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A method of combining Green’s function retrieval theory and ultrasonic array imaging using Lamb waves is presented
to solve near filed defects in thin aluminum plates. The defects are close to the ultrasonic phased array and satisfy the near
field calculation formula. Near field acoustic information of defects is obscured by the nonlinear effects of initial wave
signal in a directly acquired response using the full matrix capture mode. A reconstructed full matrix of inter-element
responses is produced from cross-correlation of directly received ultrasonic signals between sensor pairs. This new matrix
eliminates the nonlinear interference and restores the near-field defect information. The topological imaging method that
was developed in recent ultrasonic inspection is used for displaying the scatterers. The experiments are conducted on both
thin aluminum plates containing two and four defects, respectively. The results show that these defects are clearly identified
when using a reconstructed full matrix. The spatial resolution is equal to about one wavelength of the selectively excited
mode and the identifiable defect is about one fifth of the wavelength. However, in a conventional directly captured image,
the images of defects overlap together and cannot be distinguished. The proposed method reduces the background noise
and allows for effective topological imaging of near field defects.

Keywords: Lamb waves, topological imaging, cross-correlation, Green’s function

PACS: 43.20.+g, 43.35.+d

1. Introductions

The use of ultrasonic imaging for nondestructive testing
(NDT) has been the subject of many investigations in recent
years.!!] B-scan is the simplest method available with a trans-
ducer array. Imaging techniques derived from B-scan, such
as spatial compounding technique,'?! synthetic aperture,’!
and synthetic aperture focusing techniques,*! directly asso-
ciate the arrival time of the ultrasonic waves with the de-
fect positions in the medium. Other techniques, such as

migration techniques®! and time reversal techniques, [©/

are
based on prior knowledge of the wave propagation in the
medium. Topological imaging is an emerging ultrasonic imag-
ing method based on two wave field computations performed
for the so-called reference medium.!”! This method relies on
mathematical tools to create an image in an equivalent vir-
tual domain from a set of experimental data. Topological
optimize is a mathematical method that was first applied to
optimize mechanical structures. The topological image will
highlight all the differences between the investigated experi-
mental medium and the reference medium. Defect imaging is
achieved after an optimization process in which a cost func-
tion between the forward and adjoint problem is minimized,
without prior assumptions of locations and shapes of defects.

The application of topological imaging in NDT started in

DOI: 10.1088/1674-1056/28/7/074301

the last decade. High resolution results have been presented
for imaging scatterers using bulk wave inspection.!®~14! In the
early stage, topological gradient was mainly used as imag-
ing function, ¥ because it directly influenced the change of
cost function. However, the method required many times of
iterations to achieve a high resolution. Subsequently, the re-
searchers began to explore the use of other fast imaging meth-
ods, for instance, the time domain topological energy method
proposed by Dominguez and Gibiat!'3! and frequency domain
topological imaging by Rodriguez and his co-authors.!!*! Re-
cently, the topological imaging has been extended to inspect
the plate-like waveguide.!'>!®! Rodriguez et al.l">! investi-
gated guided wave topological imaging of isotropic plates
based on propagation of the single SO Lamb mode. Despite
a high dispersion of SO mode, scatterers were accurately lo-
cated and the defect imaging was obtained with a spatial reso-
lution of one wavelength. In contrast to classical and advanced
delay and sum imaging method, topological method does not
involve explicit computations of rays among emitters, defects,
and receivers. The necessary information is implicit in the two
wave field computations performed in the defect-free medium.
Therefore, if wave propagation can be properly simulated in a
given medium, then the defects of the medium can be imaged
whatever the complexity of the propagation process. The topo-
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logical method has also been applied to defect imaging in the
anisotropic plates.!1®!

Ultrasonic array imaging has been widely used in modern
industrial NDT.!'7I Each element of an array can be pulsed
independently. The response of an ultrasonic transducer in
pulse-echo operation contains nonlinear effects caused by
physical limitations of acquisition systems (e.g., ultrasonic re-
verberation within the transducer) which obscure early time
acoustic information. '8! The problem is exacerbated when us-
ing ultrasonic arrays in which the proximity of elements leads
to saturation of neighboring elements through electrical and
mechanical cross-talk. A solution to alleviate the nonlinear ef-
fect is to introduce a stand-off medium between the transducer
and specimen, which reduces the acoustic energy transmitted
to the specimen and the additional refracted modes that may
induce imaging artifacts. Classical techniques for NDT pur-
poses rely mainly on pitch-catch measurements of direct ultra-
sonic waves between an actuator and a receiver in the region to
be measured. In this study, we propose an approach to retrieve
the near field acoustic information through cross-correlation
of directly received ultrasonic signals between sensor pairs.

It has been indicated theoretically and experimentally
that the cross-correlation between signals recorded simulta-
neously at two points can provide an estimate of the Green’s

[19-24] Through this, a virtual

function between two points.
array of emitters and receivers is formed. Hence, Green’s
function is applicable for the retrieval of information ob-
scured by the operating limitations of the acquisition systems.
Early applications were in the fields of geo-physics and un-
derwater acoustics.!!2!l Recently, researchers have applied
this method for the purpose of structural diagnostics. Yang

[221 presented a characterization method by measuring

et al.
Green’s function reconstruction from noise excitation and ver-
ified the feasibility of crack detection in poor noise source de-
tection. Experimental investigations were undertaken to de-
tect fatigue cracking due to variation of the cross-correlation
function as a damage index between pristine state in low-
amplitude excitation and the crack open-closure state. A fa-
tigue crack introduced in an aluminum plate was successfully
identified and oriented, proving that this technique was effec-
tive in detecting fatigue cracking from ambient noise. Duroux

1.123] performed experimental study for damage detection

eta
in a thin aluminum plate with complex geometry. The experi-
mental results of this study suggested that measuring the rela-
tive amplitude variations of the cross-correlation function of
elastic diffuse fields could potentially provide a sufficiently
robust tool for passive monitoring or imaging of a structural
damage. Chehami et al.!”*! presented an experimental vali-
dation of a passive technique for defect localization in metal-
lic plates. A correlation matrix was estimated from noise vi-

brations recorded on a transducer array. A defect was local-

ized by applying a beam forming algorithm to the difference
between the correlation matrices obtained with and without
the defect. They successfully detected defects for different
kinds of noise sources. Sabra et al.[>>! experimentally used
the cross-correlation of ambient vibrations (CAV) technique
in a high-speed naval ship for passive structural health moni-
toring. The influence of the ship’s operating conditions on the
stability of the peak coherent arrival time was discussed.

This paper reports an approach of retrieval and imaging of
near field defects using Lamb waves. The capacity of the pro-
posed approach to identify near field defects is demonstrated
experimentally on two aluminum plates containing two and
four defects, respectively. This paper is organized as follows.
Section 2 illustrates the method of full matrix reconstruction.
Section 3 presents the theory of topological imaging. Exper-
iments are conducted and the results are discussed in Section
4. Section 5 summarizes the main work.

2. Full matrix reconstruction method
2.1. Retrieval of Green’s function

It has been shown in seismology that ensemble averaging
the cross-correlation of responses recorded at two monitoring
stations, the direct response between the stations is obtained.
It is assumed that there is random noise source r; (i = 1,2,...)
on a closed surface S surrounding two receivers A and B, and
their field intensities are ¢ (r;, ®). The derivation in this work
is applicable to the frequency domain. According to acoustic
field superposition principle, acoustic fields at receiver A and
B are

P(VA,(D) = /G(rAvriaw)Q(rivw)dSﬂ (la)

p(rs,0) = [Glw.r@)q(r@)ds,  (1b)

where G (ra,r;, ®) and G (rg,r;, ®) denote the Green’s func-
tion between r; and r5 and rg, respectively.

In an acoustic field, it is assumed that the noise sources
are spatially distributed and uncorrelated. With the power
spectrum | (@)|*, we have

(q(r1,0)q" (r2,0)) = |q(@)[* §(r1 = 12), )

where () denotes the expectation value, * denotes complex
conjugation, and §(-) is Dirac delta function. The correlation
between p (ra, ®) and p (rg, @) is given by

(p(ra,®)p* (rp, ®))

= </G(rA,r1,w)q(r1,w)d51/G*(FBJZ,(D)q* (Vsz)d52>

= //|6I(w)|25("1 —1r2)G(ra,r,®)G* (g, 2, @) dSdS»

= 1a(@)P [ Grrn0)G' (r5,1,0)ds,
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where ri = rp = r, and r is the distance from the noise source
to the scatterer.
The following expression can be deduced: %%

/G(rA,r,a))G* (rg,r,®)dS
1

= —%[G(rA,rB,a))—G*(rA,rB,a))]. “4)

Inserting Eq. (4) into Eq. (3) gives

(p(ra, o) p"* (rs,®))

1
= 5= 1a(@)[G(rarr. @) =G (ra.rp.@)]. (5)

Through the inverse Fourier transform of Eq. (5), Green’s
function in the time domain is obtained

d
—25 (Cap (1)), (6)

(G(ra,re,t) = G(ra,rp,—1))+Cy (1) =
where * denotes the convolution. Ca g (1) = p (ra,?) @ p (r8,1)
is the cross-correlation between p(ra,t) and p(rg,t), and
C, (1) is the auto-correlation of ¢ (7).

It is indicated from Eq. (6) that the time-derivation of the
cross-correlation function converges to a Green’s function be-
tween two points, and is a theoretically symmetric function of

time owing to the wave reciprocity.??!

2.2. Reconstruction of full matrix

Full matrix capture is a process of sequential acquisition
of responses for every transmitter—receiver transducer pair of
ultrasonic array which are then collated to form the so-called
full matrix.'?”! Various post-processing approaches are devel-
oped to improve the imaging resolution.?! Here, the time do-
main responses of the direct captured full matrix A; ; () are
called as directly captured full matrix, where the first and sec-
ond indices correspond to transmitting and receiving elements,
respectively. The reconstructed full matrix g; ; (¢) is obtained
by cross-correlating the responses of element i with that of ele-
ment j, averaged over all transmitting elements. For an N ele-
ment array, in the time domain, the new matrix may be written
as follows:

d (1Y /T
8ij(t) = a (Nkzl/o hk.i(T)hk,j(T+t)dT>. (7

The new matrix is equivalent to &; (1), i.e., g ;(t) ~ h; ;(t)
but is not polluted by the early time measurement noises.

3. Topological imaging method

The topological imaging method defines two physical
problems to be solved: the direct and the adjoint problem. 3]
The solution of these problems corresponds to the simula-
tion of the propagation of two different sets of waves emit-
ted at the location of the array. In the direct problem, the ex-

perimental source is simulated. In the adjoint problem, the

source is the time-reversed difference between the measured
wave field and that obtained from the direct problem. The two
field computations are performed in the defect-free medium.
The topological image is computed by multiplying both wave
fields together in the time or frequency domain, and integrat-
ing over the time or frequency. The work presents the applica-
tion of time domain topological energy method (TDTE)!!!13]
for nondestructive testing. The analytical method is used in
the acoustic field simulation.

Considering two isotropic homogeneous bounded media,
the first is defect-free (reference medium £2)) while there are
Both
of them are insonified by a linear transducer array. Trans-

defects in the second one (inspected medium Q).

ducer i (i = 1,2,...,N) transmits a plane wave to both me-
dia. Backscatter signals are captured by each receiver j
(j=1,2,...,N). The residue between these two ultrasonic
responses is then computed as

Asij (1) = 5% (1) =575 (1), (®)

where sf‘; (t) and sfejf (¢) are the normal components of dis-
placement measured in the inspected and reference medium,
respectively.

The forward and adjoint problems are solved according to
Lamb wave propagating model. Let the exciton be eq(¢), and
the acoustic field ug(x,y,7) at imaging area (x,y) is calculated
based on the Eq. (9). This is the acoustic field solution in the

forward problem ]

wiyn) =P {Freoien(Z00) ) O

where F{-} and F~'{-} are Fourier transform and inverse
Fourier transformation, respectively, and c(f) is the phase
velocity of Lamb wave mode computed by Rayleigh-Lamb

equation.’%l ¢ = \/(x —x0)*+(y—y0)* represents the dis-
tance between the acoustic field coordinates (x,y) and emitting
source coordinate(xp,yp). In the adjoint problem, the time-
reversal As; ; (¢) is used as emitting source of each transducer.
The acoustic field in the adjoint problem is calculated

vo(x,y,t) = F~! {F {As;j (T —1)}exp (W) } , (10)

where T is the duration of wave propagation. The topological
energy Eo(x,y)!':13] can then be expressed from the two fields
M()(X,y,t) and V()(X,y,[)

T
Eo(y) = [ oy 0l oGy Par A

The topological imaging process using the time domain topo-
logical energy method is shown in Fig. 1.
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solutions of the
forward problem
Uo(z,y,t)

source:the emitting

signal eq(t) —) reference medium 2y

computation of the]
topological energy]
Eo(z,y)

i

solutions of the
adjoint problem
Vo(z,y,t)

source:the time
reversed signal of =3} reference medium 2,
Asi(t)

Fig. 1. The process of topological imaging using the time domain topo-
logical energy method.

4. Experiment

Measurements are carried out using an M2M MultiX LF
system (M2M-NDT Co. Ltd, France). Two 1 mm thickness
aluminum plates are investigated in this work. A 16-element
linear array (Shantou Ultrasonic Electronics Co. Ltd, Guang-
dong, China) is used. The array is composed of 16 transducers
each with a central frequency of 1 MHz. The transducer width
is 1.8 mm and the pitch size is 2 mm. Thus, the whole array is
31.8 mm long. The height of the transducer is 15 mm. Similar

s,[15-16] the array is coupled to the plate on

to previous literature
the edge so that it is sensitive to the in-plane motion, as shown
in Fig. 2. The transducers apply a force along the z-axis and
are in contact with the whole thickness of the plate, which al-
lows the displacement over the entire thickness of the plate on
the contacting boundary to be recorded. Thus, it is assumed
that only the stress component on the z-axis is nonzero and
is constant over the thickness. Therefore, only the symmetric

modes propagate significantly in the medium.

E
i M MultiX LF system

phased-array probe

Fig. 2. Experimental setup: (a) system configuration; (b) aluminum
plate A with two defects; (c) aluminum plate B with four defects.

The relative positions of the defects on the two inspected
plates are specified in Fig. 3. Both plates are 300 mm long

and 150 mm wide. In plate A, the defects are two through-
thickness holes with the diameter 3 mm and 5 mm respectively
and the distance between their centers is 6 mm, as shown in
Fig. 3(a). In plate B, the defects are four through-thickness
holes with the diameter 1 mm, 3 mm, 5 mm, and 7 mm re-
spectively, and the distance between their centers is 9 mm, as
shown in Fig. 3(b). These defects are 40 mm from the edge of
the two plates.

transducer array

(the center of phased—array)

T

.

m
.
.
.
.
.
.
.
.
.
.
.
.
.

40 mm

—150 mm———p»|

(a) aluminum plate A

- 300 mm >

transducer array

(the center of phased—array)
-0 O
9 mm

150 mm ——p»|
40 mm

(b) aluminum plate B

-t 300 mnyr -

Fig. 3. Schematic diagram of defects and transducers location: (a) alu-
minum plate A with two defects; (b) aluminum plate B with four de-
fects.

The excitation is a five-cycle Gaussian sinusoidal signal
with a central frequency of 1 MHz. Such a signal covers the
whole frequency bandwidth of the transducers. Considering
the 1 mm thickness of the two plates, the frequency-thickness
product is 1 MHz-mm. The corresponding SO mode is excited
at this frequency—thickness product and its velocity v and the
wavelength A (A =v/f) are equal to 5300 m/s and 5.3 mm,

respectively. According to the near field formula®!!

D2

Nd:ﬁ'

12)

These defects are located in the near field because the dis-
tance of the defects from the plate edge 40 mm is less than
Ny = D?/42 = 31.8%/(4 x5.3) = 47.7 mm, where D is the
aperture of the array transducer.

The emitting—receiving mode of the probe is set to the
full matrix mode. The sampling frequency is 50 MHz. One
of the transducers is used as an emitter and all of the transduc-
ers (including the emitter itself) record the Lamb wave signals.

074301-4
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Thus, a 16 x 16 full matrix is captured. Two examples of typ-
ical time traces for i = 16, j = 12, of each full matrix for two
plates are shown in Figs. 4 and 5. The length of captured win-
dows is 70 ps, corresponding to 3500 data points captured at
a sampling rate of 50 MHz. Each time trace is normalized to
its peak value. It can be seen that the near-field defect infor-
mation obscured in the direct capture signal /; ; (¢) has been
retrieved in the reconstructed signal g; ; (f). The restoration
of near-field information can be presented more clearly when
viewing a larger subset of the full matrix. Figures 6 and 7
show the pulse-echo response that is equivalent to a B scan for
each element (i = j). Here, individual near-field reflections for
the defects can easily be distinguished in the time domain 20—
30 us (marked in the dashed box) in the reconstructed full ma-
trix in Figs. 6(b) and 7(b). However, the information is hidden
in the initial waves because the defects are located in the near-
field region, as seen in Figs. 6(a) and 7(a). Additionally, the
bottom reflection present at approximately 60 (marked with
dashed line) can be displayed in the reconstructed data but not
as clearly as when it is obtained directly.

0.2 —
M (a)
© &—0-30 ps
T
z
= 0
N
g
<
N
—0.2
0 10 20 30 40 50 60 70
Time/ps
0.2
0-20 s (b)
(]
e}
=
£ .
s 0 '
g
< € 20-30 us
—0.2
0 10 20 30 40 50 60 70

Time/us

Fig. 4. Time trace of i = 16, j = 12 for aluminum plate A: (a) directly
captured; (b) reconstructed.

To quantitatively evaluate the processing effect of the
reconstructed matrix, the signal to noise ratio (SNR) is
calculated!3?!

var(signal)

SNR =10log; var(noise) ’

(13)
where var(signal) and var(noise) are the variances of the sig-
nal within the scattering zone and the incident zone, respec-
tively. In Fig. 4, the zones of signal and noise are 20-30 ps
and 0-20 ps, respectively. In Fig. 5, the zones of signal
and noise are 20-40 ps and 0-20 ps, respectively. For the
signal in Fig. 4, the SNR of the directly captured signal is
10log ;g (9.12 x 107°/0.1017) ~ —30.5 dB, and the SNR of

the reconstructed signal is 10log;, (6.75 x 1073 /0.0218) ~
—25.1 dB. The improvement of SNR is about 5.4 dB. For

0.2

(a)
0—40 ps

Amplitude
=)

—0.2
0O 10 20 30 40 50 60 70

Time/ps

0.2

Amplitude
=)

20—40 us

—0.2

0 10 20 30 40 50 60 70

Time/ps

Fig. 5. Time trace of i = 16, j = 12 for aluminum plate B: (a) directly
captured; (b) reconstructed.

Time/ps

0 5 10 15 & 5 10 15

Transducer number Transducer number

Fig. 6. Pulse-echo responses of each element (i = j) for aluminum plate
A: (a) directly captured; (b) reconstructed.

Time/ps
Time/ps

5 10 15 o 5 10 15

Transducer number Transducer number

Fig. 7. Pulse-echo responses of each element (i = j) for aluminum plate
B: (a) directly captured ; ; (1); (b) reconstructed g; ; (1).
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the signal in Fig. 5, the SNR of the directly captured signal
is 10log, (5.49 X 10*5/0.2462) ~ —36.5 dB and the SNR
of the reconstructed signal is 10log; (8.22 x 107°/0.0233) ~
—24.5 dB. The improvement of SNR is about 12 dB.

In terms of this calculation, the SNR of the reconstructed
full matrix is obviously improved, which demonstrates the fea-
sibility of the proposed method.

5. Imaging results and discussion

It has been observed that although the defects in alu-
minum plate A and B are different, the B-scan images of the
two plates are visually similar, especially for Figs. 6(b) and
7(b). Subtle difference of these images can be displayed in
the residuals of Figs. 6(a) and 7(a), and Figs. 6(b) and 7(b), as
shown in Figs. 8(a) and 8(b). Thus, more advanced ultrasonic
array imaging method is required to identify the number and
size of defects. In this paper, the recent emerging topological
imaging is used for obtaining high resolution images. As de-
scribed in Sections 2 and 3, ultrasonic signals of directly cap-
tured full matrix are first processed using cross-correlation and
statistical average calculation by Eq. (7). Then, the fields asso-
ciated to direct and adjoint problems are calculated by Egs. (9)
and (10). Finally, the topological energy formula in Eq. (11)
is used to topological imaging.

Time/us
Time/ps

5 10 15

Transducer number Transducer number

Fig. 8. Residuals of (a) Figs. 6(a) and 7(a), and (b) Figs. 6(b) and 7(b).

Topological images generated using directly captured
and reconstructed full matrices for two inspected specimens
are shown in Figs. 9 and 10, respectively. For aluminum
plate A, the distance between two defects is 6 mm, which
is approximately equal to one wavelength of the SO mode.
As shown in Figs. 9(a) and 9(b), the two defects can be
individually distinguished in the reconstructed full matrix
image, while they overlap in the directly captured full ma-
trix because of the background noise. Figures 9(c) and 9(d)
provide a face to face comparison between the results ob-
tained using the directly captured and reconstructed methods,

where the related amplitude profiles are obtained at 40 mm
far from the probe. As shown in Fig. 9(d), two peaks of
different amplitudes correspond to two defects of different
sizes. The spacing of two peaks is about 6 mm. This is
consistent with that of the actual defects. However, there is
only a main large peak in Fig. 9(c) and the small defect can-
not be determined. Similar phenomena can be observed in

Fig. 10 for aluminum plate B with four defects. The distance

Width/mm
Width/mm

—20 0 20 —20 0 20
Length/mm Length/mm
1.0 1.0
(c) 0.8 (d)
_ﬂg-’ 0.8 L 0
£ 06 £ 06
3 =
£ 0.4 £ 04
< 0.2 =< 0.2
0 0
—20 0 20 —20 0 20
Length/mm Length/mm

Fig. 9. Topological image of the aluminum plate A: (a) using the di-
rectly captured full matrix; (b) using the reconstructed full matrix; (c)
profile curve of panel (a) along the center of the defects; (d) profile
curve of panel (b) along the center of the defects.

20
40
g g
g 60 g
~ ~
< )
g s
o= 80 o=
= =
100
120
—20 0 20 —20 0 20
Length/mm Length/mm
1.0 1.0
0.8 (c) (d)
L O L2 08
Z 06 Z 06
8 a
£ 0.4 £ 04
< 0.2 < 0.2
0 0

—20 0 20
Length/mm

—20 0 20
Length/mm

Fig. 10. Topological image of the aluminum plate B: (a) using the di-
rectly captured full matrix; (b) using the reconstructed full matrix; (c)
profile curve of panel (a) along the center of the defects; (d) profile
curve of panel (b) along the center of the defects.
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between adjacent defects is 9 mm, which is about 1.6 times
of the wavelength. The smallest defect is 1 mm, which is ap-
proximately equal to one fifth of the wavelength. The four
defects of different sizes are still clearly distinguished in the
topological image of reconstructed full matrix, the spacing of
which is consistent with that of the actual defects. Because
of the scattering among the defects, the energy of each defect
in Fig. 10(b) is not as concentrated as that of each defect in
Fig. 9(b).

6. Conclusions

In this paper, we have applied the Green’s function re-
trieval theory and Lamb wave topological imaging method to
discern near field defects in thin aluminum plates. Near field
acoustic information is obscured by nonlinear effects of in-
strument acquisition system. The theory demonstrates that a
full matrix can be reconstructed through cross-correlation of
directly received ultrasonic signals between sensor pairs. The
new matrix restores the near-field defect information without
acquisition artefacts. Experiments are undertaken to detect
both aluminum plates containing near filed defects with dif-
ferent sizes. Compared to the conventional directly captured
full matrix, the SNR of the reconstructed full matrix is im-
proved by more than 5 dB. Furthermore, topological imaging
shows that the aliasing holes in a conventional directly cap-
tured topological image can be clearly resolved when using
the reconstructed full matrix. The spatial resolution is equal
to one wavelength of the selectively excited SO mode and the
identifiable defect is about one fifth of the wavelength. The
results demonstrate that the method based on Green’s function
reconstruction is effective for near field defect imaging from
directly contact ultrasonic measurement.

To show the great potential of Green’s function re-
trieval and topological imaging of near field defects to inspect
large plate-like structures, the results presented in this paper
have been preliminarily limited to monomodal excitation and
isotropic media. Since the presented method is in essence
based on information processing and wave field computa-
tion, there is no theoretical obstacle in applying the method

to anisotropic media, such as the detection of fatigue cracks
and depressions in flying bodies or multimodal guided wave
inspection. These new investigations are now in progress.
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