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Abstract

This paper describes a new damage visualization method to investigate and analyze propagating guided Lamb waves
using analyses of wavefield spatial gradients. A laser ultrasonic interrogation system (LUIS) was used to create full-
field ultrasonic data measurements for ultrasonic wavefield imaging (UWI). The laser scanning process was performed
based on both a raster scan and a circle scan. From the high-resolution wavefield data, a spatial gradient-based image
processing technique was developed using gradient vectors to extract features sensitive to defects. Local impedance
changes at the damaged area would result in a local distortion of the waveform which was captured and quantified by the
variation of the gradient vectors in the scanning area as time evolves. Such variation was accumulated over time with
a statistical threshold filter to generate a gradient-orientation map for damage visualization. The proposed algorithm
was capable of producing distinctive damage patterns when tested experimentally on a 3-mm aluminum plate with
multiple simultaneous simulated defects. Compared to conventional techniques like local wavenumber estimation, the
generation of the accumulated orientation map involves no filtering process in the frequency or wavenumber domain,
at the expense of more accurate shaping of the defect. A spatial covariance analysis was adopted to locate damage
from the results as well as to evaluate the correlation between different kinds of defects. Combining the proposed
approach with conventional laser ultrasonic imaging techniques enables a fast and robust damage identification and
characterization process which requires lower computational burden and practical operation.

Keywords
Guided waves, ultrasonic wavefield imaging, laser ultrasonic, non-destructive evaluation, spatial gradient analysis,
Covariance matrix
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time axis at one particular frequency. Furthermore, fre-
quency and wavenumber analyses based on multi-dimen-
sional Fourier transforms in space and time domains has con-
tinued to evolve.” Sohn et al.” visualized the delamination
in composite structures with standing waves and Laplacian
image filters in the wavenumber-frequency domain. Tian
et al.® investigated a wave mode decomposition method
with frequency-wavenumber analysis, which allows the
acquisition of higher Lamb wave modes for early damage
detection at shorter wavelength. Furthermore, Chang et
al.” obtained the instantaneous wavenumber based on
the Riesz transform to highlight the wavenumber change
at the damaged area where the filtering process in the
frequency-wavenumber domain was removed. Although
these approaches provide multiple alternatives for damage
feature extraction, the implementation of both spectral
transforms and filtering processes highly relies on practical

considerations and are often time-consuming and ad hoc.

Consequently, laser interrogation combined with signal
processing methods that enable the efficient use of UWI
data were desired to facilitate the damage detection process.
The compressive sensing (CS) technique allows high-
dimensional signals to be reconstructed from a sparse basis
representation, which improves the scan time of current

wavefield imaging. '*-'?

However, the signal reconstruction
efficiency highly depends on dictionary quality, and there
can be high computational or data collection demands to
obtaining the “best” dictionary via supervised learning.
In addition to above optimization approaches, Chong et
al.'3 explored the potential of parameterizing the spatial
scanning pattern instead of using a conventional raster
scanning. Through a parametric curve scanning method
according to the propagation patterns of guided waves,
the curved incident and reflected wavefront could be
tuned into a simple straight lines-like pattern in angle-
radius (¢-R) domain. The UWI data stored in such polar
coordinate space provides simpler patterns for frequency
filtering methods and can be used as an alternative
approach for sensing placement implementation. Chong et
al.'*!> estimated the phase and group velocities of A0
and SO modes using the spatial covariance matrix. The
approach not only was computationally efficient, but also
minimized the information loss in comparison to the spectral
transformation and other signal decomposition methods. The
spatial covariance analysis demonstrated an approach to
extract the dispersion curves of Lamb wave modes from
the full-field ultrasonic data, that in turn provided a robust

method to rapidly detect damage.
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Beyond these features mined from the high-resolution
UWI data, the potential of employing spatial gradient
analyses for guided-wave damage detection has not been
considered. In image recognition, the spatio-temporal
gradient method is used to recognize a moving object
in video data.'® The similarity between image pairs can
be measured through a correlation method based on the
gradient orientation difference at each pixel.'” In seismic
applications, the spatial gradient of the seismic wavefield
is analyzed to investigate important wave characteristics
that can be directly related to wave propagation in layered
earth.'® Since the discontinuity of material properties at the
damaged area is known to induce changes in the spatial
ultrasonic waveform, it may then be reasonably surmised
that such damage may be reflected by the change of spatial

gradient field as time progresses.

This article proposes a laser ultrasonic imaging technique
based on wavefield spatial gradients to visualize and
characterize structural damage, taking advantage of the
abundant spatial information contained in UWI data.
Gradient vectors at each point are used as indicators of
local waveform distortions induced by highly localized
impedance changes in the damaged area. The derivation of
the proposed method involves no frequency tuning or wave
mode decomposition, which is computationally efficient and
requires little manual operation in practice. Additionally, the
process removes the complex wave patterns of guided waves
and visually enhances the distortion caused by the defects for

more intuitive identification and interpretation.

The rest of this article is organized as follows. The section
‘Laser Ultrasonic Interrogation System Configuration and
Experimental Setup’ presents the laser ultrasonic techniques
used to acquire the full-field ultrasonic wavefield data and
the experimental setup. The obtained UWI data are stored in
angle-radius (¢-R) domain through a circle scanning pattern
which allows the implementation of the spatial covariance
analysis for fast detection. Such UWI data in the polar
coordinate space can be converted to Cartesian coordinates
(X-Y) for more intuitive purposes. For comparison, a raster
scanning is performed with identical experimental conditions
because conventional laser ultrasonic imaging techniques are
established on the UWI data stored in Cartesian domain.
In section ‘Ultrasonic Wavefield Spatial Gradients’, the
proposed wavefield spatial gradient analysis is elaborated
step-by-step. Section ‘Results and Discussion’ introduces the
simulated defects used in the experiment and presents the
results on different defect scenarios. The damage pattern of
the result indicates that each defect owns distinguishable

scattering behavior in their spatial gradient field and the
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uniqueness of each pattern can be observed quantitatively
via their correlation in the covariance map. The result of
local wavenumber estimation obtained from raster scanning
is shown in the end of the section which illustrates several
outstanding advantages of the proposed technique. Lastly,
the conclusions of this study and pathways for ongoing work

are summarized in the last section.

Laser Ultrasonic Interrogation System
Configuration and Experimental Setup

Laser Ultrasonic Interrogation System
Configuration

Figure 1(a) shows the schematic diagram of a laser ultrasonic
interrogation system (LUIS), which comprises of a laser
scanning system incorporated with a signal conditioning
device, a data acquisition (DAQ) module, a contact sensor,
and a computer used for signal processing and operation
control. The laser scanning system in Figure 1(b) presents
a two-dimensional (2D) laser mirror scanner (LMS) and a
diode-pumped solid-state Q-switched Nd: YAG laser. The Q-
switched laser is composed of a laser controller and a laser
head with an output beam of 527 nm wavelength and pulse
repetition rates (PRR) of single-shot up to 1 kHz. The 2D
LMS is used to synchronize the 2-axis galvanometer scanner
with the Q-switched laser to maneuver the laser impinging
point rapidly at a PRR with predefined 2D space coordinates
(X,Y). In LUIS, the laser scanning system is developed
with the capability of performing a scanning process based a
programmable scanning path (e.g., traditional raster, a circle,

etc.).

(a)
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Throughout the scanning process, the laser pulse optically
impinges at each scan point to generate an ultrasonic
wave based on the thermoelastic principle, which then
propagates as shown in Figure 2. The generated ultrasound
is then conditioned in the in-line filter (signal-conditioning
device) through a contact sensor. Subsequently, the filtered
ultrasound is digitized in the DAQ module, which is
synchronized with the laser scanning system by receiving
a triggering signal from the laser controller at each laser
pulse emitted. During the digitizing process, the ultrasound
is sampled at sampling time interval T's for total K number of
data points (each sample point is denoted by the integer index
i) and then stored. The digitizing process is repeated until
the scanning process is completed. Upon the completion
of the scanning process, the measured ultrasonic waves are
reconstructed and represented in UWL.

The left-hand-side of Figure 2 shows that the full-
field ultrasonic signals are generated and measured by
the LUIS with N x M grid points based on the raster
scan. These full-field ultrasonic data are then represented
in a three-dimensional (3D) X-Y-T tensor, representing
spatial x-direction, spatial y-direction, and time samples
t, respectively. The 3D tensor is illustrated in a 3D
image (right-hand-side of Figure 2). This 3D image is the
representation of the full-field ultrasonic wave propagation

imaging (UWI in this paper).

Experimental Setup

Figure 1(c) shows the inspection configuration of the plate
with a PZT sensor mounted at the center of the rear scanning

surface. The plate was a 3-mm thick aluminum plate and

(c) ScanArea1
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Figure 1. (a) Laser ultrasonic interrogation system, (b) laser scanning system, and (c) inspection configuration of a 3-mm

aluminum plate.
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ultrasonic propagatilz

yFm.

ultrasonic wave propagation
imaging

Figure 2. Full-field ultrasonic wave propagation imaging.

configured at a standoff distance of 1820 mm from the 2D
LMS in this experiment setup. Four damage locations were
considered in this paper and denoted as L1, L2, L3, and L4

as indicated in the figure with the yellow circles.

Three different simulated defects on the 3-mm aluminum
plate were designed and configured to evaluate the feasibility
of the proposed gradient method (to be discussed in the
next section), as shown in Figure 3 with the experimental
materials and their relative positions to the plate from a
top view. The first defect, denoted as D1, is a piece of
20 x 20 mm? plasticine attached at the rear scanning surface
of the plate which is acted as a damper to attenuate the
ultrasonic guided wave energy along its path. The second
defect, denoted as D2, is a metallic screw, and the tip of
the screw was polished flat and bonded to the rear scanning
surface by cyano-acrylate based glue. The 5-mm diameter
circular contact area between the tip of the screw and the
surface of the plate was simulated as the source of the
scattering wave from the reflected wave after the first guided
wave propagating to the screw head. Third defect, denoted as
D3, is the delaminated surface area (20 x 13 mm?) simulated
by an aluminum strip of 0.025-mm-thickness and 13-mm-
width feeler gage. During the bonding process, a 20 mm-
wide Teflon sheet was sandwiched between the surface of

Front Side l

the plate and strip to prevent a 20 x 13 mm? area from being

properly bonded.

In this article, three simulated damage cases with the
defects (D1-D3) at the specific locations (LL1-L4) as shown
in Figure 1(c) were considered. Firstly, a single damage
case was conducted where each defect was set and tested
individually at corresponding locations. After that, a multi-
location damage case was considered with three pieces of
plasticine set at locations L1, L2, and L4 simultaneously.
To compare the defect-to-defect correlation with the spatial
covariance analysis,'* the plasticine at L1 was replaced by
a metallic screw while keeping the rest of the conditions
unchanged. Lastly, a multi-type damage case was studied by
including all three types of defects located at L1, L2, and L3,

respectively.

Two separate full-field ultrasonic measurements based on
a raster scan and a circle scan were carried out in different
areas on the aluminum plate as shown in Figure 1(c). The
first full-field measurement, referred to Scan Area 1, was
performed based on the raster scanning method as indicated
by the blue-dotted square with a side length of 440 mm.
The second full-field measurement, referred to Scan Area
2, was performed based on the circle scanning method as
indicated by the red-dotted circle with an inner radius of 20
mm and an outer radius of 220 mm. All measured ultrasonic
signal in both full-field measurements was filtered in the in-
line bandpass filter with the low cutoff-frequency of 50 kHz
and the high cutoff-frequency of 500 kHz for the simulated
damage cases. In Scan Area 1, the scanning range was set
from —220 mm to 220 mm with an interval of 0.5 mm
in both height and width directions, which made the total
points in both x and y directions M, N = 880. The total
sample number K was set to 2000 at a sampling interval
of Ts = 0.1 us. The UWI data obtained from the raster

scanning was used to perform local wavenumber estimation

* Front Scanpjng/Surface

D3

4 » 1

Ip2

[\

Well-bonded Artificial disbond

Figure 3. Artificial structural defects for simulating different impacts.
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(LWE) in section ‘Local Wavenumber Estimation’ to use as
a benchmark to evaluate the results of the proposed method
in this paper. In Scan Area 2, the full-field ultrasound was
measured and represented in a polar coordinate space with a
three-dimensional R-¢-T tensor, representing spatial radius,
circumferential angle, and time sample ¢, respectively. The
scanning range for the circle scan was set with the radius
from 20 mm to 220 mm at an interval of 1 mm. Then,
the circumferential angle ranging was set from 0° to 360°
at an interval of 0.78°. With these circle scanning settings,
the total points in the radial direction was determined to be
M = 201, and the total of scanned points in angular direction
was determined at N = 460. As with the raster scanning,
the total sample number K was set to 2000 at the sampling
interval of Ts = 0.1 us.

Although the full-field ultrasonic data of the Scan
Area 2 were obtained in the polar coordinate (R, ¢)
space, these 2D waveforms still can be converted and
represented (X,Y) by the
standard transformations X = Rcos¢ and Y = Rsin ¢. For

in Cartesian coordinates

example, Figure 4(a) shows a snapshot of the wavefield
image in the R-¢ domain at 50 us. Then, after converting
the R-¢ domain to the X-Y domain, the ultrasonic wave
propagation is intuitively interpreted in 2D space as shown
in Figure 4(b).

Ultrasonic Wavefield Spatial Gradients

Spatial Gradient Image Construction

This section introduces the process of constructing the
gradient map for damage identification from the full-field
ultrasonic data stored in the R-¢-T tensor. Since the UWI
data is formed in the 3D space-time domain, the 2D

frame in space domain containing the intensity (normally

(R = 155,0= 120)
R (mm)
50 100 150 200

il

Amplnude V)

Interpretation

I

equivalent to the amplitude of the ultrasonic wave) at each
scanning point can be determined for a given time point.
Letting the symbol U denote the intensity of wavefield
in a space-domain frame, the image at any time point
(denoted as i-index) along the time axis i € T can be
represented as {U}YM ¢ RN*M with N rows and M
columns corresponding to the dimensions defined by total
inspection angular points and radial points (N = 460 and
M = 201) as shown in Fig. 5(a). The proposed algorithm
uses the spatial gradient vectors as indicators of the local
waveform distortions induced by local impedance changes
at boundaries and defects. To measure the time variations of
gradient vectors, a spatial-gradient profile is first determined
that contains the gradient vectors at each scanning point for
each time frame. The vectors are fully characterized by two
components, {G}\5" and {G iv ;M , calculated by taking
spatial derivatives 0f the intensity at each pixel with respect
to two coordinates in the R (horizontal) and ¢ (vertical)

directions, respectively, in polar space, or

a{U }i U}

)

N><M

{G N><M

G

ey

Letting U, € {U}Y*™ represent for the intensity of pixel
(j,k) in the spatial domain, a spatial scale factor d is
designated as shown in Figure 5(b) which defines the
neighborhood of pixels around the location (7, k) to estimate
the partial derivatives. The size of this scale factor governs
the usual trade-off between competing objectives of image
spatial resolution (low d) and signal-to-noise (higher d). In
this paper, the standard central difference value of d = 2 is
chosen, considering the scanning interval and estimated size
of experimental defects. Based on equation 1, the gradient-

orientation and gradient-magnitude profiles for each time

(X =-77.5, Y =134.2)

X (mm)
-200 -100 0 100 200

Y (mm)

Amplitude (V)

Figure 4. (a) Wavefield image stored in the R-¢ domain at 50 us, and (b) same wavefield image represented in X-Y domain.
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Figure 5. (a) 2D frame {U}f’XM for a given time point, (b) pixels defined by the scale factor d for location (j, k).

Spatial Gradients

Intensity at (j,k)

e
N
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Figure 6. Flow diagram of spatial gradient analysis.

frame, {6}) ™ and {A}"*M are consequently calculated:

NxM __ anfl {G}i,rﬁ
{9}1 =t ({G}’L,R> ) (2)
LAY =\ J1GYR® + (Gl 3)

Figure 6 shows the workflow used to obtain the gradient-
orientation and gradient-magnitude profiles from the spatial
gradient analysis for any given point (j,k) where A; €
{AYVM and 6; € {9}Y*M. The gradient-magnitude noise
level will be estimated and modeled in the next section in
order to decide a threshold value for a denoising process to
control the sensitivity of the gradient-orientation profiles.

Statistical De-noising Process using Gradient
Magnitude Statistics

As mentioned, gradient vectors are sensitive not only to local
distortions of the waveform but also to noise. The effect of

Prepared using sagej.cls

noise becomes non-negligible as the random rotation of the
gradient vector obtained from the noisy data will amplify
the gradient-orientation variation. Therefore, a magnitude-
based filtering process is determined to minimize the vector
variation caused by noise. The threshold process is carried
out through a statistical method based on the generation
of a noise map. 19 In the wavefield data from a test, a 3D
noise tensor can be generated by mapping 1D ultrasonic
signals of each pixel under a time length before the first
arrival mode. In this paper, the noise tensor, denoted as
{U}::fjp, was obtained by collecting the intensities from
all pixels before time = 10 ps, where P is the sample
number (460 x 201 x 100 counts in total), considering the
variability of noise in both spatial and temporal directions.
The fundamental intensity noise was modeled as zero-
mean Gaussian, which was experimentally verified in Figure
7(a), which shows the histogram of a representative pixel

series compared to a best-fit Gaussian probability density
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function with a estimated standard deviation o and zero
mean. Both components of spatial gradient, {G}; r and
{G}; 4, remain zero-mean Gaussian with identical standard
deviations, since they are just differences of Gaussian vari-

ables; the standard deviation of these differenced Gaussian

ovi=p
V2d

is the correlation coefficient between the pixel intensities

variables is computed theoretically to be

, where p

used to compute the gradient and d is as defined above.
This formulation allows neighboring pixel noise to be cor-
related, and an experimental study found that p~0.1 in
these ultrasonic images; a more detailed correlation length
model could be employed, but first-order global correlation
captures the dominant effects, and further detailed statistical
study is beyond the scope of the current work. From this,

the probability density function of the gradient-magnitude
A NXMxP
{ }noise
shown in Figure 7(b), with shape parameter < fvé ;p , given
that it is the square root of the sum of squares of two

may be computed as a Rayleigh distribution as

Gaussian variables:
(1—p)o? | @)

As Figure 7(b) shows, this analytically-calculated statistical
model for the gradient-magnitude noise is very accurate,
compared to the histogram of experimentally measured
gradient-magnitude noise values in the histogram. Given
this distribution of the gradient-magnitude noise, a threshold
value Ar that establishes the critical noise value for the null
hypothesis may be found for a given confidence level a,

At 2 2,2
2Ad __A%d?
/ 22 TG dA =, (5)
o ([I—plo

VN Mx100
S noise

Distribution of Intensity before 10 us {U

(a) I Experimental noise histogram
9t Gaussian noise PDF model

Count (x ’[05)

-02 -015 -01

-0.05 0
Noise level

0.05 0.1 0.15 0.2

which results in a threshold given by Ap=
VI—=poy/—log(1 —a)/d. In this work, a was chosen
to be 0.98; a comparison that illustrates how the result is
affected by different such choices will be shown in section
‘Results and Discussion’. In summary, the filtering process
first determines the locations where the gradient-magnitudes
are over the confidence-based threshold value A; and
then extracts the gradient-orientations at the corresponding
to highlight the wavefield distortion. This
statistical operation ensures that only the gradient vectors

locations

with a magnitude above this threshold value A7 will be
retained in a data set; otherwise the corresponding gradient-
orientation will be set to zero. The gradient-orientation

profile after de-noising is represented with a prime symbol
(1 as {6'};"M.

Damage Imaging

In an isotropic homogeneous medium, the ultrasonic guided
wave will propagate radially outward from the excitation
point with a circumferentially-uniform waveform front.
Because the wavefront arrives simultaneously in each
angular direction, a circular scanning pattern can generate
and store the UWI data with simple straight lines-liked
patterns in a polar coordinate space (R-¢) as shown in
Figure 3(a). In the local spatial gradient field shown in
Figure 6, the discontinuity/irregularity caused by wavefront
distortions can be visualized and measured as the change
of gradient-orientation {0'}Y*" as time progresses. The
variation is defined as the difference between two consequent

gradient-orientation profile pairs after de-noising with the

L. R B ) NxMx100
Distribution of Gradient-Magnitude before 10 us {A}mme
10 T T T T T T T
(b) I Experimental gradient-magnitude histogram
9t Rayleigh gradient-magnitude PDF model
sl
=
=
X
€
= |
5]
(@]
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Gradient-Magnitude

Figure 7. (a) Distribution of the pixel intensity noise, and (b) corresponding distribution of the gradient-magnitude noise.
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time interval of T'g

(A0 =[{O5 = {0 ] (©6)

i+1

It is natural to hypothesize that regions with different
material properties or geometries may have significant
gradient vector variation compared to adjacent undamaged
areas, i.e., the local area affected by the defect would have
a larger accumulated variation in its gradient-orientation
map. Integrating the variation from starting time ¢ = 1 to an
endpoint ¢ = 4,4, the desired gradient-orientation map of
the full-field ultrasonic wave is finally obtained for damage
identification.

Tiond—1

(G =Y {aop )

i=1

Ideally, the gradient-orientation map will indicate the
damage location as the area with concentrated amplitudes
(accumulation), while the undamaged area involving no
waveform distortion will remain a randomized (and much
more negligible) accumulation. However, despite sensitivity
to the discontinuity of material properties caused by
structural defects, spatial gradient vectors are also subjected
to the local distortion of the waveform induced by reflected
waves. The damage pattern located near the boundary of the
plate in the resulting map will be overlaid by the presence
of strong reflected waves. Because of this, a scanning result
from averaged defect-free cases was pre-recorded from
which a reference gradient-orientation map was determined
denoted as {G }Q%M ,a reference or ’baseline” state. Finally,
then, the effect of the reflected wave may be removed by

subtracting the baseline from the damaged data, or
{GYosh = {61 = {G¥5", ®

where the {G}yn

considered as the residual trajectories fully characterized by

after baseline subtraction can be

the defects. Subsequently, a damage localization process was
developed to accurately locate the damage patterns observed

in the resulting map {G}g’é%

Damage Localization with Angle Covariance
Matrix

For precise localization of the detected damage from
the resulting gradient-orientation map {G}giuMb a spatial
covariance method recently developed'*'> was used to
determine the most likely angle in the radius-angle (R-

¢) space for each damage. By defining a row vector

Prepared using sagej.cls

G, = (Gp1,Gn2,...;Gpp) € RM the N x M matrix can

be rewritten as
- G, -
NxM _ .
{G}O,sub - — . —

- Gy —

c RNXM

; ©))

with the covariance matrix of G,, is denoted as Cs and

expressed as

Co = E[(Gi — G)(G; — Gy e RNV (10)
where i,j =1,2,--- , N, and G; and G, are the mean of
each row vector G,,. From the definition, the covariance
matrix is symmetric along the diagonal values which are
actually the variance of each angular set. Thus, the angle ¢4
of the damage location to the center of the plate was firstly
determined by localizing the point with largest variance
along the angular direction, extracted from the diagonal
values of the covariance matrix Cg. The radius of the
damage location Ry was then determined by searching the
maximal amplitude in the gradient-orientation map along
the radius line at the angle ¢, obtained in previous step.
Furthermore, the column elements at each ¢, were extracted
for damage characterization which unveiled the correlation
between various damage patterns when multiple defects

presented themselves.

Results and Discussion

Single Location Damage Cases

The first single damage site case was conducted with the
plasticine D1 placed at L1 shown in Figure 1(c) where
the true angular and radial locations are known as ¢4 =
125° and R4 = 165 mm. Figure 8(a) shows a snapshot of
the original ultrasonic wavefield image at 60 ps when the
incident AO mode was propagating through the defect area
in the red circle. The attenuated local waveform of the AO
mode affected by the plasticine are barely visible directly
from the complex multi-modal wavefield. The corresponding
covariance map Cg shown in Figure 8(b) is still complex
and thus hard for a person without any background to
point out the angular value. Instead, the most likely angular
location ¢4 was determined from the diagonal values of the
covariance matrix shown in Figure 8(c) with a minimum
variance at ¢4 = 125°. The radial location R, is hard to
find due to the complex waveform along the Radius line
1 shown in Figure 12(a) extracted from the UWI with
the polar coordinate space. Instead of using a single time

frame for damage identification, the gradient-orientation
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Figure 8. Single Damage Case with plasticine - (a) Ultrasonic wavefield image {U} at 60 us, (b) corresponding covariance map

Cs, and (c) variance of each angle point.
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Figure 9. Single Damage Case with plasticine - (a) Gradient-orientation map {Gg} at 60 us, (b) corresponding covariance map

Cs, and (c) variance of each angle point.

map proposed in this paper takes all the time frames before
60 us into consideration, which shown in Figure 9(a),
removes the complex wave patterns of guided waves and
visually enhances the damage area. Besides, the covariance
matrix of the result is much more intuitive as the angular
location can be simply determined as the largest amplitude
in the map shown in Figure 9(c) as ¢4 = 125°. In addition,
the radial location in this case was accurately determined as
R4 = 164 mm obtained from the largest amplitude along the
radius line at ¢4 = 125° shown in Figure 12(b). Compared
to the true location of L1, the damage localization process

can be considered as robust and computationally efficient.

However, even though the damaged location was detected

in the gradient-orientation map with concentrated amplitudes
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of accumulated variation, the methodology was also sensitive
to the propagating-back reflected wave which after the time
of 60 us distorted the consistency of guided waves and led
to a higher accumulated amplitude in the undamaged area
that near the boundary, as shown in Figure 10(a) at 75 us.
Figure 10(b) shows the false positives on the covariance
map due to the reflected waves which increase the difficulty
when determining the damage angular direction. Thus, the
baseline subtraction method is unfortunately necessary when
the structural defects are expected to be located near the
boundary because of the presence of reflected waves.

Figure 11 shows that the gradient-orientation map is able
to indicate the location of the damage at 80 us although the
reflected waves are strongly affecting the spatial waveform
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Figure 10. Single Damage Case with plasticine - (a) Gradient-orientation map {G}¢ at 75 us with the presence of reflected wave,
(b) corresponding covariance map Cs with false positives, and (c) variance of each angle point.
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Figure 11. Single Damage Case with plasticine - (a) Gradient-orientation map at 80 us with the baseline subtraction {Gg,sus }, (0)
corresponding covariance map Cs, and (c) variance of each angle point with one clear maximum.
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at several locations. With the baseline subtraction process,

the “false positives” caused by the reflected wave in certain
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accumulated variation caused by “true”

directions were eliminated which no longer hindered the

defect. Besides, the
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Figure 13. Single Damage Case with screw - (a) Gradient-orientation map {G}e,sus at 80 us, (b) corresponding covariance map

Cs, and (c) variance of each angle point.

quality of the resulting map is improved significantly and
the local maximum is much clearer in the diagonal values
of the covariance map. Following the same localization
process, the angular and radial locations were determined
as ¢g = 125° and Ry = 163 mm, which are also quite
close to true values. For brevity, all the following results
will show the orientation maps with baseline subtraction
da g,iq%) and follow the same localization process for
¢4 and Ry4. With quick damage detection and localization,
however, the size of structural defects like plasticine can not
be determined clearly because the spatial gradient analysis
focuses on the waveform inconsistency. Thus, the damage
pattern failed to reveal the true dimension of plasticine, but
precise characterization beyond localization is not the point

of the current proposed method.

The proposed method was then tested with the screw D2
at L2 used for the second single-site damage case. Figure
13(a) shows the gradient-orientation map at 80 us with a
strong and clear damage pattern despite that the contact area
between screw and plate is small (5 mm in diameter). The
covariance map indicated the angular direction in Figure
13(b) which was then quantitatively determined from the
diagonal values in Figure 13(c) as ¢4 = 50°. The radial
location of the damage R; = 165 mm was obtained from the
largest value along the radius line at ¢4 = 50°. Similar to
plasticine, the metallic screw as an excitation source induced
extra waveform distortion around the damage area, which
hindered the true size of the screw with an overestimated

pattern in the resulting map.

For the third case of single-site damage D3 at location L3,

unlike the previous two defects, the gradient-orientation map
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in Figure 14(a) gives a distinct shape of the delamination.
The angular direction is shown clearly in the covariance
map and accurately determined from the diagonal values as
¢4 = 220°. The radial location of the damage Ry = 132 mm

is obtained from the largest value along the radius line at ¢,.

Furthermore, the impact of different threshold values
in the de-noising process to the damage pattern was
demonstrated here where two more « values were set for
comparison. With a lower « value in Figure 15(a), the shape
of the defect is unclear and the whole area is contaminated
by noise. With a higher value o = 0.9999, the genuine
(defect-related) signals were partially filtered out through
the de-noising process, which led to an incomplete and
inaccurate damage pattern. Because the surface delamination
induces no waveform distortion outside the disbonded area,
the size of defect can be visualized rather robustly with an

appropriate « value.

Multi-Location, Single-Type Damage Case

In this case, three identical pieces of plasticine denoted
as D1 were attached at locations L1, L2, and L4. Similar
to previous single-damage case, all three artificial defects
were detected in a same gradient-orientation map clearly
at the time 80 ps shown in Figure 16. From the diagonal
values of the covariance matrix, the angular directions
of three damages were determined as ¢4 = 50°, 125°,
and 310°, respectively. The corresponding radial locations,
Ry =163, 162, and 160 mm, were again determined by
extracting the radius lines at above angles. The three

concentrated amplitudes observed in the off-diagonal area
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of the covariance map (noted as strong correlation) revealed
that same type of defects would result in high covariance
between their angles due to their similarity in size and
material properties.

To study such defect-to-defect correlation on the features,
the plasticine at location L1 was replaced by a screw (D2)
while the plasticine at L2 and L4 remained unchanged.
Because the damage patterns of structural defects like
plasticine and screw through spatial-gradient analysis cannot
reflect the true size with a precise shape, the gradient-
orientation map shown in Figure 17(a) is highly similar
compared to the previous result (Figure 16(a)). Furthermore,
the variance of each angle does not change too much
as shown in Figure 17(c). However, as observed in the

Prepared using sagej.cls

covariance map, only one high-amplitude pattern presents in
the off-diagonal area in this case. The covariance elements
along each angle R4, shown as the three yellow dashed lines
in Figure 16(b) and Figure 17(b), were then extracted and
compared simultaneously. Figure 18 plots three covariance
lines at the three damage angles for the above two cases,
respectively. Figure 18(a) with three same type defects
(plasticine) proves that each defect is equally correlated
to others as the covariance curves are similar. Oppositely,
Figure 18(b) illustrates that the screw is only correlated
to itself, while having almost zero covariance with the
plasticine defects at the other two angles. Based on such

results, the proposed technique provides not only quick
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Figure 16. Multi-Location Damage Case with same type of defects - (a) Gradient-orientation map {G}e,sus at 80 us, (b)
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Figure 17. Multi-Location Damage Case with two types of defects - (a) Gradient-orientation map {G}¢,sus at 80 us, (b)
corresponding covariance map Cs, and (c) variance of each angle point.

damage detection and localization but also suggests some

level of classification as well.

Multi-Type Damage Case

The multi-type damage case, including all three types of
scatterers D1, D2, and D3 located at L1, L2, and L3,
respectively, was conducted to evaluate both the detectability
and sensitivity of the proposed method to various damage
types. Similarly, all three artificial defects were detected
in the gradient-orientation map {G}g sup at 80 us as
shown in Figure 19(a). From the diagonal values of the
covariance matrix, the angular directions of three damages
were determined as ¢4 = 50°, 125°, and 220° with radial
locations Ry = 164, 160, and 132 mm. The pattern in
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covariance map validates the conclusion made in multi-
location case that no correlation appears at the off-diagonal
area when the defects share little similarity. For a more
intuitive comparison, the three covariance lines for each
damage angular location ¢4, denoted as lines 1, 2 and 3
in Figure 19(b), were again extracted and plotted in Figure
20 where only large amplitudes concentrated at the angular
point itself are observed.

Local Wavenumber Estimation

In this paper, the local wavenumber’ was estimated
as a conventional frequency-wavenumber based imaging
technique for comparison. A raster scanning process was

performed on a same multi-type damage case including
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Figure 19. Multi-type Damage Case - (a) Gradient-orientation map {G}e,sus at 80 us, (b) corresponding covariance map Cq, and

(c) variance of each angle point.
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Figure 20. The covariance lines at each angle for multi-type damage case.

all three types of defects in section ‘Multi-Type Damage
Case’ which generated and stored the UWI data in X-Y-T
described in section ‘Experimental Setup’. The frequency-
wavenumber spectrum was first obtained through the 3D
Fourier transform of the X-Y-T tensor to isolate wave
modes. A0 mode was selected in this case by estimating
the corresponding frequency-wavenumber curve with a curve
fitting method. Given a center frequency f., the center

wavenumber k. was subsequently calculated by solving the
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fitting f — k curve. A frequency bandpass filtering process
was performed based on the selected f. with a Gaussian-
shaped window. The resulting single-mode and frequency-
narrowband data were then passed through a wavenumber
bandpass filter bank parameterized by corresponding center
wavenumber k.. After enveloping and summing the inverse
Fourier transform to the filtered data across time, the desired

local wavenumber estimate map was obtained.
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Figure 21. Local wavenumber estimate - (a) Three defects under f. = 200 kHz, (b) screw D2 under f. = 215 kHz, (c) plasticine
D1 under f. = 150 kHz, and (d) delamination D3 under f. = 145 kHz.

With a selected center frequency f. = 200 kHz in Figure
21(a), the locations and relative sizes of three defects were
detected in one map. A different colormap was used to
show the results following the results of the original paper.
However, finding the true shape of the defect requires a
time-consuming frequency tuning process, because different
defects are only sensitive to certain frequency ranges related
to their boundary sizes. With a center frequency f. = 215
kHz, 150 kHz, and 145 kHz, the defects D2, D1 and D3
were observed with more precise shapes (shown in Figure
21(b), (c), and (d), respectively). Additionally, the transducer
located in the center of the plate appeared in the map as a
“false positive” pattern through damage identification which
is sometimes misleading and may affect the center frequency
selection. Such effect of the transducer can be significantly

Prepared using sagej.cls

reduced with the circle scanning process used in this paper
by selecting a radial range that excludes the transducer.

Compared to the local wavenumber estimation, the
proposed method can be used as a quick damage detection
and localization technique, which minimizes the information
loss through the spectrum transform and requires little
manual operation and computational burden. Additionally,
the pattern of delamination in the gradient-orientation map
is believed to be more accurate while the shape in the
local wavenumber estimate map has a less-distinct boundary.
Although the shape of damaged area caused by the scatterers
in this work can not be reflected from the map directly, the
covariance map technique is proven to be an efficient tool to
identify different defects with their correlation through the

spatial covariance analysis.
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Conclusion

In this paper, laser ultrasonic imaging of the wavefield
spatial gradients was proposed for damage visualization and
localization. By monitoring the accumulated variation in
the gradient vector field, a gradient-orientation map was
generated with distinctive damage patterns. The proposed
method was tested on the ultrasonic wavefield imaging
obtained from a 3-mm aluminum plate with several
configurations of artificial damages. The residual gradient-
orientation map showed the ability to detect various damage
types under the impact of reflected waves. The diagonal
of variances at each angle point in the covariance matrix
of the results was firstly used to for damage localization
in the angular direction. The radial location was then
determined as the local maximum in the radius line at the
corresponding angle. For the multiple-damage cases, the
covariance lines at each angle were extracted which indicated
the similarity (defect-to-defect correlation) between different
types of defects. Compared with conventional techniques,
the proposed methodology requires less “engineering
judgment” and is computationally much more efficient.
Additionally, the spatial vectors appear to be a good indicator
of defects like delamination with a high-quality damage
image in the gradient-orientation map. When dealing with
potential defects that scatter similarly to the plasticine and
screw used herein, the proposed technique can be used as a
fast and robust damage detection and localization method.
The local wavenumber estimation with a high-resolution
raster scan can be performed around located the damage
area which will significantly facilitate the scanning process.
The use of this technique on highly anisotropic materials is
an important consideration for future work, likely involving
parametric rather than circular scanning and optimization,

beyond the scope of the current paper.
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