The approach is documented in reference
[10] and considers a fixed transmitter with afixed focal source at F and two receivers at locations F; and F, as shown in
Figure 11.  All focal coordinates are known. The transmitter configuration is as such as to cause Lamb wave
excitations of a mode in the non-dispersive region with waves propagating radially at a constant phase velocity. The
signalsreceived at F; and F, would consist of the incident wave front, followed by the flaw-reflected waves. From the
arrival times of the wave packets and since the waves propagate at a near constant velocity, then the distances

FE,F, and FE,F, can aso befound. If these reflections come from the same flaw (points E; and E,), then the distances
FE,F, and FE,F, are constants along two ellipses with foci at F and F, and F and F,, respectively. The main problem

is to determine the coordinates of points E; and E; that form a tangent line to both dlipses. The solution is documented
in [10] and isnot repeated here.
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An alternate approach considers the solution formulated in context to Figure 12, where the line of the scan is assumed
perpendicular to the line of directed energy of the transmitter. This figure considers the pathways from a fixed
trangmitter (T) to thereceivers at two different pointsaong the line scan (Sand S). The wave paths to the first receiver
position are TSand TFS; those for second receiver position are TS and TF'S. Natice that distances of TSand TS are
known from the coordinates of the transmitter and the receiver positions. Also note that the distances of the paths TFS
and TF'S ae computed from the arrival times and the wave propagation velocity. The angles avand & can be
determined from the geometry. |f the distance between the two recelver positions is assumed small compared to the
distances along the travel paths, then the angles yand y can be assumed the same. Then, from the geometry it can be
proven that the angle ycan be approximated through the expression:

TF'S_TFS

cosy =
}/ $I

(6)

Wherethe bar notation indicates the distances between the referenced pointsin Figure 12.

The distances of the pahs FSand F'S  can be found through implementation of the Law of Cosines using triangles TFS
and TF'S with angles (a + 7) and (& + 9), respectively. This approach resultsin the following expression:

TFS -TS
2(TFS—TScos(y + 7))

FS= )

A similar equation exists for the second triangle usng the prime notation.

Once this information is computed, the coordinates of points F and F' are readily determined from the geometry, to
resolve for the coordinates at points on the notch.

As pointed out in Section 4, the arrival times due to the hae back scattering occur from 50 to 90 mm along the scan
line. Figure 13 illugtrates the amplitude of the waves scattered by the hole combined with reflections from notches of
different sizes, versus the receiver position. It should be observed that the location of the maximum value shifts to the
right as the notch size increases. The figure aso illustrates the recelver locations that were used to implement the
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localization of the notch. In all cases, the points were between 90 mm and 110 mm. This range IS outsde the region

affected by the hole back scattering.
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Figure 13. Amplitude of scattered and refl ected wave energy from hole with a notch along line of scan.

7.LOCALIZATION RESULTS

Figure 14 illustrates the results of processing the receiver signals acquired along the line for the plates with a center holg
with notches ranging from 3.2 mm to 25.4 mm notch as illustrated in Figure 8. The acquired signals were processed
with the Hilbert-Huang transform to determine the signal energy asindicated in Section 3. After correcting for the timg
delay associated with the trigger and wave arrival into the plate, the times of flight and the amplitudes of the scattering
and the reflected waves from the hole and the notch were obtained (Figure 12). The geometric approach as described in
Section 6 was implemented for the times of flight corresponding to the range of 90 to 110 mm as illustrated in Figure
13. Theresultsin Figure 14 include a drawing of the actual hole and notch and crosses indicating the points where the
notch localization approach determined a source of reflection. Figure 14 in essence illustrates the location of the
predicted notch compared to the actua notch. From the figure, it is observed that the orientation of the notch ig
accurately predicted. The extent of the flaw was also predicted with excellent agreement for all notch sizes, except for
the 3.2 mm notch, in which the extend of the predicted flaw was overpredicted.
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Figure 14: Notch |ocalization results using the geometric approach compared to the actua notch.

8. CONCLUSIONS

This paper has described a Lamb-wave scanning method for the detection of notches simulating cracks at rivet holesin
thin plates. The approach requires the generation of an ultrasonic S,-Mode Lamb wave with a tone burst centered at g
near non-dispersive frequency. Area scans were performed of a plate with a hole with a notch to generate times series
information which was used to create animations to visualize the propagation characteristics. The time series werg
subjected to a sifting process to obtain intrindc mode functions. The Hilbert-Huang transform was applied to the
intrinsic mode functions which permitted the computation of the signal energy as a function of time. Animations of the
propagation of the Lamb-wave energy clearly illustrated that a scanning approach consists of acquiring time series along
a line between the transmitter and the hole to capture wave scattering from the hole and reflections from the notches.
The times of flight and amplitudes of the notch-reflected energy outside a region affected by the back scattering from
the holes were used to cal culate coordinates of the source of the reflections by a geometric approach. Line scans were
conducted on various square thin Aluminum plates with a center hole and various full-thickness notches ranging from
3.2mmto 25.4 mmlong. The notches were perpendicular to one of the sides

The series of identified coordinates outlines the extent of the notch at the rivet hole. Results of experiments conducted
on thin square plates with a single hole with notches of various sizes compare favorably with the actual notches.

The following conclusions are stated on the proposed scanning approach:
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The location of the notch was always detected and correctly outlined.

The extent of the flaw was accurately predicted for al the notches, except for the 3.2 mm long notch case.
The extent of the flaw was over-predicted for the shortest notch.

The orientation of the predicted flaw was aways in agreement with the actual notch orientations.
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