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Quantitative characterization of interface
delamination in a composite T-joint using
couplant-free Lamb wave methods

Abstract

Need for quick NDE methods during field maintenance of aircraft has become a focus of attention due to increase in use

of co-cured skin-stiffened composite structures. When Lamb wave propagates over skin-stiffened structures, the occur-

rence of multiple modes is unavoidable due to structural features such as stringers and stiffeners, which in turn makes the

interpretation of received wave difficult and limits the defect-detection ability of Lamb waves. Using finite element
simulations, propagation of incident S0 Lamb mode in a typical composite T-joint with delamination between the

flange and skin (interface) is investigated. Arrival time delays of the out-of-plane mode-converted wave packets are

found to be a promising indicator for quantitative detection and sizing of the delamination. A novel experimental

technique by combining a liquid couplant-free transduction scheme using dry-coupled roller transducer (contact

probe) for generating S0 mode with an air-coupled transducer (non-contact probe) as a receiver is proposed. This

transduction scheme helps in selectively separating mode-converted wave packets. This investigation also establishes

quantitative B-scan imaging method for characterization of delamination in the T-joint. Experimental result shows a good

agreement with finite element predictions. Proposed method being single sided and couplant free has a potential to be
utilized for field applications.
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Introduction

The stiffened-skin composite structures are an attract-

ive design option for aircraft control surfaces like ail-

eron, elevator, rudder, and flaps. These structures

consist of co-cured or co-bonded stiffener such as T,

L, C and ribs at regular intervals. A typical T-joint or

L-joint stiffened composite panel consists of a flange

and vertical web that is attached to the skin region to

provide bending rigidity to the structure. Orthogonal

connections between the flange and the web of T-joint

structure are the zone of potential weakness, due to the

load transfer taking place in an out-of-plane mode,

causing possible zone for delaminations. Sub-surface

delamination in these structures may also occur

during in-service loads such as due to impact loads or

fatigue, which can substantially reduce the strength and

stiffness of the structure. However, these delaminations

are not visible and accessible for inspection on the

surface. Currently, the commonly used ultrasonic

NDE techniques for detecting and sizing of defects

like delamination in aerospace composite structures

are either point-to-point manual A-scan inspection

using couplant or automated ultrasonic immersion/

squirter-based C-scan inspection. The conventional

squirter and immersion ultrasonic NDE techniques

are often not found suitable for field inspection, since

they need raster scanners or coupling medium like gel
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or liquid, which severely limits quick field inspection

during maintenance. Therefore, there is a need for

quick non-destructive approaches to evaluate delami-

nation-type damage to assess the structure’s condition.

Lamb waves are guided waves that propagate in thin

plate-like structures and have been found suitable for

detection of defects over a large area quickly compared

to conventional ultrasonic bulk wave inspection.

Several studies have examined Lamb waves as a

means for damage identification in composites and

various techniques for damage characterization have

been proposed.1 However, when a Lamb wave propa-

gates over a skin-stiffened structure the occurrence of

multiple Lamb modes becomes inevitable due to

presence of geometrical discontinuity, which is inher-

ently present due to structural requirements.2–4

Furthermore, flange delaminations act as thickness

change discontinuities, producing mode conversion

and generating different wave packets. Additionally,

Lamb wave propagation suffers high attenuation in

composite material due to intrinsic material damping

and extrinsic damping due to structural geometries like

stiffener, ribs, and ply drops. These issues make the

interpretation of received Lamb wave signal difficult

and sizing the damage can be challenging. Many studies

have investigated different delamination detection tech-

niques using fundamental anti-symmetric Lamb wave

(A0) mode5–12 and fundamental symmetric Lamb wave

(S0) mode13–17 in flat composite laminates, repair

patch,18 beams19 using FE simulation, and experiments.

Correspondingly, various signal features ranging from

signal attenuations, arrival time, reflected wave, or scat-

tered by the delamination have been examined to iden-

tify and characterize delamination.20–22 To transmit

and receive Lamb waves in composites, different types

of contact and non-contact ultrasonic transducers have

been utilized such as wedge-mounted transducer, dry-

coupled, air-coupled, laser ultrasonics, piezoelectric

wafer-active sensors,23,24 or a combination of these

transducers. Other damage detection studies have

been performed in composite structures using optical

detection methods such as Fibre Bragg grating sensors

for detecting Lamb wave signal and laser ultrasonics

for observing full-field Lamb wave propagation charac-

teristics with different defects.25,26 Laser ultrasound

poses some practical problems such as cost, difficulty

in selective reception of a particular Lamb mode, band-

width of the Lamb waves generated, dependency of

signal-to-noise ratio on reflectivity of the surface, and

issues with laser safety. Among the various ultrasonic

transducers, air-coupled ultrasonic transducer can com-

fortably generate and detect Lamb waves in acoustic-

ally matching composites. Due to couplant free, non-

contact nature, and selective reception/transduction of

the Lamb wave, they have been successfully used for

delamination characterization studies.5–11

Although there are some studies that examine effect

of delamination on Lamb wave propagation in flat

laminates, the effect of geometrical discontinuity par-

ticularly in combination with delamination on S0 Lamb

wave propagation in skin-stiffened structure like

T-joints has rarely been addressed. Even though a real-

istic approach of Lamb wave-based inspection is to

analyze mode-converted wave packets as signature for

delamination, this topic has remained a challenging

task due to interference of wave modes, overlapping

of the signal from the edges, dispersion, and multimode

nature of the Lamb waves. Thus, the aim and unique-

ness of this study was to investigate a specific problem

of S0 mode wave propagation in the composite T-joint

stiffened structure using numerical modelling to high-

light the complex interaction and mode conversion of

S0 mode with a geometrical discontinuity and delamin-

ation. Additionally, using a liquid couplant-free

transduction of S0 mode and selective reception of the

specific mode-converted wave packets, this study pro-

poses two methods for detection and sizing of interface

delamination in the T-joint using a (a) arrival time-

based and (b) B-scan-based imaging methods. The fol-

lowing sections describe S0 mode transduction and

mode conversions across the web of the T-joint with

different sizes of interface delaminations using numer-

ical simulations, followed by comparison with experi-

mental measurements. This study will also explore the

use of B-scan imaging technique for quantitative

characterization of interface delamination using simu-

lation and experiments and followed by discussion of

the results.

Transduction of S0 mode

It is usually desirable that Lamb wave excitation in the

structure is at a low frequency-thickness product region

of the dispersion curves. This kind of excitation ensures

that only two fundamental Lamb wave modes S0 and

A0, which are relatively non-dispersive, propagate in

the structure. There are two common transducer con-

figurations for the transduction of Lamb waves, the

pulse-echo and pitch-catch configuration. Studies have

reported delamination detection by examining the

reflected Lamb waves from the delamination in

pulse-echo transduction configuration13–16; while in a

pitch-catch configuration, transmitted Lamb waves

have been analyzed for delamination detection.5–11

However due to the higher attenuation of Lamb

waves in composite material, a pitch-catch is preferred

compared to pulse-echo configuration. The S0 mode

propagates much longer distance than A0 mode in
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composites due to its lower attenuation coefficient.27

Moreover, in the low frequency-thickness region, advan-

tages of S0 mode are its higher velocity than A0 mode

and its energy distribution, which is relatively uniform

throughout the structure thickness. The wedge-based S0
mode excitation requires liquid couplant (typically liquid

or gel). The angle of the wedge also depends on the

material property of composite structure and may need

frequent changes in angle of the wedge for reception of

specific Lamb mode. Additionally, traversing the wedge

during automated scanning with constant layer of liquid

couplant becomes a challenge.

Non-contact excitation and reception of Lamb

waves using either laser ultrasonics or air-coupled

transducers are being increasingly used. In early

works, visualization of propagating Lamb waves

across the impact damages using a scanning laser-

Doppler vibrometry28 and air-coupled ultrasonic trans-

ducers29,30 was proposed to image the scattered out-of-

plane Lamb wave field in plate-like structures. In recent

work, Hillger et al.31,32 presented an application more

directly related to the present paper. The PZT trans-

ducers as transmitter were glued on a section of an

EC135 helicopter tail-boom structure, and S0 mode

propagation and mode conversion to A0 at the impact

damage were monitored using automated air-coupled

ultrasonic scanning. They used B-scan images to

reveal different mode conversions in the vicinity of

the impact damage. However, selective mode conver-

sion of the Lamb waves was not achieved and oper-

ation at lower frequencies caused overlapping of the

S0 and A0 transmitted and mode-converted modes.

Generation and reception of Lamb waves by air-

coupled transducers is relatively economical compared

to laser ultrasonics and an excellent compromise since

the reception of waves being independent of reflectivity

of the surface. However, preliminary in-house studies

showed that air-coupled transducers could not generate

S0 mode of sufficient amplitude in composite material,

despite the fact they are sensitive to out-of-plane com-

ponent of S0 mode and A0 mode. To overcome this

difficulty, a liquid couplant-free transduction using

dry coupled ultrasonic roller transducer as a transmitter

for excitation of the S0 mode is proposed. Since dry-

coupled transducer generates both S0 and A0 mode, a

novel temporary couplant-free fixed source and travers-

ing air-coupled transducer as a receiver in pitch-catch

configuration is proposed in this study. This novel

transduction configuration aids in separation of S0
and A0 Lamb modes in time domain, facilitates con-

trolled single mode interaction with the delamination,

selective reception of the A0 or S0 mode, faster scan-

ning, and repeatable measurements. Thus, a targeted

Lamb wave mode conversion can be achieved.

Numerical simulation of Lamb wave

propagation in a T-joint

The interaction and propagation of Lamb waves in the

stiffened structure is complex and hence an effective

numerical method is required to understand this inter-

action. Finite element numerical simulations of wave

propagation in a composite T-joint were proposed to

study the interaction of S0 Lamb mode with the geo-

metrical discontinuity, delamination and understand

the mode conversion phenomena. Figure 1(a) shows

the schematic of a typical composite T-joint and its

layup used in aerospace structural applications. In a

T-joint, the vertical element is termed the web, and

the two horizontal elements are termed flanges. The

upper skin and the flange form the thick region and

the other side of the upper skin itself forms the thin

region. The interface between the upper skin region

and the flange has a high affinity for failures in delam-

ination mode, when the joint is subjected to external

loads. We term this failure as ‘interface delamination’.

The interface delamination divides the thick region of

the skin of the T-joint locally into two sub-laminates of

layup (0/90/90/0). To study the propagation of Lamb

waves in a structure, we require the computation of

dispersion curves, which inform about the different

modes that can propagate in the structure at different

frequencies. However, at low frequency-thickness prod-

uct, S0 and A0 modes are the only Lamb modes that can

propagate in the T-joint structure. A centre frequency

of 200 kHz was chosen as frequency of Lamb wave

excitation, so that excitation is within the low fre-

quency-thickness region of the dispersion curve and

due to availability of both roller transducer and air-

coupled transducer of 200 kHz during experiments.

The material of the T-joint was GFRP, and its proper-

ties are listed in Table 1. Table 2 gives the theoretical

group velocities of the S0 and A0.modes calculated from

DisperseTM in the thin and the thick regions of the

T-joint at a frequency of 200 kHz.33

Coupled acoustic-elastic FE model

To simulate the wave propagation in the T-joint along

with the reception of bulk waves in air by an air-

coupled receiver, an acoustic-structural coupled 2D

plane-strain FE model comprising of both elastic

medium (solid) in contact with acoustic medium

(fluid) is proposed. Numerical simulation of transient

wave propagation was performed using FE package

ABAQUS/Explicit 6.9�. The geometry of the T-joint

model used in simulation is shown in Figure 1(a).

Taking the Y-axis as reference in Figure 1(a), the

layup of the T-joint in the thick, thin, and the web
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regions was [0/90/90/0]S, [0/90/90/0], and [0/90/90/0],

respectively. The thickness of each lamina was

0.33mm. Since the number of plies in each region was

known, thickness of the web and the thin region

worked out to 1.32mm each and that of the thick

region to 2.64mm. Each ply was modelled separately

with its corresponding material properties. The surface-

based *TIE constraint in ABAQUS was used to join

surfaces of individual composite layers in the model.

Tie constraints tie two separate surfaces together so

that there is no relative motion between them. The

nodes on the slave surface are constrained to have the

same value of displacement, as the point on the master

surface to which they are tied. The interface delamin-

ation was modelled by disconnecting the surfaces of

adjacent layers, i.e. by removing *TIE constraint at

the delamination region. The surface-based constraints

use master–slave formulations where one surface is

assigned as a master and other surface as a slave. The

acoustic–structural coupling between the acoustic

domain and the structural domain at the interface

was also achieved by using the *TIE constraints in

ABAQUS. On such an acoustic–structural boundary,

the acoustic and structural elements have the same dis-

placement normal to the boundary, but the tangential

motions are uncoupled. In this study, the acoustic

domain in contact with structural domain was assigned

as the master surface and the top surface of the

Figure 1. (a) Schematic geometry of the composite T-joint with an interface delamination. The locations of the transmitter and

receiver on the T-joint for capturing A-scan in the (b) numerical model and (c) experiments.

Table 1. Material properties of glass/epoxy lamina.

Material properties

Density � (kg/m3) 1850

Longitudinal modulus, E11 (GPa) 46

Transverse modulus, E22 (GPa) 8.7

In-plane shear modulus, G12 (GPa) 3.2

Out-of-plane shear modulus, G23 (GPa) 3.2

Major Poisson’s ratio, u12 0.28

Out-of-plane Poisson’s ratio, u23 0.36

Table 2. Theoretical group velocities of the S0 and A0 modes in

the thick and the thin region from the DisperseTM program.

Layup

S0 mode

(m/s)

A0 mode

(m/s)

S0 reception

angle �(�)

A0 reception

angle �(�)

[0/90/90/0]S 3669 1339 17 5

[0/90/90/0] 3749 1342 18 4.5
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composite laminate as the slave surface. The model was

discretized using 2D plane strain element, CPE4R in

the elastic medium. The inviscid fluid medium (air) on

top of the T-joint was modelled using acoustic element

AC2D4R (pressure field), four node 2D acoustic quad-

rilateral element having pressure as degree of freedom

at each node. For the convergence and the accuracy of

the dynamic response in the numerical solution, the

selection of stable time step is based on Courant–

Friedrichs–Lewy (CFL) criteria. The stable time step

chosen must be less than the time taken for the fastest

wave to travel between two adjacent nodes in the mesh.

The recommended time step is Dt¼ 1/(20 fmax) where

fmax is the maximum frequency of the dynamic problem

and element size must be less than 1/20 times the short-

est wavelength.34 At the excitation frequency of

200 kHz the A0 mode has the lowest velocity and the

shortest wavelength in the elastic domain. The velocity

of sound in air is 344m/s at room temperature, which is

lower than A0 mode. Hence, the wave having the short-

est wavelength is in the acoustic domain. The mesh size

was chosen closer to 20 nodes per wavelength in the

acoustic domain, which in turn results in about 80

elements per shortest wavelength in the elastic

domain. The element size of 0.1mm� 0.1mm is

assigned to the mesh, which satisfies the CFL criteria

in both the domains. Such a mesh density leads to

approximately 0.9 million elements in the acoustic

and elastic domain in total. Mapped meshing was

used to generate a uniform mesh size in the straight

and curved portions of the T-joint, since this type of

meshing provides minimum distortion of elements.

Even though dry-coupled transducer generates both

S0 and A0 modes in experiment, only normalized dis-

placements of S0 mode were imposed on the right edge

of the mesh in the FE model. Receivers were deployed

in the form of a set of point receivers in the acoustic

medium. The locations of the transmitter and receiver

in the FE model are shown in Figure 1(b). The input

excitation waveform at the transmitter was 200 kHz

with seven cycles tone burst, modulated using

Hanning window. The time integration was performed

using through a central difference scheme in ABAQUS-

Explicit with a time step of 5.72 ns. The pressure field in

the acoustic medium and the displacement field in the

T-joint were computed at each time step. Output from

the FE model can be a pressure–time history in the fluid

medium and displacement–time history in the solid

medium. The propagating wave in both the domains

can also be observed using contour plots. For visual-

ization of wave leakage into air, the acoustic medium

can be modelled on all the sides of the T-joint. However

to avoid need of high computational resources, the

acoustic medium needs to be present only over the

skin region of T-joint.

Interaction of S0 Lamb mode with geometrical

discontinuity in T-joint

Two sets of numerical simulations were carried out by

interchanging the positions of the transmitter and recei-

ver with respect to the thick and the thin regions in the

T-joint. In the first case, the transmitter and receiver

were deployed at the locations as shown in Figure 1(b).

The symmetric Lamb mode (S0) was excited by giving

both normalized in-plane and out-of-plane displace-

ments components from displacement profile calculated

from DisperseTM as boundary conditions. Receivers

RA, and RB were positioned above the elastic

medium, i.e. in the acoustic medium to simulate the

air-coupled ultrasonic receiver positions as shown in

Figure 1(c). However, web region is generally not

accessible in a real structure; for the sake of complete-

ness, a receiver RC is positioned on the web region in

the elastic domain that captures out-of-plane displace-

ment time history. It is proposed here to compare the

arrival time of each wave packets of the A-scans from

numerical simulation model with the arrival time com-

puted using theoretical group velocities of wave packets

(S0 and A0 modes) propagating in the T-joint. For each

A-scan from the numerical simulation, an envelope of a

Hilbert transform was taken and the ToF of the peak

envelope of the each wave packet was used as the time

for computation of the group velocity and the particu-

lar wave mode was identified. Here, the focus of this

study was on the peak of the first two wave packets in

the A-scan; the latter signals if any were time gated.

Transmitter on the thick region

In this case, S0 mode propagates and interacts with the

front edge of the delamination and undergoes mode

conversion. In this configuration shown in Figure 1(b)

at the receiver RB, the time of arrival of the first two

wave packets from numerical A-scan shown in

Figure 2(a) was 90 and 135.4 ms, respectively. At the

receiver RB, the time taken for the arrival of the inci-

dent S0 mode from the point of excitation computed

using the theoretical group velocities from Table 2 is

90.2 ms, which matches well with the numerical A-scan.

Thus, we can conclude that the first wave packet is of S0
mode as it travels from the point of excitation to the

point of reception. The transmitted S0 mode across the

discontinuity is denoted by S0S0 wave packet where

the first letter indicates the source mode, while the

second letter indicates the current propagating mode

(this notation is used throughout this paper). By similar

analogy, the second wave packet denoted by S0A0 in

Figure 2(b), which corresponds to the mode-converted

A0 mode due to interaction of the incident S0 mode

with the geometrical discontinuity. The time of arrival
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of the second wave packet from the A-scan shown in

Figure 2(b) was 135.4 ms, which matches well when

compared with the computed time of arrival of S0A0

wave packet of 135 ms using the theoretical group

velocities.

Transmitter on the thin region

In this configuration, A-scan recorded at the receiver

RA is shown in Figure 1(b). The time of arrival of first

two wave packets from the numerical A-scan was 90.6

and 130.4 ms, respectively. At the receiver RA, the time

taken for the arrival of the incident S0 mode from the

point of excitation computed using the theoretical

group velocities listed in Table 2 is 89.6ms, which

matches well with the computed time of 89.4ms. Thus,

we can conclude that the first wave packet is S0S0 wave

packet. The second wave packet from the A-scan

shown in Figure 2(b) was having time of arrival of

132 ms, which is closely matching with 135ms, time of

arrival computed from theoretical group velocities of S0
andA0 mode shown in Table 2. Thus, it can be con-

firmed that the second wave packet is S0A0.

Receiver on the web region

From the previous numerical analysis, it is apparent

that when the S0 mode interacts with structural discon-

tinuity, mode conversion takes place and A0 mode is

generated. This generated A0 mode with the incident S0
also propagates into the web region. The A-scan shown

in Figure 2(c) is captured at the location RC when the

transmitter on the thick region and receiver on the web

region. Similarly, when the transmitter is on the thin

region and receiver on the web region, the A-scan cap-

tured at RC is shown in Figure 2(d). With similar ana-

logy as discussed in the previous two sections, the time

of arrival of wave packets received in the web region at

the location RC is calculated and wave packets are iden-

tified. The arrival time of different wave packets

obtained by the FE method for different configurations

is tabulated in Table 3, which shows a fairly good

approximation. The numerical model can also be used

for visualization of Lamb wave leakage into the acous-

tic medium. This visualization may also help in iden-

tifying complex conversion taking place in the T-joint

with different geometries. Figure 3 shows snapshots of

Figure 2. Pressure–time trace from numerical simulations captured (a) at RB when the transmitter is on the thick region, receiver at

40mm from centre of the T-joint on the thin region, (b) at RA when the transmitter is on the thin region, receiver on the thick region

at 40mm from the centre of the T-joint. Out-of-plane displacement component at receiver RC on the web region from numerical

simulation (c) when the transmitter is on the thick region (d) when the transmitter is on the thin region.
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the S0 mode propagating from thin to thick region at

different instances of time in the acoustic domain over

the T-joint, when the transmitter is at the thin region.

Mode conversion and propagation of different wave

packets at the delamination site (marked with arrows)

can be observed in addition to the transmitted and

reflected wave. Furthermore, from the snapshots, we

can observe that the incident mode along with mode-

converted wave packets travels into the web region.

Thus, from the numerical simulation we can conclude

that, when the S0 mode propagates from the thick to

the thin region or vice versa, S0 mode is converted to

S0S0 and S0A0 wave packets and these wave packets can

be used as feature for delamination identification.

Interaction of S0 Lamb mode with the interface

delamination

Due to interface delamination in the T-joint there is a

shift in the location of the geometrical discontinuity

when compared with the geometry of the healthy

T-joint. Consequently, when there is an interface

delamination, the distance of wave propagation in the

thin and thick region changes when compared to a

healthy T-joint and finally results in the time shift of

the wave packets captured at a particular point. This

time shift was used to size the interface delamination,

which forms a basis for the present work.

Sizing of delamination by time-of-arrival (ToA) of

S0A0 wave packet

In the numerical model of the T-joint, an interface

delamination near the centre of the web region was

introduced by disconnecting the surfaces of adjacent

layers, i.e. by removing *TIE constraint at the delam-

ination region. The region without delamination was

connected to the adjacent layers by using *TIE con-

straint thus ensuring continuity of displacements at

the interface. The excitation and boundary conditions

are same as discussed earlier. The transmitter and recei-

ver were positioned over the thin and thick regions,

respectively, as shown in Figure 1(b). Let L1 denote

the horizontal distance between the transmitter on the

right edge of the T-joint and the edge of interface

delamination (i.e. thin region) and let L2 denote the

horizontal distance between the receiver and start of

interface delamination. ‘D’ denotes the interface delam-

ination width. Thus, the distance between the transmit-

ter and receiver is L1+D+L2 as shown in Figure 4(b).

The arrival time of the generated S0A0 wave packet at

the receiver R1 due to mode conversion at the geomet-

rical discontinuity can be expressed as follows

to ¼
L2 þD

VA0Thick

þ
L1

VS0Thin

ð1Þ

where VS0Thin
and VA0Thick

are group velocities of the S0
and A0 mode in the thin and thick regions, respectively.

If there is no interface delamination, the thick region

spreads up to the centre of the T-joint until the web,

and the size of the thick region becomes L1+D. The

arrival time of S0A0 wave packet at the receiver is then

given by the following equation

to ¼
L2 þD

VA0Thick

þ
L1

VS0Thin

ð2Þ

Subtracting equation (2) from (1), the following

equation is obtained

�t ¼ t1 � t0 ¼ D
1

VS0Thin

�
1

VA0Thick

� �

ð3Þ

From expression (3), the difference in arrival times of

A0 mode and the group velocities in the thick and thin

regions are known, the width of interface delamination

(D) can be estimated. Four different sizes of interface

delaminations, i.e. healthy, 40, 50, and 60mm were

simulated and analyzed in the numerical study.

A-scan obtained at healthy region of the T-joint is

shown in Figure 5(a). A-scans obtained for each case

of the interface delamination are shown in Figure 5(b)

to (d). From the numerical A-scans in Figure 5(b) to

(c), it was observed that when the delamination size

Table 3. Comparison of wave packets arrival time from numerical A-scans with estimated values at the receiver location shown in

Figure 2.

Transmitter

location at

the edge

Receiver

location

Estimated

arrival time

of wave packet

S0S0 DisperseTM ms

Estimated arrival

time of wave packet

S0A0 DisperseTM ms

Arrival time of first

wave packet from

simulation ms (�0.4 ms)

Arrival time of

second wave packet

from simulation

ms (�0.4 ms)

Thick region RB 90.2 135 90 135.4

Thick region RC 55.1 92.2 56 92

Thin region RA 89.4 134.8 90.6 132

Thin region RC 54.2 93.1 55 93
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increases the relative separation between wave packets

S0S0 and S0A0 decreases. In Figure 5(c), wave packets

S0S0 and S0A0 interfere partially. Moreover, in the

A-scan of 60mm interface delamination shown in

Figure5(c), the wave packets S0S0 and S0A0 interfere

fully with each other.

Experimental validation

In the experimental work, S0 wave propagation in a

T-joint structure having geometric length scale similar

to those used in simulations was investigated. Here we

compare the arrival times of wave packets in the

Figure 3. S0 mode interaction with geometrical discontinuity in a T-joint and wave propagating from the right edge (thin region) to

the left edge (thick region) in a 2D FE model. Snapshots of pressure contours at different instances of time observed in the acoustic

domain around the T-joint (a) 45 ms, (b) 65 ms, (c) 85ms showing mode conversion to S0S0 and S0A0 wave packets; arrows indicate the

leakage direction of the wave mode. Slopes of the leaking planar wave give information of the type of Lamb mode. (Acoustic domain is

50mm on both the sides of the T-joint.)
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experimental waveform captured by the air-coupled

receiver to that of numerical A-scans. The experimental

setup consisted of a pulser–receiver to excite the roller

transducer, 100MHz A/D card, motion controller, x–y

scanner for moving the air-coupled transducer, and a

laptop for data storage. For Lamb wave generation and

detection in a pitch-catch arrangement, a dry-coupled

roller transducer from SonaTestTM is used as a trans-

mitter and air-coupled ultrasonic receiver with a

resonant frequency of 200 kHz from Ultran Group.

Transducer-holding fixtures were fabricated to hold

air-coupled receiver and dry-coupled roller transducer.

The transducers were mounted on an x–y scanner and a

constant elevation was maintained between the air-

coupled receiver and the surface of T-joint specimen

during translation. The transmitter and receiver unit

was positioned at the either side of the web region as

shown in Figure 1(c). The angle of the air-coupled

Figure 5. A-scans from the numerical model of the T-joint, in the (a) healthy region and at the interface of delamination of widths

(b) 40mm, (c) 50mm, (d) 60mm captured at a distance of 75mm from the web location in thick region.

Figure 4. Schematic of locations of the transmitter and receiver used in numerical model of T-joint (a) without delamination (b) with

delamination.
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receiver (facing forward) can be adjusted to receive

either S0 or A0 mode. The number of cycles in the exci-

tation pulse was seven, which corresponds to 35 ms. The

transducer unit was positioned over the healthy region

and A-scan shown in Figure 6(a) was captured and

saved in this configuration. This particular A-scan

was used as a reference signal while determining the

size of interface delamination. Then the transmitter–

receiver unit was moved to the 50mm interface delam-

ination region so that interface delamination was

located between the transmitter and the receiver and

another A-scan shown in Figure 6(b) was captured. It

was observed in the experiments that the S0S0 wave

packet generated due to mode conversion has very

low amplitude, compared to S0A0 wave packet.

Hence, the angle of the air-coupled receiver was

adjusted in such a manner that it captures S0A0 wave

packet. This is the reason that we do not see S0S0
wave packet in Figure 6(b). The amplitude of S0A0

wave packet generated due to delamination is 0.5 Vpp

as shown in Figure 6(b), which is higher when com-

pared to 0.1 Vpp when there is no delamination as

shown in Figure 6(a). In the preliminary experiments,

it was found that the attenuation of S0 Lamb wave is

higher when it travels from thin to thick region when

compared thick to thin region. From the A-scans in

Figure 6(a) and (b), the difference in arrival times of

S0A0 wave packet between a 50mm delamination

region and healthy region was found to be 30.4ms.

Using equation (3) delamination size from experiments

is estimated to be 44.2mm, whereas the actual size of

the interface delamination was 50mm. This shows that

difference between predicted and measured value is less

than 10%. Small errors in time measurements are

expected due to mechanical vibrations of x–y scanner,

which gives rise to positioning errors.

Lamb wave-based B-scan imaging of

interface delamination

In the previous section, it was seen that when S0 mode

interacts with a T-joint with interface delamination it

leads to generation of S0S0 and S0A0 wave packets. It is

proposed here to estimate the size of delamination in

the T-joint from the B-scan-based scanning technique.

B-scan imaging consisted of capturing successive

A-scan of mode-converted wave packets along a line

by employing the air coupled as a receiver and exciting

the T-joint structure with S0 mode. By collocating all

the A-scans, a B-scan image can be obtained. Lamb

wave-based B-scans were initially generated through

numerical simulations in order to understand the pro-

pagating modes across the delamination using the same

FE model discussed earlier and then compared with

experimental B-scans.

Receiver traversed from the thin to the thick region

The initial and final positions of transmitter and recei-

ver in numerical model and experiments are shown in

Figure 7(a) and (b). The transmitter was excited at the

edge of the T-joint on the thick region. The A-scans

Figure 6. Experimental A-scans from (a) healthy and (b) 50mm width interface delamination regions in a T-joint.
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were captured in the acoustic domain traversing from

the thin to the thick regions with a spatial resolution of

1mm. The initial position of the receiver was fixed on

the thin region at a distance of 20mm from the web.

Then 100 A-scans were captured in the thick region and

20 A-scans were captured in the thin region. A-scan

data are normalized and stacked side by side to produce

a B-scan using MATLAB program. The numerical

B-scans were simulated with four different cases: (i)

when there was no interface delamination, i.e. D¼ 0;

(ii) D¼ 40mm; (iii) D¼ 50mm; and (iv) D¼ 60mm as

shown in Figure 8(a) to (d), respectively. All B-scans

are plotted in a colour scale where the low to high

values are mapped from white to red with green indi-

cating middle range values. In the B-scan, it can be

observed that the incident S0 mode propagating

towards the web location undergoes reflection and

mode conversion due to geometrical discontinuity.

The reflected waves travel in opposite direction.

Comparison of the slopes of wave front after the web

indicates generation of different modes. From all the

numerical B-scans (Figure 8), it can be observed that

S0A0 wave packet has higher amplitude compared to

S0S0 wave packet. Additionally, depending on the

width of delamination, the generation of S0A0 wave

packet is shifted further away from the web location

compared to healthy region. In the B-scan of 50mm

delamination (Figure 8(c)), the S0A0 generation point

has shifted by 50mm from the web location, compared

to the B-scan at healthy region in Figure 8(a). This shift

exactly corresponds to the width of delamination ‘D’.

Similar evaluations were carried out for finding the

widths of delaminations in B-scans shown in

Figure 8(b) to (d), and their predicted widths of delam-

inations match exactly with the actual values of 50 and

60mm, respectively.

Receiver traversed from the thick to the thin region

In this configuration one more set of numerical B-scans

were generated by placing the transmitter and receiver

at the thick and the thin regions, respectively. The

A-scans were captured in the acoustic domain starting

from the thick to the thin regions with a spatial reso-

lution of 1mm. The maximum distance of separation at

the end of the scanning between the transmitter and

receiver was 200mm. B-scans were simulated at the

healthy region and in the other three cases having 40,

50, and 60mm width of interface delaminations, as

shown in Figure 9(a) to (d), respectively. In all the

four numerical B-scans, the initial position of the recei-

ver was fixed at 100mm from the web location on the

thick region. In all the B-scans it was observed that due

to mode conversion there is sudden drop in amplitude

Figure 7. Schematic of the initial and final positions of the transmitter and receiver for generation of B-scans through (a) numerical

model and (b) in the experiments, (c) experimental setup.
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of about 6 dB of the S0S0 wave packet, which exactly

corresponds to the web location. Therefore, this feature

can be used for prediction of the width of delamination.

Depending on the starting point of delamination in the

thick region, the S0S0 wave packet was generated fur-

ther away from the web region. When the B-scan of

50mm delamination, shown in Figure 9(c) is compared

to the B-scan at healthy region shown in Figure 9(a),

S0S0 generation point was shifted by 50mm from the

web location, which is equal to the width of the delam-

ination (D¼ 50mm). Similarly, the widths of other

delaminations in numerical B-scans shown in Figure

9(b) and (d) were found to be exactly matching with

the actual value of 50 and 60mm delamination,

respectively.

B-scans from experiments

Experimental B-scans were generated by moving the

air-coupled receiver over the T-joint and capturing suc-

cessive A-scan while the dry-coupled transducer was

fixed at the edge of the T-joint. The same experimental

setup discussed earlier is used. The initial and final

positions of the transmitter and receiver in experiments

are shown in Figure 7(b). The angle of transducer was

adjusted to either 4.5� or 18� (facing forward) to receive

S0S0 or S0A0 wave packet, respectively. Experimental

B-scans were generated with similar transducer config-

uration discussed in the numerical simulation. In the

B-scan shown in Figure 10(a) the transmitter was on

the thin region and receiver was translated from thin to

thick region. From the arrival times the S0A0 wave

packet was identified. To estimate the width of delam-

ination, the differences in the point of generation of

S0A0 wave packet at healthy and defective region at

the web were computed. However, compared to numer-

ical B-scans, the differences in sizes of the regions in

experimental B-scans are not equal to the actual

width of delamination. This error essentially is due to

finite size of the air-coupled receiver and small position-

ing errors due to mechanical vibrations of receiver

during scanning. In the experimental B-scans shown

in Figure 10(b), the size of the delamination region

observed was 55mm whereas the actual widths of

delaminations were 50mm. It was found that oversizing

could be discounted using half the receiver diameter

Figure 8. B-scans from numerical simulations showing the pressure distribution on top surface of the T-joint at (a) healthy region

(D¼ 0), (b) D¼ 40mm, (c) D¼ 50mm, and (d) D¼ 60mm. The receiver was traversed from thin to thick region and the transmitter

is excited in thin region. (Web location is shown by dotted white line, B.T (backward travelling wave)).
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(d/2), i.e. (55-12.5¼ 42.5mm), where ‘d’ is the diameter

of the receiver.5

One more set of experimental B-scans were gener-

ated by placing the transmitter in the thick region. The

receiver was translated from the thick to the thin

regions with a spatial resolution of 1mm. The distance

traversed by the receiver was 200mm. In this configur-

ation, two experimental B-scans were generated: one at

the healthy region and the other at 50mm width of

interface delaminations, as shown in Figure 11(a) and

(b). The S0 mode travels from the thick region towards

the thin region, where it is reflected, transmitted, and

mode converted at the web region in case of a healthy

T-joint; whereas in case of T-joint with 50mm interface

delamination, mode conversion takes places at a much

earlier location. During preliminary experiments, for

this particular case it was found that when S0A0 wave

packet propagates through a distance of few centi-

metres, its amplitude reduces below the signal noise

level and was not captured by air-coupled receiver.

To overcome this problem, the air-coupled receiver

was oriented at the S0 mode angle of 4.5� to receive

S0S0 wave packet. Furthermore, the B-scan shows

that there is a rapid drop in amplitude of S0 mode of

about 6 dB due to mode conversion at the web location.

Accordingly, based on the mode conversion and the

amplitude loss, distinct regions can be differentiated

from the experimental B-scan, which can be used as a

feature for delamination identification. Consequently,

the location of mode conversion should match with

the start of delamination, which also coincides with

the location of the generation of S0S0 wave packet.

Similar to the previous case, the sizes of the regions

in experimental B-scans shown in Figure 11(a) and

(b) do not match with the actual delamination size.

This undersizing of the regions in the B-scans can be

discounted with the half the size of the receiver d/2

(12.5mm). As a result, the estimated delamination

width is 42+12.5¼ 54.5mm. Thus, the predicted

widths of delaminations from experiments were mar-

ginally higher compared to the actual size of 50mm.

One of the main differences in the numerical B-scan

and experimental B-scan images is due to material

damping not accounted in simulation. Furthermore,

in the experiments the air-coupled receiver is oriented

to receive a specific mode and hence does not receive

wave propagating in opposite direction such as the

reflected wave at the delamination edge.

Figure 9. B-scan images from numerical simulations showing the pressure distribution on top surface of the T-joint at (a) healthy

region (D¼ 0), (b) D¼ 40mm, (c) D¼ 50mm, and (d) D¼ 60mm. The receiver was traversed from thick to thin region and the

transmitter is excited in thick region. (Web location is shown by dotted white line and B.T (backward travelling wave)).
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Figure 10. B-scans from experiments (a) at healthy region (D¼ 0), and (b) at D¼ 50mm. In this case, the air-coupled receiver is

traversed from thin to thick region with the dry-coupled roller transmitter temporarily fixed in thin region.

Figure 11. (a) Schematic of the initial and final positions of transmitter and receiver. B-scans from experiments in the (b) healthy

region (D¼ 0), (c) D¼ 50mm. In this case air-coupled receiver is traversed from thick to thin region and the dry-coupled roller

transmitter is temporarily fixed in thick region.
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Discussion and conclusion

The interaction of fundamental symmetric S0 mode

with a composite T-joint was investigated using FE

simulations followed by an experimental validation.

From the FE simulations, it was observed that, when

S0 mode interacts with the geometrical discontinuity,

due to mode conversion S0S0 and S0A0 wave packet

was generated in spite of any delamination. These

wave packets propagate and transmit into the thin

and the thick region. A novel technique was proposed

to estimate the width of interface delamination in a

T-joint using arrival time of S0A0 wave packet. In the

experimental results, it was observed that the generated

S0A0 wave packet can be selectively captured by orient-

ing the air-coupled transducer to A0 mode leakage

angle either on top of thick or thin region. The numer-

ical prediction of time of arrival of S0A0 wave packet

was found to be consistent with experimental results.

One more method using Lamb wave-based B-scan ima-

ging was proposed for predicting width of the interface

delamination in the T-joint. Numerical B-scans

revealed the fact that the sizes of the distinct regions

in B-scans depend on the S0 mode conversion to S0S0 or

S0A0 wave packet. Two distinct regions were identified

in each of the numerical B-scan and the sizes of the

regions were found to be related to the width of delam-

ination. Experimental B-scans also revealed the fact

that the sizes of regions in B-scans also depend on

diameter of the air-coupled receiver. B-scan regions

were interpreted in terms of the width of the delamin-

ation and the diameter of the transmitter. Predicted

values of the width of the delaminations were in agree-

ment with the actual values after compensating with the

diameter of the air-coupled receiver. Thus, both meth-

ods were found effective for quantitative detection and

sizing of the delamination. The experimental results

successfully demonstrate usefulness of the liquid cou-

plant-free configuration to excite and receive Lamb

waves in the T-joint.

Even though the experiments performed in this study

are on a simple T-joint and fundamental in nature,

these results presented can be generalized provided

the mode-converted S0S0 or S0A0 wave packet is of

sufficient measurable amplitude. The liftoff between

an air-coupled receiver and the structure must be con-

stant throughout the entire measurement process, so

that accurate time of arrival can be estimated.

Conversely, this may not be difficult to maintain in an

automated scanner. When the Lamb wave propagates

from thick to thin region and vice versa, it was observed

that the mode conversion created by geometrical dis-

continuity is often lower in amplitude and waves trans-

mitted from delamination rapidly die out. Hence, care

should to be taken while selecting source–receiver

distances during scanning operation. Nevertheless,

this B-scan technique proposed has a potential to be

used as quick inspection of stiffened-skin structures.
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