
Mechanical Systems and Signal Processing 101 (2018) 516–534
Contents lists available at ScienceDirect

Mechanical Systems and Signal Processing

journal homepage: www.elsevier .com/locate /ymssp
Detection and assessment of flaws in friction stir welded joints
using ultrasonic guided waves: experimental and finite element
analysis
http://dx.doi.org/10.1016/j.ymssp.2017.09.003
0888-3270/� 2017 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: sm154@aub.edu.lb (S. Mustapha).
Mohammad Ali Fakih a, Samir Mustapha a,⇑, Jaafar Tarraf a, Georges Ayoub b, Ramsey Hamade a

aDepartment of Mechanical Engineering, Maroun Semaan Faculty of Engineering and Architecture, American University of Beirut, Beirut, Lebanon
b Industrial and Manufacturing Systems Engineering Department, University of Michigan Dearborn, 48128 Dearborn, MI, USA

a r t i c l e i n f o a b s t r a c t
Article history:
Received 16 December 2016
Received in revised form 20 July 2017
Accepted 2 September 2017

Keywords:
Lamb waves
Weld inspection
Structural health monitoring
Friction stir welding
CT scanning
Finite element analysis
Ultrasonic guided waves (GWs), e.g. Lamb waves, have been proven effective in the detec-
tion of defects such as corrosion, cracking, delamination, and debonding in both composite
and metallic structures. They are a significant tool employed in structural health monitor-
ing.
In this study, the ability of ultrasonic GWs to assess the quality of friction stir welding

(FSW) was investigated. Four friction stir welded AZ31B magnesium plates processed with
different welding parameters and a non-welded plate were used. The fundamental sym-
metric (S0) Lamb wave mode was excited using piezoelectric wafers (PZTs). Further, the
S0 mode was separated using the ‘‘Improved complete ensemble empirical mode decompo-
sition with adaptive noise (Improved CEEMDAN)” technique. A damage index (DI) was
defined based on the variation in the amplitude of the captured wave signals in order to
detect the presence and asses the severity of damage resulting from the welding process.
As well, computed tomography (CT) scanning was used as a non-destructive testing (NDT)
technique to assess the actual weld quality and validate predictions based on the GW
approach. The findings were further confirmed using finite element analysis (FEA).
To model the actual damage profile in the welds, ‘‘Mimics” software was used for the 3D

reconstruction of the CT scans. The built 3D models were later used for evaluation of dam-
age volume and for FEA. The damage volumes were correlated to the damage indices com-
puted from both experimental and numerical data.
The proposed approach showed high sensitivity of the S0 mode to internal flaws within

the friction stir welded joints. This methodology has great potential as a future classifica-
tion method of FSW quality.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Friction stir welding (FSW) is recognized as a novel, environmentally friendly, solid state welding process [1] that was
invented and validated by W. Thomas and his colleagues at The Welding Institute in the UK in 1991 [2,3]. It is being widely
used in the automotive, aerospace, and naval industries. The welding process is carried out at a temperature below the melt-
ing points of the welded metals [4,5]. The metal is thereby exposed to minimal heat, leading to many advantages such as
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good steadiness of dimensions, control of weld quality, exceptional mechanical properties of the weld zone, reduction of
porosity and solidification cracking, minimization of the need for surface cleaning, and reduction of environmental impact
[1,6]. FSW is carried out using a non-consumable rotating cylindrical tool with a shoulder and a pin. The pin is inserted into
the adjacent edges of the sheets/plates to be joined, then translated along the line of the joint. The pin is slightly shorter than
the required weld depth, and the shoulder is pushed down on the plates’ surfaces, causing a high frictional force while rotat-
ing. As a result, the tool provides the heating to the workpiece and further ensures the flow of the material to produce the
joint.

Several disadvantages, though not major, are associated with this welding technique; they include the hole that is left
behind when the tool is withdrawn from the workpiece, the need for a large downward force, and the constraints on the
possibility of generating different weld profiles – although the latter may not be a major issue with the advances in robotic
systems and automation [7].

The spindle speed and the tool feed both influence the quality of the produced weld, besides other variables such as the
tool geometry, the tool materials, and the sheet materials. Optimizing the welding parameters is crucial to reduce surface
and internal defects and hence increase the integrity of the weld. Much research effort over the years has focused on
improvement of the microstructure in FSW joints, in particular, reducing the intermetallic phase and characterizing the grain
size and hardness of the mixed materials at the interface. These efforts have further led to optimization of the welding pro-
cess parameters and have engendered interest in the research community to improve the FSW process of bimetallic struc-
tures [8–13].

Inappropriate selection of welding parameters during the FSW process can cause one or several types of defect within the
welded zone, such as worm hole, scalloping, ribbon flash, surface lack of fill, nugget collapse, and surface galling, as indicated
in Fig. 1 [14]. Thus, quality inspection of the resulting weld is a necessity to ensure adequate performance during service.
Internal defects (e.g. worm holes) are usually difficult to detect, therefore, weld inspection requires the use of either destruc-
tive or advanced techniques. Moreover, monitoring the quality of welds is essential for detecting and correcting any variation
in the weld conditions or for recalibrating the welding parameters when needed.

Various NDT methods are currently available for quality control of welds, including visual inspection, acoustic emission,
eddy-current, and ultrasonic inspection. Visual inspection is limited to surface defects, and the other techniques can only
provide local evaluation of a specific region on the structure. These techniques are labor intensive, costly, and time-
consuming when used for inspecting large structures. They also require experienced personnel and, most importantly, can-
not be performed without disrupting the functionality of the inspected structure [15].

GWs have been proposed as an essential tool to be implemented in SHM systems in order to provide continuous
monitoring of metallic and composite structures due to their ability to propagate for long distances in simple and complex
Fig. 1. FSW defects, (a) to (f): worm hole, scalloping, ribbon flash, surface lack of fill, nugget collapse, and surface galling [14].
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curvatures. GWs, in particular Lamb waves, have very high sensitivity to surface and internal cracking, that is due mainly to
the propagation behavior of the fundamental anti-symmetric (A0) and symmetric (S0) modes and high order modes within
the inspected structure [16]. Over the last decades, the proficiency of Lamb waves has been proven, and they have been
widely used to develop damage identification algorithms for assessing fatigue cracking, delamination, fiber breakage,
debonding holes, cracks/notches, and corrosion in composite and metallic plate-like structures [17–24].

The use of ultrasonic waves for weld inspection has also been investigated to some extent, but research has focused
mainly on arc welding, with only few studies focusing on FSW. In 1986, Burch et al. [25] used pulse-echo multi-angle ultra-
sound scanning to detect and classify various types of hidden weld defects in ferritic steels. They established physical models
of ultrasound interaction with such kinds of defect, choosing damage sensitive features to develop an automated classifier. In
1992, Karim et al. [26] studied the scattering behavior of elastic waves in a plate containing inclusions and/or cracks, based
on numerical and analytical analyses. The effects of different types of inclusions and crack shapes and sizes were investi-
gated. Further, they considered welds in aluminum plates and found that welds resulted in greater reduction in the magni-
tude of the displacement spectra in the horizontal direction than in the direction normal to the surface. In 1999, Dixon et al.
[27] proposed a combined laser-electromagnetic acoustic transducer (EMAT) system for weld examination. Large amplitude
ultrasonic waves were generated in samples by illuminating the surface with a laser beam using a pulsed laser, and EMAT
was used as the receiver. The authors compared the B-scans and reflections and conversions of wave modes between a blank
steel plate and weld-defected plates to identify the existence and location of damage. They suggested that the system could
be suitable for a quick pre-screening inspection, because it was not sensitive to all types and sizes of defect. Kažys et al. [28]
studied the interaction between GWs and welds or other irregularities in liquid-loaded steel plates as tank floors. Based on
their experimental and numerical analysis, the authors concluded that a defect or a weld reflected acoustic energy into the
liquid which could later be captured and used for detection of flaws. On the other hand, Arone et al. [29] made use of both
non-contact pulsed laser and contact angle-beam actuators to excite ultrasonic waves in aluminum welded joints. The two
types of waves were received by an air-coupled sensor and were used to locate and characterize defects respectively. Later,
Lu et al. [30] investigated the use of Lamb waves induced and sensed using PZTs to detect and localize welds, cracks, and
cracks containing different types of impurity within steel plates. The authors compared the peak-to-peak amplitudes of
the incident and damage-reflected waves to identify the defects. They used several signal processing and pattern recognition
techniques, namely wavelet transform (WT), continuous WT, and Hilbert transform, to improve the damage detection pro-
cess. As well, numerical simulation was used for validation. Moreover, Yang et al. [31] have proposed a Bayesian-based prob-
abilistic approach for the quantification of crack size using Lambwaves in 2024-T3 aluminum plates. The waves were excited
and captured using piezoelectric wafers in a pitch/catch configuration. Phase change and the normalized amplitude of the S0
mode were used as damage sensitive features, and they established a predictive model which has the flexibility of being
updated based on the data coming from the monitored structure.

Further processing techniques such as wavelet package analysis in time-frequency domain, and learning techniques such
as classification and regression tree (CART) and random forest, were also applied on ultrasonic data for the assessment of the
quality of resistance spot welding [32,33].

Santos et al. [34] investigated the ability of Lamb waves to assess FSW in aluminum plates and compared the results to
weld qualities obtained through X-ray and C-scan inspection methods. They used a pitch-catch configuration while the spec-
imen was submerged in a water medium. The authors argued that their proposed technique is efficient in providing a qual-
itative classification of linear FSW in aluminum plates. On the other hand, the technique lacked the ability to detect
miniature weld flaws.

In a recent study, Tabatabaeipour et al. [35] used an immersion setup and a pitch-catch technique to capture nonlinear
features that were generated in the reflected signals due to FSW kissing bond defects. The authors used Fermat design
transducers to focus and receive ultrasonic shear waves in aluminum welded plates. The signals were then analyzed using
pulse inversion, and the results were validated numerically and experimentally. A Fermat surface of a transducer is the
surface where the travel time of the wave is the same from any point on this surface to the point intended to be focused
on; hence the Fermat transducer design depends on the tested material and its thickness. Further, Tabatabaeipour et al.
[36] used an angle-beam technique for ultrasonic inspection of friction stir welded aluminum butt-joints, also in an
immersion setup. After scanning the whole weld in the cross-sectional and longitudinal directions, they managed to detect
and qualitatively identify the type and severity of root flaws by inspecting the backscattered energy from the underside of
the weld.

NDT techniques that require a structure to be totally immersed in water when inspection is needed lack the flexibility to
be integrated in SHM systems that eventually aim to provide continuous monitoring.

This study focuses on the development of an ultrasonic guided wave (Lamb waves) based method for weld inspection,
with particular interest in friction stir welds. An assessment approach originating from the mode separation using Improved
CEEMDAN is proposed for assessing the quality of FSW in AZ31B magnesium alloy plates. Different weld qualities are
achieved by varying the weld parameters, in this case the pin insertion depth. Later, Lamb waves are actuated and captured
using PZT ceramics. Signal processing using the Improved CEEMDAN approach is applied to separate the fundamental S0
mode and a DI is calculated based on the amplitude variation of the wave transmitted through the welded and the non-
welded plate. The resulting DIs are correlated with the actual damage volumes determined from the CT images of the plates.
The results are also validated using FEA.
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2. Experimental setup

Two PZTs (PI Ceramics, Lederhose, Germany) 10 mm in diameter and 1 mm in thickness, spaced 90 mm from each other,
were mounted on either side of the weld on each of the tested specimens. One PZT wafer functioned as an actuator while the
other served as a sensor. Five sinusoidal cycles in a Hanning window, at frequencies of 200, 250, 300, 350, and 400 kHz, were
generated at a sampling rate of 20 MSa/s, and amplified to 60 V peak-to-peak using an amplifier (EPA-104 Linear Amplifier,
Piezo Systems Inc.). The generated cycles were fed into the actuator PZT using an arbitrary waveform generator (33500B Ser-
ies Waveform Generator, Keysight Inc.). A high-rate acquisition oscilloscope (InfiniiVision DSO-X 3024 Digital Storage Oscil-
loscope, Keysight Inc.) was employed to capture the wave signals from both the actuator and the sensor. Fig. 2 illustrates the
experimental setup.

Four plates of various weld qualities were produced by varying one of the FSW process parameters, i.e. the pin insertion
depth, and a fifth non-welded plate was used for comparison. The material of the tested plates was AZ31B magnesium alloy.
Each plate was 100 mm long, 100 mmwide, and 3 mm thick. All welds were accomplished with a turning speed of 1200 RPM
and an advancing speed of 150 mm/h, while the pin insertion depth was varied as listed in Table 1. The welded plates were
randomly named as Plate 1 to Plate 4 and the non-welded plate was named as Plate 0. Fig. 3 shows all the plates with their
corresponding numbers. The plates were simply supported on Plexiglass supports that were in turn fixed to a damping table.

3. CT scans

The five specimens were scanned using a high-resolution CT scanner (Philips Brilliance iCT 256) with a pixel size down to
0.335 mm. The CT images of the specimens were used to identify the imbedded defects through the welds and quantify the
weld qualities in the tested specimens. Further, a 3D model was constructed based on the CT images, that was used later for
FEA toward the validation of the experimental results.

It was recognized that the welded plates contained worm holes, but of different sizes and shapes. Fig. 4 shows all the
plates, with the order described earlier maintained. Each plate is shown in two cross-sectional views, one section perpen-
dicular to the weld direction and in the middle of the plate where the PZTs were placed, the other section parallel to the
Fig. 2. Schematic of the experimental setup.

Table 1
Specimens weld parameters.

Plate number Rotational speed (RPM) Transversal speed (mm/h) Pin insertion (mm)

0 No weld No weld No weld
1 1200 150 2.75
2 1200 150 2.725
3 1200 150 2.85
4 1200 150 2.87



Fig. 3. (a) A photo of the friction stir welding process and the used fixture, (b) to (e) the tested plates named Plate 0 to 4.
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surface of the plate and passing through the worm hole in its widest section. Plate 0 containing no weld is also shown to
confirm the continuity in the raw material and the high quality of the CT scans.

Based on the information provided by the CT scans, the specimens were arranged in descending order in terms of their
weld quality, starting with Plate 0 (with no weld), Plate 4, Plate 3, Plate 1, and finally mPlate 2, that was the most damaged
plate.
4. Construction of 3D models and FEA

In this section, the construction of the finite element models based on the CT scans is described. ‘‘Mimics Research 18.0”
(Materialise, Ann Arbor, Michigan, USA) was used to convert the CT scans (DYCOM format) into 3D models. The procedure
flowed as follows after importing the CT scans:

� Create a mask through the selection of upper and lower grayscale thresholds of the pixels within the region of interest.
� Each slice in the mask is cleaned to eliminate blurry pixels or those pixels that do not belong to the plate.
� Create two additional masks to define the location of the actuator and the sensor.
� Create a voxel mesh from the combined masks (defined in the steps above) and export it as an input file.

Fig. 5 shows the voxel mesh obtained for Plate 1. Post the friction stir welding process, notches appear at the non-welded
ends of the weld line as shown in Fig. 5. Since the coverage of the propagating wave (between the transmitter and the recei-
ver) will not reach the extreme ends of the plates, where the notches were located, hence removing the notches will have no
significant effect on the contents of the waves. Therefore, the edges in the 3Dmodel were straightened while maintaining the
critical information related to the plate dimensions, thus the spacing between the PZT wafers.

The elements of the voxel mesh were chosen to be hexahedral 8-point elements, and each voxel mesh contained an aver-
age of 421,476 elements and 474,974 nodes.

The excessive deformation from the friction stir welding process, appeared to impact the micro-structure and therefore
the yield strength and hardness of the material in the weld zone [37]. However, it was shown that the elastic properties
remain unaffected and do not vary from those of the base metal. Dorbane et al. [37] worked on the characterization of
AZ31B magnesium alloy friction stir welded joints, the welded zone and the base metal were shown to have the same elastic
modulus. This can be observed in the stress-strain curves published by the authors and determined at room temperature. A
similar conclusion was also made from the stress-strain curves shown in [38] for AZ31B base metal and friction stir welded
samples.



Fig. 4. Cross-sectional views: (a) to (e) corresponding to Plates 0 to 4, respectively.

The region  used 
for damage  volume 
calculations 

Fig. 5. The voxel mesh of Plate 1 created using Mimics.
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Hence, after the 3D models had been created, the input files were imported into ‘‘Abaqus 6.14” and were assigned the
elastic material properties of AZ31B magnesium alloy (q ¼ 1:77 g=cm3 [39], E ¼ 44:8 GPa [40], and Poisson’s ratio
m ¼ 0:35 [40]).



ActuatorSensor

Fig. 6. Illustration of the sensing nodes, boundary conditions, and actuator loading in the finite element model.
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The mesh created in ‘‘Mimics” is imported into ‘‘Abaqus” as an orphan mesh and therefore the mesh remained the same.
Thus, the finite element model of each plate was composed of linear hexahedral elements of type C3D8, with an average of
421,476 elements and 474,974 nodes, leading to a total of 1,424,922 degrees of freedom per model. Upon, meshing using
‘‘Mimics”, the resolution of the performed CT scans allowed for an average element size of about 0:58� 0:34� 0:34 mm3.
Consequently, nine elements were obtained across the 3-mm thickness of the plate. Moreover, since the wavelengths of
the excited wave modes ranged between 9.12 mm and 42.675 mm, more than 10 elemental nodes per wavelength were
available, which obeys the recommended element size for the excitation of Lamb waves using FEA [41].

Lamb waves were excited by prescribing concentrated forces along the nodes of the PZT element, as in the actuator model
shown in Fig. 6 in the case of a circular shaped PZT. The edges perpendicular to the weld direction were simply supported to
emulate the boundary conditions of the experimental setup. The simulated Lamb signals were acquired using a sensor model
[23] at the rate of 20 MHz. Fig. 6 shows an example of the loading (the yellow arrows on the right PZT), sensing nodes (the
nodes in red on the left PZT), and the boundary conditions (on the upper and lower edges) used for one of the plates (Plate 1).
The analysis was performed using the dynamic explicit solver with a maximum time step of 5e�8 s over a total period of 0.1 s
for each simulation.
5. Signal processing

Selection of the wave mode is critical, considering the importance of the mode sensitivity to the type of damage of inter-
est. For this purpose, a Matlab based software ‘‘Wavescope”, developed by the Laboratory for Active Materials and Smart
Structures (LAMSS) [42], was used. The group velocities, wavelengths, and strains plots were generated for the S0 and A0

wave modes (for the magnesium AZ31B alloy plates). This helped to identify and evaluate the possible wave modes in
the structure, that were suitable for this application. Figs. 7 and 8 show respectively the results given by ‘‘Wavescope” for
the expected group velocities and strains of different Lamb wave modes in AZ31B magnesium alloy [42]. Further, the strains
shown in Fig. 8 provide prior knowledge about the dominant modes at each of the selected frequencies. Based on the above
results, the five frequencies of 200, 250, 300, 350, and 400 kHz were chosen to excite only the fundamental A0 and S0 modes.

After the experimental response waveforms had been obtained from the sensors, an analysis of the raw data was per-
formed based on the first wave pack transmitted. The positions of the highest peaks of the first wave packs were compared
to those of the highest peaks of the inputs in order to calculate the velocities of the observed wave modes. Velocities were
compared to those predicted by ‘‘Wavescope” to identify the modes in the first transmissions. As an example, Fig. 9 shows
the normalized input and output signals sensed from Plate 0 at an excitation frequency of 200 kHz. The dotted curve corre-
sponds to the normalized input signal and the solid line corresponds to the normalized output signal. Once the time of flight
was determined, the velocity could be calculated according to Eq. (1):
V200 ¼ Distance between the actuator and sensor PZTs
Time difference between the peaks

¼ 0:09
ð3:12e�5 � 6:3e�6Þ ¼ 3614:46m=sec ð1Þ
According to ‘‘Wavescope”, the expected group velocity of the S0 mode at 200 kHz was 5268 m/s and that of the A0 mode
was 2962 m/s. Due to the disturbed raw experimental signals, the experimentally calculated velocity (V200) did not match



Fig. 7. Analytical group velocities of the first four Lamb wave modes in AZ31B magnesium alloy along with the obtained experimental ‘}’ and FEA ‘*’ results.

Fig. 8. Analytical strain values of the symmetric and anti-symmetric Lamb wave modes in AZ31B magnesium alloy along with the obtained experimental
‘}’ and FEA ‘*’ results.

Fig. 9. Captured wave signal at an excitation frequency of 200 kHz; the dotted line is the normalized actuator and the solid line is the normalized sensor.
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either of the two ‘‘Wavescope” values. Although the first transmission should be the S0 mode because it is the fastest mode,
the highest peak in the first transmission did not seem to correspond to S0.

The disturbance of the raw signals was caused by their superposition with their reflections from the boundaries of the
plates. This was due to the fact that Lamb waves propagate at very high velocities in metals, and because of the small size
of the tested specimens. Consequently, the sensed waveforms did not show clear mode separation, and complex signals were
observed. Therefore, direct use of the peak amplitude and time of arrival might not be immediately feasible. On this basis, the
Improved CEEMDAN method for mode separation was adopted and is described in the Section 6.

Post the separation, the group velocities and the normalized amplitudes of the S0 mode, at the selected excitation fre-
quencies, are presented in Figs. 7 and 8, respectively. The experimental values of the group velocities correlated well with
the analytical output from ‘‘Wavescope”. Further, the numerical values were observed to be slightly higher than the exper-
imental results. On the other hand, the strain values resulting from the experimental and numerical studies were shifted
down from the analytical values, however, they all maintained the same trend with maximum strain values recorded at
the excitation frequency of 250 kHz.
6. Improved CEEMDAN technique

Ng [43] has presented a comparative study of several signal processing techniques for GW damage identification. The
compared techniques were fast Fourier transform, Hilbert transform, and two time-frequency resolution methods (TFRs),
namely, Gabor wavelet transform and discrete wavelet decomposition. Comparison was based on the accuracy and uncer-
tainty of the methods when applied on GW responses to predict the location and dimensions of damage when combined with
a statistical damage identification framework. Gabor wavelet transform was proved to be superior to the other compared
approaches, however, in traditional linear TFRs such as short time Fourier transform and WT, care should be given to the
choice of a previously defined window or a base function before applying the technique. Unlike those methods, empirical
mode decomposition (EMD) is totally driven by the data itself. This gives EMD the ability to deal with nonlinear and non-
stationary signals [44].

Moreover, conventional TFRs, in general, do not have the potential of separating overlying multimodal wave packets,
while TFRs that have a superior resolution potential are known to be computationally expensive [45]. The Improved CEEM-
DAN technique was proved, in this work, to have the ability of separating overlapping multimodal responses in a computa-
tionally effective manner. The proposed signal decomposition and its post processing, e.g. choosing and processing the
relevant decomposed mode, can be easily employed in a fully automated process. Those advantages in addition to its robust-
ness to noise and adaptivity to the decomposed signal [46] make it a suitable choice for implementation in real-world online
SHM applications.

EMD is a well-known signal-adaptive separation method, first proposed by Huang et al. [44]. Subsequently, a series of
improvements and adaptations were suggested by several authors to overcome the disadvantages of EMD, as well as those
of the attempted improvements, such as mode mixing, residual noise, incompleteness, late appearance of the signal infor-
mation in the modes, and reconstruction errors. Trials of improvements included ensemble EMD (EEMD) [47], complemen-
tary EEMD [48], complete EEMD with adaptive noise (CEEMDAN) [49], and Improved CEEMDAN [46].

EMD expresses a signal as a totality of amplitude and frequency modulated (AM–FM) functions called ‘‘intrinsic mode
functions” (IMFs), or modes, plus a last monotonic trend. An IMF signal is defined as a signal having: (1) its number of zero
crossings the same as its number of extrema (maxima and minima) or varying just by 1, and (2) the mean of its lower and
upper envelopes, called local mean, equal to zero [46].

Improved CEEMDANwas proposed by Colominas et al. [46], and it showed robust separation results with minimum resid-
ual errors in comparison to its predecessors. The approach divides the complex signal into several amplitude and frequency
modulated functions called modes, where the sum of those modes will rebuild the original signal with a negligible residual
error [46]. The EMD and the Improved CEEMDAN algorithms are given in the appendix of this paper for completeness.

Improved CEEMDAN creates a chosen number of noisy realizations of the original signal and calculates the local mean of
each. After that, the average of the local means is subtracted from the original signal to yield the first mode and then the
procedure is repeated on the remainder, providing more modes until the remainder satisfies a certain stopping criterion.

The algorithm is described in the flowchart in Fig. 10. Please refer to the appendix for a detailed explanation.
Fig. 11 shows the 10 modes obtained by Improved CEEMDAN when decomposing the response signal captured from Plate

0 at an excitation frequency of 200 kHz. The original signal is shown in Fig. 11(a).
By inspecting the order of amplitudes in comparison to the original signal, it was observed that the second and the third

modes were the most relevant because they had the highest orders, i.e., they maintained the most information. However,
Peng et al. [50] and Ayenu-Prah et al. [51] proposed correlation-based criteria to select the most relevant modes after
EMD decomposition. It was also noticed after calculating the correlation between the original signal and the separated
modes that the second and third modes had the highest values. Therefore, the correlation between the mode and the original
signal was chosen as a criterion to select the relevant modes after the Improved CEEMDAN separation is applied.

The convenience of the second mode was that it had approximately the shape of the input signal, which was a desired
result (Fig. 11(c)). Some of the modes in the decomposed signal were separated from each other, but the reflections of
the mode itself were very close to the first transmission, as observed in the third mode (Fig. 11(d)). After calculating the



Fig. 10. Flowchart of the algorithm based on the Improved CEEMDAN technique.
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velocities of each of those two modes, it was concluded that the second separated mode is the A0 mode, while the third sep-
arated mode is the S0 mode.

The robustness of the Improved CEEMDAN technique depends on the choice of the chosen number of realizations (I) and
the signal to noise ratio (SNR) of the noise added to those realizations. Different numbers of realizations including 20, 50, 100,
200, 300, 400, 500, and 1000 realizations were tested along with typical SNR values of 0.1, 0.15, and 0.2.

Experimental and FEA data captured from Plate 0 using the five used excitation frequencies (200, 250, 300, 350, and
400 kHz) were evaluated. Ten trials of separation were performed for each of the used signals and with different parameters’
variations (i.e. I and SNR).

As mentioned earlier, the S0 mode was identified based on its group velocity and its correlation with the original signal.
The amplitude of the extracted S0 mode and its correlation value were determined for each of the combinations considered.
The mean amplitude Am, the standard deviation Astd, and the mean correlation value of the ten trials of each parameters’ com-
bination, were also calculated.

It was observed that the variation of Astd from Am is reduced with the increase in the number of realizations for a given
SNR. For instance, taking I ¼ 1000 realizations and SNR ¼ 0:15 for the experimental response of the 300 kHz frequency
resulted in a variation of 0.5%, while reducing the I value to 100 resulted in a minor increase in the variation to 2%. On
the other hand, reducing I further (20 realizations), would result in considerable variations among the 10 trials, which
may exceed 5%.

Increasing I value also increases the elapsed computational time significantly. For instance, the average time for separat-
ing a signal excited at 350 kHz using 100 realizations (of the signal) is 21.5 s, using 500 realizations is 110.9 s, and using 1000
realizations is 228.4 s on an ‘‘Intel Xeon E5-2650 v3 2.30 GHz” processor. While SNR value doesn’t show any influence on the
computational time, the computational time increases linearly with the increase of I.

Based on the above, the number of realizations selected for the rest of the study was 100 for the purpose of lowering the
computational time while keeping a robust separation of the signal. Besides, the correlation between the extracted S0 mode
and the original signal was used to choose the best fitted SNR value for the separation procedure.
7. Results and discussion

7.1. Experimental raw data analysis

To identify the weld quality, we used the measured experimental raw data; the Improved CEEDMAN approach for mode
separation was not applied. As discussed earlier, the S0 mode is used to detect internal defects, and its sensitivity to damage
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severity is scrutinized. The superposition of multiple wave packs of the excited modes, including the S0 and A0 modes,
resulted in complex signals. The first captured wave pack was not purely S0 mode, but a superposition of A0, S0, and boundary
reflections. Therefore, the front of the wave pack was used to compare the response of the wave signals captured from dif-
ferent plates (i.e. the second cycle of the received wave pack was considered). Table 2 presents the amplitude of the first
(a) 

(b) (c) 

(d) (e) 

(f) (g) 

(h) (i) 

Fig. 11. (a) The original signal excited in mPlate 0 at 200 kHz: (b) to (k) are the 10 modes obtained after the separation of the signal using the Improved
CEEMDAN technique.



Fig. 11 (continued)

Table 2
Calculated DI based on the raw experimental data.

Frequency (kHz) Plate number Transmitted wave signal amplitude (V) Variation in the transmitted wave signal amplitude (V) DI

200 0 0.621 0.000 0.000
4 0.568 0.053 0.085
3 0.576 0.045 0.073
1 0.574 0.047 0.076
2 0.436 0.185 0.297

250 0 0.683 0.000 0.000
4 0.599 0.084 0.123
3 0.611 0.072 0.105
1 0.648 0.035 0.052
2 0.421 0.263 0.384

300 0 0.539 0.000 0.000
4 0.489 0.050 0.094
3 0.468 0.071 0.132
1 0.507 0.032 0.059
2 0.298 0.241 0.448

350 0 0.360 0.000 0.000
4 0.337 0.024 0.066
3 0.311 0.050 0.138
1 0.341 0.019 0.054
2 0.179 0.181 0.502

400 0 0.214 0.000 0.000
4 0.207 0.007 0.034
3 0.185 0.029 0.137
1 0.211 0.004 0.018
2 0.100 0.114 0.531
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transmitted wave pack, extracted from the experimental raw data. Additionally, the amplitude variation between the welded
and the non-welded plate was calculated for each frequency.

Hence, an amplitude-based DI was proposed as follows:
DI ¼ jVp � V0j=V0 ð2Þ

where Vp is the tested plate response signal amplitude and V0 is the Plate 0 (non-welded) response signal amplitude. Based
on Eq. (2), the DIs were calculated for every excitation used and are presented in Table 2.

Fig. 12 presents the DI calculated for each plate after their excitation using the five frequencies tested in this study. The
horizontal axes correspond to the plate number, and the vertical axes correspond to the calculated DI. The plates’ numbers
are presented in the ascending order of the CT scans’ damage results (Section 3).

The five plots of the different frequencies (200, 250, 300, 350, and 400 kHz) show that the DI increases with increasing
defect volume. Although some fluctuation in the DI values for Plates 1, 3, and 4 is observed, independently from the fre-
quency, the largest DI is calculated for Plate 2, indicating the presence of the largest volume of defect in accordance with
the CT scans results. Even though considerable precautions were taken in setting up the experiments (by controlling the
position of the PZT wafers, the bond line, the wiring, and soldering), comparing signals from different plates might induce
some variation. Moreover, the defects in Plates 1, 3, and 4 were close in size, resulting in a very small change in the signal
amplitude that is in the noise level. Most importantly, to diminish the significant effect of the superposition of captured wave
modes on the results, a mode separation technique was necessary.

7.2. Experimental and FEA results analysis using improved CEEMDAN technique

In this section, the mode separation of the Improved CEEMDAN technique was used to analyze the experimental and FEA
wave propagation signals.



(a) (b) 

(c) (d) 

(e) 

200 kHz 250 kHz 

300 kHz 350 kHz 

400 kHz 

Fig. 12. DIs of the five specimens computed from the experimental responses before separation at (a) 200, (b) 250, (c) 300, (d) 350, and (e) 400 kHz.
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The S0 mode was identified based on the group velocity and the correlation with the original signals. The amplitudes of
the signals’ wave fronts were acquired and the DIs were then calculated, using the methodology explained in the previous
section, for each plate and for the five selected frequencies (200, 250, 300, 350, and 400 kHz).

The DI results of the experimental measurements are shown in Fig. 13. The evolutions of the DI results are consistent with
the defect volumes measured by CT scans. The most severe damage is estimated for the welded Plate 2, as for all the tested
frequencies the corresponding DI is the highest (0.388–0.77). Although an increase in the DI values with increasing damage
severity is observed, Plate 1 and Plate 3 were inversely arranged, mainly due to similar weld quality. As mentioned earlier,
even though significant precautions were taken in setting up the experiments, comparing signals from different plates may
result in some variation. The difference between the signal responses of Plate 1 and Plate 3 ranged between 1% and 6% when
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compared to the signal amplitude in the intact plate. As a matter of fact, any variation in the plate condition including adhe-
sive quantity/thickness, PZT-plate bond quality, wiring and soldering, transducers’ positions, plate dimensions and temper-
ature and humidity conditions would lead to a small variation in the response signal. This variation may be in the order of
the signal amplitude variation caused by a minor difference in the weld quality, as observed between Plate 1 and Plate 3.
Moreover, the level of noise in the signals might be of the same order as the variations in the response due to the close-
size defects.

Another potential reason that can cause small variations, when comparing signals, is the superposition of the wave modes
with the boundary reflections, that is attributed to the small dimensions of the specimens used. Using larger specimens
would reduce the signal processing complexity and allow for a better convergence of the elastic wave modes [19]. However,
(a) (b) 

(c) (d) 

(e) 

200 kHz 250 kHz 

300 kHz 350 kHz 

400 kHz 

Fig. 13. DIs of the five specimens computed from the experimental responses after Improved CEEMDAN separation at (a) 200, (b) 250, (c) 300, (d) 350, and
(e) 400 kHz.
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the used specimen size was large enough for generating and collecting Lamb waves, as validated experimentally and using
FEA. Furthermore, the 2% variation in the used separation technique (improved CEEMDAN), shown in Section 6, may also
cause such variance.

Similarly, the S0 mode was separated from the FEA simulation results and analyzed. Fig. 14 shows the DIs calculated from
the analyzed signals of the five different excitation frequencies applied to the five specimens. The classification according to
the proposed DI is in complete agreement with the actual qualities of the welds. The consistency observed in the numerical
results is mainly attributed to the elimination of several variables that could lead to the variation in the experimental results,
including the placement and the wiring of the PZT wafers.
Fig. 14. DIs of the five specimens computed from the numerical responses after Improved CEEMDAN separation at (a) 200, (b) 250, (c) 300, (d) 350, and (e)
400 kHz.



Table 3
Damage volumes and damage ratios of the four damaged plates.

Plate number Vd = damage volume (mm3) Rd = Vd/plate thickness (mm2)

4 43017 1.61
3 113.09 4.21
1 143.09 5.33
2 202.96 7.56

Fig. 15. Experimental and FEA DIs and their corresponding lines of best fit.
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7.3. Assessment of the severity of damage

Subsequently, the damage volume in the welded region was correlated with the DI, to permit assessment of the severity
of damage. A region of 30.5 mm (a multiple of the used pixel size) along the weld line and centered in the middle of the sens-
ing path was considered to estimate the volume of damage (Vd) from the ‘‘Mimics” models, as illustrated in Fig. 5. A separate
mask was defined for the damage region under consideration for each of the plates. The volume of the mask was then esti-
mated based on the voxel volumes. The resulting damage volumes for all the plates are summarized in Table 3, where the
plates are arranged in ascending order based on the weld quality.

In fact, plate thickness plays an important role in the propagation behavior of a Lamb wave. Therefore, a generalized lin-
ear equation relating DI to damage severity is proposed in Eq. (3):
DI ¼ a� Vd

Plate Thickness
¼ a� Rd ð3Þ
where Rd is the damage ratio defined as Vd normalized by the thickness of the plate, and a is a constant.
The values of Rd were calculated and are summarized in Table 3.
The results for the DIs from both numerical and experimental signals, resulting from the excitation frequency of 400 kHz,

were correlated with Rd. The scatter plots of the DIs as function of Rd are shown in Fig. 15. A linear regression passing through
the origin is used to fit both the experimental and FEA data. The linear regression parameters were calculated using a ‘‘Mat-
lab” built-in function, and the two lines are also shown in Fig. 15.

The equations for the experimental and FEA linear regressions were found to have good overlap and are described by:
Experimental DI ¼ 0:0788� Rd ð4Þ
FEA DI ¼ 0:0747� Rd ð5Þ

The R squared values of the linear fit for the experimental and FEA data were respectively 0.81 and 0.925, indicating high

correlation between Rd and the proposed DI.
8. Conclusion

In this study, the capability of Lamb waves in detecting and quantifying worm holes in friction stir welded AZ31B mag-
nesium alloy plates was demonstrated. Different weld qualities were obtained through control of the pin insertion depth.
Piezoelectric wafers were used to excite and capture the fundamental symmetric S0 mode using different excitation frequen-
cies. The ‘‘Improved CEEMDAN” method was applied to separate the S0 mode w from the captured signals. Further, a damage
index was defined using the amplitude variation in the captured transmitted signals between the welded plates and the non-
welded plate.

A new approach was proposed for constructing the finite element models of the welded plates based on CT scans using
‘‘Mimics” software. The finite element models could capture high level of detail in the welded region and the surface of the
weld line.
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The calculated damage indices based on the raw experimental data resulted in some inconsistency in the classification of
the weld quality, variation that significantly improved after application of the ‘‘Improved CEEMDAN” technique. On the other
hand, the damage indices, computed based on the finite element analysis, provide the correct classification of the welds in
correlation with the CT scanning.

3D (CT scan based) models were used to calculate the damage volumes in the welded regions and to determine correla-
tion with the damage indices that were obtained from the experimental and numerical data at an excitation frequency of
400 kHz.

In conclusion, Lamb waves demonstrated high sensitivity to the presence of defects in FSW, and the suggested method-
ology appears promising for use in the assessment of welded components.

Acknowledgments

Recognition and gratitude are addressed to the Lebanese National Council for Scientific Research (CNRS) for their Award
#103085. The financial support of the University Research Board at the American University of Beirut for their Award
#103008 is also acknowledged. The authors thank Dr. Nayla Cortas and Ms. Salam Al Hamra at the American University
of Beirut – Medical Center (AUBMC) for their help in performing the needed CT scans.
Appendix A.

i. Necessary definitions
� Rk: is the kth residue of decomposition.
� Rk: is the local mean of Rk.

� EkðRkÞ: is the kth mode of Rk obtained by EMD.

� NðiÞ: is the ith realization of a white Gaussian noise with zero mean and unit variance.
� SNR: is the desired signal to noise ratio between the first added noise and the original signal.
ii. EMD algorithm

1) Setk ¼ 0 and R0 ¼ s; where s is the signal to be decomposed by EMD.
2) Find all the extrema of Rk.
3) Interpolate among the extrema of Rk to obtain the lower and upper envelopes emin and emax.
4) Rk ¼ ðemin þ emaxÞ=2:
5) Ikþ1 ¼ Rk � Rk.
6) If Ikþ1 is an IMF, then:
� Ekþ1ðsÞ ¼ Ikþ1.

� Rkþ1 ¼ s�Pi¼k
i¼1EiðsÞ

� k ¼ kþ 1:
� Go to step 2.
� Else:
� Rk ¼ Ikþ1

� Go to step 2.
The loop continues until Rk fulfills a predefined stopping condition (for instance, Rk becomes monotonic)

iii. Improved CEEMDAN algorithm:
1) Set k ¼ 0 and R0 ¼ s; where s is the signal to be decomposed by Improved CEEMDAN.

2) Compute using EMD the local means of I realizations of Rk:
RðiÞ
k ¼ Rk þ akEkþ1ðNðiÞÞ
where:(

ak ¼ e0 � stdðR0Þ

stdðE1ðNðiÞÞÞ for k ¼ 0
e0 � stdðRkÞ for k P 1
and:

e0 ¼ 1

SNR
3) lk ¼ Average ðRðlÞ
k Þ ¼ 1

I

Pi¼I
i¼1R

ðiÞ
k

4) k ¼ kþ 1
5) The kth mode: Mk ¼ Rk�1 � lk�1.
6) The kth residue: Rk ¼ Rk�1 �Mk ¼ lk�1.

7) Go to step 2.
The loop continues until Rk fulfills a predefined stopping condition (for instance, Rk becomes monotonic).
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