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Crack detection in welded structures of dissimilar material using guided waves is not well developed. This paper
scrutinizes the effect of material discontinuity in plate structures and the excessive plastic deformation, within
friction stir welded (FSW) joints, on the propagation behavior of guided waves toward their application in weld
assessment. Quantifying the scattering, attenuation and group velocities of the guided waves when they pro-
pagate across different media, as well as determining the elastic properties of the material within the weld will
provide rich information about the behavior of ultrasonic waves.

Three pristine defect free friction stir welded plates were used in this study. The first specimen was a weld of
dissimilar materials aluminum/magnesium alloy (AA6061-T6/AZ31B), the second was of dissimilar aluminum
alloy grades (AA6060/AA7020-T651), and the third was of the same aluminum grade (AA7020-T651/AA7020-
T651). The elastic properties across all the welds were extrapolated using nano-indentation technique.
Ultrasonic guided waves were excited and measured using piezoelectric wafers and laser Doppler vibrometer
(LDV). Additionally, a sensor network design was implemented on the three specimens using piezoelectric
transducers.

Wave reflections, based on the LDV results and the information collected from the sensor network, were
observed at the weld zone of the AA6061-T6/AZ31B FSW plate, while no reflections were detected at the weld
zones in the AA7020-T651/AA7020-T651 and AA6060/AA7020-T651 plates. The results were correlated with
the measurements obtained from the nano-indentation experiment, where a sharp change in the elastic prop-
erties of the base metals in the AA6061-T6/AZ31B welded joint were detected, unlike the other two plates that
showed constant elastic properties across the weld zones. The results showed that the amount of scattering at the
joints is a function of the wave propagation direction. It was noticed that the average wave reflection generated
when the wave crossed from the AZ31B to the AA6061-T6 base metal was around 35% of the incident signal, but
it reduced to 25% when the wave propagation direction was reversed.

Characterizing ultrasonic waves in FSWs and the behavior of the incident and reflected waves in the welded
zones will further improve on the technology used for inspection and monitoring of solid state welded joints.

1. Introduction

Friction stir welding (FSW) is a modern solid-state welding tech-
nique invented in 1991 by W. Thomas and his colleagues at the Welding
Institute of Cambridge (Thomas et al., 1991). Solid-state welding occurs
below the melting temperature of the base metals without the need of
any consumable materials. Since no melting occurs, solid-state welding
presents several advantages over fusion welding, including reduced
cost, superior mechanical properties, and fewer emissions (Giraud
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et al., 2016). This process is becoming more popular and is being effi-
ciently used in many applications, including automotive, marine,
aerospace, railway, and aircraft industries (Ranjan et al., 2016).

FSW is carried out by plunging then translating the pin of a non-
consumable rotating tool (Master) between the abutting edges of the
plates to be joined. The shoulder of the tool is forced onto the surface of
the work piece (Slave), providing the needed frictional heat and ma-
terial flow to produce the joint. This excessive plastic deformation re-
sults in four distinct weld zones, known as the parent zone (or

Received 1 June 2017; Received in revised form 22 November 2017; Accepted 9 January 2018

Available online 11 January 2018
0924-0136/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09240136
https://www.elsevier.com/locate/jmatprotec
https://doi.org/10.1016/j.jmatprotec.2018.01.006
https://doi.org/10.1016/j.jmatprotec.2018.01.006
mailto:sm154@aub.edu.lb
https://doi.org/10.1016/j.jmatprotec.2018.01.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmatprotec.2018.01.006&domain=pdf

J. Tarraf et al.

Shoulder Width

Journal of Materials Processing Tech. 255 (2018) 570-583

Fig. 1. Friction stir weld zones; NZ: nugget zone, TMAZ: thermo-me-
chanical affected zone, and HAZ: heat affected zone (Podrzaj et al., 2015).
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unaffected zone), the heat affected zone (HAZ), the thermo-mechani-
cally affected zone (TMAZ), and the weld nugget zone (NZ), shown in
Fig. 1 (Podrzaj et al., 2015).

The evolution of the weld’s microstructure is highly dependent on
the tool design, processing parameters and cooling rate (Su et al.,
2005). The inappropriate selection of FSW process parameters, which
results in abnormal stir conditions or excessive or insufficient heat
input, can cause various defects, such as surface grooves, cavities,
tunnels, and flash formations (Ranjan et al., 2016). Several NDE
methods are used to detect defects in welded structures, such as X-ray
radiography, thermography, eddy current, and ultrasonic techniques
(Ranjan et al., 2016). Regular NDE methods are performed during
scheduled inspections and therefore there is always a possibility for
crack to initiate, propagate and cause a failure before the scheduled
inspection is due. On this basis, ultrasonic elastic waves (e.g., Lamb
waves) were successfully used in multiple applications, for damage
detection (Mustapha and Ye, 2014; Mustapha et al., 2016), as an effi-
cient tool in the field of structural health monitoring (SHM), to provide
a continuous monitoring method.

Lamb waves (LWs) have demonstrated high capability to scan large
areas with high sensitivity and strong penetration (Su et al., 2006).
Weld inspection using ultrasonics has focused on arc welding, and the
literature shows that only a modest focus has been made on friction stir
welding. Pulse-echo (using the reflection of the wave signal) and pitch-
catch (using the transmission of the signal) modes, using ultrasonic
waves, have showed a high potential to detect defects and hidden
cracks in welded structures (Burch and Bealing, 1986) (Yang et al.,
2016). Further, ultrasonic waves can provide information about the
type and kind of cracks that may be present within the structure, where
many classification algorithms has been established for this purpose
(Burch and Bealing, 1986) (Liu et al., 2015).

A combined laser-electromagnetic acoustic transducer (EMAT) was
proposed by Dixon et al. (1999) for fusion weld evaluation. The ex-
periments were performed by exciting the surface by means of a pulsed
laser and receiving the generated large amplitude ultrasonic waves
using the EMAT transducer. The authors investigated the difference
between an intact steel plate and defected welded plates in terms of B-
scans and mode reflections and conversions to detect and locate dif-
ferent types of flaws. Kazys et al. (2006) performed both experimental
and numerical analysis on the interaction of guided waves with welds
and other irregularities in liquid-loaded steel plates such as tank floors.
The acoustic energy that is reflected by a weld or a flaw into the water
was captured and then used to detect the presence of flaws. Arone et al.
(2006), in turn, interrogated aluminum welded joints by ultrasonic
waves excited by both non-contact pulsed laser and contact angle-beam
actuators. An air-coupled sensor was implemented as a receiver of ul-
trasonic waves used for damage localization and characterization.

LWs were used in ultrasound immersion setups to assess the quali-
ties of friction stir welded joints in aluminum-alloy plates. Santos and
Santos (2010) used a pitch-catch configuration to excite and receive
LWs in a specimen which is submerged in a water medium. Their
proposed assessment technique was thought to be efficient in providing
a qualitative classification of linear FSW, however, it was not able to
detect miniature weld flaws. In contrast, Delrue et al. (2016) succeeded
in capturing kissing bond defects, using nonlinear features in the re-
flected waves, based on a pitch-catch configuration setup. Nevertheless,
root flaws were successfully detected and assessed by the same authors
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(Tabatabaeipour et al., 2016) using the backscattered energy from the
bottom of the weld. A full scan of the weld in the cross-sectional and
longitudinal directions was performed using an angle-beam technique.
Recently, Fakih et al. (2017, 2018) used LWs to classify worm holes of
different severities in magnesium-alloy FSW plates, using a non-im-
mersion pitch-catch setup. For validation, CT-scanning was carried out
to accurately capture the damage profiles and assess their severities.
Further, the damage volumes in the plates were determined from their
reconstructed 3D models based on the performed CT-scans. A highly
linear correlation was obtained between the proposed amplitude-at-
tenuation-based damage index and the calculated damage volumes.

LWs have demonstrated a high potential to be used in the inspection
of welds between parts of the same material, however, FSW of dis-
similar materials (material discontinuity in the weld zone) may result in
scattering while the wave is crossing the welded region. Therefore,
assessing defects in both similar and dissimilar FSW based on LWs re-
quires the study of the waves’ behavior when crossing through the weld
region or from one medium to another, and understanding the princi-
ples of reflection and transmission at the boundary between the two
mediums (Cheeke, 2012).

This work addresses the study of LWs propagation behavior in de-
fect-free similar and dissimilar FSW joints and is presented as follows:
we first present the procedure and parameters used for the friction stir
welding of three similar and dissimilar metallic specimens. This is fol-
lowed by the experiments done using first a piezoelectric transducer
and laser Doppler vibrometer configuration, and then a sensor network
system which formed sensing paths across the welds. Data captured
during the experiments were then analyzed and interpolated against the
elastic properties found across the welds using line scans of nano-in-
dentation load-unload curves. The signals captured before and after the
welds were compared together and with those captured from the raw
material paths to quantify the reflections from the weld interface. The
frequency-wavenumber filtering technique was used to filter out the
reflected waves from the incident and transmitted waves based on the
data extracted from the Laser Doppler Vibrometer (LDV) test performed
on the three plates. The paper concludes with an overall summary of
the results, the limitations of the different approaches and directions for
further work.

2. Experimental setup

Three defect-free friction stir welded plates (AA7020-T651/
AA6060-T6 [300 mm by 300 mm dimensions], AA7020-T651/AA7020-
T651 [300mm by 300mm dimensions], and AA6061-T6/AZ31B
([250 mm by 250 mm dimensions]) were manufactured using opti-
mized FSW process parameters. The AA7020-T651 and AA6060-T6
plates were 5 mm in thickness, while the AA6061-T6/AZ31B plate was
3 mm in thickness.

The AA7020-T651/AA6060-T6 FSW plate was manufactured at
1000 RPM rotational speed and 300 mm/min advancing speed. The
AA7020-T651 material was placed on the advancing side (Giraud et al.,
2016). The AA7020-T651/AA7020-T651 plate was manufactured at
1200 RPM rotational speed and 800 mm/min advancing speed. A
schematic of the friction stir welding processing is shown in Fig. 2.

For the AA6061-T6/AZ31B FSW plate, rolled strips of AZ31B and
AA6061-T6 alloys were sheared from the base material sheets and
placed respectively at the retreating and advancing sides of the rotating
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Table 1
Summary of the welded plates used for testing with their corresponding optimized
welding parameters.

Plate Materials Welded Rotational Speed Advancing Speed
number (rpm) (mm/min)
1 AA7020-T651/ 1000 300
AA6060-T6
2 AA7020-T651/ 1200 800
AA7020-T65
3 AA6061-T6/AZ31B 1200 150

tool. The weld was performed with 1200 RPM rotational speed and
150 mm/min advancing speed of the tool. A summary of the plates used
in this study is shown in Table 1.

Piezoelectric wafers, or PZTs, with wrapped electrodes (PI
Ceramics, Lederhose, Germany), 10 mm in diameter and 1 mm in
thickness, were used to form different sensor networks on the plates.
Each network path consisted of four PZTs, from which one functioned
as an actuator while the others served as sensors. The PZT wafers were
mounted using Loctite® super glue (Mustapha and Ye, 2015). Five si-
nusoidal cycles modulated by Hanning window were generated using
an arbitrary wave generator (NI PXI-5422) at frequencies of 200, 225,
250, 275, and 300 kHz and at a sampling rate of 20 MSa/s. Such a signal
contains one major frequency carrier wave where its amplitude is
modulated to create a tone burst (Giurgiutiu, 2007). The selected

PXIl

Amplifier
Controller

Specimen

FSW Zone

Sensor

PZT

Fig. 2. Schematic of the friction stir welding process (Mishra and Ma,
2005).
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Fig. 4. The sensor network mounted on the AZ31B/AA6061-T6 FSW plate.

excitation frequencies were chosen in order to excite the fundamental
So mode (predominantly have radial in-plane displacement of

Fig. 3. Schematic of the experimental setup for the Lamb wave excitation
and collection.
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Fig. 6. The sensor network mounted on the AA7020-T651/AA6060-T6 FSW plate.

particles), which has shown high sensitivity to defects in metallic
welded structures (Fakih et al., 2017, 2018).

The generated cycles were then amplified to 90 volts peak-to-peak
voltage using an amplifier (EPA-104 Linear Amplifier, Piezo Systems
Inc.) before being fed into the actuator PZT. The signals were captured
using the NI PXIe-2593 multiplexer and the NI PXIe-5122 digitizer. All
the modules were mounted on a PXIe-1082 chassis. Fig. 3 shows a
schematic of the experimental setup.

Fig. 4 shows the sensor network mounted on the AA6061-T6/AZ31B
plate. The network consisted of 12 PZT wafers; every four PZT elements
formed a linear path named Path A, Path B, and Path C. PZT 1 func-
tioned as an actuator, and the rest functioned as sensors. Later, PZT 4
functioned as an actuator and the rest as sensors. The switch in the
function of the PZT elements was to investigate the effect of the pro-
pagation direction of the wave when travelling from AZ31B to AA6061-
T6, and vice versa. The three paths were used to ensure the repeat-
ability of the results across different positions within the weld line. The
distance between PZT 1 and PZT 4 was about 190 mm, while the dis-
tance separating the paths was 47.5mm. The edge distance between
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PZT 2 and PZT 3 was 10 mm, and they were placed just before and after
the weld line, respectively.

Figs. 5 and 6, show the sensor network mounted on the AA7020-
T651/AA7020-T651 and AA7020-T651/AA6060-T6 plates. The net-
work consisted of 8 PZT wafers grouped in two paths, named Path B
and Path D. Each path consisted of 4 PZT elements. Similarly, PZT 1 and
PZT 5 functioned as actuators and the rest as sensors, and later PZT 4
and PZT 8 functioned as actuators and the rest as sensors. Path B ran
across the weld, while Path D was perpendicular to Path B with an
offset of 50 mm from the weld line. The purpose of this setup was to
understand whether there was any scattering in the propagating wave
when it was transmitted through the weld line by comparing it to the
captured wave after propagating in the non-welded region.

3. Material characterization and data analysis
3.1. CT-scanning

The three welded plates used for the investigation were inspected
prior to testing by CT-scanning, to ensure that they were free of defects.
The scans were performed using a high-resolution scanner (Philips
Brilliance iCT 256) with a pixel size down to 0.335 mm. The CT-scans
(DYCOM format) were then imported into the computer software
“Mimics Research 18.0” (Materialise, Ann Arbor, Michigan, USA) to
convert them into 3D models. Fig. 7 shows the cross-sectional views at
half thickness of the constructed 3D models.

In CT-scans, a Hounsfield Unit (HU) is proportional to the degree of
X-ray attenuation and is allocated to each pixel to form the image that
represents the density of the materials. Materials causing similar at-
tenuation of the X-ray thus have a similar HU. A green mask with pixel
thresholds equal to that of air was created using Mimics to help identify
any hidden defects, i.e., any green pixel in the cross section will re-
present air and thus a crack if one exists. Inspecting the interface be-
tween the welded plates in Fig. 7 shows that there are no green pixels
and therefore proves the absence of any defects amongst the three
scanned plates. It can be observed from Fig. 7(b) and (c) that a material
interface appeared at the weld zone between the adjoining base metals
of the dissimilar friction stir welded plates of AA7020-T651/AA6060-
T6 and AZ31B/AA6061-T6. On the other hand, the interface did not
appear in the similar friction stir welded plate of AA7020-T651/
AA7020-T651 (Fig. 7(a)), which may have been a result of the fact that
the material properties of the base metals were the same.

Since the three friction stir welded plates were found to be free of
defects, then any variation in Lamb wave behavior when crossing the
weld line can be solely related to the thermo-mechanical modifications
at the weld zone or to the difference in base metals properties (which
represents a material discontinuity). An understanding of the effects of
these modifications on LWs behavior is an essential step prior to FSW
damage inspection using LWs techniques.

3.2. Weld characterization using nano-indentation

Knowing that elastic and plastic properties of a material are acti-
vated during hardness testing, Zorzi and Perottoni (2013) implemented
a method for the calculation of the Young’s modulus and Poisson’s ratio
using the nano-indentation load-unload curve. Both the load applied to
the indenter and the resulting displacement are recorded to obtain the
force-displacement (load-unload) curve. This curve is used to determine
the material’s elastic properties by solving a system of two equations
with two unknowns (Young’s modulus and Poisson’s ratio). The first
equation can be derived from the load-unload curve of the hardness
test:

€8]
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while the second equation is the Vickers Hardness equation:
0.585
H, = 2[ ] -3.

E and v are the Young’s modulus and the Poisson’s ratio of the
material, respectively; E; and v; are the Young’s modulus and the
Poisson’s ratio of the indenter; and E, is the reduced Young’s modulus,
calculated as:

T1%)

where A is the area of the indentation at the peak load, and S is the
contact stiffness which is equal to the initial slope of the unloading
curve.

An example of the load-unload curve extracted from the experiment
is shown in Fig. 8. The Young’s modulus and the Poisson’s ratio of the
diamond indenter (1140 GPa and 0.07 respectively), together with the
reduced modulus E, and the Vickers hardness H, calculated from the
load-unload curve, are used in the system of equations (Egs. (1) and

9E (1-2v)?

8(1 + v)? 2)

r =

3
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Fig. 7. CT-Scans through half thickness of: (a) AA7020-T651/AA7020-T651, (b) AA7020-T651/AA6060-T6, and (c) AZ31B/AA6061-T6 friction stir welded plates.
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(2)). The solution of the system will yield the Young’s modulus E and
the Poisson’s ratio v of the weld zone.

A nano-indentation line with 60 data points and 0.3 mm spatial
resolution was performed at the transverse cross-section of the AA7020-
T651/AA7020-T651, AA7020-T651/AA6060-T6, and AA6061-T6/
AZ31B FSW zones and slightly into the base metals. The weld zone
Poisson’s ratio and elastic modulus were extracted from the load-unload
curve for each data point and for the three plates.

As shown in Fig. 9, the weld zone elastic properties of the AA7020-
T651/AA7020-T651 FSW plate were the same as that of the base metal
properties; thus, the thermo-mechanical deformation resulting from the
FSW process did not affect the elastic properties across the weld zone.
The average Young’s modulus and Poisson’s ratio were found to be
77.4 GPa and 0.3, with a standard deviation of 4.1 GPa and 0.004, re-
spectively, irrespective whether it is within or outside the welded zone.
The welding tool geometry is shown on the figure, to clarify the posi-
tion of the welded region in the examined space.

The values found in the literature (Mahabunphachai and Koc, 2010)
for aluminum alloys typically are 68.9 GPa for the modulus of elasticity
and 0.33 for the Poisson’s ratio. These values are relatively close to
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Fig. 9. Elastic modulus and Poisson's ratio at the weld zone of the AA7020-T651/AA7020-T651 friction stir welded plate calculated from the load-unload curves (the welding tool

geometry includes a 15 mm diameter shoulder).

what have been calculated using the nano-indentation force-displace-
ment curves, with an error of about 10%.

Inspecting the elastic properties at the weld zone between the two
aluminum alloys (AA7020-T651/AA6060-T6) led to the same conclu-
sion as that drawn from the AA7020-T651/AA7020-T651 joint: the
FSW process did not affect the elastic properties of the weld zone. The
average Young’s modulus and Poisson’s ratio were found to be 79.4 GPa
and 0.32 with a standard deviation of 4.5 GPa and 0.009, respectively.
The calculated value for the Young’s modulus was slightly higher than
the value reported in the literature, resulting in an error of about 13%.
On the other hand, the value of the Poisson’s ratio was closer to the
reported value, with an error of about 4%.

A small drop in the Poisson’s ratio (3%) can be observed, with a shift
of 1.5 mm toward the AA6060-T6 base metal retreating side. The results
are summarized in Fig. 10.

Similarly, the elastic properties at the weld line between AZ31B and
AA6061-T6 were extracted using the load-unload data, and the results
are summarized in Fig. 11. The results show a sharp drop in the mod-
ulus of elasticity and Poisson’s ratio. The drop occurred at an
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approximately 1 mm shift toward the retreating side (AZ31B). The
average calculated modulus and Poisson’s ratio of the AA6061-T6 base
metal were 72.9 GPa and 0.31, while those of the AZ31B base metal
were 49.0 GPa and 0.29, respectively. The results were very close to
those reported in the literature (AA6061: E = 68.9 GPa, v = 0.33
(Mahabunphachai and Kog, 2010) and AZ31B: E = 45GPa, v = 0.34
(Feng et al., 2014)).

3.3. Frequency-wavenumber filtering

A “Polytec OFV-500” laser Doppler vibrometer (LDV) was used to
scan the signal generated in the forward and backward directions along
Path B mounted on the AA7020-T651/AA7020-T651, AA7020-T651/
AA6060-T6, and AZ31B/AA6061-T6 FSW plates (see Figs. 4-6). Three
LDV scans were performed to capture waves activated by actuator PZT
1 and propagating in the forward direction along Path B in the three
plates. Another three LDV scans were performed to capture waves ac-
tivated by actuator PZT 4 propagating in the backward direction along
the same path. PZT 1 and PZT 4 were actuated using 5-cycle Hanning
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Fig. 12. Schematic of the LDV test performed on the
FSW plates.
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windowed sinusoidal tone-bursts at frequencies of 200 and 250 kHz and
sampled at a rate of 20MSa/s. In order to increase the signal-to-noise
ratio and improve the captured signal’s quality from the LDV scan, an
average of 15 measured data were taken for each scanned point. A
retroreflective tape was attached to the scanned line in order to en-
hance the surface reflection. All LDV scans were performed at a sam-
pling rate of 5.12MSa/s. Fig. 12 shows a schematic of the performed
LDV test.

The LDV sensor measured the transverse wave velocity (v) in the
direction of the laser beam. The measured velocities were imported into
a MATLAB script to generate a 2D matrix representing the propagating
wave field v(x, t) in the time-spatial domain (x is the spatial variable
and t is the time variable). To better characterize the propagating waves
within the plate, it is desirable to observe the incident and back-
scattered waves propagating inside the welded plates. The recorded
Lamb wave is decomposed into incident and reflected waves,
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propagating along the plate in the positive and negative x directions,
respectively. In the frequency-wavenumber domain, the wavenumber
of the backward-reflected wave was (k,<0), while that of the forward-
propagating wave was (k,>0). This separation can be performed using a
simple frequency-wavenumber filtering technique. To do so, the cap-
tured wave field was then transformed into the frequency-wavenumber
domain V (k,, w) by applying the 2D temporal and spatial Fourier
transform (FFT2D), according to the following equation:

+00
V (ky, @) = FFTp (V(x, £)) = j‘j‘ (v, £))eitex=0 dxdt

—00

4

where k, is the wavenumber and w is the frequency.

After the separation in the frequency domain, the fields are con-
verted back into the time-spatial domain using the inverse of Eq. (4). A
simple example of this technique is shown in Fig. 13. Using the fre-
quency-wavenumber filtering, the original wavefield in Fig. 13(a) is
decomposed into the reflected in Fig. 13(b) and incident in Fig. 13(c).
Same method was used to filter out the reflected waves from the in-
cident and transmitted waves of the wave field obtained from a line
scan in both directions across Path B for the three FSW plates (Harb and
Yuan, 2016).

The results of the LDV tests for an excitation frequency of 200 kHz
are shown in Fig. 14. Fig. 14(a) represents the backscattered propa-
gating wave in the time-spatial domain across the AZ31B/AA6061-T6
plate after applying the frequency-wavenumber filtering to the original
LDV captured waves. In this case the original wave is propagating from
left (AZ31B plate) to right (A6061-T6 plate) and clear reflections from
the FSW lines could be observed propagating from right to left. The
reflected waves could be also noticed in the frequency-wavenumber
domain plot in Fig. 14(c) with a higher amplitude region around

100
x (mm)

(c)
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- 2 Fig. 13.(a) Captured Lamb wavefield along a
~200 mm line scan perpendicular to welding joints
i 1.5 (at 100mm), the wavefield has been fitlered into: (b)

reflected wavefield due to the welding joint, and (c)
- ] forward propagating wavefield using frequecny-wa-
venumber technique.
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200kHz at a negative wavenumber between -0.105 and —0.11 mm ™.

In Fig. 14(b) where the original wave is propagating from right (A6061-
T6 plate) to left (AZ31B plate) some backscattered wave could be no-
ticed in the time-spatial domain propagating from left to right and is
also clear in the frequency wavenumber domain plot in Fig. 14(d). On
the other hand, no reflections were detected when the waves propa-
gated across the AA7020-T651/AA7020-T651 and AA7020-T651/
AA6060-T6 FSW lines (Fig. 15(a)-(d)).

4. Results and discussion

The following sub-sections will discuss the presence of reflection in
the guided waves collected from the sensor networks mounted on the
friction stir welded plates described earlier, in comparison to the in-
formation gathered from the nano-indentation and LDV testing.
Furthermore, the amount of reflection will be quantified and will be
correlated with the wave propagation direction.

4.1. Wave propagation in AZ31B/AA6061-T6 FSW plate

Firstly, a sharp change in the elastic properties extracted from the
load-unload curves was noticed at the weld line of the AZ31B/AA6061-
T6 FSW plate. In addition, the frequency-wavenumber filtering tech-
nique applied to the AZ31B/AA6061-T6 FSW plate verified the pre-
sence of a reflection from the interface upon the interaction of LWs with
the weld line (where the elastic properties had changed).

Based on the above, in order to quantify the amount of reflection,
three paths named A, B, and C, each consisting of four PZTs, were
mounted on the plate as shown in Fig. 4. PZT 1 was actuated at central
frequencies of 200, 225, 250, and 275 kHz, while PZTs 2, 3, and 4 were
used as sensors to capture the wave signals in each of the paths. The
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Fig. 14. Frequency-wavenumber filtering technique applied to the AA6061-T6/AZ31B welded plate (200 kHz excitation frequency). Backscattered filtered waves plotted in: (a-b) time-

spatial domain, and (c-d) frequency-wavenumber domain.

ability to measure the excited signal just before and after the weld al-
lowed the quantification of the reflection by monitoring the drop in the
signal magnitude (measured using PZT 2 and PZT 3). After that, the role
of PZT 4 was changed to work as an actuator, with the rest of the PZTs
as sensors, in order to investigate the effect of the direction of the wave
propagation on the magnitude of the reflection. The attenuation oc-
curring during the travel of the wave between PZT 2 and PZT 3 was
assumed to be negligible, since the distance was about 20 mm only and,
most importantly, the attenuation rate is very slow after travelling that
distance.

A set of typical signals used to calculate the reflection at 200 kHz
and 250 kHz are shown in Fig. 16. Using PZT 1 or PZT 4 as actuators,
the second peak of the first transmitted wave packet (Fakih et al., 2017,
2018) was compared between the two wave signals captured by PZT 2
and PZT 3. A clear reduction in the amplitude can be observed in either
direction of the wave propagation, despite the excitation frequency.

The experimental results, extracted at several excitation fre-
quencies, showed that the average reflection generated from the FSW
zone when the wave crossed from the AZ31B to the AA6061-T6 base
metal varied between 35% and 37%, depending on the excitation fre-
quency. Furthermore, the variation amongst the three paths did not
exceed 5% and a standard deviation of 1%. On the other hand, the
average reflection generated from the FSW zone when the wave di-
rection was reversed from the AA6061-T6 to the AZ31B base metal was
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around 26%. Moreover, the variation in the reported values amongst
the various paths was between 9% and 13%, but the standard deviation
did not exceed 1.6%. The results are summarized in Table 2.

4.2. Wave propagation in AA7020-T651/AA6060-T6 and AA7020-T651/
AA7020-T651 FSW plates

The frequency-wavenumber filtering technique applied for the
AA7020-T651/AA6060-T6 and AA7020-T651/AA7020-T651 FSW
plates did not show any wave reflections from the weld lines. This can
be explained by the constant elastic properties at the weld zone ex-
tracted from the nano-indentation results. To check for any changes in
the wave behavior when crossing the FSW zone in the two plates, Paths
B and D were mounted on the plates as shown in Figs. 5 and 6. PZTs 1
and 5 were used to activate the waves in each of the paths. The incident
signals captured by PZTs 3 and 4 of Path B were compared to those
captured by PZTs 7 and 8 of Path D, respectively. In the same manner,
but in an opposite direction, PZTs 4 and 8 were used to activate the
waves in each of the paths, and the incident signals captured by PZTs 2
and 1 of Path B were compared to those captured by PZTs 6 and 5 of
Path D, respectively. The comparison between the incident signals
helped to identify any changes of the wave behavior when it crossed the
FSW zone along Path A. All comparisons were done based on the am-
plitude of the second peak in the first wave transmission of each signal
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(Fakih et al., 2017, 2018).

Considering the AA7020-T651/AA7020-T651 FSW plate, Fig. 17
shows a comparison of typical response signals captured using PZT 3
(Path B) and PZT 7 (Path D) after activation of PZTs 1 and 5, respec-
tively, i.e., after the wave had propagated for the same distance. The
signals shown in the figure are those activated using an excitation
frequency of 200 kHz and 250 kHz. The experimental results showed
that the first transmitted/incident signals captured straight after the
weld using PZT 3, excluding the boundary reflection, line up very well
with the incident signals captured in the uniform path using PZT 7
(Fig. 17). The difference did not exceed 4% across the three tested
frequencies, as shown in Table 3(a). Further, the first transmitted/in-
cident signals captured by sensor 4 at the end of the plate (in the
through-weld Path B), matched with the incident signals captured by
sensor 8 (in the uniform Path D). A negligible error up to 3% was ob-
tained. In the same manner, when PZT 4 of Path B and PZT 8 of Path D
were used to activate the signals, the incident signals captured straight
after the weld using PZT 2 (in the through-weld Path B), matched with
the incident signals captured using PZT 6 (in the uniform path D). Also,
the incident signals captured by sensor 1 at the end of the plate (in the
through-weld Path B) matched with the incident signals captured by
sensor 5 (in the uniform Path D). The calculated difference did not
exceed 4%, as shown in Table 3(b).

Similarly, the effect of the weld on the wave propagation behavior
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was investigated in the AA7020-T651/AA6060-T6 FSW plate. The in-
cident waves were captured straight after the weld and at the end of the
through-weld Path B and compared to those captured from their cor-
responding sensors in the uniform Path D, as explained before. A typical
set of signals excited at a frequency of 200 kHz and 250 kHz are shown
in Fig. 18. It was clearly observed that the first transmitted wave packet
line up very well. Further, the calculated difference did not exceed 4%
across the three tested frequencies (Table 4(a)). In addition, when the
wave propagation direction was reversed (using PZT 4 and PZT 8as
actuators), the difference in the signal magnitude did not vary by more
than 4.5% (Table 4(b)).

Based on the LDV results, the nano-indentation, and the quantifi-
cation of the amount of reflection at the weld interface in the jointed
aluminum alloys, it appeared that the thermo-plastic deformation of the
FSW process, as well as the material interface (observed by the CT-
Scans) have no effect on lamb wave propagation behavior. This is
mainly due to the fact that the FSW process does not introduce any
variation into the elastic properties of the weld zone, as observed from
the nano-indentation scans. Accordingly, the friction stir welded
AA7020-T651/AA6060-T6 and AA7020-T651/AA7020-T651 plates can
be treated as uniform plates. On the other hand, the analysis showed
that the dissimilar discontinuity boundary of the FSW between AZ31B
and AA6061-T6 can cause a significant reflection, which varied be-
tween 25% and 35%, depending on the wave propagation direction.
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Fig. 16. Typical signals, used in the reflection calculation, captured straight before and straight after the AZ31B/AA6061-T6 FSW zone: (a-b) AZ31B — AA6061-T6; (c—d) AA6061-T6 —
AZ31B.

Table 2
Reflection generated at the FSW zone when the wave crosses from: (a) AZ31B to AA6061-T6, and (b) AA6061-T6 to AZ31B.

(@

Path A B C A, B &C

Frequency (kHz) Amplitude (volts) Reflection (%) Amplitude (volts) Reflection (%) Amplitude (volts) Reflection (%) Reflection mean (%) Reflection std

1-2 1-3 1-2 1-3 1-2 1-3
200 0.164 0.107 35.07 0.163 0.104 35.93 0.151 0.099 34.39 35.13 0.63
225 0.158 0.101 35.67 0.173 0.110 36.22 0.159 0.104 34.50 35.47 0.72
250 0.164 0.103 37.15 0.177 0.109 38.08 0.155 0.096 38.02 37.75 0.43
275 0.146 0.093 36.21 0.158 0.098 38.10 0.155 0.096 37.81 37.38 0.83
()
Path A B C A, B, &C

Frequency (kHz) Amplitude (volts) Reflection (%) Amplitude (volts) Reflection (%) Amplitude (volts) Reflection (%) Reflection mean (%) Reflection std

4-3 4-2 4-3 4-2 4-3 4-2
200 0.150 0.113 24.40 0.145 0.104 28.11 0.140 0.101 27.47 26.66 1.62
225 0.153 0.111 27.17 0.161 0.118 26.80 0.151 0.115 24.16 26.04 1.34
250 0.154 0.112 27.54 0.153 0.113 25.95 0.133 0.100 25.06 26.18 1.03
275 0.140 0.100 28.26 0.136 0.101 25.20 0.122 0.091 25.72 26.39 1.33
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Fig. 17. Typical signals captured straight after the weld and at the end of the AA7020-T651/AA7020-T651 FSW plate (PZTs 1 and 5 used as Actuators).

Table 3
Comparison of the incident signals: (a) captured by sensors (3 and 7) and by sensors (4 and 8) in AA7020-T651/AA7020-T651 plate (PZTs 1 and 5 acted as Actuators), and (b) captured by
sensors (2 and 6) and by sensors (1 and 5) in AA7020-T651/AA7020-T651 plate (PZTs 4 and 8 acted as Actuators).

(@
Peak amplitude of the captured signal straight after the weld (volts) Peak amplitude of the captured signal at the end of the sensing path (volts)
Path 1-3 5—7 Error (%) 1-4 5—8 Error (%)
Frequency
200 kHz 0.1561 0.1537 1.5 0.1036 0.1024 1.2
250 kHz 0.1391 0.1337 3.9 0.0766 0.0745 2.8
300 kHz 0.0797 0.0785 1.6 0.0363 0.0371 2.3
(b)
Peak amplitude of the captured signal straight after the weld (volts) Peak amplitude of the captured signal at the end of the sensing path (volts)
Path 4—2 8—6 Error (%) 4—1 8—5 Error (%)
Frequency
200 kHz 0.1688 0.1621 4.0 0.0960 0.0975 1.5
250 kHz 0.1385 0.1364 1.5 0.0768 0.0750 2.5
300 kHz 0.0768 0.0783 1.9 0.0374 0.0361 3.4
On that basis, additional care should be considered while inspecting 5. Conclusions
joints of dissimilar materials. The reflection must be quantified in order
to identify any wave scattering that may result from internal cracking Our study focused on the characterization of guided waves behavior
or flaws. in friction stir welded (FSW) plates of similar and dissimilar materials.

The key findings were as follows:
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Fig. 18. Typical signals captured straight after the weld and at the end of the AA7020-T651/AA6060-T6 FSW plate (PZTs 1 and 5 used as Actuators).

Table 4
Comparison of the incident signals: (a) captured by sensors (3 and 7) and by sensors (4 and 8) in AA7020-T651/AA6060-T6 plate (PZTs 1 and 5 act as Actuators), and (b) captured by
sensors (2 and 6) and by sensors (1 and 5) in AA7020-T651/AA6060-T6 plate (PZTs 4 and 8 act as Actuators).

a

Peak amplitude of the captured signal straight after the weld (volts) Peak amplitude of the captured signal at the end of the sensing path (volts)

Path 1-3 57 Error (%) 1-4 5—8 Error (%)

Frequency

200 kHz 0.1495 0.1510 1.0 0.1018 0.0978 4.0

250 kHz 0.1316 0.1337 1.6 0.0783 0.0761 2.8

300 kHz 0.0809 0.0812 0.4 0.0413 0.0406 1.6

(b)

Peak amplitude of the captured signal straight after the weld (volts) Peak amplitude of the captured signal at the end of the sensing path (volts)

Path 4—-2 8—6 Error (%) 4—1 8—5 Error (%)

Frequency

200 kHz 0.1537 0.1601 4.2 0.1020 0.0985 3.4

250 kHz 0.1428 0.1376 3.6 0.0747 0.0725 2.9

300 kHz 0.0820 0.0817 0.4 0.0416 0.0409 1.7

® The excessive deformation, due to stirring, at the weld line within a similar behavior to that of the base metal.
the similar aluminum-aluminum plate (AA7020-T651/AA7020- o The weld line within the magnesium-aluminum welded plate
T651) and the dissimilar aluminum-aluminum plate (AA6060-T6/ (AZ31B/AA6061-T6) showed that the material discontinuity results
AA7020-T651) did not cause any change in the elastic properties of in guided wave scattering in a manner similar to the presence of a
the base metals. It is Therefore concluded that no additional con- crack or a flaw at the weld line. The experimental results showed
siderations are required for the application of guided waves in that the average reflection from the interface varied between 25%
friction stir welded plates of similar materials as the weld region has and 35% of the incident wave, depending on the wave propagation
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direction. Those values may vary depending on the material, geo-
metry of the welded plates and the angle of incidence of the trans-
mitted signal.

The frequency-wavenumber filtering technique, applied to the PZT/
LDV test results in the AZ31B/AA6061-T6 FSW plate, showed that
the frequency of the reflected waves due to the interface remained
equal to that of the incident wave. On that basis, the use of a da-
mage-sensitive feature in the frequency domain is recommended for
dissimilar FSW inspections based on guided waves.

Future work will on the development of an analytical model to
quantify the reflection and transmission of the fundamental lamb wave
modes while propagating across a material discontinuity in FSW plates.
Further, focus will be on scrutinizing the effect of excited wave’s in-
cident angle on the reflection and transmission along the boundary.
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