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Abstract. Ultrasonic wavefield imaging, which refers to the measurement of wave motion on a 2-D rectilinear grid
resulting from a fixed source, has been previously applied to angle-beam shear wave propagation in simple plates with
through-holes and far-surface notches. In this prior work, scattered waves were analyzed using baseline subtraction of
wavefields acquired before and after a notch was introduced. In practice, however, defects of interest often occur between
bonded layers and it is generally not possible to record data from the same specimen in both the undamaged and damaged
states, even in the laboratory. Direct baseline subtraction of wavefields thus becomes impractical as a tool for analyzing
scattering. This present work considers measurement and analysis of angle-beam waves in bonded specimens with and
without buried defects originating from fastener holes. Data from fastener holes with and without simulated damage in
the form of notches are compared, and it is shown that wavefield baseline subtraction, even after correcting for
misalignment between scans, is ineffective for isolating scattering from the notch. A combination of frequency-
wavenumber filtering and spatial windowing is proposed and implemented as an alternative approach to quantify
scattering from damage. Despite unavoidable deviations from specimen-to-specimen caused by factors such as variations
in bonding, transducer mounting, and fastener hole machining, it is shown that scattering from buried notches can be
clearly visualized in recorded wavefield data of bonded plates containing a buried defect as opposed to “baseline”
wavefield data taken from a nominally similar specimen with no defect present. Backscattering is further quantified in the
form of scattering patterns at different scattering frames to quantify the effect of the notch on the total backscattered
wavefield.

INTRODUCTION

Ultrasonic nondestructive evaluation (NDE), which uses high-frequency acoustic waves to evaluate materials
without compromising their integrity, refers to a family of techniques that are frequently applied for detecting and
characterizing defects in acrospace materials [1]. Because of its potential for high-fidelity defect detection in a
variety of applications, ultrasonic NDE research has largely focused on ultrasonic wave scattering from defects:
such as understanding the scattering behavior of fatigue cracks emanating from fastener holes in aluminum
structural components [2].

Angle-beam ultrasonic NDE uses an angled wedge to inject bulk waves into the material, which is particularly
useful for far-surface defect interrogation. Ultrasonic NDE techniques using angle-beam wedges coupled to PZT
transducers have also been utilized in measuring the depth of surface-breaking cracks [3] and for in situ sizing of
fastener hole cracks [2]. Both of these studies focused on defect characterization whereas the scattered wavefield
itself has also been of interest; Zhang et. al. investigated the effect of crack roughness on defect scattering for
longitudinal bulk waves [4] and Kummer et. al. considered the effect of various fastener hole fill conditions on shear
wave scattering [5]. However, these works were limited to unbonded single plate specimens. Feasibility studies on
evaluating aluminum-aluminum bonded specimens using ultrasonic NDE have been discussed [6], but there exists
little experimental data reported on bulk wavefield scattering in bonded plates with fastener holes. Instead, much of
the reported research on angle-beam ultrasonic NDE considers analytical models with simple defect geometries.

It is important to detect and characterize buried defects emanating from through-holes in bonded plate-like
structures for aerospace applications. The depth of the buried defect may be much greater than the size of the defect
itself; the relatively small size of defects of interest necessitates high-frequency ultrasound for detection whereas the
defect’s corresponding depth renders guided wave methods [7,8] less useful. Ultrasonic wavefield imaging
combined with signal processing can be applied to angle-beam shear waves propagating in simple plates with
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through-holes and far-surface notches to characterize the scattered wavefield from known defects. Understanding
scattering from known defects is important for improving nondestructive evaluation methods that can be applied to
characterize cracks emanating from fastener holes. The aim of this work is to develop robust wavefield data analysis
techniques for angle-beam ultrasonic NDE and characterize scattering from known crack-like defects emanating
from fastener holes.

EXPERIMENTS

The experimental setup consists of a fabricated bonded specimen that contains one through-hole with a known
defect and a second undamaged through-hole. The bonded specimen was sufficiently large compared to the scan
area so that edge reflections could be neglected, and the specimen scanning surface was mirror-finished to maximize
the signal-to-noise ratio for the recorded laser Doppler vibrometer (LDV) signals.

The specimen was fabricated from two mirror-finished 6061 aluminum plates bonded together using degassed
EA E-120HP Loctite epoxy. The bonded specimen dimensions were 280 mm % 280 mm x 9.53 mm with three holes
of 6.35 mm diameter drilled into the specimen: two undamaged through-holes and one with a 3 mm-long, 45° corner
notch emanating from a through-hole on the far-surface of the “top” (i.e. scanning surface) plate. Figure 1 shows
sketches of the top view of the plate.

As shown in the side view of the specimen via Fig. 2, angle-beam shear waves were generated using a 5 MHz,
6.35 mm diameter Olympus transducer excited with a Panametrics 5072PR pulser-receiver (impulsive excitation).
Wavefield sensing was conducted using a Polytec LDV mounted on an XYZ scanner. As shown in Fig. 2, the
transducer was placed 1.5 skips (three path lengths) away from the notch-through-hole intersection. It was then
aligned along the x-axis to ensure maximal backscattering from the notch-hole corner in pulse-echo mode.

12.7 mm
I 30 mm X 30 mm
! measurement area
@ Misaligned | |  _______
| (not used] : :
! : :
1
-32)).2__1. No notch !.___ j\‘__ NOtCh
- Imm. |
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FIGURE 1. (a) Top view of the specimen and transducer, and (b) illustration of the scan area for the notched through-hole.

RAngle~beam wedge Nominal path of incident waves Notched through-hole
e - ."“ \ ”‘I ...\‘
C L . 6.35 mm
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FIGURE 2. Side-view of angle-beam bulk wave propagation through the bonded specimen detailing the projected wavelength at
the sensing surface.
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The two 6061 aluminum plates comprising the bonded specimen were riveted together, and three 6.35 mm
through-holes were drilled along a line located ~165 mm from one edge of the plates. The “bottom” 3.175 mm plate
was bisected at 127 mm from the same reference edge, ensuring that 12.7 mm of the bottom plate was accessible to
propagating bulk waves before the through-hole. The bottom plate bisection was done to ensure that the first skip
occurred at the aluminum-air boundary to minimize energy leakage into the bottom layer. This is important for
ensuring that the majority of shear wave energy interacts with the buried notch at the far-surface of the top plate.

SIGNAL PROCESSING

Figure 3 shows typical waveforms from both the damaged and undamaged holes; these signals were recorded at
x=5.0 mm, y =-26.0 mm relative to the center of the through-hole. The signal from the undamaged hole consists of
backscattered and mode-converted echoes from the through hole, and contains shear, longitudinal and Rayleigh
wave components. The signal from the damaged hole, which is a compound scatterer composed of both the through-
hole and the notch, includes additional echoes backscattered from the notch. Several signal processing techniques
were applied to separate the defect (notch) scattering from the rest of the wavefield.

Wavefield Baseline Subtraction

Wavefield baseline subtraction (WBS), as its name implies, consists of subtracting two similar wavefields to
isolate the differences between them. As previously implemented in [10], WBS was used in conjunction with spatial
and temporal alignment of the baseline data. The alignment makes WBS more robust by handling small
discrepancies in current and baseline wavefield alignment.

Figure 4 shows wavefield frames at 17.32 ps of both the damaged and undamaged through-holes. Clear
scattering from the notch can be visualized easily in the time-space (T-S) domain in Fig. 4(a) as compared to the
frame of Fig. 4(b) from the undamaged hole. Figure 5(a) shows the corresponding residual frame after direct WBS
without any alignment, and Fig. 5(b) shows the optimal residual frame after aligning the baseline wavefield from the
undamaged through-hole to that of the damaged through-hole. Direct subtraction completely fails to isolate the
notch-scattered waves from the total wavefield. Baseline alignment does improve the ability of WBS to reduce the
incident waves, but the hole-scattered waves are still quite large in amplitude.

The primary reason that WBS fails is that unlike the results reported in [10], the baseline data from the
undamaged hole were recorded from a different through-hole than the notched hole data. The specimen fabrication
procedure required that the notch be introduced prior to bonding the second plate to the first, resulting in a “buried”
defect. Thus the baseline wavefield data had to be acquired from an undamaged through-hole different from the
notched through-hole. The alignment algorithm was previously shown to be effective for global repositioning of the
plate in between subsequent scans [10], but that was only one possible variation for the data shown here. Not only
was a global shift in the plate possible, it was also likely that the transducer position relative to the through-hole was
not identical for the two scans. Given that the shear wavelength at 5 MHz is ~0.5 mm, even small offsets in
transducer placement will yield significant changes in the resulting wavefield. These changes, combined with
unavoidable variations in coupling and machining, result in WBS failing to isolate the notch-scattered waves.

Amplitude

Time us

FIGURE 3. Typical LDV signals recorded from both the damaged and undamaged holes.
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FIGURE 4. (a) “Current” area scan of the damaged fastener hole (b) “Baseline” area scan of the undamaged fastener hole.
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FIGURE 5. (a) Direct residual obtained by subtraction of the baseline wavefield from the current wavefield. (b) Residual after
spatial alignment of the baseline wavefield.

Wavefield Filtering

Because WBS fails to separate the defect scattering from the through-hole scattering, alternative signal
processing techniques are applied. As can be seen in Fig. 4(a), the scattering from the notch does not spatially
overlap with the through-hole scattering for this particular scattering frame. However, there are situations in which
the notch scattering is much more overlapped with the through-hole scattering. These situations generally indicate
that the transducer is not properly located relative to the hole and the notch, and are not further considered here.
However, in many NDE applications the exciting transducer is located so that the scattered wavefield from the
defect of interest (the notch) can be separated from scattering from benign structural elements (the through-hole). In
this section a two-step wavefield filtering procedure is described that facilitates this separation.

020003-4
4
Distribution A. Approved for public release (PA): distribution unlimited.



Phase Velocity Filtering
Fourier domain frequency-wavenumber filtering is used to separate the shear wave mode from the full wavefield

by phase velocity (c,) and to remove forward propagating (+k,) waves. The c, filter works by first applying a 3-D
Fourier transform to the wavefield:

w(t,x,y) = W@,k k,) . (1)

The resulting Fourier-domain data are sorted into three ¢, ranges as given in Table 1.

Table 1. Phase velocity ranges for frequency-wavenumber filtering.

Mode Phase z’nelll(r)l?:g) Range
Rayleigh 24-3
Shear 3-64
Longitudinal 6.4-12.8

The phase velocity ranges are determined by considering k-k, slices in the frequency-wavenumber
domain [12]. Keeping in mind that frequency, wavenumber, and phase velocity are related via

k=—, )

p

it is straightforward to construct basic phase velocity filters capable of sorting the wavefield by wave modes in the
Fourier domain. However, a geometric transformation is required to obtain the true phase velocity for the shear and
longitudinal modes because the apparent wavelength is projected onto the surface of the plate and is not the same as
the wavelength along the direction of bulk wave propagation. As is illustrated in Fig. 2, the apparent wavelength on
the surface is smaller than that in the bulk material, and the phase velocity is correspondingly larger.

c
c, = . 3
7 sin@, @

Equation (3) gives the phase velocity measured on the surface of the plate as a function of the refracted angle, 6,,
and the bulk wave speed, ¢ [11]. Since the denominator is bounded by 0 and 1, there is ambiguity between small-
refracted angle shear waves and large-refracted angle longitudinal waves. Therefore, keep in mind that small-
refracted-angle shear waves may be excluded from the shear mode wavefield and instead are mixed with the
longitudinal mode wavefield post ¢, filtering.

Wavenumber Filtering

Positive wavenumber filtering is done by applying a Gaussian filter to W(w, k,, k). The incident and forward
scattered waves, which correspond to +k,, are removed from the wavefield to focus on and limit further processing
to backscattered waves. The +k, waves are removed because the backscattered waves are of more interest for NDE.
Filtering out the +k, waves allows detailed analysis of backward scattered waves to better visualize and characterize
notch scattering.

Figure 6(a) shows the 17.32 ps frame of the damaged through-hole after phase velocity filtering is used to extract
only shear waves. Figure 6(b) is the corresponding frame of shear waves after applying the +k, filter. Note that the
cutoff occurs at £84.4° from the maximum +k, value (i.e., due north in the wavefield) as marked with two yellow
lines in Fig. 6(b). The cutoff is located so that there is a smooth transition between the filter cutoff and the complete
backscatter region (i.e., 180° = 360°).
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FIGURE 6. Frames at 17.32 pus from the notched hole scans. (a) After phase velocity filtering to extract the shear mode, and
(b) after +k, filtering applied to the extracted shear mode wavefield.

Notch Characterization

After applying both the ¢, and +k, filters, complicated backscattering is more easily visible in the resulting
filtered wavefield shown in Fig. 6(b). Because the notch backscattering is spatially displaced from the through-hole
backscattering, radial energy calculations relative to the center of the hole can be used to quantify the notch
backscattering as a function of the observer direction (polar angle) by integrating along a radial path in the spatial
domain at a fixed time.

Figure 7 shows designated radial paths in the spatial domain at a selected frame. For the current work, the radial
path length is 3 mm and 181 radial paths are considered to form a semi-circular ring of radial energy calculations
covering the backscatter region (i.e. 180° = 360°). The center of the through-hole is designated as the observer
reference location with each polar angle corresponding to the observer direction. The final result is a plot of energy
versus angle for the backscattered region and specified frame.

x (mm)

FIGURE 7. The semi-circular ring for radial energy calculations, illustrating 13 of the radial lines of 3 mm length.
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Methodology Summary

The complete methodology for segregating the defect element (e.g., a notch) from a compound scatterer (e.g.,
through-hole + notch) is summarized as follows:

o Filter wavefield by wave mode. In the case of angle-beam bulk waves, three modes are present: the surface
Rayleigh wave, shear and longitudinal bulk waves. Here, the shear wave mode is of interest and is separated
by phase velocity filtering.

o Isolate backscattering by +k, filtering. For the present work, backscattering was of most interest for
detecting and characterizing the defect; however, any general direction of scattering can be separated from
the full wavefield by specifying a range of wavenumber values.

e Calculate and analyze radial energy. Although it is most important for characterizing the defect scattering,
radial energy can provide insight into the scattering behavior of the entire compound scatterer.

RESULTS AND DISCUSSION

Radial energy was calculated for three scattering frames: 16.32 us, 17.32 us, 18.32 us. Radial energy is used to
generate scattering patterns and is plotted in both polar and rectangular presentations. The polar plot helps fortify
intuition of the scattering direction while the rectangular plot allows for a more detailed analysis of the exact
angle(s) along which the backscattered shear waves are propagating. The same analysis is performed for both
damaged (current) and undamaged (baseline) through-hole wavefields. All results are shown in Fig. §, where each
column corresponds to the same frame, and from top-to-bottom are shown frames of the damaged and undamaged
through-holes, polar energy plots, and rectangular energy plots respectively.

At 16.32 ps, the current and baseline wavefields appear to be very similar and consist primarily of the weak
backscattered first skip from the through-hole; there is no significant scattering visible from the notch. The energy
profile of the current wavefield is close to that of the baseline, yet the radial energy in almost all directions is
stronger in the current. The reduction in energy is likely due to epoxy residue in the undamaged through-hole, as
epoxy filling is shown to decrease the reflection coefficient of incident shear waves scattering from the through-
hole. Kummer elaborates on the effect of through-hole fill conditions in isotropic plates in further detail and presents
experimental justification for the effect [5].

The frame at 17.32 ps clearly show a notch-scattered wave that reaches its maximum value at an angle of 332°
relative to the center of the through-hole. The larger amplitude backscattered second skip from the through-hole is
also visible in both the damaged and undamaged through-hole frames. Evidently, the notch-scattered wave visible in
this frame has resulted from the first incident skip, but has emerged at a shallower angle than that of the nominal
notch orientation (-28° compared to -45°).

The final frame, at 18.32 ps, shows a second backscattered wave from the notch that is partially overlapped with
the backscattered second shear skip from the through-hole. This backscattered wave, which appears to result from
the second shear incident skip, has its peak amplitude close to 270°, which is the expected direction of the corner
echo. The notch-scattered wave overlaps with the backscattered second shear skip from the hole for propagation
directions between 270° and 360°, which likely includes both constructive and destructive interference.

These observations are somewhat puzzling because of the inconsistency in timing, directionality, and amplitude
between the notch-scattered waves from the two skips. As observed above, the first notch-scattered wave is well-
separated from the hole-scattered wave and has its peak at about 332°, whereas the second notch-scattered wave
overlaps the hole-scattered wave and the radial energy shows a peak at around 270°. However, the peak at 270° is a
combination of the notch and through-hole backscattered waves, so it cannot be directly attributed to notch
scattering. Furthermore, this energy “maximum” is misleading because constructive and destructive interference in
the 270° to 360° region may obscure the primary scattering direction of the notch-scattered wave from the second
skip. In addition, it would be expected that the second incident shear skip, which is at the nominal refracted angle for
a back surface reflection, should generate a much stronger backscattered wave than the first skip, which is very
shallow. This appears to be the case for the hole backscattering but is difficult to confirm for the notch since it is not
sufficiently separated from the hole backscattered wave.
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FIGURE 8. Scattering results for the following frame times: (a) 16.32 us, (b) 17.32 ps, and (c) 18.32 ps. From top-to-bottom
are shown frames from the damaged through-hole, frames from the undamaged through-hole, polar energy plots, and rectangular
energy plots.
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The results shown here not only demonstrate a methodology to quantify scattering, but also point out the
challenges in interpreting data recorded from complicated specimens with compound scatterers. Although the
specimen used here was carefully fabricated, there are undoubtedly variations in machining, transducer mounting,
and bond layer uniformity that make interpretation of results even more challenging. Furthermore it is not clear from
only front surface measurements whether or not significant energy has penetrated through the epoxy bond into the
second layer, which could affect both timing and backscattered energy.

CONCLUSIONS

The results presented here demonstrate that shear wave scattering from a buried defect emanating from the far
surface of a 6.35 mm diameter through-hole of a bonded, multi-layer specimen can be characterized by analyzing
the compound backscattering from both the defect and through-hole elements. Filtering the wavefield by phase
velocity and wavenumber and analyzing radial energy at multiple scattering frames allows backscattering from the
notch to be completely separated from incident waves and better separated from hole-scattered waves. It was further
shown that wavefield baseline subtraction is inadequate for separating the defect element scattering from the
compound scattering wavefield. For the specimen considered, it was possible to identify a wavefield frame and
spatial window for which the notch backscattering could be separated from the hole backscattering. These results
demonstrate a methodology for characterizing an element (i.e., the notch) of a compound scatterer (i.e., hole +
notch) without using baseline subtraction.

It is noteworthy that the radial energy calculation method is helpful for generating scattering patterns but fails to
separate spatially overlapped defect and through-hole backscattering. The energy calculation essentially lumps the
different element scattering effects together to get a comprehensive energy representation for each radial path. It also
should be kept in mind that since bulk wavefield measurements only capture the out-of-plane motion on the
specimen surface, it is not possible to fully understand the internal bulk wavefield. Future work should consider
additional measurements on the far side of the specimen as well as a wider variety of specimen geometries,
transducer frequencies, and incident angles. It is hoped that future modeling efforts will complement experimental
studies, such as the work reported here, to more fully understand the complicated interactions between incident
waves and compound scatterers.
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