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Abstract

The interaction of guided waves with a material discontinuity is not well understood. This study investigates the propaga-
tion behavior of the fundamental Lamb-wave modes, the symmetric mode (Sp) and the anti-symmetric mode (Ao), upon
interaction with welded joints of dissimilar materials. A plate with an intact AA6061-T6/AZ3IB dissimilar joint was
employed, and the interaction of the propagating wave with the material interface was scrutinized numerically and vali-
dated experimentally. Plane-wave approximation was also adopted to investigate the behavior of the symmetric modes,
and its performance was compared to the numerical and experimental results. The effect of the angle of incidence on
the reflection, transmission, and mode conversion of the incident modes was analyzed. The study was conducted as the
excited Lamb wave propagated from AA6061-T6 to AZ31B (forward), and when the propagation direction was reversed
(backward). Different techniques were developed to identify the in-plane and out-of-plane modes from the three-
dimensional measurements and to separate wave reflections and transmissions of the joint. The fundamental shear-
horizontal guided-wave mode (SH, mode) has evolved upon the interaction of the obliquely-incident Lamb-wave S
mode with the interface. While the reflection of the SHy mode from the joint was found to be well-pronounced, its
transmission to the other material is extremely weak. The analytical solution, using plane-wave approximation, was accu-
rate for predicting the behavior of the in-plane modes (S¢ and So—SHp modes). Despite the peaks appearing at the critical
angle, the absolute values of the reflection coefficients of the studied modes have shown similar trends between the for-
ward and the backward propagation directions. The total reflection of the excited wave, from the material interface, was
not observed in any condition. The transmission coefficients of the Sy and Ag modes are almost constant until reaching
very steep incidence angles (i>>78°). The results were experimentally validated on an intact AA6061-T6/AZ3 B friction-
stir-welded joint using an excitation frequency of 200 kHz. Measurements along the transmission and reflection direc-
tions were conducted using a three-dimensional scanning laser vibrometer. Experimental results showed very good
agreement with both the analytical and the numerical ones.
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Introduction

The increased demand for higher fuel efficiency in all
kinds of mobile vehicles has led to a greater interest in
using lightweight materials in their structures.'
Variants of aluminum and magnesium alloys are being
widely used in transportation and aerospace industries
due to their light weight and attractive properties,
including high specific strength, corrosion resistance,
and good formability."* Different materials, and due
to their specific properties (mechanical, thermal, physi-
cal, chemical, etc.), may be more advantageous than
others for specific applications or locations within the
structure.* For this reason, combinations of dissimilar
materials are being inevitably used together to optimize
the design from both mechanical and economical per-
spectives.”* While fasteners are widely utilized for
dissimilar-material joining, welding is still preferred, in
the case of metals, to achieve higher productivity and
lower costs.* Furthermore, due to the low ductility of
magnesium alloys, riveting may induce cracks in the
material.'

Attempts to joining aluminum and magnesium
alloys using conventional welding techniques were not
very successful.” This is mainly due to the difference in
the mechanical, physical, and chemical properties
between the two alloy families.! Using conventional
fusion welding techniques leads to the formation of a
thick layer of intermetallic compounds between the two
joined materials. This layer is usually brittle, thus lead-
ing to considerable weakness in the weld.>*> However,
friction stir welding (FSW), which is a modern solid-
state welding technique invented in 1991,%” has proven
to be very efficient in joining dissimilar metals.*® FSW
is performed at a temperature below the melting points
of the joined metals and does not involve bulk material
melting. This improves the mechanical microstructure
and properties of the weld and provides several advan-
tages over other welding techniques.” FSW is heavily
used in many applications including automotive,
marine, railway, and aerospace industries.'”

On the other hand, the availability of structures con-
taining dissimilar joints between different metallic
alloys necessitates finding technological solutions for
their structural health monitoring (SHM). SHM of crit-
ical structures, such as aerospace vehicles, is of high
importance to provide a continuous condition assess-
ment and ensure their safety. A wide range of ultraso-
nic nondestructive evaluation (NDE) techniques has
been developed in the last two decades,'" and they have
proven to provide precise and reliable results, ranging
from simple contact A-scan and C-scan techniques to
non-contact air-coupled and laser ultrasound.'*!?
Ultrasonic guided waves (GWs) are capable of propa-
gating for long distances in simple and complex

curvatures.'* ¢ In particular, Lamb waves (LWs) are
GWs that propagate in plate-like structures. LWs can
be employed to monitor large sections of structures
using distributed transducer networks, without the
need for tiresome local examinations.'” This provides a
time and cost-effective inspection solution when dealing
with components that are difficult to disassemble for
conventional NDE or in-situ inspection of inaccessible
regions of the structures.'” The fundamental anti-
symmetric (4y) and symmetric (S;) LW modes were
proved to be highly sensitive to surface and internal
cracking in plates.'®!” They have been widely used to
develop damage identification algorithms for assessing
fatigue cracking,”®?! delamination,”*** fiber break-
age,”* debonding, cracks/notches,””*® and corro-
sion.” As a result, LWs have been commonly used as
an essential tool to be implemented in SHM systems
toward continuous monitoring of structures.

LWs’ potential for assessing defects in FSW has
been recently examined by the authors of this article.
The assessment of flaws in similar AZ31B FSW magne-
sium plates was, both experimentally and numerically,
scrutinized.” LWs were excited and received using Lead
Zirconate Titanate (PZT) transducers placed on both
sides of the weld line. After separating the S, mode
from the complex signals, it was employed to success-
fully classify wormholes of various severities using an
attenuation-based damage index. In Hamade et al..*°
the reflection of the 4, mode from the material inter-
face in an intact dissimilar AA6061-T6/AZ31B FSW
was found to be minimal. This reflection has become
significant in the presence of a wormhole within the
welded joint. LWs were excited using PZT wafers and
received using a scanning laser Doppler vibrometer
(LDV). The frequency—wavenumber filtering technique
was implemented to separate the wave reflected from
the welded joint.

Further experimental and finite element (FE) studies
aimed at understanding LWs’ propagation through
similar and dissimilar welds.*! Results have shown that
the wave behavior is only affected by the change in
elastic properties between the two joined metals, irre-
spective of the thermo-mechanical changes. Different
similar and dissimilar intact FSW plates were used
for the study, namely, AA7020-T651/AA7020-T651,
AA6060/AA7020-T651, and  AA6061-T6/AZ31B
welded plates. LWs were actuated and received in the
normal incidence direction (perpendicular to the weld
interface). No reflections were noticed in both the simi-
lar and dissimilar aluminum/aluminum welded plates,
while clear reflections were observed in the case of the
aluminum/magnesium (AA6061-T6/AZ31B) welded
plate. At 200 kHz, the average reflection was calculated
to be around 27% of the incident wave, when the wave
propagated from AA6061-T6 to AZ31B, and about
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35% for the opposite propagation direction. The
results were correlated with the measurements obtained
from a nano-indentation experiment, where a sharp
change in the elastic properties of the base metals was
detected in the AA6061-T6/AZ31B welded joint, unlike
the other two plates that showed constant elastic prop-
erties across the weld zones.

The assessment of FSW joints using LWs requires a
thorough understanding of the interaction of the wave
modes with the material discontinuity at different inci-
dence directions. This includes reflection, scattering,
refraction, and mode conversion. As an example, the
amplitude of a transmitted LW through features, such
as welds, stiffeners, and bends, can be used to indicate
its sensitivity to defects beyond or within those fea-
tures.?? This clear understanding would allow the inte-
gration of LW-based techniques in SHM systems and
sensor-network designs in structures containing combi-
nations of dissimilar materials.

Intensive work has been done over the years to
understand the propagation behavior of bulk waves.**
3 Analytical solutions providing the reflection and
transmission coefficients of bulk waves, at normal and
oblique incidence and between different types of mate-
rials, can be readily found in textbooks.***' The prob-
lem becomes more complex when dealing with GWs
due to the need for numerical methods for solving the
governing equations.’* Gregory and Gladwell** have
developed an analytical solution to determine the
reflection of a normally-incident symmetric Rayleigh—
Lamb wave from a fixed or free edge of a semi-infinite
plate. The energy distribution between the various
reflected wave modes was then numerically determined,
for a fixed Poisson’s ratio, and was analyzed for a range
of wavenumbers. Scandrett and Vasudevan® have
addressed an in-depth theoretical study on the propaga-
tion behavior of normally-incident Rayleigh—Lamb
waves in perfectly bonded dissimilar materials. Using a
similar approach as in Gregory and Gladwell,** the
authors have presented and analyzed the energy distri-
butions of the reflected and transmitted wave modes
over a range of excitation frequencies. Symmetric and
anti-symmetric incident fields were studied for different
material combinations.

Unlike normal incidence problems, LWs and shear-
horizontal (SH) waves cannot be separately analyzed
in oblique incidence problems due to the existence
of mode conversions between them.** Gunawan
and Hirose** analyzed the edge-reflection problem of
obliquely incident GWs in a plate using the mode
decomposition semi-analytical method. Reflection coef-
ficients of different wave modes were plotted against
non-dimensional frequency for various cases of
symmetric and anti-symmetric incident Lamb modes.
Experimental validation was performed on a steel plate

with different incidence angles showing very good
agreement with the numerical results. Wilcox et al.*?
have used a semi-analytical finite element (SAFE)
method to model the scattering of obliquely-incident
GWs from an infinitely-long feature in a waveguide.
Transmission and reflection coefficients were calculated
for different incidence angles and frequencies. The
authors compared their simulation solutions to the
experimental data for an adhesively-bonded stiffener.
Santhanam and Demirli*> have also addressed the
reflection of obliquely-incident LWs from the free edge
of a plate. Symmetric and anti-symmetric LW incident
modes were considered, and the problem was analyzed
by orthogonal mode decomposition and by enforcement
of traction-free boundary conditions using the colloca-
tion method. Energy-based reflection coefficients were
determined for different frequency-thickness values. A
qualitative experimental validation was performed using
PZT transducers, while the authors have commented
that only order-of-magnitude estimates of the energy
coefficients can be determined using such transducers.
On the other hand, several researchers have tackled
the problem of LW scattering and mode conversion
from damage and geometric discontinuities. Shen and
Giurgiutiu*® have developed an analytical predictive
tool for GW propagation and damage interaction. A
framework for exact two-dimensional (2D) LW solu-
tion in the frequency domain was proposed. Wave-
damage interaction coefficients (WDICs), determined
from a local FE model with non-reflective boundaries,
are used to describe scattering and mode conversion
from the existing damage. Those WDICs are then
coupled with the analytical solution to solve for the
total wave-field at the needed sensor location. The solu-
tion is finally transformed back into the time domain
to provide the predicted sensor measurement. Limiting
the needed FE calculations to the local region of the
damage bypasses the computational and time demands
of a full FE model, for large-scale problems, while still
benefiting from FE capabilities for modeling complex
damage geometries. Poddar and Giurgiutiu*’ suggested
a new analytical method to compute the scattering of
straight-crested LWs from geometric discontinuities,
which they called complex modes expansion with vec-
tor projection (CMEP). The authors applied CMEP to
the problem of a step-like change in the plate’s thick-
ness. They verified their results by comparison to the
axial-flexural model at low frequencies and to 2D FE
analysis at higher frequencies. CMEP achieved a per-
fect agreement with FE results up to 1.5 MHz.mm with
200-times less computational time. Finally, the authors
have suggested techniques for the application of CMEP
to damages such as notches, cracks, and delamination.
As a continuation of the work, Haider et al.*® used
CMEP in a global-local analytical method to analyze
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Figure I. lllustrations of the predominant oscillation directions of the fundamental guided-wave modes: (a) S; mode,
(b) Ao mode, and (c) SHo mode.
the scattering of A4, incident waves from an intact and the FE model and measurement details. Section

a damaged stiffener within the plate. By comparing the
resultant waveforms between the two cases, the crack
within the stiffener could be detected. Experiments with
selective excitation of straight-crested anti-symmetric
LW were conducted for validation, and good agree-
ment in results was attained.

A lot of work, available in the literature, tackles the
scattering and interaction of LWs with geometric or
structural discontinuity, but there exists very little work
tackling their interaction with dissimilar welds. In a
recent study,*’ the behavior of the S, and 4, LWs, upon
the normal and oblique interaction with a dissimilar solid
joint, was numerically studied. An intact AA6061-T6/
AZ31B joint was modeled in “COMSOL Multiphysics”,
and LWs’ excitation and propagation were simulated in
a three-dimensional (3D) FE environment. Simulation
results showed that the Sy mode was partially converted
into the SHy, mode when obliquely interacting with the
material interface. The existing modes (Sy, Ay, and Sy—
SH,) were extracted from their propagation directions,
which were determined using Snell’s law for different
incidence angles. Reflection and transmission waves were
separated from other wave superpositions, and their
coefficients were then calculated.

This study expands on the previous work.*” An in-
depth analysis was performed for a comprehensive
investigation of the interaction of LWs with a dissimi-
lar welded joint. A theoretical, numerical, and experi-
mental investigation is presented. Section “Theoretical
background and analytical approximation” introduces
a general theoretical background about the problem.
Identification of the involved GW modes, namely, Sy,
Ay, and SH, modes, based on their oscillation direc-
tions and group velocities is explained. Wave—joint
interactions including mode conversion, reflection and
transmission directions, and critical-angle calculations
are investigated. An analytical solution of the in-plane
modes based on plane-wave approximation (PWA) is
introduced. Section “Finite element modeling” describes

“Experimental validation” describes the samples used
for experimental validation, the experimental setup, and
data acquisition. Section “Results and discussion” pre-
sents and discusses the obtained results. Finally, the last
section summarizes the concluding remarks.

Theoretical background and analytical
approximation

Wave modes identification

LWs are clastic waves guided by the free top and bot-
tom surfaces of thin plates.'” The fundamental LW
modes are distinguished by their predominant longitu-
dinal and shear-vertical vibrations of particles. A longi-
tudinal wave oscillates the plate particles back and
forth in the direction of wave propagation, while a
shear-vertical wave oscillates the particles vertically
(normal to the plate surface) and perpendicular to the
direction of wave propagation. Based on its predomi-
nant in-plane longitudinal particle displacement, the
fundamental symmetric mode (Sy) can be referred to as
the fundamental longitudinal LW mode. Similarly, the
fundamental anti-symmetric mode (A4) can be referred
to as the fundamental shear-vertical LW mode. On the
other hand, the fundamental SH mode (SH,) is a GW
mode that also propagates in thin plates, with the parti-
cles purely vibrating in the horizontal plane (parallel to
the plate’s surface) and perpendicular to the wave pro-
pagation direction. While in-depth analyses of GW
modes’ displacements and shapes can be found in com-
prehensive textbooks,'”*1**° Figure 1 illustrates the pre-
dominant vibration directions of the Sy, 4y, and SH,
modes with respect to their propagation direction. In
addition to their particle-oscillation directions, different
GW modes can be also identified in the measured wave-
fields based on their group velocities (c,).

Considering two aluminum-alloy (AA6061-T6) and
magnesium-alloy (AZ31B) plates of 3-mm thickness
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Table |. Mechanical properties of the used materials.

Material Density (p) Young’s modulus Poisson’s
in kg/m3 (E) in GPa ratio (v)

AA6061-T6 2700 69 0.33

AZ31B 1770 45 0.35

joined together, the theoretical group and phase-
velocity dispersion curves of the propagating LW
modes (mainly 4, and Sy) were determined using
“Wavescope”.’! Since SH, is a non-dispersive mode
and based on its theoretical formulation,’> both the
group and phase velocities of the SHy, mode were found
to be equal to the bulk-wave shear velocity (c7). The
material properties of the joined materials are summar-
ized in Table 1.7

The obtained group-velocity dispersion curves of the
LW modes are shown in Figure 2. A typical central fre-
quency of 200 kHz was chosen for LW excitation. The

Table 2. Theoretical group velocities of the existing guided-
wave modes at 200 kHz.

Wave mode Cg (m/s) in Cg (m/s) in
AA6061-T6 AZ3I1B
So 5268.7 5280.15
Ao 2980.32 2967.69
SHo 3099.6 3068.6

frequency was chosen so that only the fundamental
modes (4y and Sy) are excited in the plate. Table 2
shows the theoretical group velocities of the modes of
interest at 200 kHz. The group velocities of the 4, and
So modes are very different, which assures well-
separated modes after propagating for some distance.
The phase velocities of the fundamental modes at
200 kHz are listed in Table 3.

Figure 3 shows examples of simulated sensor mea-
surements for a 200-kHz GW propagating in the plate
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Figure 2. Group-velocity dispersion curves for a plate of 3-mm thickness: (a) AA6061-T6 and (b) AZ3IB.
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(details of the FE simulations are explained in section
“Finite element modeling”). The wave was excited using
a PZT wafer placed on the AA6061-T6 sub-plate. The
wave propagated through the intact dissimilar joint and
then was captured in the AZ31B sub-plate. Two mea-
surements, taken at two different sensing positions, are
shown in Figure 3. The first two wave packets in the
signals were identified as the first transmission of the Sy
and 4o LW modes, respectively. The group velocities of
these two modes were calculated using the time-of-
arrival of the wave packets, based on the highest peaks
(marked in Figure 3). The calculated velocities of the S,
and A, modes were 5084.75 and 2884.62 m/s, respec-
tively, which are in good agreement with the theoretical
velocities (in AZ31B) listed in Table 2. Although A is
the predominant mode in the out-of-plane displace-
ments, the Sy mode can still be captured, as shown in
Figure 3, due to bending and mode-shape effects.

Wave—joint interactions

Assuming a perfect joint between dissimilar material,
ideal transmissions and reflections are expected with no
scattering. Upon interaction with the material interface, the
energy of the incident modes is distributed among the
reflected and transmitted (or so-called refracted) wave
modes. Mode conversion is also expected to occur upon
the wave interaction with the interface (i.e., the welded
joint), thus producing additional modes in the reflected and
transmitted portions of the incident wave.*' The relation
between the angles of the incident modes and their corre-
sponding reflected or transmitted modes is defined by
Snell’s law™ (traction-free boundary condition at the mate-
rial interface)

Cpl _ Cp2
sin(f;)  sin(6,) (m)

where c,1 and ¢, are the phase velocities of the incident
and reflected/transmitted modes, respectively; and 6,
and 6, are, respectively, the acute angles between the
incident or reflected/transmitted modes’ propagation
direction and the normal to the material interface.

To differentiate between different angles that will be
used throughout this article, incidence angles will be
defined as i instead of 6;, while reflection and transmission
angles will be respectively named 7 and 7 instead of 6,.

Mode conversion. In the case of oblique incidence,
incident-wave modes may convert into other wave
modes, at the level of the joint, while being transmitted
to the other material or reflected into the same mate-
rial.*! Figure 4(a) illustrates the general case of an in-
plane longitudinal mode (L) incident at a solid-solid

material interface. A portion of the incident L; con-
verts into an in-plane shear mode (S) after interacting
with the interface. This yields two in-plane modes (L,
and S;) reflecting into Material 1, and two other in-
plane modes (L, and S5) transmitted into Material 2.

Based on the above, a portion of the incident S,
wave mode will be converted into the symmetric SH,
mode when obliquely interacting with the joint.”* SH,
mode would also be generated upon the interaction of
the Sy mode with the plate’s boundaries. This study will
focus on the interaction of incident LW modes with
dissimilar-material joints; thus, the studied SHy, mode
will be only the mode converted from the incident S,
wave mode upon its interaction with the joint. This
mode will be referred to as Sy—SH, mode in the rest of
this article.

On the other hand, since the predominant displace-
ment of the 4y mode is parallel to the material interface
(at both normal and oblique incidence), no other dis-
placement component would be generated upon its
interaction with the weld. Thus, the 4o mode should
not undergo any mode conversion under the assump-
tion of a perfect joint.

Critical angles. The critical angle (0.) of a wave mode is
defined as the largest incidence angle which still results
in the refraction of this mode. Beyond this angle
(01>6.), the mode would undergo total internal reflec-
tion after interacting with the interface.*' If the wave
mode is excited at its critical incidence angle (6, =6,), it
would refract along the material interface, that is, with
an angle of refraction 6, =90°. Thus, the critical angle
of each mode can be calculated using Snell’s law by
replacing 6, by 90°

Cp1 _ sz
sin(f.)  sin(90°)

. Cpl (2)
= #,= arcsin {L} Y cpr<cpm
Cpg

If the incident wave mode undergoes conversion at
the interface, two critical angles may exist.*' Referring
to Figure 4 (in-plane longitudinal incident mode), upon
exciting at the first critical angle (6..), L, will be
refracted along the material interface (L, in Figure
4(b)). Beyond 6.,, the unconverted portion of the inci-
dent L; would undergo total internal reflection within
Material 1, while S, keeps refracting into Material 2. If
the incidence angle is increased up to the second critical
angle (0.s), if exists, S, will be refracted along the mate-
rial interface (S;, in Figure 4(c)), which means no wave
will be transmitted into Material 2 anymore. Beyond
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Figure 4. (a) General case of a longitudinal wave incident at a solid-solid material interface, and illustrations of the (b) first critical

angle (0,,.=6) and (c) second critical angle (6, =6.s).

Table 3. Theoretical phase velocities and critical angles of the existing guided-wave modes at 200 kHz.

Wave mode ¢p (m/s) in AA6061-Té

¢, (m/s) in AZ31B

0. (AA6061-T6 to AZ31B) 0. (AZ31B to AA6061-T6)

So 5327.06 5349.19
Ao 1990.08 1989.21
So—SHo Cp|(5°)= 5327.06 CpZ(SHo] = 3068.6

CPZ(SHO) = 3099.6 Cp|(50) = 5349.19

84.79° -
- 883I°

0.s, the whole incident mode will undergo total internal
reflection in Material 1.

In particular, because the incident Sy mode within
this study may convert into the SHy mode, two critical
angles may exist. The first critical angle is for the trans-
mitted Sy mode, while the second critical angle is for
the transmitted So—SH, mode. According to equation
(2), the critical angle exists only if the phase velocity of
the transmitted wave mode in Material 2 is greater than
that of the incident mode in Material 1 (i.e., when pro-
pagating from a slower to a faster medium in terms of
the phase velocities of the involved modes).

Table 3 summarizes the theoretical phase velocities
and critical angles of the modes considered in this
study. The second critical angle does not exist for the
So—SHy mode since the phase velocity of the incident
mode (Sy) is always greater than that of the refracted
mode (SHy). Similarly, no critical angle exists for the
Sp mode when the wave propagates from AZ31B to
AA6061-T6, as well as for the 4o mode when the wave
propagates from AA6061-T6 to AZ31B.

PWA of in-plane modes

According to Gunawan and Hirose,* when wh Jer — 0
(where o is the angular frequency = 2af; h is half of
the plate’s thickness =d/2; and cr is the transverse/

shear bulk-wave velocity), the Sy mode behaves as the
longitudinal bulk wave with a constant through-
thickness value and a zero out-of-plane value. Under
the same condition, the SHy, mode is reduced to the
shear bulk wave which is also constant through-
thickness and null in the out-of-plane direction. In
other words, when wh/cy — 0, the amplitudes of the
fundamental symmetric modes (Sy and SH, modes)
can be determined under the assumption that the plate
is in a 2D plane-stress state. This means that the trans-
mission and reflection coefficients of the S, and SH,
modes can be approximated by those of the longitudi-
nal and shear bulk waves, respectively. Gunawan
and Hirose® have studied the reflection of obliquely-
incident GWs from the free edge of a plate, where they
have compared their semi-analytical results to the bulk-
wave approximation results. This approximation was
found to be accurate at a value of wh/cr=1.96.

Wilcox et al.** have also confirmed this concept jus-
tifying that the mode shapes of the symmetric Sy and
SH, modes are almost constant through the plate’s
thickness at low frequency X thickness (f.d) values,
which makes their solutions analogous to longitudinal
and transverse bulk waves. The authors have used this
analogy as one of the validations of their SAFE
approach. Similarly, they compared the results of their
SAFE model, for the Sy and So—SH, reflections from



Fakih et al.

647

the free edge of a 1-mm aluminum plate in the case of
an incident S, mode, to explicit analytical solutions of
bulk waves.* The comparison was conducted both at
different incidence angles and using a constant inci-
dence angle with a variable excitation frequency. Very
good agreement of the results was attained up to an f.d
value of 1.5 MHz.mm. The authors have commented
that such an agreement up to 1.5 MHz.mm cannot be
attributed to the plane-stress analogy because the mode
shape of the Sy mode, at such frequencies, contains sig-
nificant out-of-plane stress. However, the disagreement
of the results at f.d values lower than 0.2 MHz.mm
was justified by the deterioration of a part of their mod-
el’s performance (absorbing region) at low frequencies.

In the current work, and for ease of statement
throughout the text, this analogy will be named as
PWA since the Sy, and So—SH, modes are approxi-
mated as plane waves propagating in a certain direction
with constant mode shapes through the plate’s thick-
ness. Based on the mentioned literature results,’>**
PWA is expected to be valid for the used f.d value
(f.d= 200kHzX3mm = 0.6 MHz.mm) and for both
examined materials (wh/cr=~0.61 for both AA6061-T6
and AZ31B). It should be noted here that PWA can
only be applied to the in-plane modes (assumed con-
stant through-thickness, i.c., assumed in a 2D plane-
stress condition) and cannot be applied to the case of
an incident 4, mode.

Joseph Rose,*! in his book “Ultrasonic Guided
Waves in Solid Media,” provides a matrix formulation
for the analytical calculation of transmission and reflec-
tion coefficients (vector X), of a harmonic plane-wave
incident at a perfect solid-solid interface, as follows

MX =a
X =transpose([Ry, Rs, Tp, Ts))
r —cosy sin 7'g
—sin 7 —Ccos 7
M= ‘ ;

le(/\l +2/.L1)00521A’S lel-Ll Sinz;'s

—k1L/.L1 sinZ?L —k1s[.,L] 0082175

—COS T

sin 7y,
ap = and ag=

le(/\l +2/.L1) COSZIA"S

L —k1L[.L1 sin 2IA"L
where 1 and 2 are the indices of Material 1 and
Material 2, respectively; R and T are the reflection and
transmission (refraction) coefficients, respectively; L
and § are the indices for longitudinal and shear (trans-
verse) waves, respectively; # and 7 are the reflection and
transmission (refraction) angles, respectively; & is the
wavenumber; A and w are the material -elastic

constants; a; or ag are used if the incident wave is a
longitudinal wave or a shear (transverse) wave, respec-
tively; and ¢; and cg are the velocities of the longitudi-
nal and shear (transverse) waves, respectively.

The relations between the material elastic constants
and the bulk-wave velocities are given as follows*!

(4)

Thus, the terms containing these constants in equa-
tion (3) can be replaced as such

pc%:)\ +2u and pci:p,

k(A +2p) =2 (pc3) =wpcp =27f pey,

ksi= & (pc3) = wpes = 2mf pes

2mf pe
kLM:%(pcé): cr :

(5)

where p is the material density; and o is the angular fre-
quency (w=2m7f).

For an incident longitudinal wave, the first row in
equation (3) is derived from the first boundary condi-
tion of particle displacements/velocities, at the interface,
in the normal direction as follows™*!

refl P refl - o tr 4 tr i
— A7 cosrp+ A" sinrg — Aj costy +Ag sintg
= — A7 cosry

Arefﬂ refl Atr
L
inc

AL
tr

Ay )

Zine SIntg= — COSry
L

= —R;cos?; +Rgsinig — Ty costy + Tssintg

:>_

+

= —cosry

Rycos?, Rgsinfg Tpcosi, Tgsinitg .
_ + _ _

COS 7y cos 7y cos 7y COS 7'
(6)
—cosiy sinzg
sin?;, cos fg
kor(Ay +2mu,) c0s2ts  —kasp, sin 21 3)
—kar p, sin 217 —kysp, cOs 2tg
sin 7'g
COS 7'y

7k1§/J,1 sin 2;'5

—k15[.L] COS 2175

where Afﬂ is the amplitude of the reflected longitudinal

wave; Aggﬂ is the amplitude of the reflected shear (trans-
verse) wave; A7 is the amplitude of the transmitted
(refracted) longitudinal wave; A% is the amplitude of
the transmitted (refracted) shear (transverse) wave; and
A is the amplitude of the incident longitudinal wave.
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Figure 5. Transmission and reflection coefficients at 200 kHz of the Sy and So—SHo modes using PWA: (a) AA6061-T6 to AZ3IB

and (b) AZ31B to AA6061-Té.

To apply these formulations for the case of the inci-
dent longitudinal Sy, mode, ¢; will be replaced by the
phase velocity of the Sy mode (cps,), and cg will be
replaced by the phase velocity of the converted So—SH,
mode (cpsm,)-

Figure 5(a) shows the results for the Sy incident wave
propagating from AA6061-T6 to AZ31B, while Figure
5(b) shows the same results in the opposite propagation
direction. The negative sign of the reflection coefficient
indicates that the reflected mode is out-of-phase with
respect to the incident mode (180°-phase difference).
The sum along the normal to the material interface is
shown in the figures for verification; this sum should be
equal to unity according to equation (6).

Figure 5 can be obtained using equation (3) by cal-
culating X. Each row gives one of the transmission and
reflection coefficients, knowing the material properties
and the angles. The angles, in turn, can be calculated
using Snell’s law explained in equation (1).

The transmission coefficient of the S, mode stays
almost constant from normal incidence (i=0° until
reaching a steep angle (changes by less than 5% up to
i=78%. The constant value when the wave propagates
from AA6061-T6 to AZ31B is about 1.2, while it is
about 0.8 in the other propagation direction. Both S,
transmission and mode conversion drop down to zero
at 1=90° (excitation along the interface), while the S,
mode’s reflection coefficient gives a value of —1. This
indicates that the waves will not be transmitted into the
second material in this case.

The abrupt changes in the reflection and transmis-
sion coefficients, in the AA6061-T6 to AZ31B propaga-
tion (Figure 5(a)), are because the incidence angle is

close to the critical angle. The value of the critical angle
in the figure is in good agreement with the value that
was calculated in section “Wave—joint interactions”
(Table 3). The transmission coefficient of the S, mode
sharply drops to zero after the critical angle since no Sy
mode will be refracted. Since the second critical angle
does not exist for the Sy—SHy mode (Table 3), the total
reflection of the incident wave does not occur. Smooth
curves appear in Figure 5(b) since no critical angles
exist when the S, mode propagates from AZ31B to
AA6061-T6.

The highest S—SH, mode conversion occurs around
i~45° in both propagation directions. While the trans-
mitted S;—SH, mode is extremely weak, its reflection
reaches significant values of above 20% of the incident
So amplitude. The results of the reflection and trans-
mission coefficients, presented in Figure 5, will be dis-
cussed in more detail and compared to the numerical
and experimental results in section “Transmission and
reflection coefficients.”

FE analysis was conducted to extend on the applica-
tion of PWA. The details of the FE model will be
explained later within this article. For an excitation fre-
quency of 200 kHz and an incidence angle of i=20°,
the amplitude of the second peak of the refracted Sy
mode, after propagating from AA6061-T6 to AZ31B,
was plotted versus the plate’s thickness in Figure 6. A
measurement was taken at every 0.5 mm in the
through-thickness direction after S, has propagated for
a distance of 85 mm in AA6061-T6 and 80 mm in
AZ31B. The amplitudes were normalized based on
their highest value for easier analysis. It can be noticed
that the maximum amplitude variation through the
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Figure 6. Through-thickness normalized amplitude of the
refracted So mode for a wave propagating in the forward
direction at i=20" (sensor position = 80 mm).

plate’s thickness is around 4%. This confirms the valid-
ity of the Sy mode’s approximation as a plane wave in
both materials (AA6061-T6 and AZ31B) at the used
f.d value.

FE simulations were also conducted at different exci-
tation frequencies (50-400 kHz) for a LW propagating
from AA6061-T6 to AZ31B at a constant incidence

coefficients of the Sy and Sy—SH, modes were deter-
mined and compared to those calculated using PWA
(Figure 7). A good agreement between the FE results
and PWA is observed over the studied range of f.d val-
ues (0.15-1.2 MHz.mm). Hence, the use of PWA to
approximate the symmetric modes is valid within the
excited frequency range.

Finite element modeling

“COMSOL Multiphysics” FE software was used to
create two adjoining metallic plates of 3-mm thickness
and the same size along the common interface (Figure
8). The two plates were joined together to represent a
dissimilar-material welded plate assuming a perfect
joint. The material properties assigned to each of the
sub-plates are listed in Table 1. Homogeneous isotropic
linearly-elastic materials were assumed.

Circular piezoelectric (PZT-5H) transducers, 10 mm
in diameter and 1 mm in thickness, were modeled based
on a solid-mechanics/electrostatics multi-physics solver
and were used to excite the LWs. The actuator was
placed at 115 mm from the joint’s center, and nine inci-
dence directions were used for excitation, namely, 0°,
10°, 20°, 30°, 40°, 50°, 60°, 70°, and 80° with the normal
to the material interface (as shown in Figure 8(a)). The
width and length of the two sub-plates were changed,
as convenient, based on the position of the transducer
and the sensing points upon changing the angle of inci-
dence and propagation directions. Five-cycle Hann-
windowed sinusoidal signals, of 200-kHz central fre-
quency and 240-V peak-to-peak voltage, were fed into

4 Ano .. .
angle (1=20%). The transmission and reflection the poles of the PZT wafer. Forward and backward
' ' ' ' ' ' ' ' —SO transmission (PWA)
N VN VN VN VN A N A
121 M v v M M v v SO—SHO transmission (PWA)

,E) L 1}= 'So reflection (PWA)
o]
E.;: 081 1|--S,-SH,, reflection (PWA)
S 06 116 So transmission (FE)
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2] .
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Figure 7. Transmission and reflection coefficients of the So and So—SHo modes at different excitation frequencies using PWA and FE
simulations for a wave propagating in the forward direction at i=20".
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Figure 8. (a) A schematic of the FE model (all dimensions are in mm) and (b) top-view of the meshed FE model (i =40°).

directions were simulated (AA6061-T6 to AZ31B and
reversed) for each incidence angle. A free tetrahedral
mesh was used with a maximum element size of 2 mm
(Figure 8(b)). The outer side edges of the plate were
assigned low reflecting boundaries to minimize the
boundary reflections. Similar analyses were also com-
pleted for single-material plates (non-welded AA6061-
T6 plate and AZ31B plate) to be used for the separa-
tion of interface reflection and transmission wave-fields
from other wave superpositions. The separation tech-
niques are explained in sections “Reflection separation”
and “So—SH, transmission separation.”

Measurements were taken on all transmission and
reflection directions of each of the targeted wave modes.
The angles defining those directions are denoted in Figure
8(a) a5 7, mode, and 70qe for the incidence, reflection, and
transmission angles, respectively. The angles were derived
based on Snell’s law as discussed in section “Wave—joint
interactions.” Using equation (1), given that the phase
velocity of the incident modes is constant when propagat-
ing in the same material, then their reflecting angles are
the same as their incidence angles. The incident wave
excited by the PZT wafer contains both S, and A4, modes,
therefore, 75, = 4, = 1 as designated in Figure 8(a).

Fifty measurement points (sensors) were chosen
along each of the propagation directions and an addi-
tional measurement was taken on the material interface
(central point). This resulted in a total of 301 measure-
ment points that are allocated on the surface of the
plate based on the incidence angle and propagation
directions across materials. All the sensors were placed
at 2-mm spacing (as seen in Figure 8(a)). They were dis-
tributed along a distance of 100 mm before and
100 mm after the interface and along the transmission

and reflection directions of each mode. This will be
indicated, later in this article, as —100 to 100 mm in
the spatial-time plots of the waves.

Displacements, at the sensing points, in the x-direc-
tion (u), y-direction (v), and z-direction/out-of-plane
(w) were extracted at a sampling rate of 20 MHz. The
collected data were then used to determine the wave-
fields related to each mode. The mode extraction, based
on the FE and experimental measurements, is discussed
in detail in section “Mode extraction.”

Experimental validation

Sample preparations

Two specimens were used for the experimental valida-
tion: one non-welded AA6061-T6 plate and another
intact friction-stir-welded AA6061-T6/AZ31B plate.
The two plates are of 250 X 250 X 3 mm® dimensions,
as shown in Figure 9. The measurements from the non-
welded AA6061-T6 plate were used for the separation
of reflection and transmission wave-fields, as will be
explained later in sections “Reflection separation” and
“So—SH, transmission separation.”

Circular PZTs with wrapped electrodes, of 10-mm
diameter and 1-mm thickness, were placed in a circular
pattern on the surface of the specimens. This has
allowed the wave actuation at different incidence angles
while keeping a constant distance (along the propaga-
tion direction) from the welded joint or the middle line
of the plate. The distance from the center of the PZT
actuators to the center of the joint was 90 mm. A spe-
cial template was cut using a laser cutting machine to
be used for fixing the PZTs at a constant radius with a
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AAG061-T6

Figure 9. (a) A drawing of the template used for proper PZT
placement (dimensions are in mm), and photographs of the
specimens used in this study: (b) AA6061-T6 plate, (c) AA6061-
T6/AZ31B plate’s front-side, and (d) AA6061-T6/AZ3 1B plate’s
back-side.

20°-angular distribution (Figure 9(a)). The PZTs were
placed at both sides of the joint to excite LWs in both
the forward and backward directions. The plate edges
were covered by several layers of gummy tapes to dam-
pen the boundary reflections of the excited waves
(Figure 9(b) to (d)).

The scanning area was covered by a layer of retrore-
flective spray, as shown in Figure 9(b) and (d). The ret-
roreflective effect reflects the laser beam back to the
laser head with minimal scattering, which increases the
laser focus and makes it more uniform among the
scanned points. This would make the laser measure-
ments less noisy and more reliable.

The healthy condition of the FSW plate was assured
by performing a computed tomography (CT) scan of
the plate and checking the weld for any damage. The
CT scan was performed using a high-resolution CT
scanner (Philips iCT 256). A through-thickness cross-
sectional CT image of the welded plate is shown in
Figure 10. No voids can be seen through the material
interface, indicating the intact condition of the joint.

Experiment setup

Figure 11 shows a photo of the system used to acquire
the ultrasonic GWs. A Polytec PSV-400 3D scanning

AA6061-T6

250

Intact material
interface

Welding direction

250

Figure 10. A through-thickness cross-sectional view of the
welded test specimen, from a CT scan, showing its intact weld
condition.

Dimensions are in mm.

Figure 11. A photo of the experimental setup showing the
Polytec PSV-400 3D SLV and its control box, the signal
generator, the amplifier; and a testing specimen. The specimen
shown in the figure is before using gummy tapes on its edges.

laser vibrometer (SLV) (with three separate laser heads
and a data acquisition system) was used to measure the
GWs in the testing specimens. Five-cycle Hann-wind-
owed tone burst signals, of 200-kHz central frequency,
were used to excite the LWs in the plates. The tone
bursts were generated via a signal generator (Tektronix
AFG 3021B), amplified up to 240 V peak-to-peak vol-
tage using a power amplifier (Krohn-Hite model 7500),
then fed into the piezoelectric transducers. Different
incidence angles, varying from 0° to 80° with a step of
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Figure 12. Spatial-time plots of the in-plane normalized velocity field (along the wave propagation direction) measured from the
FSW plate, for a wave propagating from AA6061-T6 to AZ3IBati=0": (a) before and (b) after using gummy tapes and

retroreflective spray.

20°, were used to excite the LWs. Waves were actuated
in the forward and backward directions for every inci-
dence angle, while measurements for each actuation
were taken using the 3D SLV.

The 3D velocity components were measured at all
the reflection and transmission directions of the exist-
ing wave modes. Scanning points were defined along
the propagation directions with a 2-mm resolution.
This is to ensure a high-quality resolution image of the
wave propagation. A scanning point was placed at the
center of the material interface, while 40 other scanning
points were distributed along each of the propagation
directions, thus covering a scanning distance of 80 mm
on either side of the weld. This is indicated as —80 to
80 mm in the spatial-time plots of the GWs.

To increase the signal-to-noise ratio, 200 time-
response measurements were averaged at each scanning
point. A low-pass filter was applied to remove the high-
frequency noise from the measurements. A sampling rate
of 2.56 MHz was used in all experimental measurements.

Figure 12 shows an example of the spatial-time plots
of the in-plane normalized velocity fields (along the
wave propagation direction) of a line scan from the
AA6061-T6/AZ31B plate before and after using the
gummy tapes and retroreflective spray. The line scan
was made, along the central horizontal line while excit-
ing the zero-incidence-angle PZT. A high percentage of
the boundary reflections were absorbed by the gummy
tapes, and focused measurements were obtained after
using the retroreflective spray, as shown in Figure 12(b).

Results and discussion

Mode extraction

The in-plane displacements/velocities in the x- and y-
directions (z and v, respectively), as well as the out-of-

plane displacements/velocities in the z-direction (w)
were recorded at all the measurement points. The dis-
placements/velocities (w) correspond mainly to the A,
mode oscillations (Figure 13(a)). Referring to the sche-
matic diagrams shown in Figure 13(b) and (c), the S
and SH, wave-fields can be calculated according to
equations (7) and (8), respectively

Us, =u % cos(¢g, ) + v sin(g, ) (7)
Usp, = v * €08 (g, ) — u * sin(¢ppy, ) (8)

where U, is the displacement field of the mode “m”; ¢,,
is the angle between the x-axis and the mode propaga-
tion direction (# oscillation direction); based on the
quadrant in which the sensing points are located and
the wave’s propagation direction, ¢ of a certain mode
varies according to the following geometrical cases:
geometrical case 1: first or third quadrant, a wave pro-
pagating from left to right: ¢, =0,,, geometrical case 2:
first or third quadrant, a wave propagating from right
to left: ¢, =180°+6,,, geometrical case 3: second or
fourth quadrant, a wave propagating from left to right:
é,,= — 0, and geometrical case 4: second or fourth
quadrant, a wave propagating from right to left:
¢,,=180° — 0,,; and 6, is the acute angle between the
propagation direction of the mode “m” and the normal
to the material interface.

Although circular-crested waves are obtained by PZT
actuation, determining the modes of interest along one pro-
pagation direction, as illustrated in Figure 13, proved to be
an efficient simplification of the problem to be similar to an
obliquely-incident straight-crested LW propagation.

Signals collected from all the sensing points along a
given measurement direction can be plotted in the spa-
tial-time domain. This can be achieved by accumulating
all the vertical time plots of the signals side-by-side
along the spatial axis (horizontal axis). Figure 14(a),
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Figure 13. (a) Sample out-of-plane displacements on the surface of the plate for a wave propagating in the forward direction at
i=40°, and two illustrating examples of So and SH, wave-field calculations: (b) geometrical case | and (c) geometrical case 4.

Table 4. FE and experimentally obtained group velocities of the LW modes for a wave propagating in the forward direction at i = 20°.

Measurement FE Experimental

Wave mode ¢g (m/s) in AA6061-T6 g (m/s) in AZ31B ¢ (mfs) in AA6061-T6 g (m/s) in AZ31B
So 5311.5 5335 5297.9 5311.5

Ao 2951.6 2975.9 3036.6 2829.8

FE: finite element.

(c), and (e) shows the wave-fields obtained using the FE
simulations for the wave propagating in the forward
direction, at i=20° for the So, 4o, and SH, modes,
respectively. Different modes were identified based on
their measurement directions and velocities as discussed
earlier. Furthermore, Figure 14(b), (d), and (f) shows
similar results obtained from the experimental analysis.
A good agreement was evident between the results of
the FE simulations and the experiments. The obtained
average group velocities of the Sy and Ay modes are
summarized in Table 4.

It was observed that there were some weak bound-
ary reflections in the experimental measurements;

however, they are almost fully suppressed in the FE
results due to the use of low reflecting boundaries. The
So—SHy transmission did not appear clearly in Figure
14(e) due to its low amplitude when compared to the
other wave-fields propagating in the plate (less than
one-tenth of S, amplitude). Experimentally, the So—
SH, transmission did not appear in Figure 14(f) since it
is extremely weak. The separation of the Sy—SH, trans-
mission is discussed further in section “Sy—SH, trans-
mission separation.”

The experimental measurements were collected using
different actuators; therefore, experimental data were
normalized. The A, wave-fields (along the incidence,
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transmission, and reflection directions) were normal-
ized to the peak value of the first transmission along
the incidence direction (indicated by the red arrow in
Figure 14(d)). The Sy and the Sy—SH, measurements
were normalized using the peak value of the first trans-
mission of the S, measurement along the incidence
direction (indicated by the red arrow in Figure 14(b)).
Figure 15 shows an example for the Uy, signal (mea-
sured in the out-of-plane direction) at the first sensing
point (sensor position = —80 mm) and at another sen-
sing point (sensor position = 24 mm). Both signals are
part of the wave-field shown in Figure 14(d). The red
arrow indicates the peak value in the Uy, wave-field,
which was used to normalize all other signals of the
wave-field of Figure 14(d).

Reflection separation

Figure 16(a) shows the FE simulation of the S, wave-
field measured along the reflection direction, for a wave
propagating in the forward direction at i=20°. The
waves measured at those sensing locations are the super-
position of the direct transmissions from the actuator,
boundary reflections, and reflections from the weld
region. It is critical to separate the reflections caused by
the presence of the material interface/discontinuity.

To separate interface reflections, measurements
from the same actuator-sensor configurations were
recorded in a single material for the same plate size.
The wave-fields measured at the reflection directions
(e.g., Figure 16(b)) were then subtracted from the
dissimilar-material reflection wave-fields (e.g., Figure
16(a)). The obtained fields are those resulting from the
waves’ interactions with the dissimilar-material inter-
face (e.g., Figure 16(c)). To isolate the reflections in
AA6061-T6 to AZ31B measurements, AA6061-T6
single-material measurements should be subtracted.
Similarly, to isolate reflections in the opposite propaga-
tion direction, AZ31B single-material measurements
are to be used. Equation (9) summarizes the followed
reflection separation method for an incident wave pro-
pagating from Material X to Material Y

Urx/y) = Urpixyy) — Urp(x/x) )

where Ug(x/y) is the wave-field, reflected from the mate-
rial interface, from an incident wave propagating from
Material X to Material Y at an angle of incidence i;
Urp(x/y) 1s the wave-field, measured along the reflection
direction, from an incident wave propagating from
Material X to Material Y at an angle of incidence 7; and
Urp(x/x) 18 the wave-field, measured along the reflection
direction, from an incident wave propagating from
Material X to Material X at an angle of incidence i.

Figure 16(c) shows a clear reflection field of the Sy
mode. This reflection has an average group velocity of
5333 m/s, which is in good agreement with the
AA6061-T6 theoretical value presented in Table 2
(5268.7 m/s). The separated reflection fields of the
other modes (4, and Sy;—SH,) of the same simulated
wave are presented in Figure 17. As mentioned earlier,
SH, was not significant before the wave interaction
with the material interface; thus, its noticeable appear-
ance in the reflection field is due to Sy—SH, conversion
upon S, interaction with the joint.>> This is also clear
based on the amplitude of the SH, mode in the
reflected field (Figure 17(b)), which is higher than its
amplitude in the incident field (Figure 14(e)). The aver-
age group velocities of the obtained A, and SH,, reflec-
tions were determined to be 3062 and 3094 m/s,
respectively, and they are both close to the theoretical
values shown in Table 2 (2980.32 and 3099.6 m/s,
respectively).

The same procedure was applied for the experimen-
tal measurements to separate interface reflections from
other wave superpositions. The separated reflection
fields from experimental measurements were not as
clear as those obtained from the FE simulations, which
is expected. Figure 18 presents the experimental mea-
surements of the Sy mode along its reflection direction
for an incident wave propagating in the forward direc-
tion at ;1=20° (Figure 18(a)), and similarly in the
AA6061-T6 single-material plate (Figure 18(b)). After
subtracting these two wave-fields, the wave-field in
Figure 18(c) was obtained. The reflection field of the Sy
mode can be identified as shown in the figure. It has an
average group velocity of 5120 m/s, which has good
agreement with the AA6061-T6 theoretical value pre-
sented in Table 2 (5268.7 m/s).

It should be noted here that several steps were taken
during the experiments to minimize all possible differ-
ences between measurements from two different speci-
mens including placement of PZTs, soldering, and
connections. The retroreflective spray and gummy
tapes were made as uniform and consistent as possible
between the two plates. The two plates were placed at
the same position and height with respect to the laser,
and a precise and careful calibration of the 3D SLV
was performed to have similar and accurate measure-
ment positions. Data were normalized to account for
differences between different actuator PZTs and bond-
ing quality. Despite all this, errors still existed due to
unavoidable operational and environmental variations.

So—SH, transmission separation

The measured Sy—SH, transmission along its expected
propagation direction was noticed to have a low ampli-
tude when compared to the other measured wave-fields
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on the same plate. It was found that this mode is
masked by other transmissions and reflections, as
shown in Figure 14(e) and (f). Therefore, a separation
procedure was established to extract the transmitted/
refracted Sy—SH, mode.

In the reflection separation (section “Reflection
separation”), the wave-fields measured along the reflec-
tion directions would have both propagated only in
Material X, which makes their direct subtraction a rea-
sonable solution. The wave-field measured along the
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So—SH, transmission direction, across a dissimilar joint,
would have passed from Material X to Material Y,
while in a single-material plate, it would have propa-
gated only in Material X. To account for the amplitude
variation between different materials, the single-material
wave-field was normalized to that of dissimilar materials
before subtraction. Given that the first wave-pack was
noticed to be common between the two subtracted
wave-fields (Figure 19(a) and (b)), the amplitude of the
third obvious peak in this wave-pack was used for
amplitude normalization (other peaks can be used for
normalization). This procedure is described as follows
Us,—sty(x/Y) = Usaypx ) — X Usyp(x/x) (10)
where Us,_su,x/y) is the refracted Sy-SH, wave-field,
converted from the Sy mode of an incident wave propa-
gating from Material X to Material Y at an angle of
incidence i; Usn,pix/y) 18 the SHy wave-field, measured
along the S;—SH, transmission direction, from an inci-
dent wave propagating from Material X to Material Y

at an angle of incidence i; Ust,px/x) 18 the SHy wave-
field, measured in the same direction as Usy,pix/v)s
from an incident wave propagating from Material X to
Material X at an angle of incidence 7; and a is the coef-
ficient that normalizes the amplitudes of Ugy,px/x) to
those of Ugy,p(x/y), determined from a chosen peak of
the first wave-pack (third peak in this case) and at a
chosen sensor position.

Similarly, the time of arrival of the wave-pack, con-
sidered for normalization, is a bit different between the
two wave-fields due to propagation in different materi-
als. This time-shift would have been more obvious if the
group velocities of the studied materials were not close
in values (refer to Table 2). The time-shift increases with
the propagation distance and, hence, differs from one
sensor position to another. Therefore, time-alignment
should also be applied to Ugy,px/x), at each sensor
position, before subtraction.

Figure 19 illustrates the separation of the Sy—SH,
transmission for the wave simulation of an incident
wave propagating in the forward direction at i=20°.
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(b) from the wave-field shown in (a), based on equation (10).

The average group velocity of the obtained Sy—SH,
transmission is 3021 m/s, which is very close to the the-
oretical value presented in Table 2 (3068.6 m/s).

When applying the same separation method to the
experimental measurements, the refracted So—SH,
mode was very weak to appear. This agrees with both
the PWA results (section “PWA of in-plane modes™)
and the FE results.

Attenuation curves

The attenuation curve provides information about the
change in the amplitude of the propagating wave with
distance. Attenuation of LW modes occurs due to mul-
tiple possible mechanisms including dispersion, beam
divergence, material damping, scattering, and leakage
into a neighboring medium.>® Investigating the attenua-
tion behavior across multiple media would allow for a
better understanding of LW propagation from one

solid medium to another along with the underlying
phenomena.

Attenuation in single-material plates (isotropic and
non-welded) is not affected by the incidence angle since
the material interface does not exist. Thus, the curves
determined from multiple experimental measurements
(at multiple incidence angles) in the AA6061-T6 plate
were averaged to have one single reference and avoid
experimental variations between different single-mate-
rial recordings. Figure 20 shows the experimental S,
attenuation curves when propagating in the AA6061-
T6 plate (for the wave’s first peak) and when propagat-
ing in the forward direction in the welded plate (first
peak; i=0°. Upon crossing the material interface
(around sensor position =~0), the wave amplitude
experiences a sudden jump before it continues in the
normal attenuation behavior. This increase in ampli-
tude may indicate that the wave-field is amplified when
passing from a stiffer medium (AA6061-T6) to a softer
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and the AA6061-T6/AZ3 1B plate (forward direction; i=0’; first peak).
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Figure 21. FE So-mode attenuation curves in both the AA6061-T6 plate (i=0’; first peak) and the AA6061-T6/AZ3 1B plate

(forward direction; i=0; first peak).

medium (AZ31B). Figure 21 shows the FE results of
the same case. Similar conclusions and observations
can be drawn from Figure 21, while more data consis-
tency is obvious, due to the absence of possible experi-
mental errors and noise.

Figure 22 shows the experimental and FE attenua-
tion curves of the backward propagation direction
(third peak; 7=0°) as compared to that in the AZ31B
single-material plate (non-welded). Unlike the ampli-
tude amplification in the forward direction, the wave-
field showed a sudden drop in amplitude upon passing
from a softer medium (AZ31B) to a stiffer one
(AA6061-T6). The variation between the experimental
and FE attenuation curves at their start is because the
sensing points in the FE model start at “sensor

position = —100 mm,” while they start at “sensor
position = —80 mm” in the experiments (in addition
to the difference in the actuator position).

A sinusoidal variation in the S, amplitude is evident
at the beginning of the attenuation curves of the first
peak (Figures 20 and 21); however, this variation
increases significantly in the attenuation curves based
on the third peak (Figure 22). This oscillation pattern
indicates that the S, mode was not fully converged.
This instability can be explained by two inter-related
phenomena, namely, LW dispersion into two different
modes of different velocities (4, and Sy), and the super-
positions between the two modes before their complete
separation. To understand these two phenomena, the
experimental S, spatial-time plots at =0° are shown in
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Figure 23. The two LW modes are identified on the fig-
ures, illustrating that the complete separation between
the two modes did not occur before about 45 mm from
the center of the plate (dashed-red line). The separation
of the two modes (dispersion) and the superposition
between them while separating have both led to the
sinusoidal shape that can be seen in the attenuation
curves. It can be also noticed from Figure 23 how the
Ao mode separates from the first peak of the Sy mode
first (sensor position ~ — 50 mm), then it separates
from the second peak at a later stage (sensor position
~ — 25 mm), and finally from the third peak approxi-
mately at the center of the plate. This explains why the
sinusoidal variation lasts for different propagation dis-
tances between the attenuation curves of different
peaks. Furthermore, the disturbance in the attenuation
curves, just before the material interface (sensor

position ~0 mm), is due to the superposition of the
incident Sy mode with its reflection from the material
interface.

Transmission and reflection coefficients

The transmission and reflection coefficients of the wave
modes were determined through a direct comparison of
the amplitudes of the transmitted and reflected fields
with the transmissions of the wave in the incidence
medium (single-material propagation). Equations (11)
and (12) were respectively used to compute the trans-
mission and reflection coefficients of both the 4, and
So modes. The SHy mode is a conversion from the S,
mode; therefore, the transmission and reflection coeffi-
cients of the Sy—SH, mode were determined using equa-
tions (13) and (14), respectively
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where T{,, is the transmission coefficient of mode “m”
at an incidence angle i; R(,, is the reflection coefficient
of mode “m” at an incidence angle #; 4], ,, is the ampli-
tude of the transmitted mode “m” after traveling a dis-
tance / from Material X to Material Y (incident wave
propagating from Material X to Material Y at an angle
of incidence i); A5 (o is the amplitude of the reflected
mode “m” after traveling a distance / in Material X
(incident wave propagating from Material X to
Material Y at an angle of incidence 7); and Agr—sm) 18
the amplitude of the transmitted mode “m” after travel-
ing a distance / in a single material (Material X).

Amplitudes of the single-material propagations
(Ayr—s ) appearing in the denominators of equations
(11) to (14)) can be taken at any incidence angle since
there is no material interface. For the FE calculations,
it was preferred to take them at the same incidence
angle as that of the dissimilar-material propagation (in
the numerators) to eliminate the numerical discrepan-
cies that may results from the mesh errors due to wave
propagations in different mesh shapes.

To minimize possible errors and variations in the
experimental data, and to have only one reference,
experimental single-material measurements (4 — ()
were taken as an average combining all the tested inci-
dence angles (as mentioned in section “Attenuation
curves”). Furthermore, given that the data normaliza-
tion relied on the third peak of the signal, the calcula-
tions of the coefficients were based on the third peak,
whenever possible, for consistency.

Transmission and reflection coefficients can be cal-
culated after the wave travels any distance /, as long as
[ is kept constant between the dissimilar-material and
single-material propagations (same / for the numerator
and the denominator). For example, the FE transmis-
sion coefficient of the Sy mode can be calculated using
the attenuation curves presented in Figure 21, by the
division of the value of any blue point (propagation
from AA6061-T6 to AZ31B) over the value of its corre-
sponding black point (AA6061-T6 single-material pro-
pagation) at the same sensor position. Calculations
should be performed after the wave interacts with the
material interface (sensor position >0). Similarly, val-
ues from Figure 20 can be used to calculate the experi-
mental transmission coefficient of the Sy, mode. Since
experimental data show some perturbation, the trans-
mission coefficient was calculated using all possible
data points, then the average value was considered.
Figure 20 represents the attenuation curve of the first
peak in the S, mode; however, coefficients using all
other peaks were also calculated, and the peaks with
minimal variations were considered. This process was
also applied to calculate all the transmission and reflec-
tion coefficients of the studied modes. Figures 24 and
25 show the transmission and reflection coefficients of
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Figure 25. Transmission and reflection coefficients of the Ap mode.

the symmetric (S, and Sy—SH,) and anti-symmetric
(A4p) wave modes, respectively, for both the forward
and the backward propagation directions.

The determination of all experimental coefficients
was tedious due to the undesirable superpositions
between the anticipated modes and other modes and/or
boundary reflections. For this reason, some experimen-
tal data points are missing in Figure 25 (AA6061-T6 to
AZ31B; A, reflection at i = 60° and i =80°). In addition,
the experimental Sp—SH, transmission coefficients are
not available in Figure 24 because the transmission of
this mode is extremely weak. The weak amplitude of
the So—SH, mode is also observed in the FE and PWA
results (Figure 24). Furthermore, the experimental
results could not be determined for the backward direc-
tion because the single-material measurements from the
AZ31B plate are not available.

The FE and PWA results are in good agreement. Some
variations exist when comparing to the experimental
results. The variation is within the acceptable range taking
into consideration the sources of errors associated with
the PZT placement, material properties, weld condition,
and the operational conditions during the testing.

The transmissions of the S, and 4, modes remain
approximately constant and unaffected by the change
of the incidence angle until it becomes very steep
(i=~78°), as can be seen in the experimental, FE, and
PWA results. At the Sy mode’s critical angle, a sharp
peak appears in the transmission before it drops back
to zero. Material properties and excitation frequencies
would cause a change in the critical angles of the modes
and their interaction behavior; this means that the con-
stant trait among most of the incidence-angle range
may not be generalized for other types of materials and
other excitation frequencies.

The values of the 4y and S, transmission coeffi-
cients are above unity (=1.2 for both modes) when
the wave propagates from AA6061-T6 to AZ31B.
This means that the amplitude of the propagating
wave is amplified by about 20% when it passes from
AA6061-T6 to AZ31B. However, the transmission
coefficients of the LW modes are about 0.8 when the
wave propagates in the opposite direction. Thus, the
wave amplitude drops by about 20% when passing
from AZ31B to AA6061-T6. This indicates that the
wave-field is amplified when passing from a stiff
medium to a softer medium, while it is attenuated
when the wave’s propagation direction is reversed.
While energy is conserved, the energy of the wave
mode propagating in a soft medium can oscillate
the particles with higher amplitude than it can when
propagating in a stiffer medium.

The reflection coefficients of the three wave modes
(So, Ao, and Sy—SH,) are approximately equal for the
forward and backward propagation directions, but they
have opposite signs. The opposite signs mean that there
is a 180°-phase difference between the reflected modes
among the two propagation directions. The similarity
in the reflection coefficients, between the two propaga-
tion directions, vanishes in the vicinity of the critical
angle where sudden sharp peaks appear in the forward
direction. Considering the absolute values, the reflec-
tion of the 4y mode has shown a gradual increase with
the increase in the incidence angle, with values between
6% and 20% (Figure 25). The reflection of the Sy, mode
decreases with the increase in the incidence angle until
it reaches zero (at i between 55.5° and 57.1°), after
which it starts to increase. The reflected Sy—SH, mode
increases with the increase in the incidence angle from
zero (at 1=0° up to a certain angle (i~46.5%, after
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which it starts to decrease, with values varying between
0% and 30%.

When an ultrasonic wave encounters a tough inter-
face/medium, the phase of its reflection is expected to
change.>® This is observed in the results for the AZ31B
to AA6061-T6 propagation and is only applicable to
the shear modes (negative reflection coefficients for the
Ay and So—SH, reflections). On the contrary, the S,
reflection starts out-of-phase with respect to the shear
modes, then it switches the phase in both propagation
directions at an incidence angle between 55.5° and
57.1°, after crossing through the point of zero reflec-
tion. It was observed that the phase of the S;—SH,
reflection in the FE results was shifted from that of
experimental and PWA results, this phase-shift was
ignored in the reported findings.

PWA has shown that the maximum Sy—SH, conver-
sion occurs around i~45°, as was discussed in section
“PWA of in-plane modes.” FE simulations and experi-
ments were not performed at 1=45° however, this
result is confirmed by the trend of the FE and experi-
mental results. While the transmitted converted mode
is extremely weak, a significant Sy—SH, mode conver-
sion appears as a reflection from the material interface,
reaching values of above 20% of the incident-wave
amplitude.

Capturing reflections with higher values than what
was obtained in this study may indicate the existence of
a flaw or damage within the welded AA6061-T6/
AZ31B plate. This applies also when capturing trans-
missions of lower values than the ones that were deter-
mined for an intact joint using the same excitation
frequency. However, obtaining the same values of
reflection and transmission coefficients does not reflect
the intact condition of the plate unless proper sensor
placement and plate coverage were insured. This can be
achieved by performing sensor-network optimization.>’

It can be noticed that the FE results of the trans-
mitted Sy mode and the experimental results of the S,
and Sy;—SH, modes are a bit deviated from the PWA
results at i=80°. The problem at this steep angle is the
possible superposition of multiple wave lobes reflecting
or transmitting from the weld line due to the wave pro-
pagation near the weld. Such superpositions are diffi-
cult to separate or identify in the measured signals,
which may be the reason for the recorded deviation. In
addition, evanescent modes possibly existing near the
PZT or the weld line may also interfere with the studied
propagating modes.>® This is in addition to the fact
that this incidence angle is close to the critical angles of
both LW modes.

Based on the results presented in this section, mode
reflections seem to be highly influenced by the

excitation incidence angle. This fact should be taken
into consideration by investigators before using wave
reflections for NDE applications. Consequently,
reflection-based sensor networks in structures contain-
ing an AA6061-T6/AZ31B dissimilar joint could be
complex to design and may not be efficient enough.
The incidence angles and the amount of reflection
expected to emerge from the joint toward each sensor
should be taken into consideration while designing or
optimizing a sensor network. A stronger reflection
means a higher potential of this reflection to carry
information about flaws lying between the actuator and
the joint or within the joint itself.

On the other hand, Lamb-mode transmissions are
almost constant up to a very steep incidence angle
(i=~78°) in both the forward and backward propagation
directions. This means that transmission-based NDE
and sensor networks could be easier to design and use
efficiently without considering the complexities of many
incident-wave angles.

Concluding remarks

The propagation behavior of the fundamental LW
modes, upon the oblique interaction with dissimilar
solid mediums, was numerically and experimentally
investigated. An intact AA6061-T6/AZ31B joint and
non-welded plate(s) were used for this purpose. A tech-
nique was developed to identify in-plane and out-of-
plane GW modes from the 3D scanning laser vibrom-
eter measurements and the 3D finite element simula-
tions. Reflections from the material interface, as well as
the converted Sy—SH, mode’s transmissions, were sepa-
rated from other superpositions appearing in the mea-
sured wave-fields. The transmission and reflection
coefficients of the studied modes (S, 49, and Sy—SHy)
were assessed and analyzed. The existence of an Sy—
SHy mode conversion was verified when an obliquely-
incident Sy mode interacts with the material interface.
The transmission of the converted Sy;—SH, mode was
found to be extremely weak, while the amplitude of its
reflection reaches values above 20% of the incident S,
mode. Reflection amplitudes of the S, and A4 LW
modes vary with the incidence angle and reach values
up to around 20% of the incident waves. The transmis-
sion coefficients of the S, and A, modes are almost
constant, with a variation of less than 5% until a very
steep incidence angle (i=~78°). The transmission ampli-
tudes of both modes increase by around 20% when the
wave propagates from AA6061-T6 to AZ31B, while it
drops by the same percentage in the inverse propaga-
tion direction.
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The transmission and reflection coefficients of the
symmetric modes were accurately predicted using
plane-wave analytical solutions. It was confirmed that
this approximation can provide good prediction, com-
pared to finite element analysis and experimental inves-
tigations, over a range of frequency X thickness values.
The results of this study provide a better understanding
of LW interaction with intact dissimilar-material joints.
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