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Abstract: Delamination in composite laminates, though barely visible, can jeopardize
integrity and safety of the composite structures. Interaction of guided waves with
delamination in full wavefields have been widely used to graphically characterize the
delamination. Recently, steady-state wavefields (SW5s) in place of transient wavefields
have been used for imaging delamination. However, interaction with delamination can
be largely obscured by steady-state waves and become barely visible. Addressing this
problem, this study proposes a novel approach for imaging delamination using
perturbation to SWs. In particular, a new concept of delamination-caused perturbation
to a SW is proposed. Compared to scattered waves from delamination, it is
determined by delamination only and naturally sensitive to delamination.
Delamination-caused perturbation to a SW is concentrated within the delamination
region and rapidly attenuates at undamaged locations. On the basis of this new
concept, a delamination index (D) is established for imaging delamination, by which
the delamination can be graphically characterized. The capability of the approach is
experimentally validated on composite laminates with delamination, whose SWs are
acquired through laser scanning. The experimental results validate that delamination
imaging can be achieved by DlIs, by which the occurrence, location, and size of the

delamination can be graphically characterized.
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1 Introduction

Delamination in composite laminates, though barely visible, can jeopardize integrity
and safety of the composite structures, such as wind turbine blades. With this concern,
there is a great need to detect delamination in the early stage.

Interaction of guided waves with defects in full wavefields can graphically
characterize the occurrence, locations, and sizes of the defects [1]. In the recent three
decades, with the aid of advanced non-contact measurement techniques, mainly the
laser scanning using a scanning laser vibrometer (SLV), structural transient
wavefields (TWSs) can be accurately acquired with high spatial resolutions for damage
visualization [2-4]. Scanning in a structural region of interest, lasers can serve as
sensors to pointwisely acquire structural responses [3-35] or serve as actuators to
pointwisely excite the structure [35-43]. Besides laser scanning, digital image
correlation with high-speed cameras [44] can acquire full wavefields. For better
visualization of damage, the frequency-wavenumber filtering [45] was adopted to
isolate damage-caused scattered waves from incident waves [6]. The wavenumber
approaches have been widely adopted and developed [7,9-11,13-36,40-44,46].
Besides, other approaches using curvelet [12] and wavelet [39] have been proposed
for processing wavefield data. The literature on damage visualization relying on
wavefields were comprehensively reviewed and compared in Refs. [17,27].

Amongst the studies on structural damage visualization relying on wavefields
acquired through laser scanning, delamination imaging has attracted the most
attention. Representative studies are as follows. Sohn et al. [9,10] presented signal
and image processing algorithms for automatical delamination detection of composite

laminates. Michaels et al. [11] used the frequency-wavenumber domain analysis to



remove source waves and isolate scattered waves from delamination of composite
laminates. Rogge and Johnston [13] presented a method for analyzing ultrasonic
wavefield by calculating the continuous wavelet transform of the wavefield data in the
spatial domain, whereby the wavenumber spectrum can be determined for
delamination detection. Rogge and Leckey [14] presented a local Fourier domain
analysis method for processing wavefield data, by which the delamination depth can
be determined. Flynn and Jarmer [16] used a single-tone excitation to acquire
steady-state wavefield (SW) for delamination visualization of composite laminates.
Comparison of the local wavenumber mapping and acoustic wavenumber
spectroscopy was performed [26]. The approach was then expanded to an aluminum
panel using multi-tone excitations [18]. Flynn et al. [40] proposed a method for
imaging delamination using local estimates of wavenumbers, which is capable of
producing detailed images of impact delamination in a complicated composite
component. Tian et al. [19,22] investigated interaction of waves with delamination.
Different wavenumbers compared to a pristine case can be used for quantitative
evaluation of delamination. Mesnil et al. [24] reported the application of both
instantaneous and local wavenumber damage quantification techniques to wavefield
data for delaminated composite laminates from a simple single delamination case to a
more complex multi-ply delamination case. Juarez and Leckey [25] presented a new
methodology based on multi-frequency local wavenumber analysis for quantitative
assessment of multi-ply delamination damage in carbon fiber reinforced polymer
(CFRP) composite laminates. An [41] presented a technique of impact-delamination
visualization by the zero-lag cross-correlation imaging, which can physically isolate
and visualize only the standing wave feature from the measured ultrasonic wavefields.

Williams et al. [28] developed a model for estimating scattering of a circular defect



and compared scattering estimates for both artificial and impact delamination.
Esfandabadi et al. [29] presented a damage detection and localization technique based
on a compressive sensing algorithm, which can significantly reduce the acquisition
time without losing accuracy of delamination detection. Kudela et al. [30] used the
wavenumber adaptive image filtering and signal processing of full wavefield data for
delamination visualization and assessment of composite laminates. Wave scattering
and mode conservation at delamination were clearly observed.

More recently, SWs in place of TWs have been used for damage visualization in
both metallic and composite plates [16,18,26,34]. Compared to TWSs, the benefits of
using SWs are threefold [16]: first, magnitudes of SWs can be enhanced because
energy is effectively “pumped” into structures, producing high signal to noise ratios of
wavefields; second, a delay to allow an excitation wave to “die out” can be avoided;
third, measurement time at each point can be reduced because fewer cycles are needed
[16]. In a physical sense, as incident waves can be trapped in delamination to form
standing waves [9], interaction of waves with delamination can be enhanced when
harmonic excitations are applied on composite laminates to generate SWs.
Considering a plate under a transverse harmonic excitation, which bears a
delamination in its center. In its TW, scattered waves from the delamination can be
observed (figure 1(a)); however, in its SW, interaction with the delamination can be
largely obscured by steady-state waves and become barely visible (figure 1(b)). In this
situation, conventional processing approaches such as the wavenumber filtering are
insufficient. Thereby, the key to using SWs for damage visualization is to extract
time-invariant properties of waves that are sensitive to delamination [16]. Addressing
this problem, this study proposes a novel approach for imaging delamination using

perturbation to SWs. In particular, a new concept of delamination-caused perturbation



to a SW is proposed. Compared to scattered waves from delamination, it is
determined by delamination only and naturally sensitive to delamination.
Delamination-caused perturbation to a SW exist within the delamination region and
vanish at undamaged locations. On the basis of this new concept, a delamination
index (DI) is established for imaging delamination, by which the occurrence, location,

and size of the delamination can be graphically characterized.
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Figure 1 Snapshots of the (a) TW and (b) SW of the plate under the transverse harmonic

excitation.

Note that when the excitation frequency decreases to the category of
low-frequency vibration, SWs become operating deflection shapes at the excitation
frequencies. Vibration-based approaches have been widely developed for
delamination detection of composite laminates, such as the vibro-acoustic [47-51],
linear discriminant analysis [52,53], local resonance [54], curvature [55-58],
Teager-Kaiser energy [59,60], fuzzy logic [61] and frequency domain-based

correlation [62] approaches. Recently, the artificial intelligence approaches [63-66]



have attracted increasing attention, which are considered to be promising for
applications to real-world composite structures.

The rest of the paper is organized as follows. Starting from the equation of
transverse motion of a cross-ply composite laminate, Section 2 proposes a novel
approach for imaging delamination using perturbation to SWs. Section 3
experimentally validates the approach on a CFRP laminate with a delamination. The
CFRP laminate is excited by harmonic waves generated by a lead-zirconate-titanate
(PZT) piezoelectric actuator, and its SWs are acquired through laser scanning using a
SLV. Section 4 presents concluding remarks.

2 Delamination-caused perturbation to SWs

Assume that a cross-ply composite laminate is under a transverse harmonic excitation,
which is applied outside the inspection region of the composite laminate. Its
waveforms from measurement points at scanning grids are denoted as W(X,Y,t),
where X and Y are coordinates in the x- and y-directions and t is time. By the

Fourier transform, the W(X,y,t) maps from the space-time domain to the
space-frequency domain, whereby the SW W(X,y) at the excitation frequency f,

can be obtained [34]:

W(X,y) = T w(x, y,te *tdt| (1)

o0 f=1,

where i denotes imaginary unit.

To remove noise components involved in a SW, instead of the conventional
“point-by-point” manner, the SW is inspected in a “region-by-region” manner [67] in
this study: the SW is averaged in a scaled Gaussian windowing function T,(X,Y)

that slides inside the SW data, by which the multiscale SW W, (X, y) is formed:



W (u,v, s):%w ®7,(u,v), (2a)

Ws (X’ y) :V\_/(ulv’ S) u=x1 (Zb)
v=y
_ 1 —x -y . i i
where g.(x,y)= S g(?,T) with the Gaussian function

g(x,y) = (2/ 7)¥2e ") and scale parameter $,and ® denotes convolution. The

multiscale SW exhibits an intrinsic multiscale property, whose merits are twofold as
follows [68]. On the one hand, noise components caused by sensors and environments
are inevitably involved in the measured SWs. By gradually increasing scale
parameters, noise components are averaged in ever-wider Gaussian windows. When
the scales increase to satisfising levels, noise components in the SWs are basically
eliminated. On the other hand, delamination-caused perturbation to the SWs are
retained with increasing scale parameters for imaging delamination. Thereby,
multiscale SWs are beneficial to imaging delamination of composite laminates under
noisy conditions.

In the inspection region of a cross-ply composite laminate made of 0/90°
orientations, regarding the elements bearing no transverse excitation, the equation of

transverse motion of the elements can be written as [69]

9'W,(x,y)

"W, (X, y)+D oW, (X, Y) —0°W,(X,Y) ~0
ox*

Dy, +2(D12+2D66)6X2—8y2 2 oy° +(27Tfe)2/0 ot

(3)

M
where p=> p@(z,-12,,) is the average density of the composite laminate per
d=1

unit area of the midsurface with p® being the density of the dth lamina per unit

volume. Considering a composite laminate bearing a local delamination in a region

denoted as Q, reduction in stiffness will be caused by the delamination [70]. The

stiffness coefficients D;;(X,y) of the composite laminate can be represented as
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where superscripts | and D indicate the intact and damaged statuses, respectively.
By substituting equation (4) into equation (3), we have

OW, (%,Y) | o1 OW, (%)

O*W_(X, —1
Dlll%+2(Dl|2+2Dée) @7f.)2p'W.(x,y) = P, (X, Y),

Sy oyt
(%)
where P, (X,y) represents the delamination-caused perturbation to the SW:
0 X,yeQ
Py (x,y) = : e ©)
AD, -OW (X, ¥))-0 ApW (X, y) X,y €Q

in which A,D=(D,,-D},(D,,+2Dg)- (D5 +2D.),D,),—D,)) denotes stiffness

ot 20 o°
6X4 ! aXZayZ ! ay4

change vector and ©(<) = (

).

For some practical composite structures in service, structural and material

parameters of composite laminates can be unknown. In these situations, it is barely
possible to directly obtain P,(X,y) by equation (5). To deal with this problem,

equation (5) is further re-written by simplifying the stiffness coefficients:

0*W_ (X, o'W, (X, oW, (X, —
D}, S 2y S 4 oy SR 2 )70 W (3,3) = Py )49, (1. 3)
(7)
where P, (X,y) called the material-caused perturbation is additionally generated:
Pu (X, ¥)=AD,, -OW (X, Y)), (8)

in which AD,, =(0,D,, -D,,-2D/, D,,—D,,). Note that equation (7) represents
the equation of motion of a “pseudo” isotropic laminated plate with one stiffness

coefficient Dl'l. Delamination-caused perturbation P,(X,y) exist in the in the

delamination region whereas material-caused perturbation P, (X,y) exist over the



whole inspection region. Without losing generality, equation (7) is divided by D,,,

whereby normalized perturbation to the SW can be obtained, denoted as P (X, y):

OW,(%,Y) , , OW,(x,y)  OW,(xy)

P*(X, y): P;(X, y)+Pl\; (X! y)= a)(4 axzayz + ay4 _ﬂ’AWs(Xi y)!
©
« P, (X, « P, (X,
where Py (X, Y):% and Py (X, Y):% are normalized P,(X,y) and
11 11

2—I
@zt)'p fel) P_ s the constant related to the structural

11

Py (X, Y), respectively, and A1* =

and material parameters and excitation frequency. For a real-world composite
laminate with unknown structural and material parameters, its constant 1* cannot be
directly obtained. Addressing this problem, the A* is estimated in a statistic manner
in this study by calculating and analyzing the point-wise A*(x,y) for each
measurement point [71]:

A* (%, y) = VW (X, y) W, (X, y), (10)

4 4 4
where Vv* denotes 0 +2 0 0

" 8x28y2+ay4 . The A%(x,y) with the maximum

probability can be regarded as the 1*. Therefore, the approach proposed in this study
for imaging delamination in composite laminates is baseline-free, which means that
material or structural parameters can be absent.

The wavenumber analysis [6] is adopted in this study to isolate two types of
components in P“(x,y), i.e., PJ(x,y) and P (x,y). As these two components are
in the forms of “waves” at the excitation frequency, hereafter in this study they are
named D-mode and M-mode perturbation waves, respectively. It is noteworthy that in

a physical sense D-mode perturbation waves are generated by delamination; in



contrast, the M-mode perturbation waves are “pseudo” because they are generated due
to the manner of simplifying stiffness coefficients of the composite laminate in

equation (7). The wavenumber spectrum ﬁ*(kx, k,) can be obtained by transforming

the P"(x,y) to the wavenumber domain using the Fourier transform:

Is*(kx, ky) _ J‘ J‘ P*(X, y)e—iZ;z(kxx+kxy) dxd Y, (ll)

—00 —00

where k  and k, are wavenumbers in the x- and y-directions, respectively. To
isolate the M-mode perturbation waves P/ (x,y) from p~(x y), a low-pass

wavenumber filter F(X,y) based on a Tukey window is designed:

F(k,.ky)=F,(k)F,(k,), (12a)
1 Ik, | <K,
F (k)= 1[1+cosM] k, <|k,|< @+ a)k,, (12b)
2 ak,
0 k,|> @+ )k,
1 |ky|<lzy
1 zk, -K,). - 5
F,k,)= E[HCOS;—EVV] K, <[k, < @+a)k,. (12c)
0 k,|> @+ a)k,

where k, and k, represent upper limitations of M-mode perturbation waves in the

x- and y-directions, respectively, and cutoff parameter « is 0.1 in this study. Thereby,

P, (X,y) can be isolated from P"(x,y) by the inverse Fourier transform:

. 1 o0 o0 ~ i
P ¥) == [ [ Rk Pk, ke dk, dk,. (13)

—00 —00

Hence, D-mode perturbation waves P,(X,y) can be obtained by subtracting

P, (x,y) from P(x,y):



Po (X, ¥) =P (x,¥) =Py (X, Y). (14)
A delamination index (DI) can be established using the normalized modulus of

P (x,y), denoted as DI(X,y):
Di(x,y) = |PS(X, y)|/max|P;(x, y)|. (15)

Theoretically, the DI exists in the delamination region only and vanishes at
undamaged locations. In practice, the DI cannot completely vanish at undamaged
locations due to uncertainties during measurements; instead, it rapidly attenuates at
undamaged locations. Thereby, delamination imaging can be achieved by the
planform of the DI, whereby the occurrence, location, and size of the delamination
can be graphically characterized. Note that the existing damage detection approaches
using SWs basically rely on signal processing such as filtering to extract damage
features from SWs. In the aspect of physical sense, the proposed approach can be
superior to existing approaches because it builds on equilibrium of a SW, perturbation
of which in a physical sense is naturally sensitive to delamination.

For easy comprehension, the flowchart and schematic of the approach for

imaging delamination are illustrated in figure 2 and figure 3, respectively.
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Figure 2 Flowchart of the approach for imaging delamination.
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Figure 3 Schematic of the approach for imaging delamination.

3 Imaging delamination using perturbation to SWs
The capability of the approach is experimentally validated on three specimens of
composite laminates with delamination (Specimens I, II, and Il1), whose SWs are

acquired through laser scanning using a SLV.



3.1 Experimental setup

The experimental setup is shown in figure 4, which consists a SLV (Polytec PSV-400)
and an arbitrary waveform generator (Agilent 33250A). In this study, the scheme of
piezoelectric actuation/laser sensing is adopted because it can provide higher energy
in wavefields than other actuation/sensing schemes [35]. As illustrated in figure 3, the
PZT is controlled by the arbitrary waveform generator to generate harmonic waves.
Amplitudes of the harmonic excitations are proportional to the input voltages of the

arbitrary waveform generator. In this study, the voltages for the three specimens are

all 1 V. The entire scanning region is meshed by N, x N, which consists N  and

N, uniform sampling points in each row and column in the x- and y-directions,

respectively. Velocity responses of the N, x N, measurement points are

pointwisely measured using a SLV to form the waveforms and wavefields. The
measured responses are averaged five times for smoothing. The schematic of
point-wise scanning measurement is illustrated in figure 3 with the zoomed-in view of
the scanning path and measurement points. Without losing generality, SWs in this
study are normalized with their maximum magnitudes being unit.

In this study, steady-state waves at 1 to 10 kHz are used to stimulate interaction
with the delamination. To “pump” more energy into composite laminates for larger
magnitudes of their SWs, natural frequencies associated with out-of-plane modes are
selected as excitation frequencies for the specimens.

Full laser scanning for the specimens in this study requires up to several hours
depending on the SW sizes, which can encounter difficulties for practical applications
to real-world composite structures if their SWs need to be densely sampled. Although
densely sampled SWs are to the benefit of imaging small delamination, superfluous

sampling points makes the full laser scanning time-consuming; in addition, noise



interference can be amplified in derivatives of SWs [72]. Fast laser scanning strategy
using a continuously scanning laser Doppler vibrometer is a promising technology to

measure SWs in a short time [58].
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Controller
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Figure 4 Experimental setup.

3.2 Experimental results for Specimen |
A CFRP symmetric cross-ply laminate made of 0/90° orientations is taken as the

Specimen I, shown in figure 5. The specimen consists of four plies and has the lengths
L, and L, of 500 mm in the x- and y-directions, respectively, and thickness h of

1.5 mm in the z-direction. When Specimen | was fabricated a delamination (15 mm x
15 mm) was manufactured by inserting a square Teflon sheet between the interfaces
of the second ply and the third ply. The delamination is centered at x=125 mm and
y=375 mm, spanning from 117.5 mm to 132.5 mm, 367.5 mm to 382.5 mm in the x-
and y-directions, respectively. In dimensionless coordinates, the delamination is

centered at ¢ =0.25 and 7 =0.75, spanning from 0.235 to 0.265, 0.735 to 0.765 in
the ¢ — and #—directions, respectively. The surface of the specimen is totally flat,

and the delamination region is barely visible from its appearance even in a zoomed-in
version. The outside surface of the first ply is defined as the front surface of the

specimen, and the other side of the specimen is the back surface. Outlines of the



delamination region are marked in white on the front surface for illustration. The
specimens in this study are suspended by two strings in its two upper corners to
approximate free boundary conditions for simplicity and repeatability of experiments
[73]. A circular lead-zirconate-titanate (PZT) actuator with the diameter of 10 mm is
mounted at the lower left corner on the front surface. The back surface of the

specimen is covered by reflection tapes to enhance laser reflection.

Figure 5 Specimen I: CFRP laminate with a Teflon-caused delamination.

After modal analysis over a broad frequency range [74], natural frequencies of
the CFRP laminate at 2256.3, 2723.4, 3504.7, and 3923.4 Hz are arbitrarily selected
as excitation frequencies for Specimen I. Corresponding SWs (figure 6) are measured
from 371 x 371 measurement points through laser scanning, which are used for
imaging delamination, regarded as Scenarios I, IlI, IlI, and IV of Specimen I,
respectively. To eliminate noise interference, the SWs W(X,y) are convoluted with
the scaled Gaussian window by equation (2). The scale parameter S is increased to a
satisfising level until V*W_(x,y) becomes smooth. For the SWs in this study, the
satisfising scale parameters are found to be 30 after trials. Corresponding multiscale

SWs are shown in figure 7 with success in removal of noise interference.
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Figure 7 Multiscale SWs for Scenarios (a) I, (b) I, (c) I11, and (d) IV.

By equation (10), the point-wise constants A*(x,y) are calculated and shown in

figure 8. Sorted into 1000 uniform sections, A*(x,y) being 9.65x10%, 1.62x10,

2.68x107, and 3.35x107 with the maximum counts (indicated by red dashed lines) are

regarded as the constants 44 for Scenarios I, II, Ill, and IV, respectively. By
substituting the 4* into equation (9), normalized perturbation P”(x,y) of the SWs

for Scenarios 1, I1, 111, and IV are obtained and shown in figure 9(a), (b), (c), and (d),
respectively. In each P"(x,y), a sharply-rising peak appears in the delamination

region, and fluctuant waves distributed in the whole inspection region can be also

observed. Thereby, the D-mode perturbation waves can be used for imaging
delamination whereas M-mode perturbation waves can cause interference: the peaks
in the delamination regions are determined by the D-mode perturbation waves, which

are concentrated in the delamination regions only and rapidly attenuate when

imaging.

propagating out the delamination region. However, M-mode perturbation waves
propagate over the whole inspection regions, resulting in interference in delamination
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Figure 9 Perturbation to SWs for Scenarios (a) I, (b) 1, (c) I, and (d) IV.

By equation (11), P"(x,y) are transformed to IS*(kX,ky) in the wavenumber
domain by the fast Fourier transform and shown in figure 10, with wavenumbers K,
and Kk, in the x- and y-directions, respectively. Without losing generality,
wavenumbers k, and Kk, in this study are divided by the spatial sampling
frequencies K, =(N,-1)/L, and K,=(N,-1)/L, in the x- and y-directions,
respectively. It can be seen from figure 10 that M-mode and D-mode perturbation
waves have distinct distributions in the wavenumber domain: M-mode perturbation
waves are distributed at lower wavenumbers in shapes of square boxes, which
correspond to the directions of steady-state wave propagation in the x- and
y-directions; in contrast, D-mode perturbation waves are distributed at higher

wavenumbers in the regions surrounding the M-mode perturbation waves. To isolate

the M-mode perturbation waves, the wavenumber filtering is applied by equation (12),
by which the filtered f’*(kx,ky) are shown in figure 11. By equation (13), the

M-mode perturbation waves are reconstructed by inverse fast Fourier transform.

Showing in figure 12, the moduli of the M-mode perturbation waves are distributed



over the whole inspection region with higher magnitudes near the boundaries.
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Figure 10 Perturbation in the wavenumber domain for Scenarios (a) I, (b) Il, (c) 1l1, and (d)
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Figure 12 Moduli of M-mode perturbation waves for Scenarios (a) I, (b) I1, (c) 11, and (d) IV.

By equation (14), D-mode perturbation waves P_(X,y) can be obtained by

subtracting P, (x,y) from P“(x,y), on the basis of which the DIs are obtained by

equation (15) and shown in figure 13. It can be seen from figure 13 that in each DI a

peak concentrated in the delamination region graphically characterize the

delamination: the detected delamination is centered at £ =0.25 and 7=0.75,

spanning from about 0.235 to 0.265, 0.735 to 0.765 in the ¢ — and 77 —directions,



respectively. The results of delamination imaging correspond to the actual region of
the delamination whose outlines are marked in white. To clearly visualize the imaging
details of the delamination, zoomed-in views of the regions surrounding the
delamination are shown in figure 14. The experimental results validate that
delamination imaging can be achieved by the approach proposed in this study, by
which the occurrence, location, and size of the delamination can be graphically

characterized.

0 01 02 03 04 05 06 07 08 09 1

(b)
1
0.9t :
0.8t
0.7F
0.6
= 0.5
0.4t
03
021
0.1}
0 R S S ST S ST S S 0 R S S S S SO S S S
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
[4 4
(c) (d)
(1] 0.1 0.2 0.§| 0|.4 0].5 0].6 l]l.? 0.8 0.9 1
_r—

Figure 13 Dls for Scenarios (a) I, (b) I1, (c) 111, and (d) IV.
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3.3 Experimental results for Specimen 11

To validate the feasibility of the approach to delamination with different depths, an
eight-ply cross-ply CFRP laminate (symmetric with of 0/90°) was taken as Specimen
I1, which has the thickness of 3 mm and the same plane size (500 mm x 500 mm) with
Specimen I. A square Teflon sheet was also inserted the between the interfaces of the
second ply and the third ply, which has the same size (15 mm x 15 mm) and location
(0.235 to 0.265 in ¢ and 0.735 to 0.765 in 77) with Specimen I. The same PZT

actuator is mounted at the geometrical center of the front surface to generate harmonic



excitations. The natural frequency of Specimen Il at 5309.37 Hz is arbitrarily selected
as the excitation frequency. After laser scanning, corresponding SW with 371 x 371
measurement points is obtained and shown in figure 15(a), from which the DI is
obtained and shown in figure 15(b). It can be seen from figure 15(b) that the location
and size of the delamination can be graphically characterized as well as the results in

figure 13 for Specimen | with different delamination depth.
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Figure 15 (a) SW and (b) DI of Specimen Il with the Teflon-caused delamination.

3.4 Experimental results for Specimen 111
To validate the applicability of the approach to actual delamination that occur after
manufacturing, a glass fiber reinforced polymer (GFRP) laminate is taken as

Specimen I1I. The GFRP laminate has the lengths L, and L, of 440 mm in the x-

and y-directions, respectively, and thickness h of 1.5 mm in the z-direction. The
GFRP laminate consists of two plies whose fibers are oriented in the x-direction. The
delamination was fabricated by heating the laminate in a local region using a hot air

blower at the temperature of 500°C for 6 seconds, by which the two plies instantly

separate from each other in the heating region to form a delamination. The outline of

the heating region is marked using a white ellipse, as shown in figure 16. Note that



Specimen |1l bears some barely visible original defects, the region of which is also
marked using a white ellipse. The same PZT actuator is mounted at the geometrical
center of the front surface of the specimen. The specimen is under a harmonic
excitation at a natural frequency of 1264.0 Hz which is arbitrarily selected after modal
analysis. After laser scanning, corresponding SW with 385 x 383 measurement points
is obtained, as shown in figure 17(a). The DI is obtained from the SW and shown in
figure 17(b), from which it can be seen that not only the delamination but also the
original defects can be clearly imaged, locations and sizes of the detected
delamination and original defects well corresponds to the actual damage regions
enclosed by the ellipses. Note that the values of the DIs in figures 15(b) and 17(b) are
vanished in the central regions, such that the effects of the excitations can be

removed.
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Figure 16 Specimen 111 with the heat-caused delamination.
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Figure 17 (a) SW and (b) DI of Specimen 11l with the heat-caused delamination.

Although boundary conditions of the three specimens are all free, D-mode
perturbation waves are independent of boundary conditions because they rapidly
attenuate at undamaged locations including regions near boundaries. Therefore, the
proposed approach is feasible to other boundary conditions. The computational
efficiency of the proposed method is mainly determined by the multiscale analysis in
equation (2). The computation was performed in Matlab using an ordinary desktop
computer that has 16 GB of RAM and an Intel i7-9700 CPU with 8 cores.
Computation of the multiscale analysis takes a dozen seconds which depends on the
SW size and the rest computation takes less than one second. Therefore, the proposed
approach requires low computational costs.

It is also noteworthy that for SW-based delamination imaging of built-up
composite structures such as stiffened panels, effects of stringers [75-77] should be
addressed in some future studies. Discontinuities of perturbation to SWs caused by
delamination and stringers need be isolated. Besides, nonlinearities caused by
interaction between interfaces of delamination [78-80] and artificial intelligence

techniques [63-66] should also be addressed.



4 Concluding remarks

Delamination imaging is important for ensuring integrity and safety of laminated
composite structures. Approaches for imaging delamination relying on wavefields
have attracted increasing attention. This study proposes a novel imaging delamination
approach using perturbation to SWs, by which delamination can be graphically
characterized. Some conclusions are drawn as follows:

(1) This study extracts delamination-caused perturbation to a SW and proposes a new
concept of delamination-caused perturbation wave, which is determined by
delamination only and in a physical sense is naturally sensitive to delamination.

(2) The wavenumber analysis is applied to isolate D-mode and M-mode perturbation
waves. In a physical sense, D-mode perturbation waves are generated by delamination,
whereas the M-mode perturbation waves are “pseudo” waves caused by the manner of
simplifying the stiffness coefficients. On the basis of D-mode perturbation waves, a
DI is established for imaging delamination, by which the occurrence, location, and
size of the delamination can be graphically characterized.

(3) The perturbation of a SW is estimated in a statistic manner without knowing
structural and material parameters of composite laminates. Therefore, the approach
proposed in this study for imaging delamination in composite laminates is
baseline-free, which means that the material or structural parameters can be absent.
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Nomenclature

w(x,y,t) Waveform

W (X,y) Steady-state wavefield

f, Harmonic excitation frequency

E Average density of composite laminate per unit area of

midsurface

p@ Density of the dth lamina per unit volume

D;(x,y) Stiffness coefficients of composite laminate

a(x,y) Gaussian function

g.(xy) Gaussian windowing function

P(x,y) Perturbation to steady-state wavefield

P (X, y) Normalized perturbation to steady-state wavefield

Py (X, Y) Delamination-caused perturbation to steady-state wavefield

P (X, Y) Normalized delamination-caused perturbation to steady-state
wavefield

Py (X, y) Material-caused perturbation to steady-state wavefield

P, (X,Y) Normalized material-caused perturbation to steady-state
wavefield

ﬁ)"(kX K,) Wavenumber spectrum of perturbation to steady-state

wavefield
k, and Kk, Wavenumbers the x- and y-directions

Fk,.k,) Low-pass wavenumber filter



DI(x,Y) Delamination index

L, and L, Lengths of the CFRP laminate in the x- and y-directions

N, and N, Sampling points of the CFRP laminate in each row and
column in the x- and y-directions

h Thickness of the CFRP laminate in the z-direction

K, and K, Spatial sampling frequencies in the x- and y-directions
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