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Scattering of the fundamental anti-symmetric Lamb wave at
delaminations in composite laminates

Ching-Tai Ng and Martin Veidta)

School of Mechanical and Mining Engineering, The University of Queensland, Brisbane, QLD 4072, Australia

(Received 12 April 2010; revised 2 September 2010; accepted 14 December 2010)

An analysis of the scattering characteristics of the fundamental anti-symmetric (A0) Lamb wave

at a delamination in a quasi-isotropic composite laminate is presented. Analytical solutions for

this problem do not exist due to the anisotropic nature and multilayer characteristics of composite

laminates. This study uses a three-dimensional finite element (FE) method and experimental

measurements to provide physical insight into the scattering phenomena. Good agreement is found

between simulations and experimental measurements. The results show that the A0 Lamb wave

scattering at a delamination in composite laminates is much more complicated than the scattering at

a defect in isotropic plates. Scatter amplitudes and scatter directivity distributions depend on

the delamination size to wavelength ratio and the through-thickness location of the delamination

damage. The study also investigates the feasibility of the common experimental practice of

simulating delamination damage by bonding masses to the surface of composite laminates for

guided wave damage detection and characterization methodologies verifications. The results suggest that

care is required to use bonded masses to simulate delamination damage for verifying and optimizing

damage characterization techniques. In summary, the results of the investigation help to further advance

the use of the A0 Lamb wave for damage detection and characterization.
VC 2011 Acoustical Society of America. [DOI: 10.1121/1.3533741]

PACS number(s): 43.35.Cg, 43.35.Zc [TDM] Pages: 1288–1296

I. INTRODUCTION

In the last two decades, extensive research activities

have been carried out in the field of non-destructive evalua-

tion (NDE) to enhance the reliability and reduce the life-

cycle costs for current and future infrastructure. Different

techniques have been developed utilizing natural frequencies

and modeshapes,1 time domain dynamics responses,2,3 or

guided waves.4,5 Among the various NDE techniques, Lamb

waves have been shown to be sensitive tools to detect most

types of defects, efficient in detecting small and subsurface

damages and able to inspect large areas.6,7 The understand-

ing of Lamb waves scattering characteristics plays an impor-

tant role in the successful application of Lamb waves for

damage detection. Different research activities have been

conducted to study the interaction of Lamb waves at differ-

ent types of damage in various materials. A number of devel-

opments8–10 have been achieved for isotropic materials.

In recent years, the use of fiber-reinforced composite

laminates has steadily increased in engineering applications,

such as aerospace, civil, maritime, and automotive, because

of their high specific stiffness, light weight, and corrosion re-

sistance as compared with traditional metallic materials.

However, the damages of composite laminates are more crit-

ical than those in metallic materials as more damage modes

exist (e.g., delamination, matrix cracking, and fiber break-

age) and these damages are more difficult to be detected and

characterized. Delamination is one of the most common and

serious failure modes in composite laminates. It can be

caused by low velocity impacts, imperfections during manu-

facturing process, or fatigue loading. Delamination is a sepa-

ration of adjacent subsurface laminae without any obvious

visual evidence on the surface. For example, delaminations

in aircraft structures need to be reported if they are larger

than a certain size. The critical size of delamination depends

on several factors, in particular, design philosophy and mate-

rial type. For a carbon fiber-reinforced laminate wing skin of

a modern fighter aircraft, the typical critical delamination

size is around 10� 10 mm2 for the area exposed to direct air-

flow.11 In this study, similar delamination sizes are consid-

ered to address the practical situation.

Analytical solutions of Lamb waves scattering at delami-

nation do not exist for composite laminates due to their ani-

sotropic nature and multilayer characteristics. Several studies

have been carried out to investigate and understand Lamb

wave scattering at delaminations using numerical simula-

tions. Guo and Cawley6 employed a two-dimensional (2D) fi-

nite element (FE) method with plane strain assumption to

study the reflection of the fundamental symmetric (S0) Lamb

wave from a delamination in unidirectional and cross ply

laminates with experimental verifications. It was shown that

the S0 Lamb wave cannot be used to detect the delamination

at the through-thickness locations with zero shear stress.

Hayashi and Kawashima12 studied the reflection characteris-

tics of S0 and A0 Lamb waves from a delamination of cross

ply laminates using a 2D strip element method. They showed

that the A0 Lamb wave is sensitive to the delamination at

all through-thickness locations. Recently, Ramadas et al.13

investigated the A0 Lamb wave interaction at a delamination

located at the middle plane of a composite laminate. An

experimentally validated 2D FE model was used to explain
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the A0 Lamb wave interaction at delamination. They showed

that the S0 Lamb wave is generated at the leading edge of the

delamination due to mode conversion. However, it is con-

fined only to the sub-laminates within the delamination

region and converts back to the A0 Lamb wave when exiting

the delamination. The aforementioned studies provided an

insight to the fundamental physical phenomena of Lamb

waves interaction at a delamination. They also showed that

the A0 Lamb wave is sensitive to the delamination at all

through-thickness locations. In addition, because the A0

Lamb wave has shorter wavelength than S0 Lamb wave at

the same frequency, it is potentially more sensitive to delami-

nation damage. Due to the favorable characteristics of the A0

Lamb wave, it has attracted interest in the context of damage

detection.4,14–16 However, all the aforementioned studies are

limited to 2D situations which consider the delamination to

be across the full width of the composite laminates.

The aim of this paper is to determine the low frequency

A0 Lamb wave scattering characteristics at a delamination

in a fiber-reinforced composite laminate. Unlike most of the

studies in the literature, the delamination considered in this

paper is not across the full width of the laminates and hence

it represents the three-dimensional (3D) characteristic of a

real delamination. Instead of only studying the backward and

forward scattering, the study also investigates the scattering

characteristics in different directions which are important to

the damage detection techniques utilizing a distributed trans-

ducer network.15–18 Numerical simulations using a 3D FE

method and experimental measurements were utilized to

explore the scattering characteristics of the A0 Lamb wave at

a delamination.

The paper is organized as follows. The 3D FE simula-

tion of a delaminated composite laminate is first described in

Sec. II. The details of the experimental investigations are

given in Sec. III. Section IV presents the results of the exper-

imental verification of FE simulations. The A0 Lamb wave

scattering characteristics are then discussed in detail by a se-

ries of studies in Sec. V. Section VI studies the feasibility of

simulating delamination damage using bonded masses.

Finally, conclusions are drawn in Sec. VII.

II. FE SIMULATIONS OF DELAMINATED COMPOSITE
LAMINATES

A 3D FE method was used to simulate an eight-ply [45/

�45/0/90]S quasi-isotropic composite laminate with a

delamination. This stacking sequence has been used for dif-

ferent analysis in previous studies.19,20 ANSYS21 was used

to generate the geometry and perform the meshing of the FE

model. A schematic diagram of the configuration used in FE

simulations is shown in Fig. 1(a). Each lamina is modeled

using eight-noded 3D reduced integration solid brick ele-

ments with hourglass control in which each node has three

degrees-of-freedom (DoFs). The lamina is the same as

the one used in the experiments, namely, a Cycom
VR

(Tempe,

Arizona, USA) 970/T300 unidirectional carbon/epoxy prepreg

tape with 0.55 fiber volume fraction, 1517 kg/m3 density, and

0.2 mm thickness. The effective elastic properties of the

lamina were determined from micromechanics theory with the

consideration of the constituents22 and are listed in Table I.

A very small and stiffness proportional damping was consid-

ered to ensure the numerical stability and simulate

the damping effect of the composite materials. As shown in

Fig. 1(a), a circular delamination is modeled at the center of

the composite laminate. Without loss of generality, the

delamination can exist at any through-thickness location.

Figure 1(b) shows a cross section at the delamination region

in the 3D FE model. The delamination is modeled by a vol-

ume split at the delamination region in which the FE nodes

across the delamination surfaces are separated by a small dis-

tance according to standard FE simulation practice,6,23 which

is supported by experimental observations reported in Sec. III.

Figure 2 shows the theoretical phase velocity dispersion

curves for a [45/�45/0/90]S quasi-isotropic composite lami-

nate in the 0� propagation direction calculated by DIS-

PERSE.24 It should be noted that there is a small variation of

the phase velocity dispersion curves for other directions due

to the anisotropic behavior of composite laminate.25 Apart

from the A0 mode, the S0 and fundamental shear horizontal

(SH0) modes also exist at the low frequency-thickness

FIG. 1. (Color online) (a) Schematic diagram of the configuration used in

FE simulations, (b) 3D FE model cross section at the delamination.
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regime. Obviously, the A0 Lamb wave has much lower phase

velocity compared to S0 and SH0 which means the wavelength

of the A0 Lamb wave is also much smaller. This makes the A0

Lamb wave more sensitive to small damages. The excitation

signal used in this study is a 140 kHz narrow-band six-cycle si-

nusoidal tone bust pulse modulated by a Hanning window.

The reason of selecting this excitation frequency is that better

signal-to-noise ratio can be obtained in the experimental stud-

ies which enables easier comparison between the FE simula-

tions and experimental results. The A0 Lamb wave is

generated by applying the out-of-plane nodal displacement to

the surface FE nodes covered by the 5 mm diameter circular

transducer area as shown in Fig. 1(a). According to the phase

velocity dispersion curves in Fig. 2, although the S0 and SH0

modes also exist at the low frequency-thickness regime, the

applied out-of-plane nodal displacement generates very little

in-plane motion. The theoretically calculated wavelength of

the A0 Lamb wave at the excitation frequency is around 8 mm.

Solid elements with in-plane square dimensions 0.4� 0.4 mm2

are used through the whole model. This means at least 20 FE

nodes exist per wavelength which is twice the minimum num-

ber of 10 nodes recommended in the literature to simulate

Lamb wave propagation using FE analysis.15,26 The thickness

of each solid element is 0.2 mm, which gives an aspect ratio of

two for the solid elements. A convergence study was carried

out to confirm that the results of using elements with aspect ra-

tio of two having identical accuracy comparing to cubic ele-

ments. The dynamic simulation was solved using the explicit

FE code LS-DYNA.27
LS-DYNA employs an explicit central differ-

ence integration scheme, which assumes a diagonal mass ma-

trix to avoid the need for global matrix assembly or inversion

in the FE solution, to calculate the response of Lamb waves.

The hourglass energy was kept below 2% of the internal

energy for all simulations to ensure the accuracy of the elastic

wave propagation. The size of the composite laminate varies

from case to case and is selected to ensure that the laminate is

large enough to avoid the simulated scattering signals contain

boundary reflections from the edge in the study. The size of

the laminate is in the range of 180–250 mm resulting between

1.62 and 3.13 million elements. Simulations were carried out

on a Sun Microsystems (Redwood City, California, USA)

X220 cluster with 30 nodes (each node has a dual quad-core

AMD OpteronTM processor 2356 at 2.3GHz with 8GB RAM).

Figure 3 presents typical contour snapshots of FE simu-

lated out-of-plane displacement of the [45/�45/0/90]S quasi-

isotropic laminate. Figure 3(a) shows an instant soon after

the excitation in which the A0 Lamb wave is generated. It

shows that the energy flow of the wave is focused along the

fiber direction of the two outer layers.28 This is different to

isotropic materials and makes the Lamb waves scattering

characteristics more complicated. Figure 3(b) shows the

scattered and transmitted wave after the interaction of the

incident A0 Lamb wave with the delamination.

III. EXPERIMENTAL SETUP

A 600� 600� 1.6 mm3 eight-ply [45/�45/0/90]S delami-

nated composite laminate was manufactured from the same

lamina material as in FE simulations (Cycom
VR

970/T300

TABLE I. Elastic properties of Cycom
VR

970/T300 prepreg lamina.

E11 (GPa) E22 (GPa) E33 (GPa) G12 (GPa) G13 (GPa) G23 (GPa) m12 m13 m23 q (kg/m3)

128.75 8.35 8.35 4.47 4.47 2.90 0.33 0.33 0.44 1517

FIG. 3. (Color online) Typical contour snapshots of FE simulated out-of-

plane displacement for the [45/�45/0/90]S composite laminate at different

time instances, (a) soon after excitation and (b) shortly after A0 Lamb wave

interaction with a 11 mm diameter circular delamination located between

the fourth and fifth lamina.

FIG. 2. Phase velocity dispersion curves for the [45/�45/0/90]S quasi-

isotropic composite laminate at 0� propagation direction.
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unidirectional carbon/epoxy prepreg tape). The delamination

is circular in shape with 11 mm diameter which is similar to

the critical size of delamination in the aircraft industry as

discussed in Sec. I. A circular sheet of 11 mm diameter thin

fluoropolymer release film was inserted at the center of the

laminate between the fourth and fifth lamina during the

layup fabrication process. After the laminate was autoclaved,

a small flexural load was applied to ensure the separation of

the inserted fluoropolymer release film from the laminate.

The presence of the delamination was confirmed using ultra-

sonic C-Scan. In addition, a small sample with the same

delamination was also fabricated for microscopic analysis.

The sample was cut at the middle of the delamination. The

microscopic analysis of the cross section confirmed that the

fluoropolymer release film was separated from the laminate

resulting in small volume splits around two adjacent laminae

as discussed in Sec. II.

A 5 mm diameter and 2 mm thick piezoceramic disc (Fer-

roperm Pz27) was surface mounted to the composite laminate

to excite the A0 Lamb wave. A 3 mm thick brass mass with the

same diameter was used as a backing mass to increase the

strength of the excited A0 Lamb wave.29 The excitation signal

is a 140 kHz narrow-band six-cycle sinusoidal tone burst pulse

modulated by a Hanning window, which is identical to the ex-

citation signal used in FE simulations. The required excitation

signal was generated by a computer controlled arbitrary wave-

form generator [Stanford Research DS345 (Sunnyvale, Cali-

fornia, USA)] with 10 V peak-to-peak output voltage, and a

power amplifier [Krohn Hite model 7500 (Brockton, Massa-

chussets, USA)] was used to amplify the excitation voltage by

a factor of 10–50. A Laser Doppler vibrometer [OFV 303/

OFV 3001, Polytech GmbH (Waldbronn, Germany)] with the

laser head positioned by a computer controlled positioning sys-

tem [Newport ESP 300 (Irvine, California, USA)] was used

for measuring the out-of-plane displacement. A thin reflective

tape was attached to the surface of the laminate to enhance the

optical backscatter reflection of the laser beam. The measured

out-of-plane displacement was then fed into a computer via a

Tektronix TDS420A oscilloscope (Portland, Oregon, USA).

The quality of the measurements was improved by averaging

the signals over 1000 acquisitions and applying a band-pass fil-

ter. As shown in Fig. 1(a), the cylindrical coordinate system is

at the center of the delamination, and the piezoceramic disc

was located at r ¼ 90 mm and h¼ 180�.

IV. EXPERIMENTAL VERIFICATION

A. Low frequency Lamb wave propagation in
composite laminates

This section presents a study of the low frequency A0

Lamb wave propagation in the [45/�45/0/90]S quasi-isotropic

composite laminate. The FE model described in Sec. II is vali-

dated by means of phase velocity of Lamb waves using theo-

retical and experimental results to ensure that the FE

simulations are able to accurately predict the propagation of

Lamb waves in composite laminate.

The phase velocity dispersion curves for experimental

measurements are obtained by sweeping the excitation

frequency from 20 to 300 kHz in steps of 20 kHz. At each

excitation frequency, five measurement points were taken

along the 0� direction with the distance between measure-

ment points less than one half of the excitation signal wave-

length. The distance between the excitation transducer and

the first measurement point is 50 mm, i.e. clearly more than

the four wavelengths required for the far-field wave field so-

lution to be valid.10 The phase velocity at each excitation

frequency is then calculated by averaging the results of all

measurement points. The same strategy was used to obtain

the phase velocity dispersion curves for FE simulations.

Figure 4(a) shows the phase velocity dispersion curves of

both S0 and A0 Lamb waves from theoretical calculation

using DISPERSE (solid line), FE simulations (empty

circles), and experimental measurements (triangles). As the

Laser Doppler vibrometer was employed to measure the

out-of-plane displacement, the measurement system is

mainly sensitive to the A0 mode since the S0 and SH0 waves

have very small out-of-plane displacement magnitude at the

low frequency regime. Although this study focuses on the

A0 Lamb wave, the theoretical results of both S0 and A0

modes are included in the dispersion curves. As shown in

Fig. 4(a), there is a very good agreement between the calcu-

lated, simulated, and experimental measured phase velocity

dispersion curves. It indicates that the FE model is able to

predict the Lamb waves propagation accurately.

Figure 4(b) shows the in-plane and out-of-plane dis-

placement modeshape of A0 mode for the [45/�45/0/90]s

quasi-isotropic composite laminate at h¼ 0� and 140 kHz.

Compared to the isotropic case discontinuities exist in the in-

plane displacement slopes between the laminae, especially at

0.25 and �0.25 normalized through-thickness location where

FIG. 4. (Color online) (a) Phase velocity dispersion curves from theoretical

calculation (solid lines), FE simulations (circles), and experimental meas-

urements (triangle) for h ¼ 0� and (b) displacement modeshapes at 140 kHz

(solid lines, theoretical calculation; circle, FE simulations).
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the fiber alignment of the adjacent laminae are perpendicular

to each other (0� and 90� plies). Excellent agreement is

found between the results from theoretical calculation and

FE simulations indicating that the FE model accurately pre-

dicts the propagation characteristics of the A0 Lamb wave in

composite laminates including through-thickness displace-

ment modeshapes.

B. Reflection and transmission at delamination

The reflection and transmission of the A0 Lamb wave at

a delamination are studied in this section. The FE model

described in Sec. II was used to simulate the [45/�45/0/90]S

quasi-isotropic composite laminate with a 11 mm diameter

circular delamination (as described in Sec. III) and the results

are compared with the experimental measurements. A num-

ber of measurements were taken at r¼ 40 mm and 1408� h
� 2208 with 10� interval to obtain the reflection wave from

delamination. In the case of the transmission wave, the meas-

urements were at the r¼ 40 mm for 08� h� 308 and 3308
� h� 3508. Figure 5 shows a typical signal from FE simula-

tion and measured signals at r¼ 40 mm and h¼ 220� for

incident wave with 140 kHz excitation frequency. It shows

that there is a very good agreement between the FE simula-

tions and experimental measurements, especially for the inci-

dent wave. There exists a small phase shift of the reflection

between the FE and experimental scattered wave which may

be caused by a small uncertainty in the location of the

delamination in the experimental sample. However, the

amplitudes of the reflection waves are still in a very good

agreement. Figure 5 also shows that a single reflection wave

is obtained from the delamination because the delamination

size is comparable to the excited A0 mode wavelength. It can

be seen that the reflected wave is completely separated from

the incident wave and the same situation can be achieved for

all measurements at 1408� h� 2208. By isolating the inci-

dent wave, the maximum absolute amplitude of the reflected

wave can thus be determined in the time domain. Figures

6(a) and 6(b) show the maximum absolute amplitude of the

reflected and transmitted waves from the delamination,

respectively, where the amplitudes of the reflected and trans-

mitted waves are normalized by the amplitude of the incident

wave at r¼ 40 mm and h¼ 180�. As shown in Fig. 6(a),

there is a small discrepancy between the FE simulated and

experimental results for the reflected Lamb wave amplitudes.

However, the FE simulation still well predicts the experi-

mental results in general. In the case of transmitted wave, a

larger discrepancy is observed in Fig. 6(b) which may be

caused by the effect of the fluoropolymer release film. It

should be noted that although a particular excitation fre-

quency was selected in the study, the FE model is general

and can be used for other excitation frequencies provided

the number of FE nodes per wavelength requirement is

fulfilled.16,27

V. SCATTERING DIRECTIVITY PATTERN

Sections IV A and IV B demonstrated that the FE simu-

lations accurately predict the A0 Lamb wave propagation and

scattering at the delamination. This section employs the vali-

dated FE model to study the A0 Lamb wave scattering char-

acteristics at delaminations with different sizes by means of

the scattering directivity pattern (SDP). For calculating the

SDP, the excitation is at r¼ 90 mm and h¼ 180� according

to the cylindrical coordinate system shown in Fig. 1(a). The

out-of-plane displacement of 36 nodal points located at

r¼ 40 mm and 0� � h� 360� with 10� step increments were

monitored. This distance fulfils the far-field requirement10

thus the evanescent waves can be ignored. The through-

thickness monitoring location is at the middle plane of the

laminate where other possible wave modes, such as S0 and

SH0, produce zero out-of-plane displacement to guarantee

that only the A0 Lamb wave is obtained. For SDP studies in

this section, the scattered wave is extracted by using the

FIG. 5. (Color online) Typical FE simulated and experimental measured

time signals at r¼ 40 mm, h¼ 220� of the composite laminate with a

11 mm diameter circular delamination located between the fourth and fifth

lamina.

FIG. 6. (Color online) Normalized amplitude of the (a) reflected and (b)

transmitted waves from a 11 mm diameter circular delamination located

between the fourth and fifth lamina as a function of h by 140 kHz incident

wave.
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baseline subtraction technique which ensures the scattered

wave is completely isolated from the incident wave. This

can be achieved by carrying out two simulations with the

same meshing for the intact and delaminated laminates. The

out-of-plane displacement of the scattered wave u
ðSÞ
r;hðtÞ� is

obtained by

u
ðSÞ
r;h tð Þ ¼ u

ðDÞ
r;h tð Þ � u

ðUÞ
r;h tð Þ; (1)

where u
ðUÞ
r;h ðtÞ and u

ðDÞ
r;h ðtÞ are the out-of-plane displacement

components at location (r, h) for the intact and delaminated

laminates, respectively. It should be noted that the calculated

displacement at mid-thickness and the measured displace-

ments at the surface are normalized by the out-of-plane

displacements of the outgoing excitation pulse at the corre-

sponding through-thickness positions, which helps compar-

ing identical relative changes in the SDP although the

through-thickness locations where the data are collected are

different. The SDP is then constructed by determining the

maximum absolute amplitude of the scattered wave in time

domain. Figures 7(a)–7(c) show the SDP of the 140 kHz

incident A0 Lamb wave at the 3, 5, and 11 mm diameter

circular delamination located between the fourth and fifth

lamina, respectively. It should be noted that all scattering

amplitudes are normalized by the maximum absolute ampli-

tude of the incident wave at the delamination center location

of the intact laminate.

As a point of interest, the SDP is not symmetric with

respect to the 0� direction although the delamination is sym-

metric. This is different for the case of isotropic materials

with a symmetric defect in which the SDP is perfectly sym-

metric.9,30,31 It indicates that the SDP of composite lami-

nates is more complicated than that in isotropic materials.

The non-symmetric behavior of the SDP is due to the non-

symmetric layup for the upper and lower sub-laminate at the

delamination region and the non-symmetric distribution of

incident wave amplitude [as shown in Fig. 3(a)]. Figure 7

shows that the maximum scattering amplitude increases for

larger delamination sizes. The backward and forward scatter-

ing amplitudes are of the same order of magnitude for the

3 mm diameter delamination in which the delamination

diameter to wavelength ratio at h ¼ 0� (RDW) is 0.38. How-

ever, the forward scattered components tend to have larger

amplitude for larger RDW (RDW¼ 0.63 for 5 mm diameter

and RDW¼ 1.39 for 11 mm diameter). The effect of the ratio

between the wavelength of the incident wave and the delami-

nation size will be discussed in more detail in Sec. V A. As

shown in Fig. 7, the scattering amplitudes around the direction

perpendicular to the incident wave have relative small ampli-

tude. In the case of a pitch-catch damage detection approach,

it is unlikely that the delamination can be detected if the

sensor is located along these directions.

A. Influence of delamination size

It has been demonstrated that the scattering characteris-

tics highly depend on the size of the delamination. This sec-

tion explores this phenomenon in more detail. Without loss

of generality, the study is in terms of RDW. Figure 8(a) shows

the forward scattering amplitudes at h¼ 0�, 40�, 80�, 280�,
and 320� for different RDW. It can be seen that the scattering

amplitude aligned in the same direction as the incident wave

(h¼ 0�) increases with RDW and has the largest amplitude

comparing to other h for RDW larger than around 0.9. The

scattering amplitudes at h¼ 40� and 320� rise until the RDW

reaches around 1.1 and 1.0, respectively, then reduce with

RDW. For h¼ 80� and 280�, the amplitude exhibits a slight

variation but the overall trend is a slow increase.

Figure 8(b) shows the backward scattering amplitudes at

h¼ 100�, 140�, 180�, 220�, and 260�. It is obvious that the

phenomenon of the backward scattering amplitudes is quite

different to that of forward scattering. For h¼ 140�, 180�,
and 220�, the amplitude rises almost linearly for RDW larger

than 0.25 and then starts falling when RDW is around 0.55.

For RDW larger than approximately 0.8 the values fluctuate

around a slightly increasing trend line. For h¼ 100� and

260� which are almost perpendicular to the incident wave

direction, the major trend is a steady increase with slight var-

iations with amplitudes that are generally smaller than those

for h¼ 140�, 180�, and 220�. Comparing to Fig. 8(a), it can

be seen that the backward scattering amplitudes have larger

variations than those of forward scattering and the overall

behavior is more complicated and in addition are generally

smaller in magnitude than those in forward scattering direc-

tions particularly for larger RDW values.

Figure 8(c) shows the backward (h¼ 180�) to forward

(h¼ 0�) scattering amplitude ratio as a function of RDW. It

indicates that the backward and forward scattering amplitudes

are almost the same for small RDW. However, the forward

scattering amplitude continuously becomes larger and is

approximately ten times the size of the backward scatter am-

plitude for RDW larger than 0.7. The trend then exhibits a

slight variation around a magnitude of 0.1 over the rest of the

considered range of RDW. The phenomenon shown in Fig.

8(c) implies that it is difficult to detect delamination by using

damage detection approaches relying mainly on backward

scattered wave measurements in the case when the incident

FIG. 7. (Color online) SDP for (a) 3 mm, (b) 5

mm, and (c) 11 mm diameter delaminations

located between the fourth and fifth lamina by

140 kHz incident wave.
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A0 Lamb wave wavelength and delamination size are compa-

rable. A better choice will be those approaches15,18,32,33 which

also utilize the forward scattered wave in a distributed trans-

ducer network.

B. Influence of through-thickness location of
delamination

The studies in the previous sections show that the scat-

tering characteristics are related to RDW. It is obvious that

the SDP also depends on the layup of the laminate and the

through-thickness location of the delamination. The delami-

nation causes a local change of the sub-laminate layups at

the delamination region due to the separation of adjacent

subsurface laminae. Figures 9(a) and 9(b) show the SDP for

5 mm diameter delamination located between the third and

fourth, and the second and third lamina for a 140 kHz inci-

dent wave, respectively. Comparing Figs. 9(a) and 9(b) with

Fig. 7(b) (the same diameter but delamination located

between the fourth and fifth lamina), they show that the

same diameter delamination at through-thickness locations

has different SDPs. As a point of interest, the forward scat-

tering amplitudes are dominant for delamination between the

fourth and fifth lamina. However, the scattering amplitudes

are redistributed from forward to backward if the delamina-

tion is located between the third and fourth lamina. In the

case of delamination located between the second and third

lamina, the forward and backward scattering amplitudes

have the same order of magnitude. The sensitivity of the

SDPs on the through-thickness location of the delamination

illustrates that scattering characteristics in composite lami-

nates are in general much more complicated than for defects

in isotropic materials.

VI. DELAMINATION SIMULATED BY BONDED
MASSES

The results of the study show that the A0 Lamb wave

scattering at a delamination is a complicated phenomenon.

In the literature, delaminations are frequently simulated by

bonding masses to the surface of laminates for experimental

verification of damage detection methods.17,18,32 As dis-

cussed in Sec. V B, the delamination causes a local change

of the layup of the laminate at the delamination region due

to the separation of adjacent subsurface laminae. It is an

open question whether or not delaminations can be well rep-

resented by bonding masses to the surface of laminates. This

section investigates the SDP of bonded masses attached to

the [45/�45/0/90]S quasi-isotropic composite laminate. The

results are then compared with the SDP of delamination

cases. The FE model for a bonded mass is first validated

using experimental measurements. Cylindrical bonded

masses of 5 mm diameter with 3 mm thickness (the bonded

mass diameter to wavelength ratio RBW is 0.63) and 10 mm

diameter with 5 mm thickness (RBW¼ 1.26) were used in the

experiment. The material of the bonded mass is brass. Each

bonded mass was surface mounted to one side of the com-

posite laminate and two series of measurements were carried

out for the laminate with and without the bonded mass. The

SDP was then constructed by using baseline subtraction. In

the case of FE simulations, bonded masses were simulated

by 3D solid elements according to the geometric and mate-

rial properties used in the experiment. Figure 10 shows SDP

from both FE simulations and experimental measurements.

It can be seen that there is good agreement between the FE

and experimental results. This indicates that the FE simula-

tions accurately predict the SDP of a bonded mass. A small

discrepancy in forward scattering directions may be caused

FIG. 8. (Color online) Normalized amplitude for the (a) forward scattering,

(b) backward scattering, and (c) backward to forward scattering ratio as a

function of delamination diameter to wavelength ratio for delamination

located between the fourth and fifth lamina.

FIG. 9. (Color online) SDP for a 5 mm diameter delamination located

between the (a) third and fourth and (b) second and third lamina by 140 kHz

incident wave.

1294 J. Acoust. Soc. Am., Vol. 129, No. 3, March 2011 C.-T. Ng and M. Veidt: Scattering characteristics at delamination

Downloaded 08 Sep 2011 to 130.102.158.22. Redistribution subject to ASA license or copyright; see http://asadl.org/journals/doc/ASALIB-home/info/terms.jsp



by the effect of the adhesive layer between the bonded mass

and the laminate, which is not modeled in FE simulations.

The following study considers bonded masses with a

diameter comparable to the wavelength of the incident wave.

5 mm diameter bonded masses with different thicknesses

were selected. Figure 11 shows the scattering amplitudes as

a function of h for 5 mm diameter delaminations at different

through-thickness locations and bonded masses with differ-

ent thicknesses at one side of the laminate. The amplitude is

normalized by the maximum absolute amplitude of the inci-

dent wave at the delamination and bonded mass center of the

intact laminate. Solid, dash, and dash–dot lines represent

5 mm diameter delaminations located between the second

and third, third and fourth, and fourth and fifth lamina,

respectively. The scattering amplitudes for 5 mm diameter

bonded masses with different thicknesses are indicated by

solid lines with different markers. Generally, the scattering

amplitudes of bonded masses are larger than those of delami-

nations. Comparing the scattering amplitudes of bonded

masses with different thicknesses, the bonded mass with 0.5

mm thickness has a better agreement to delaminations. Fig-

ure 11 also shows that the backward scattering amplitudes of

0.5 mm thickness bonded mass are closer to that of delami-

nation located between the second and third lamina, whereas

in the case of forward scattering, the amplitudes are closer to

that of delamination located in the mid-plane.

As a representative example, Fig. 12 shows the normal-

ized amplitude as a function of damage diameter to wave-

length ratio for h¼ 0� and 180�. They show comparisons of

the scattered wave amplitude from delamination damage at

different through-thickness locations and bonded masses

attached to one side of the laminate, respectively. It can be

seen that the scattered wave amplitudes from delaminations

and bonded masses are quite different over the entire range of

diameter to wavelength ratios. The same is true for h¼ 40�,
140�, 220�, and 320�, as well as in the case of bonded masses

attached to both sides of the laminate. However, the latter are

not shown due to space limitation. These results suggest that

simulating delamination damage by bonded masses with the

same in-plane dimensions is not as straight forward as sug-

gested in the literature since their SDPs are largely different

in amplitude as well as angular distribution. Care is required

to select a bonded mass that provides the same SDP as the

delamination damage under investigation.

VII. CONCLUSIONS

This paper studied the A0 Lamb wave scattering character-

istics at delamination in a [45/�45/0/90]S quasi-isotropic

composite laminates at the low frequency regime. It was dem-

onstrated that explicit 3D FE simulations can accurately predict

Lamb waves propagation and their scattering characteristics at

delamination damage. Good agreement between FE simula-

tions and experimental measurements was achieved.

Extended parameter studies showed that the A0 Lamb

wave scattering characteristics are substantially more com-

plicated than the case of scattering at defects in isotropic

plates. The SDP is not symmetric with respect to the 0�

direction even for symmetric delamination geometries due

FIG. 10. (Color online) SDP for cylindrical bonded mass of (a) 5 mm diam-

eter with 3 mm thickness, (b) 10 mm diameter with 5 mm thickness from FE

simulations (lines with empty circles) and experimental measurements

(filled circles) by 140 kHz incident wave.

FIG. 11. (Color online) Normalized scattering amplitudes as a function of h
for a 5 mm diameter delamination at different through-thickness locations

(solid line, second and third; dash line, third and fourth; dash–dot line,

fourth and fifth) and bonded mass with different thicknesses (circle, 0.5 mm;

square, 1 mm; triangle, 3 mm; rhombus, 5 mm; cross, 7 mm) at one side of

the laminate from FE simulations.

FIG. 12. (Color online) Normalized amplitude as a function of damage di-

ameter to wavelength ratio for h¼ 0� and 180� (solid line, delamination

between the second and third lamina; dash line, delamination between the

third and fourth lamina; dash–dot line, delamination between the fourth and

fifth lamina; circles, 0.5 mm thickness; squares, 1 mm thickness; triangles,

3 mm thickness bonded mass).
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to the non-symmetric layup of the sub-laminates in the

delamination region and the non-symmetric amplitude dis-

tribution of the incident wave. The results also show that the

behavior of the backward scattering amplitude is generally

more complicated than that of the forward scattering ampli-

tude and is generally smaller in magnitude particularly for

larger RDW values. In the case of small delaminations both

forward and backward scattering amplitudes are of the same

order of magnitude. However, forward scattering dominates

for larger RDW. In the case of the same delamination size,

the scattering amplitude and SDP also depend on the

through-thickness location of the delamination. The results

of these studies provide improved physical insight into the

scattering phenomena at delaminations which can be used to

validate and improve the performance of guided wave dam-

age detection methods by selecting transducer locations and

excitation frequency and hence help to further advance the

use of in-situ transducer networks for damage detection and

characterization.

A comparison between the scattering amplitudes of sur-

face mounted bonded masses and delaminations showed that

the quantitative characteristics are quite different. This sug-

gests that care is required to use bonded masses to simulate

delamination damage for verifying and optimizing damage

characterization techniques.
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