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Abstract: Fibre-reinforced composite laminates are frequently used in various engineering structures,
due to their increased weight-to-stiffness ratio, which allows to fulfil certain regulations of CO,
emissions. Limited inter-laminar strength makes composites prone to formation of various defects,
which leads to progressive degradation of residual strength and fatigue life of the structure. Using
ultrasonic guided waves is a common technique for assessing the structural integrity of composite
laminates. Phase velocity is one of the fundamental characteristics of guided waves and can be used
for defect detection, material property estimation, and evaluation of dispersion. In this paper, a
phase velocity reconstruction approach, based on the phase-shift method, was proposed, which uses
frequency sweep excitation to estimate velocity at specific frequency harmonics. In contrast to the
conventional phase spectrum technique, the proposed approach is applicable to the narrowband
piezoelectric transducers and suitable for the reconstruction of dispersion curves for direct, converted,
and multiple co-existing modes with high accuracy. The proposed technique was validated with
finite element simulations and experiments, both on isotropic and anisotropic structures, analysing
the direct, converted, and overlapped modes. The results demonstrated that, using the proposed
technique, the phase velocity dispersion can be reconstructed at —20 dB level bandwidth of the
transducer, with a relative error of +4%, compared to the theoretical velocity predictions.

Keywords: guided waves; mechanical properties; phase velocity; non-destructive testing; composites

1. Introduction

The composites market is one of the strategic development areas of the European
Union, which aims to strengthen their competitiveness and extend the use of composites in
the sectors of aerospace, automotive, and renewable energy [1]. The current EU demand of
carbon fibre is estimated to be 35% of the global demand, and it will have an annual growth
of 10-12% [1,2], while the UK market will grow from 2.5 billion up to 10 billion pounds a
year by 2030 [3-5]. Fibre-reinforced composite laminates can offer increased strength- and
stiffness-to-weight ratios, which allow for meeting the demanding requirements of CO,
emissions. However, composites have limited interlaminar strength and are prone to forma-
tion of fibre breakage, matrix cracking, delaminations, porosity, and other structural defects.
Such defects are usually hidden and progressively degrade the residual strength and fatigue
life, eventually leading to sudden structural failure. Using ultrasonic guided waves is a
common method for periodic inspection and monitoring of structural integrity of plate-like
composite laminates, that offers large inspection areas and sensitivity to structural damage
of various kinds [6-8]. To date, many studies are available that employ guided waves for
the detection and quantification of impact damage [9-12], delaminations [13-17], and other
defects in composite laminates. Guided wave propagation in composites is determined by
many factors, including, but not limited to, multi-layered structure and anisotropy, object
boundaries, dispersion, multiple co-existing modes, and mode conversion. Phase velocity
is one of the fundamental properties of guided wave modes that depends on composi-
tion, structural integrity, elastic properties, and frequency-thickness product of composite.
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Velocity measurements can be exploited both for material characterisation and damage
detection, offering several benefits, such as validation of material properties, identification
of wave-packets in complex guided wave signals, and sizing of defects [18-20].

However, reconstruction of phase velocity from overlapped, multimodal signals, and
multi-layered anisotropic structures has been a long-standing problem. Initial phase veloc-
ity measurement approaches used threshold, zero crossing, or cross-correlation methods to
evaluate the time-of-flight (ToF) of well-isolated guided wave modes [21]. The threshold
method, in its simplest form, captures the time instance at which the signal crosses certain
amplitude level. As these methods are based on signal amplitude, they are susceptible to
noise and any other variation of the signal shape; hence, more advanced threshold-based
ToF evaluation methods, such as variable ratios or similarity-based double threshold, were
proposed [22,23]. The zero-crossing method seeks to obtain time instances at which the
amplitude of the signal is equal to zero. To improve the accuracy of ToF estimation, using
the zero-crossing technique, and avoid cycle skip problems, multiple zero-crossing points
are being estimated within the same signal [24]. It is known that zero-crossing technique
suffers from the phase uncertainty, especially at large propagation distances and under
significant dispersion, as it become impossible to follow signal phase of the elongating
wave packet and to avoid the cycle-skip. Recently, a technique based on zero-crossing and
spectrum decomposition was proposed which exploits signals measured at sufficiently
close distances and estimates the phase velocity, based on zero-crossing evaluation on
signals filtered with different bandpass filters [25]. Cross-correlation technique is based
on the measurement of correlation lag, between the received and reference signals. Such
technique is considered suitable for low signal-to-noise ratio (SNR) signals, while the ToF
accuracy mainly depends on the sampling ratio [26]. However, it is reported that cross-
correlation-based ToF estimation may become significantly biased while analysing signals
distorted due to scattering or dispersion [27].

The abovementioned ToF estimation methods can effectively be used for well-isolated
and undistorted signals; however, they usually fail in analysing the overlapped, multi-
modal, scattered, and dispersed responses. Model-based approaches can partly deal with
this problem by solving multi-dimensional and non-linear optimisation problems, while
fitting synthetic signals to a segment of ultrasonic structural response. By using matching
pursuit, chirplet transform, empirical mode decomposition or wavelet methods it is possi-
ble to decompose multimodal signals and to estimate their properties, such as frequency or
ToF [28-32]. However, model-based methods are usually computationally expensive, as
transformations are calculated in multi-dimensional space, while the selection of the mother
wavelet or atoms is non-trivial task and may lead to unexpected results. It has been demon-
strated that phase and group velocities can be reconstructed using phase-shift methods.
First proposed by Sachse [33] and used by Schumacher [34], phase-shift methods are based
on the estimation of the phase difference between transmitted and received signals, which is
proportional to propagation distance. Initially, phase-shift methods were extensively used
for bulk waves and later applied to laser-induced guided waves. In contrast to broadband
laser-based excitation, piezoelectric sensors, that are more cost effective and commonly
used in structural health monitoring applications, usually have quite narrow frequency
band, due to the type of excitation, vibration mode, and size of the transducer; hence, the
phase velocity reconstruction zone essentially becomes limited. Moreover, in order to avoid
phase ambiguity, the distance between transmitted and recorded signals is required to be
up to one wavelength, which limits spatial velocity distribution reconstruction capabilities.

In this paper, a phase velocity reconstruction approach is presented that uses phase-
shift method and excitation frequency sweep to obtain phase velocity estimations in the
entire band of transducer. Two sensors, positioned in close proximity, are used to record
signals propagated through the structure and estimate the phase-shift between the signals.
At each excitation frequency, the reconstruction of phase velocity is performed at specific
frequency components only, which correspond to the peak values of the magnitude spectra.
These peak frequencies depend on the frequency response of the excitation signal; hence,
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phase velocity values can be collected at different frequencies, allowing us to achieve a
wideband reconstruction. The validity of the approach is demonstrated through simulations
and experiments by reconstructing the phase velocities of Sy and converted Ay modes, as
well as identifying guided wave modes in complex multimodal signals.

In contrast to the classic phased spectrum method, the proposed approach allows
to reduce the relative error of the phase velocity reconstruction from +11% to 4% and
increase significantly the reconstruction bandwidth from —6 dB to —20 dB of the ultrasonic
probe. As a result, using only two signals, measured in close proximity, the proposed
phased spectrum method can achieve the reconstruction accuracy and bandwidth, which,
to date, could be achieved only with techniques that include scanning of the sensor over a
sufficiently large area.

2. Description of Proposed Phase Velocity Estimation Method

The proposed phase velocity reconstruction approach employs a classic phase-shift
method to estimate the velocity values at specific frequencies that correspond to peak
values of the magnitude spectra of received signal. By repeating this procedure at different
excitation frequencies, velocity values can be reconstructed at wide band, covering the
entire bandwidth of the transducer. Variation of the excitation frequency allow different
harmonics to be enhanced or suppressed, which is the key factor if reconstruction is
performed at peak values of magnitude spectra only. The algorithm of the proposed
method can be summarized with the following steps:

1.  The transducer is driven by a burst at a central frequency of f1, and the waveforms
1 (f) and w041 () are registered with receivers r{ and rp, each positioned at a distances
d; and d, from the source (see Figure 1a for reference).

2. The waveforms w5 (t) and uyo¢ () are windowed using the tapered cosine window
w(t) to isolate the wave packets of particular mode (see Figure 1b):

urlflw(t) = Urfy (t)'w(t - tl)r urzflw(t) = Up,fy (t)'w(t - t2) (1)
where 1,151, (t) and 10414, (f) represent the windowed versions of the waveforms u,1¢ (f) and

o1 (1), respectively; t and t, correspond to the time instances of the maximum amplitude
of the wave packet.
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Figure 1. (a) The example of the waveform, registered with receivers r; and ry, at distances d; and dp;
(b) the illustration of waveform windowing to isolate the wave packet of single mode.

3. Each waveform, w51 (t) and ugw(t), is shifted in the time domain by —t,,; and
—tma, to avoid the uncertainties in the phase unwrapping procedure. The waveforms
can be shifted according to the centroid of signal [35] or maximum value of the Hilbert
envelope [36], in case of moderate dispersion:

urlfls(t) = urlflw(t + tm1 )/ urzfls(t) = urzflw(t + tmz)/ (2)
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tm, = arg(mtax [HT‘Mrlflw(t)H), tm, = arg(mtax[HT‘urzflw(t)H),

where HT denotes the Hilbert transform; f,,; and t,,» are the time instances, which cor-
responds to the maximum of Hilbert envelope, in such a way that the influence of the

signal delay due to phase velocity is compensated. The shift in time domain is illustrated
in Figure 2a.

l

i
0.5 ; l
_ Envelope of ”' i i Envelope of
= ”"]ﬂ“’(t) :! :‘,:":\ 'M’rgflw(f) —_
g0 1111 E
= RHIE <
! <
-0.5 e
!
—1 . —10 | . |
0 50 100 150 200 0 0.1 0.2 0.3 0.4 0.5
t (“g) j(Ml IZ)
(a) (b)
4000 1L
3000 Reconstructed velocities
at peak values
@ OooEE S
£ 2000 omad® 05 2
N =
1000 -l Peal values of
”””” ’ magnitude spectra
a Al
0 0.1 0.2 0.3 0.4 0.5
7 (MHz)
(9

Figure 2. (a) The illustration of the shift of waveform in time domain to the maximum value of the
Hilbert envelope; (b) the phase spectra of the waveforms, registered at distances d; and dy; (c) the
normalized magnitude spectra of the waveform, captured with receiver r; with the local maximum
frequency values (circle markers), at which the phase velocity values are estimated (square markers)
(dashed line represents the theoretical DC).

4. The complex frequency spectra of each time-shifted waveform, u,1¢5(f) and uy¢15(t),
is obtained employing the Fourier transform:

urlfl (]f) =FT [urlfls(t)] ’ ur2f1 (]f) =FT [urzfls(t)] (3)
where FT represents the Fourier transform.

5. The phase difference A¢(f) between shifted signals u,1¢15(t) and uyp414(t), is estimated
for a given frequency band f (see Figure 2b):

Aq)fl (f) = (‘Xrlfl (f) — Qpyfy (f))/ (4)
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ap g, (f) = arctan

R(E[Urlf1 (]f)] Re[urzﬁ (]f)] '

where Im and Re represent the imaginary and real of the complex Fourier spectra.

Note that the phases a5 (f) and a4 (f) are calculated in a range of [—m... 7] ra-
dians. If the true phase of the particular frequency is less than —m radians, it will be
represented below the 7 radians. This means that some discontinuities will appear, in case
the phase goes beyond the +m radian limit. Therefore, the phases a,1¢ (f) and a4 (f) have
to be unwrapped.

1, Wrf, (f) = arctan

6.  The phase velocity, as a function of frequency, is calculated at particular frequencies,
f1a, using a modified version of the phase spectrum method:

_ znfl,kld
Aq)fl (fl,k]) - znfl,kl (tml - tm2) ’

where f1 j; are the frequencies that corresponds to the peak values of the magnitude spectra
[ U5 (f) | at excitation frequency f1; k =1 + Kj, K;—is the total number of detected peaks
at excitation frequency f1, and d is the separation distance between the receivers r; and r;
(d =dy — dq). The frequency selection for phase velocity estimation is illustrated in Figure 2c.

‘p (fl,kl)

Q)

7. The intermediate values of the phase velocities at other frequencies are obtained by
changing the excitation frequency to f, and repeating the whole routine described
above. The final result is obtained by combining the calculations at different excitation
frequencies f1 ... fN:

cp(f) = S?Irt{cp (Fiky)r - -r pUfugen)r---rCp (e o (6)

where N is the number of excitation frequencies used to drive the emitter.

The method presented above is applicable to flat structures with uniform thickness,
which can be multi-layered, anisotropic, or isotropic. In contrast to the conventional
phase spectrum method, it provides better accuracy of velocity estimation, which will be
demonstrated in the subsequent Chapter.

3. Experimental Validation on Isotropic Samples

In this section, the proposed phase velocity estimation approach is validated with the
appropriate experiments. For this purpose, the phase velocity values, extracted with the
proposed approach, are compared with the theoretical calculations, which were considered
a reference. In this study, the velocities of the Sy mode in the aluminium sample will
be analysed.

The experiments were carried out on the aluminium alloy 2024 T6 plate, which was
2 mm thick, 650 mm wide, and 1250 mm long. The well-known isotropic material was
deliberately selected for this study, in order to be able to compare the experimental results
with the theoretically estimated values. The Sy mode was launched into the structure by
attaching the thickness mode transducer to the edge of the Al plate, as is shown in Figure 3.
For the reception, two transducers, r| and r;, possessing the same characteristics, were
bonded perpendicularly to the upper surface of the specimen at distances d; = 450 mm and
dp = 550 mm from the source (see Figure 3).

In this paper, transducers with a central frequency of 240 kHz and bandwidth of
340 kHz at —6 dB level were used. The frequency response of the probe can be seen in
Figure 4a. To reconstruct the dispersion curve under the wide band, two different scenarios
employing the square pulse excitation were used, as follows: n1 = 3 cycles, f1 = 150 kHz;
and 1y = 3 cycles, f, = 200 kHz. Such excitation frequencies were deliberately selected,
according to the magnitude spectrum of excitation pulse, which can be seen in Figure 4b.
The results, presented in the figure, demonstrate that a minor shift of excitation frequency
from 150 to 200 kHz enables peak amplitudes of the magnitude spectra to be obtained at
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different frequencies. Moreover, the local maximum values, in case of 200 kHz excitation,
mostly correspond to the local minimum frequencies of 150 kHz excitation. Thus, excitation
under the selected frequencies enables a large variety of reconstruction frequencies to be
obtained. In this case, it was presumed that the selected excitation frequencies will provide
a sufficient amount of velocity values. In other cases, more excitation frequencies may be
used, exploiting the whole bandwidth of the transducer.

Computer for data] yspa| Ultrasonic N
acquisition and @ measurement  [IRH  Treampuier
processing system Ultralab
out x,=1250 mm A
™ |
[N
h
<
Transmitter g Receiver 1 q
ekl e \."%t """ ‘4\ @
450 mm 100 mm ““Receiver 2 =
/ :
“ Y
o x

Figure 3. The schematic diagram of the experimental set-up for the validation of phase velocity
estimation method.
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Figure 4. (a) The frequency response of the thickness mode transducer used for the experiments;
(b) the magnitude spectra of three cycles (150 kHz) (solid line) and three cycles (200 kHz) (dashed
line) square excitation pulse.

The experimental waveforms of the Sy mode, at distances d; and dy, under the f1 = 150
and f, = 200 kHz excitation, are presented in Figure 5a,b, respectively. The magnitude
spectra, | Upg(jf) | and | Upp(jf) |, of the windowed Sgp mode wave packet can be seen in
Figure 5c. The frequencies at which the phase velocity values were extracted are indicated
with circle markers. Finally, the reconstructed dispersion curve of the phase velocity for
the Sy mode, along with theoretical estimation, is shown on Figure 5d. The theoretical
dispersion curve was calculated by employing the SAFE method and material properties of
aluminium 2024 T6 (the density: p = 2780 kg/m?; Young’s modulus: E = 72 GPa; Poisson’s
ratio: v = 0.35).

The results in Figure 5d show that the phase velocities are reconstructed in the fre-
quency band up to 0.8 MHz. According to the frequency response of the transducer used
in this study (see Figure 4a), the technique enables the phase velocities in the —20 dB level
bandwidth of the actuator to be reconstructed. In this study, a total of K = 52 velocity values
were extracted at a band up to 1 MHz. This means that using two frequencies to drive the
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transducer, 52 reconstruction points were observed that correspond to peak frequencies
of the magnitude spectra. Such a number of reconstruction points is relative and depends
on the total number of excitation frequencies, N, and obtained number of peak values of
magnitude spectra, in case of each excitation frequency.

It is noteworthy that the general reliability of the phase spectrum method depends on
the proper selection of the time window to crop the wave packet of the single mode for
FFT. The proposed method implicitly assumes that only one mode is present at the selected
time window.

4 7So mode _:"c_/]-:;iji(] mn.1 4 — d,=450 mm
3 -=- 2: 550 mm 3 == =550 mm
5 |
~ 1
S
s 0
|
-2
-3
74 L '- & 1
0 50 100 150 200 250 300
t(ps) { (us)
(a) (b)
! — 150 kHz. 3 cyvcles |
==-200 kHz, 3 cycles
R
2060 | B 4000-
= 24000
] ; E
5 2000
0.2 E —Theoretical DC
il 1000 + Reconstruction fy= 150 kHz
0 A 25 b S aPasd O Reconstruction =200 kHz
0 02 04 06 08 1 % 02 04 06 08 1
f(MHz) Jf(MHz)
(o) (d)

Figure 5. The experimental waveforms of the Sy mode, at distances d; and d;, in case of (a) 150
(b) and 200 kHz excitation; (c) the magnitude spectra of windowed Sy mode at different excitation
frequencies; (d) the combined reconstruction of dispersion relations.

In order to estimate the agreement of the results with theoretical phase velocities, the
standard deviation (STD) was used as a measure of spread:

Ky

v= Kll_l ;’(Cp(fi) —alfy) - n% ;
1 &

H= Eg(cp(ﬁ)—ct(fi)), o

where Kj is number of points in reconstructed phase velocities, cp(f;) is a vector of recon-
structed phase velocity values, and ci(f;) are the corresponding reference phase velocity
values, calculated using the SAFE method. The estimated standard deviation of the cal-
culated phase velocity values is o = 161 m/s. This leads to the conclusion that 40 out of
52 velocity values (77%) are within the standard deviation range, as shown in Figure 6a.
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Figure 6. (a) The graphic representation of standard deviation, showing the spread of estimated
phase velocity values and (b) reconstruction of phase velocity dispersion curves using the classic
phased spectrum method.

The experimental results, presented in this section, demonstrate that proposed ap-
proach reconstructs the phase velocity values at frequencies up to 800 kHz for the selected
probe. At frequencies above 800 kHz, the approach starts to fail at capturing the pattern of
the dispersion curve. Hence, it can be said that the phase velocity values of the Sy mode
can be reconstructed at —20 dB bandwidth or 0.1 level of the transducer, according to
its normalized magnitude spectra, presented at Figure 4a. The standard deviation of the
reconstructed phase velocities, calculated according to Equation (7), is 161 m/s, which pro-
vides relative error of phase velocity estimation equal to £3% for the Sy mode, calculated

according to:
5 <a><100/0>, o)
Heu(f)

where jicyr) is the mean theoretical phase velocity value in the selected frequency band
under analysis.

In order to emphasize the achieved improvement, the signals of the Sy mode, obtained
at 200 kHz, were processed using classic phased spectrum method, described in [33,34].
The reconstructed phase velocity curve is presented at Figure 6b. The results indicate that
highest velocity reconstruction accuracy can be obtained at frequency band 200-340 kHz,
which corresponds to —6 dB bandwidth of the sensor. The standard deviation of the
Sy mode phase velocity reconstruction is estimated to be 592 m/s for the classic phase
spectrum method, which gives £11% relative phase velocity reconstruction error. In can be
concluded that proposed approach allow to increase the reconstruction bandwidth, from
140 to 800 kHz, and reduce the relative velocity estimation error, from +11% to £3%, for
the Sy mode.

4. Identification of Converted Modes

In this section, the numerical validation of the proposed phase velocity reconstruction
method will be presented. The major focus will be given to the method performance, in
case the analysed signal is surrounded by the wave packets of other co-existing modes. To
achieve the purpose of this study, the phase velocities of the converted Ay mode will be
analysed, which convert from the Sy mode, due to the presence of notch.

To fulfil the scope of this research, the 3D linear structural mechanics finite element
model of isotropic aluminium alloy 2024 T6 plate (600 x 200 x 2 mm) is considered. The
top view of the analysed structure is presented on Figure 7. The Sy mode was initially
launched into the structure by applying the in-plane force to the shortest edge of the Al
plate. To generate the converted Ap mode, the vertical 36 mm wide (along x axis) crack-type
defect, with a depth of 66% of the plate thickness, was introduced by duplicating the
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nodes of the mesh. In such way, a complete disbond was simulated, without changing
the shape of finite element model. It was shown by the various researchers that, if a crack
is not symmetrical to the middle plane of the plate, according to the thickness, the mode
conversion takes place upon the wave interaction with the notch, and both the Sp and Ag
modes are expected as the reflected and transmitted waves [37]. The defect was centred,
with respect to the short edge of the sample, and situated at the distance of 200 mm from
source of Lamb waves (see Figure 7).

Zo= 600 mm
Tangential in-plane Noteh Nodes of monitoring
excitation =360 mm / . =
\.—.: d1= 240 mm o i ,\HJ
e R A, T et &--fiti i 2
"" 200 mm &7, r, g
—— 2

fi=150 kHz ix g 3 Line of monitoring 2

A=200kHz | |E '

N N
yoooz R Aluminium alloy 2024-T6

Figure 7. Illustration of the set-up of numerical aluminium plate FE model with the notch.

Throughout the simulations, the ANSYS 17.1 implicit solver and 3D structural solid
solid64 finite elements were used, which are defined by eight nodes having three de-
grees of freedom at each node and 2 x 2 x 2 integration points. The finite elements
were hexahedrons, meshed using structured grid. Once again, two different scenarios
employing the square pulse excitation were used, as it was described in the previous
section. At first, the excitation pulse consisted of n; = 3 cycles and a central frequency of
f1=150kHz. Meanwhile, in the second case, the Lamb waves were excited with 1y = 3 cycles
at f, =200 kHz. The average mesh size was equal to 0.5 mm, which corresponds to 21 nodes
per wavelength for the slowest Ag mode at f1 and 17 nodes per wavelength at f,. The
integration steps in the time domain were 0.33 and 0.25 ps, respectively, which produces a
1/20 of the period, both at f1 and at f,. The variable monitored in this study was a vertical
component of particle velocity (i) along the centreline of the sample. The waveforms for
the phase velocity estimation were selected along the centreline of the sample at distances
dy = 240 mm and d, = 360 mm. The B-scan images of the longitudinal (z) and vertical com-
ponent (y) of the particle velocity, showing the Sy and converted Ay modes, are presented
in Figure 8a,b.

The simulated waveforms of the converted Ay modes, at distances d; and d5, in case
of f1 =150 kHz and f, = 200 kHz excitation, are presented in Figure 9a,b. The selected time
windows to cut the wave packet of single mode are indicated with vertical dashed lines. The
magnitude spectra of windowed Ay mode, at frequencies f1 and f5, along with indicated
reconstruction frequencies, can be seen on Figure 9c. Finally, the comparison of estimated
DC, with the theoretical calculations, is shown on Figure 9d. The results demonstrate
a good match between the estimated results and theoretical phase velocities, calculated
with the SAFE method. The standard deviation of the reconstructed velocities is equal to
o =473 m/s. Overall, the K = 32 velocity values were extracted, while 20 (63%) of them were
within the range of standard deviation. Even though the number of reconstruction points is
less than from the experiments present in previous section, Figure 9d suggests that its quite
sufficient for the reconstruction of the segment of dispersion curve. The proposed approach is
not limited with two excitation frequencies; hence, the number of reconstruction points can be
increased if the segment of dispersion curve is not represented properly.
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Figure 8. The (a) longitudinal and (b) vertical component of particle velocity along the centreline of
the sample, in case of 150 kHz excitation.
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Figure 9. The simulated waveforms of the converted Ay mode, at distances d; and d,, in case of
(a) 150 and (b) 200 kHz excitation; (c) the magnitude spectra of windowed Ay mode at different
excitation frequencies; (d) the combined reconstruction of phase velocity dispersion curve along with
the theoretical estimation.

As it was mentioned previously, the time window selection ambiguity is quite essential
in the success of phase velocity reconstruction using phase-shift method, especially for
overlapped modes. Hence, the selected time window must hold the single mode only. For
complex structures, where signals undergo many reflections, the reconstruction can be
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quite uncertain. On the other hand, it will be demonstrated in the next chapter that phase
velocities can be estimated using part of the signal only. In such a case, the position of the
time window must be optimised, i.e., by solving a minimisation problem, to get reasonable
velocity reconstruction results.

5. Analysis of Multimodal Signals in Anisotropic Structures

In this section, the performance of the proposed phase velocity reconstruction ap-
proach is validated qualitatively by analysing the experimental multimodal signals in
an anisotropic structure. For this purpose, the experiments have been carried out in a
pitch-catch configuration on the 6-ply GFRP plate (biaxial: 0° and 90° /bias: £45° /biaxial:
0° and 90°), with dimensions x, = 2000, ¥, = 1000, and 4 mm thickness (see Figure 10).

Computer for data | g2 Ultrasonic
acquisition and "IN measurement
processing system Ultralab
ouT x, =2000mm

IN Preamplifier
|

0“ (

x.=500mm 3 773mm

,, | . - ©,
) i 1
MFEC IV =250mm \ )

w01

Receiver 1  Receiver 2 |y

R
Figure 10. The schematic diagram of the experiments for validation of phase velocity reconstruc-

tion approach.

The Lamb waves were generated using the MFC transducer, centred at the coordinates
Xe = 500 mm, y. = 250 mm. It was bonded to the surface of the specimen using a thin
layer of gasket maker. The emitter was excited by a three-cycle square pulse, with a central
frequency of 100 kHz, where the fundamental Ay and Sy modes exist in the structure. In
this case, the measurements were recorded at a single excitation frequency. Two waveforms
were recorded along the wave path (0° propagation), at the distances d; = 773 mm and
dp = 895 mm from the source of Lamb waves (see Figure 10). The proposed phase velocity
estimation method was used to extract velocities of the four wave packets: direct Sy, bottom
reflected Sy, left top edge reflected Sy, and direct Ag mode. The experimentally obtained
waveforms, at the distances d; and d,, are presented in Figure 11a,b. The start and stop
points of the time windows used to crop the wave packets are indicated by dashed squares.

The reconstructed phase velocities of different reflections can be seen in Figure 12a—d.
The standard deviations for each case of reconstruction are summarized in Table 1. Note
that the reconstructed velocity values below 40 kHz were not considered in the calculations

of STD.

Table 1. The standard deviation of the estimated phase velocities for different GW mode packets.

Type of Mode Velocity Standard Deviation, o (m/s)
Sy direct 97.4
Sp bottom edge 202.7
Sp left and top edge 2245

Ay direct 51.5
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Figure 11. The experimental waveforms obtained on the GFRP sample along the propagation path,
at distances (a) d1 and (b) d,.
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Figure 12. The reconstructed phase velocities of the Sy and Ay modes: (a) Sy direct; (b) Sy bottom
edge reflected; (c) Sy left and top edge reflected; (d) Ag direct.

The results presented above (Figure 12) were found to be in quite good agreement
with the theoretical calculations. It suggests that the proposed technique can be used with
a certain reliability to extract the phase velocities of GW and identify modes in complex
signals. The results show that the velocities of the direct modes are closer to the theoretical
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values, in comparison to the reflected ones. The average deviation for the direct modes (A
and Sp) is approximately 75 m/s, while for the reflected Sy modes, it is 213 m/s. Several
factors may influence the reliability of the results, though. First of all, the selected time
windows in Figure 11a,b (dashed squares) may give an idea that this procedure is not very
straightforward, especially for the reflected modes. As it turns out, in some cases, part of
the wave packet has to be cropped to get better velocity estimation. Another important
factor is the propagation distance, which varies for modes arriving at different directions.
It means that the distance (d) has to be predefined for each wave packet separately. If
the propagation distance is not known in advance, an additional error will be obtained.
The study revealed that the proposed velocity estimation technique gives an approximate
relative experimental error of 4%, in comparison to theoretical predictions. Meanwhile,
for the incident modes, the relative error is always less than a -2.5%. For example, the 2D
FFT method gives an error of approximately of 1% [38]. However, in the study above, the
authors used a set of 64 time series, spatially sampled at 1 mm, to achieve such accuracy.

6. Conclusions

In this paper, a phase velocity reconstruction approach, based on the phased spectrum
method, was developed, which exploits several excitation frequencies of the ultrasonic
probe and estimates phase velocity values at peak frequencies of the magnitude spectra.
The proposed approach allows us to reconstruct phase velocities with high accuracy in
wide frequency bandwidth using only two waveforms measured at close proximity. In
contrast to the classic phase spectrum method, the proposed technique offers an increased
reconstruction bandwidth (from —6 to —20 dB) and reduced relative error of phase velocity
reconstruction (from £11% to +4%). The main outcomes of the research can be summarized
as follows:

e It was found that the accuracy of the classic phase spectrum method can be improved
if several frequencies are used to drive the transducer, while the phase velocities are
reconstructed at peak values of Fourier spectra only. Such an approach allows us to
avoid low energy frequency components, where the velocity estimation error is likely
to increase.

o  The initial experiments demonstrated that the proposed phased spectrum method can
increase the reconstruction bandwidth, from —6 to —20 dB, of the sensor and improve
the standard deviation of velocity reconstruction, from 592 to 161 m/s. For the
experimental Sy mode, this results in a velocity estimation relative error improvement,
from £11% to £3%.

e  The finite element simulations demonstrated the applicability of the proposed ap-
proach in detecting converted guided wave modes. It was demonstrated that the
phase velocities of converted modes can be reconstructed with a standard deviation of
47.3 m/s, even if the modes are partly overlapped with direct waves.

e  Finally, the proposed method was demonstrated to be appropriate for the analysis of
complex guided wave signals, with multiple co-existing modes. It was estimated that
average deviation for the direct modes (Ag and Sp) is approximately 75 m/s, while for
the reflected Sy modes, it is 213 m/s. While analysing the overlapped complex guided
wave signals, the proper selection of time gate is the most important parameter for the
accuracy of reconstruction.

e It was estimated that the average phase velocity reconstruction error of the proposed
method, including both symmetrical and asymmetrical modes, is up to £4%. The
classic phase spectrum method provides an approximate reconstruction error of +11%.
Other techniques, reported in the literature, can achieve velocity reconstruction with
an average error of +1%; however, at least 64 signals need to be acquired to achieve
such accuracy.

Author Contributions: Conceptualization, V.S. and L.M.; methodology, L.M.; validation, V.S. and
L.M.; formal analysis, L.M.; investigation, V.S. and L.M.; data curation, V.S.; writing—original draft



Materials 2022, 15, 1614 14 of 15

preparation, V.S.; writing—review and editing, L.M.; visualization, V.S.; supervision, L.M. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Research Foundation of the Research Council of Lithuania,
under the project UNITE “ Ultrasonic tomography for spatial reconstruction of material properties
from limited number of positions for NDT and monitoring applications “, no. MIP-2048.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Pavel, C.C.; Blagoeva, D.T. Materials Impact on the EU’s Competitiveness of the Renewable Energy, Storage and E-Mobility
Sectors. 2017. Available online: http://publications.jrc.ec.europa.eu/repository/bitstream/JRC108356/jrc108356_report_
competitiveness_online.pdf (accessed on 10 January 2022).

Kiihnel, M.; Kraus, T. The Global CFRP Market 2016. 2016. Available online: https:/ /elib.dlr.de/109625/1/CFRP%20market%20
report%?20ICC%202016%20K%C3%BChnel.pdf (accessed on 10 January 2022).

Composite Materials Market Forecast for the United Kingdom (UK) from 2015 to 2030, by Industrial Sector. 2016. Available
online: https://www.statista.com/statistics /624539 / composite-market-industry-sector-uk/ (accessed on 10 January 2022).
Hinton, M. The Composites Age Is Arriving. 2017. Available online: https://www.bristol.ac.uk/media-library /sites /composites/
documents /Bristol%20Composites%20Inst%20Launch%20151117v4.pdf (accessed on 10 January 2022).

The UK Composites Strategy. 2009. Available online: https://compositesuk.co.uk/system/files/UK%20Composites?%20
Strategy%202009.pdf (accessed on 10 January 2022).

Zhao, X.; Gao, H.; Zhang, G.; Ayhan, B.; Yan, F; Kwan, C.; Rose, ].L. Active Health Monitoring of an Aircraft Wing with Embedded
Piezoelectric Sensor/Actuator Network: I. Defect Detection, Localization and Growth Monitoring. Smart Mater. Struct. 2007, 16,
1208-1217. [CrossRef]

Mei, H.; Haider, M.E; Joseph, R.; Migot, A.; Giurgiutiu, V. Recent Advances in Piezoelectric Wafer Active Sensors for Structural
Health Monitoring Applications. Sensors 2019, 19, 383. [CrossRef] [PubMed]

Sikdar, S.; Banerjee, S. Structural Health Monitoring of Advanced Composites Using Guided Waves; LAP LAMBERT Academic
Publishing: Saarbrucken, Germany, 2017.

Hervin, E; Maio, L.; Fromme, P. Guided Wave Scattering at a Delamination in a Quasi-Isotropic Composite Laminate: Experiment
and Simulation. Compos. Struct. 2021, 275, 114406. [CrossRef]

Castaings, M.; Singh, D.; Viot, P. Sizing of Impact Damages in Composite Materials using Ultrasonic Guided Waves. NDT E Int.
2012, 46, 22-31. [CrossRef]

De Luca, A.; Caputo, F; Sharif Khodaei, Z.; Aliabadi, M.H. Damage Characterization of Composite Plates Under Low Velocity
Impact using Ultrasonic Guided Waves. Compos. Part B Eng. 2018, 138, 168-180. [CrossRef]

Zhang, B.; Sun, X.C.; Eaton, M.].; Marks, R.; Clarke, A.; Featherston, C.A.; Kawashita, L.F.; Hallett, S.R. An Integrated Numerical
Model for Investigating Guided Waves in Impact-Damaged Composite Laminates. Compos. Struct. 2017, 176, 945-960. [CrossRef]
Ramadas, C.; Balasubramaniam, K.; Joshi, M.; Krishnamurthy, C.V. Interaction of Guided Lamb Waves with an Asymmetrically
Located Delamination in a Laminated Composite Plate. Smart Mater. Struct. 2010, 19, 065009. [CrossRef]

Samaitis, V.; Mazeika, L.; Rekuviené, R. Assessment of the Length and Depth of Delamination-Type Defects using Ultrasonic
Guided Waves. Appl. Sci. 2020, 10, 5236. [CrossRef]

Leckey, C.A.C,; Seebo, ].P. Guided Wave Energy Trapping to Detect Hidden Multilayer Delamination Damage. AIP Conf. Proc.
2015, 1650, 1162-1169.

Munian, R K.; Mahapatra, D.R.; Gopalakrishnan, S. Lamb Wave Interaction with Composite Delamination. Compos. Struct. 2018,
206, 484-498. [CrossRef]

Munian, R.K.; Roy Mahapatra, D.; Gopalakrishnan, S. Ultrasonic Guided Wave Scattering due to Delamination in Curved
Composite Structures. Compos. Struct. 2020, 239, 111987. [CrossRef]

White, A.; Hong, J.; Hong, S.; Choi, J. Parameter Estimation for Wavelet Transformed Ultrasonic Signals. NDT E Int. 2011, 44,
32-40. [CrossRef]

Hoseini, M.R.; Wang, X.; Zuo, M.]. Estimating Ultrasonic Time of Flight using Envelope and Quasi Maximum Likelihood Method
for Damage Detection and Assessment. Measurement 2012, 45, 2072-2080. [CrossRef]

Raisutis, R.; Tiwari, K.A.; Zukauskas, E.; Tumsys, O.; Draudviliené, L. A Novel Defect Estimation Approach in Wind Turbine
Blades Based on Phase Velocity Variation of Ultrasonic Guided Waves. Sensors 2021, 21, 4879. [CrossRef] [PubMed]

Andria, G.; Attivissimo, F.; Giaquinto, N. Digital Signal Processing Techniques for Accurate Ultrasonic Sensor Measurement.
Measurement 2001, 30, 105-114. [CrossRef]

Zhu, W.; Xu, K,; Fang, M.; Shen, Z.; Tian, L. Variable Ratio Threshold and Zero-Crossing Detection Based Signal Processing
Method for Ultrasonic Gas Flow Meter. Measurement 2017, 103, 343-352. [CrossRef]


http://publications.jrc.ec.europa.eu/repository/bitstream/JRC108356/jrc108356_report_competitiveness_online.pdf
http://publications.jrc.ec.europa.eu/repository/bitstream/JRC108356/jrc108356_report_competitiveness_online.pdf
https://elib.dlr.de/109625/1/CFRP%20market%20report%20ICC%202016%20K%C3%BChnel.pdf
https://elib.dlr.de/109625/1/CFRP%20market%20report%20ICC%202016%20K%C3%BChnel.pdf
https://www.statista.com/statistics/624539/composite-market-industry-sector-uk/
https://www.bristol.ac.uk/media-library/sites/composites/documents/Bristol%20Composites%20Inst%20Launch%20151117v4.pdf
https://www.bristol.ac.uk/media-library/sites/composites/documents/Bristol%20Composites%20Inst%20Launch%20151117v4.pdf
https://compositesuk.co.uk/system/files/UK%20Composites%20Strategy%202009.pdf
https://compositesuk.co.uk/system/files/UK%20Composites%20Strategy%202009.pdf
http://doi.org/10.1088/0964-1726/16/4/032
http://doi.org/10.3390/s19020383
http://www.ncbi.nlm.nih.gov/pubmed/30669307
http://doi.org/10.1016/j.compstruct.2021.114406
http://doi.org/10.1016/j.ndteint.2011.10.002
http://doi.org/10.1016/j.compositesb.2017.11.042
http://doi.org/10.1016/j.compstruct.2017.06.034
http://doi.org/10.1088/0964-1726/19/6/065009
http://doi.org/10.3390/app10155236
http://doi.org/10.1016/j.compstruct.2018.08.072
http://doi.org/10.1016/j.compstruct.2020.111987
http://doi.org/10.1016/j.ndteint.2010.09.003
http://doi.org/10.1016/j.measurement.2012.05.008
http://doi.org/10.3390/s21144879
http://www.ncbi.nlm.nih.gov/pubmed/34300622
http://doi.org/10.1016/S0263-2241(00)00059-2
http://doi.org/10.1016/j.measurement.2017.03.005

Materials 2022, 15, 1614 15 of 15

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

Fang, Z.; Hu, L.; Mao, K.; Chen, W,; Fu, X. Similarity Judgment-Based Double-Threshold Method for Time-of-Flight Determination
in an Ultrasonic Gas Flowmeter. I[EEE Trans. Instrum. Meas. 2018, 67, 24-32. [CrossRef]

Fang, Z.; Su, R.; Hu, L.; Fu, X. A Simple and Easy-Implemented Time-of-Flight Determination Method for Liquid Ultrasonic
Flow Meters Based on Ultrasonic Signal Onset Detection and Multiple-Zero-Crossing Technique. Measurement 2021, 168, 108398.
[CrossRef]

Draudviliene, L.; Tumsys, O.; Mazeika, L.; Zukauskas, E. Estimation of the Lamb Wave Phase Velocity Dispersion Curves using
Only Two Adjacent Signals. Compos. Struct. 2021, 258, 113174. [CrossRef]

Queirds, R.; Martins, R.C.; Girao, PS.; Cruz Serra, A. A New Method for High Resolution Ultrasonic Ranging in Air. In
Proceedings of the XVIII IMEKO World Congress Metrology for a Sustainable Development, Rio de Janeiro, Brazil, 17-22
September 2006.

Angrisani, L.; Moriello, R.S.L. Estimating Ultrasonic Time-of-Flight through Quadrature Demodulation. IEEE Trans. Instrum.
Meas. 2006, 55, 54-62. [CrossRef]

Feng, Z.; Liang, M.; Chu, F. Recent Advances in Time—frequency Analysis Methods for Machinery Fault Diagnosis: A Review
with Application Examples. Mech. Syst. Signal Processing 2013, 38, 165-205. [CrossRef]

Kim, C.; Park, K. Mode Separation and Characterization of Torsional Guided Wave Signals Reflected from Defects using Chirplet
Transform. NDT E Int. 2015, 74, 15-23. [CrossRef]

Le, T.; Argoul, P. Continuous Wavelet Transform for Modal Identification using Free Decay Response. J. Sound Vibrat. 2004, 277,
73-100. [CrossRef]

Xu, B,; Giurgiutiu, V,; Yu, L. Lamb Waves Decomposition and Mode Identification using Matching Pursuit Method. In Proceedings
Volume 7292, Sensors and Smart Structures Technologies for Civil, Mechanical, and Aerospace Systems 2009; SPIE: San Diego, CA, USA, 2009.
Frank Pai, P. Time—frequency Analysis for Parametric and Non-Parametric Identification of Nonlinear Dynamical Systems. Mech.
Syst. Signal Processing 2013, 36, 332-353. [CrossRef]

Sachse, W.; Pao, Y. On the Determination of Phase and Group Velocities of Dispersive Waves in Solids. J. Appl. Phys. 1978, 49,
4320-4327. [CrossRef]

Schumacher, N.A.; Burger, C.P.; Gien, PH. A Laser-based Investigation of Higher-order Modes in Transient Lamb Waves. .
Acoust. Soc. Am. 1993, 93, 2981-2984. [CrossRef]

Rokhlin, S.I; Lewis, D.K.; Graff, K.F,; Adler, L. Real-time Study of Frequency Dependence of Attenuation and Velocity of
Ultrasonic Waves during the Curing Reaction of Epoxy Resin. |. Acoust. Soc. Am. 1986, 79, 1786-1793. [CrossRef]

Luo, H.; Fang, X.; Ertas, B. Hilbert Transform and its Engineering Applications. AIAA |. 2009, 47, 923-932. [CrossRef]
Castaings, M.; Le Clezio, E.; Hosten, B. Modal Decomposition Method for Modeling the Interaction of Lamb Waves with Cracks.
J. Acoust. Soc. Am. 2002, 112, 2567-2582. [CrossRef]

Alleyne, D.; Cawley, P. A Two-Dimensional Fourier Transform Method for the Measurement of Propagating Multimode Signals. .
Acoust. Soc. Am. 1991, 89, 1159-1168. [CrossRef]


http://doi.org/10.1109/TIM.2017.2757158
http://doi.org/10.1016/j.measurement.2020.108398
http://doi.org/10.1016/j.compstruct.2020.113174
http://doi.org/10.1109/TIM.2005.861251
http://doi.org/10.1016/j.ymssp.2013.01.017
http://doi.org/10.1016/j.ndteint.2015.04.006
http://doi.org/10.1016/j.jsv.2003.08.049
http://doi.org/10.1016/j.ymssp.2012.12.002
http://doi.org/10.1063/1.325484
http://doi.org/10.1121/1.405817
http://doi.org/10.1121/1.393240
http://doi.org/10.2514/1.37649
http://doi.org/10.1121/1.1500756
http://doi.org/10.1121/1.400530

	Introduction 
	Description of Proposed Phase Velocity Estimation Method 
	Experimental Validation on Isotropic Samples 
	Identification of Converted Modes 
	Analysis of Multimodal Signals in Anisotropic Structures 
	Conclusions 
	References

